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For several decades, products derived from marine natural sources (PMN) have

been widely identified for several therapeutic applications due to their rich

sources of bioactive sub-stances, unique chemical diversity, biocompatibility

and excellent biological activity. For the past 15 years, our research team

explored several PMNs, especially fungi fibrinolytic compounds (FGFCs). FGFC

is an isoindolone alkaloid derived from marine fungi, also known as staplabin

analogs or Stachybotrys microspora triprenyl phenol (SMTP). For instance, our

previous studies explored different types of FGFCs such as FGFC 1, 2, 3 and 4

from the marine fungi Stachybotrys longispora FG216 derived metabolites. The

derivatives of FGFC are potentially employed in several disease treatments,

mainly for stroke, cancer, ischemia, acute kidney injury, inflammation, cerebral

infarction, thrombolysis and hemorrhagic activities, etc. Due to the increasing

use of FGFCs in pharmaceutical and biomedical applications, it is important to

understand the fundamental signaling concept of FGFCs. Hence, for the first

time, this review collectively summarizes the background, types, mode of action

and biological applications of FGFCs and their current endeavors for

future therapies.
KEYWORDS

fungi fibrinolytic compounds, marine metabolites, biomedical applications, signaling
mechanism, antithrombotic activities
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fcimb.2024.1422648/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1422648/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1422648/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1422648/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1422648/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2024.1422648&domain=pdf&date_stamp=2024-09-18
mailto:jelango@ucam.edu
mailto:whwu@shou.edu.cn
mailto:suresh.kumar@amu.edu.et
mailto:thanigaivel092@gmail.com
https://doi.org/10.3389/fcimb.2024.1422648
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2024.1422648
https://www.frontiersin.org/journals/cellular-and-infection-microbiology


Jeevithan et al. 10.3389/fcimb.2024.1422648
1 Introduction

Marine sources have been continuously explored for biomedical

approaches due to their richness of diverse natural products that have

excellent anti-inflammatory (Yang et al., 2014; Guo et al., 2016; Xu

et al., 2019), antibacterial, antialgal, antilarval (Dobretsov et al., 2013),

antifungal (Choudhary et al., 2017; El-Hossary et al., 2017), enzyme

inhibitor in marine bacteria (Chellaram et al., 2014; Karthikeyan et al.,

2022), antioxidant (; Shindo andMisawa, 2014; Zhong et al., 2019) and

anticancer (Deshmukh et al., 2018; Khalifa et al., 2019) activities. At

present, 20 drugs from marine natural resources are authorized for

commercial application and more than 30 natural products are in

different pipeline phases of clinical trials (Haque et al., 2022).

Among the different marine sources, marine micro-organisms

play a major role when comes to isolating bioactive substances. They

are the major sources of therapeutic drugs such as antithrombotic

and anti-inflammatory drugs. In this aspect, marine fungi have been

recognized and used for isolating various biologically active

secondary metabolites. Interestingly, the secondary metabolites

from marine fungi possess excellent antioxidant, antimicrobial,

antiviral, anti-inflammatory and anticancer activities (Tarman,

2020; Gonçalves et al., 2022). Therefore, these metabolites are

widely used for agriculture, pharmaceutical, cosmetic and medical

applications (Gao et al., 2022). The derivatives of secondary

metabolites with various structures offer better opportunities to

identify novel drugs (Kim et al., 2013; Tian et al., 2015; Youn et al.,

2016). Specifically, there is an increasing interest in isolating active

fibrinolytic products from marine microorganisms in order to have

good pharmacological properties with minimal side effects

(Gowthami and Madhuri, 2021; Haque et al., 2022; Papon et al.,

2022). To achieve better potential and safety in thrombolysis,

scientists have emerged to work on small-molecule natural

products, which are supposed to regulate the fibrinolytic pro-

enzymes without altering catalytic action (Hasumi et al., 2010;

Halland et al., 2015; Sillen et al., 2021). For instance, Shinohara

et al. described that the staplabin isolated from the triprenyl phenol

compound of Stachybotrys microspore stimulated the attachment of

plasminogen to U937 cells and fibrin (Shinohara et al., 1996).

Fibrinolysis (prevention of fibrin clot formation) and coagulation

are two major processes to control the patency of blood vessels, and

thus any improper homeostasis in this process leads to thrombosis i.e

the excessive activation of coagulation develops thrombi

(hemorrhage) or excessive fibrinolysis i.e severe bleeding. Fibrin
Abbreviations: PMN, Products derived from marine natural sources; FGFCs,

Fungi fibrinolytic compounds; SMTP, Stachybotrys microspora triprenyl phenol;

t-PA, tissue-type plasminogen activator; uPA, urokinase-type plasminogen

activator; Glu-Plg, Glu-plasminogen; SP, Serine protease domain; Pap, Pan-

apple domain; KR1–KR5, five kringle; LBSs, lysine-binding sites; TXA,

tranexamic acid; Da, Dalton; AKI, Acute kidney injury; she, Soluble epoxide

hydrolase; Lys-Plg, Lys-plasminogen; scu-PA, Plasminogen activator; pro-uPA,

prourokinase; LBSs, lysine-binding sites; FITC, Fluorescein isothiocyanate;

NSCLC, Non-Small Cell Lung Cancer; Akt, protein kinase B; PI3K,

Phosphatidylinositol 3-kinase.
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from fibrinogen regulates hemostasis and this process is initiated

by thrombin. The major components of fibrinolysis are fibrinogen,

plasminogen, activators of plasminogen (urokinase and the tissue

type plasminogen activator) and inhibitors of plasminogen (protein

C, type 1 and type 2 inhibitors of plasminogen activator). In most

cases, the thrombolytic agents for instance alteplase, urokinase,

tenecteplase and streptokinase activate plasmin from plasminogen

through specific peptide bond cleavage between Val562 and Arg561

for fibrin degradation (Guo et al., 2018; Gao et al., 2021; Gonçalves

et al., 2022).

Plasminogen is a precursor protein of plasmin, having a

molecular weight of 92 kDa with 791 amino acids and circulates

in human plasma about 2 µM (Aisina and Mukhametova, 2014;

Joison et al., 2019). During bleeding, the fibrinogen is converted

into fibrin in order to stop blood loss by making a 3D mesh

network, after that the fibrin clot is degraded by another protein

called plasmin, which is formed from plasminogen. During fibrin

formation, the major enzymes called tissue-type plasminogen

activator (t-PA) and urokinase-type plasminogen activator (uPA)

cleave amino acids at Arg561 and Val562 domains in order to

activate plasmin (Lijnen, 2001; Schuster et al., 2007). The native

circulating Glu-plasminogen (Glu-Plg) exists in two conformations

(open and closed) and has seven distinct domains such as a serine

protease domain (SP), a Pan-apple domain (Pap), and five kringle

(KR1–KR5) domains (containing about 80 amino acid residues)

(Xue et al., 2012; Law et al., 2013; Wu et al., 2019). When the fibrin

and cell surface receptors interact with kringle domains, it initiates

open conformation changes through activation by plasminogen

activators (Rijken and Lijnen, 2009; Miles et al., 2021). Previously, it

was reported that the interaction of plasminogen with cell surface

receptors or fibrin is mainly required for the kringle domains lysine-

binding sites (LBSs) (Law et al., 2012; Law et al., 2013). The

abnormal plasminogen conformation is possible through the

competitive interaction of anti-fibrinolytic agents such as

tranexamic acid (TXA) and 6-Aminohexanoic acid (EACA) of

lysine analogs with fibrin or cell surface receptors for the

interaction to plasminogen LBSs, which further inhibit the

activation of plasminogen (McCormack, 2012; Aĭsina and

Mukhametova, 2014; Gao et al., 2021).

Our recent studies also reported the isolation and

characterization of marine microorganism Stachybotrys longispora

(S.longispora) FG216 derived Fungi fibrinolytic compound (FGFC)

with a 869 Da molecular weight (Wang G. et al., 2015; Haque et al.,

2022; Yan et al., 2022). FGFC1 is also extracted from Stachybotrys

microspora (Hasumi et al., 2010; Hasumi and Suzuki, 2021; Shibata

et al., 2021). FGFC1 acts as a thrombolytic agent, which reduces the

hemorrhagic risk in both in vivo and in vitro. The tissue distribution

studies demonstrated that FGFC1 may be easily absorbed in all

tissues in Wistar rats except the brain. FGFC1 activates plasminogen

by altering the secondary and tertiary structure and thereby initiates

fibrinolytic activity (Wang G. et al., 2015; Gao et al., 2021). Different

types of FGFCs were isolated such as FGFC1, FGFC2, FGFC3 and

FGFC4 with a wide range of derivatives. In general, FGFCs have been

proposed to use in treating various disorders such as cerebral

infarction, cancer treatment, thrombolysis and hemorrhage and

thus in vitro and in vivo studies on FGFCs have increased
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considerably in recent times (Figure 1). Consequently, the research

on the antithrombotic activity of FGFCs delivered a breakthrough in

the treatment of thrombus. Due to their exceptional features, the

FGFC is proposed to have the potential to treat different diseases like,

pulmonary embolism, ischemic or embolic stroke, drug-induced

nephrotoxicity, myocardial infarction, early-stage IgA nephropathy,

acute kidney injury (AKI), stroke and renal ischemia/reperfusion

(Kemmochi et al., 2012; Huang et al., 2018a; Poirier, 2018; Shibata

et al., 2019; Hasumi and Suzuki, 2021; Shibata et al., 2021; Hashimoto

et al., 2022; Bailly, 2023). For instance, Guo et al. reported that the

catalytic activity of fibrinolysis was improved by FGFC1 via reciprocal

activation of pro-uPA and plasminogen (Guo et al., 2018). In

addition, Yan et al. investigated the anti-cancer effect of FGFC1

using erlotinib-resistant non-small cell lung cancer and concluded

that the anticancer effect of FGFC1 was mediated by the EGFR/PI3K/

Akt/mTOR pathway (Yan et al., 2022). In another study, Shibata et al.

disclosed the anti-inflammatory and antioxidant activities of FGFC1

in a mouse model of acute kidney injury (Shibata et al., 2021). Hence,

it is inevitable to understand the relationship of structure towards the

molecular mechanisms of action of fibrinolytic agents. Hence, this

review collectively provides fundamental information on FGFCs in

various biological functions with their mode of function.
2 Types of fungi
fibrinolytic compounds

Up to now, there are different types of FGFCs reported such as

FGFC1, FGFC2, FGFC3 and FGFC4 based on their structural

variations and functional properties (Figure 2). In 1996, FGFC was

isolated from fungi Stachybotrys microspora IFO 30018 by Kohyama

et al. and found that FGFC accelerated plasminogen-fibrin binding

action by 20-30% compared to the basic core of the SMTP family, a

triprenyl phenol and staplabin (Shinohara et al., 1996; Kohyama et al.,
Frontiers in Cellular and Infection Microbiology 03
1997; Hu et al., 2000; El Maddah et al., 2024). Bridging of ornithine

with two staplabin cores of FGFC would increase activation of

urokinase-catalyzed plasminogen, fibrin binding of plasminogen,

and plasminogen/urokinase-mediated fibrinolysis (Hu et al., 2000;

Hang et al., 2022). Our previous studies also explored the isolation

and characterization of marine fungi S. longispora FG216 metabolite

derived FGFCs (FGFC1, FGFC2, FGFC3 and FGFC4) (Wang G.

et al., 2015; Guo et al., 2016; Yan et al., 2022).

FGFC1 is the most studied isoindolone derivative of Fungi

fibrinolytic compound and can be extracted from different marine

microorganisms (Wang G. et al., 2015). For instance, FGFC1 with

more than 98% purity was extracted from the methanol extracts of

S. longispora FG216 (Yan et al., 2022) and reported to increase

plasmin activity from 2.05 to 11.44 folds with 0.1–0.4 M FGFC1,

respectively through activation of Lys-plasminogen (Lys-Plg) and

Glu-Plg (Wang G. et al., 2015). Guo et al. reported that the FGFC1

altered the stimulation of reciprocal activation system-dependent

enzymatic kinetic parameters by a single-chain urokinase-type

plasminogen activator (scu-PA) (Guo et al., 2018). The carbon

skeleton of FGFC1 was biosynthesized by Wang et al. with a yield

rate of 9.92 and 9.6 g/L along with FGFC2 and FGFC3 via the

fermentation process contributing to precursor regulation and

inhibitor pathways such as mevalonate and shikimate pathways.

Yan et al. proved the thrombolytic activity of FGFC1 for thrombus

treatment without significant risk of hemorrhagic activity by

conducting the experiments on pharmacodynamic action of

FGFC1 in both the hemolytic and the thrombolysis by

fibrinogenolysis (Yan et al., 2015). In another study, Gao et al.

fabricated a chromogenic substrate-based novel fibrinolytic system

comprising plasminogen and a scu-PA to evaluate the fibrinolytic

activity of FGFC1 (Gao et al., 2022). Also, the tissue distribution and

pharmacokinetics of FGFC1 were examined by Su et al. by

intravenous administrations of fluorescence-labeled FGFC1 in the

Wister rat model. They found that FGFC1 was instantly circulated
FIGURE 1

Number of Articles published in Fungi fibrinolytic compounds from marine natural sources (Scopus database).
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in all tissues except the brain, having higher absorption in the liver

and evidencing enterohepatic circulation of FGFC1 (Su et al., 2013).

Gao et al. explored the mode of interaction and binding sites of

plasminogen with FGFC1 by using molecular docking and in vitro

experiments (Gao et al., 2021). Empirical evidence proved the

exceptional potential of the marine fungus S. longispora FG216

isolated FGFC1 in fibrinolytic, thrombolysis and hemorrhagic

activity. FGFC1 has a unique two symmetrical carbon chains

chemical structure linked with ornithine, and the carbon skeleton

of FGFC1 could be biosynthesized by the precursor regulation and

pathway inhibitor process involving the mevalonate and shikimate

pathways. The integration of key precursor ornithine into the

carbon skeleton of FGFC1 could produce two essential intercedes

of FGFC1 such as FGFC2 and FGFC3. In FGFC1, the two

symmetrical carbon chains are linked through an ornithine

molecule and biosynthesis of FGFC1 involves combining one L-

ornithine into two FGFC3, which has intermediate compound

FGFC2 during the first step of the process i.e insertion of a

molecule of L-ornithine with fist FGFC3 molecule. Therefore, the

biosynthesis of FGFC1 involves three major compounds such as

FGFC2, FGFC3, and L-ornithine (Wang M. et al., 2015).

FGFC2 is one of the critical intermediates that arise from the

integration of key precursor ornithine into the carbon skeleton of

FGFC1. As discussed earlier, the major differences between different
Frontiers in Cellular and Infection Microbiology 04
FGFC is related to the changes in their functional groups and side

chains. As a concept of proof, the major differences between FGFC1,

FGFC2 and FGFC3 were studied in terms of their chemical structure

by Wang et al. (Wang M. et al., 2015). Previously, FGFC2

(isoindolone, Fungi fibrinolytic compound 2) was isolated by Guo

et al. from an organic extract of S. longispora FG216 strain using ethyl

acetate fraction along with LL-Z1272b and ergosterol. This study

investigated in vitro fibrinolytic activities of FGFC2 and ergosterol

and reported EC50 values about 108.16 and 156.30 mmol/L for FGFC2

and ergosterol, respectively (Guo et al., 2016).

As discussed earlier, FGFC3 is an intermediate compound when

key precursor ornithine is inserted into the carbon skeleton of

FGFC1. Previously, the structural difference and their relationships

among four FGFCs were inferred after the fermentation bioprocess

and concluded that one molecule of FGFC1 was synthesized by

inserting a molecule of L-ornithine into 2 molecules of FGFC3, on

the other hand, a molecule of FGFC2 was synthesized by inserting a

molecule of L-ornithine into a molecule of FGFC3. Therefore,

FGFC3 plays a major role in synthesizing FGFC1 and FGFC2

(Wang M. et al., 2015).

Previously, Yin et al. biosynthesized four types of FGFCs such as

FGFC4, FGFC5, FGFC6 and FGFC7 by genome mining of

isoindolinone biosynthetic gene cluster in Stachybotrys (Yin et al.,

2017). In addition, FGFC1-like compounds such as bromo-benzyl
FIGURE 2

Major types of FGFCs and their structural features.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1422648
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Jeevithan et al. 10.3389/fcimb.2024.1422648
derivative (FGFC6) were synthesized to obtain a novel antithrombotic

non-cytotoxic agent (Yin et al., 2017). Previously, the FGFC7 model

compound was isolated from S. longispora FG216, which originates

biosynthetically by inserting L-threonine derived isoindolinone core

and orsellinic acid. In addition, the biosynthesized FGFC7 could

perform the fibrinolytic activity by activating prourokinase (pro-

uPA) to produce active form plasmin from zymogen protease

plasminogen for the disintegration of blood clot (Yin et al., 2017).
3 FGFCs derivatives

Apart from different types of FGFCs, several structural

derivatives were also synthesized by including aliphatic (ethyl,

methyl, and n-propyl) groups to C-2, C-2′ and C-1″ positions in

FGFC1 for F1–F3 derivatives, respectively. For F4, F5, F6 and F7

derivatives, benzyl derivatives into the 4-position of benzyl scaffold,

trifluoromethoxy group into the para position of benzene ring, 4-

position of Br into para and 3 position of Br into ortho position of

FGFCs were introduced, respectively (Wang et al., 2021a). These

groups were introduced to FGFC1’s C-1″, C-2, and C-2′ positions.
Studies showed that the fibrinolytic activity of derivatives F1-F3 and

their EC50 values might be related to their aliphatic chain length and

surprisingly, F1–F3 aliphatic groups showed 1.3–2.0 folds more

fibrinolytic activity than FGFC1, suggesting alkyl moieties

substitution in C-1″, C-2, and C-2′ increased fibrinolytic activity

(Wang et al., 2021a). Interestingly, the FGFC1’s fibrinolytic activity

was accelerated via Methyl substituted derivatives F1 (EC50 value of

59.7 mM), benzyl derivatives F4–F7, F4 (EC50 - 82.8 mM) and F6

(EC50 - 42.3 mM), and 4-Br-containing F6 (EC50-42.3 mM). On

contrary, the fibrinolytic activity was decreased by inserting the

trifluoromethoxy group into the para-position of the benzene ring

of derivative F5, however, the fibrinolytic activity was retained by

interchanging Br atom to ortho position from para to get 3-Br-

containing F7(EC50 = 119.6 mM for F7 Vs EC50 = 115.0 mM for

FGFC1). In addition, shifting the ortho position of bromo groups

from para remarkably changes urokinase-activating efficiencies with

EC50 of F7 (119.6 mM) and F6 (42.3 mM). All these findings suggested

that shifting or inserting the functional groups in FGFC1 could

potentially improve the fibrinolytic activity, which was admirable in

in-depth research and exploration (Wang et al., 2021a).
4 Mode of action

FGFC is a well-known thrombolytic compound and apparently, it

interacts with plasminogen to initiate thrombolysis. The action

of FGFC starts with their primary interaction with plasminogen,

where the binding sites play a crucial role in signaling pathways. It

is reported that lysine-binding sites (LBSs) are the major points for

the interaction of FGFC and plasminogen, which was evidenced by the

molecular docking experiment through inhibiting FGFC1’s fibrinolytic

activity by TXA and EACA (Matsumoto et al., 2015; Gao et al., 2021).

The binding of FGFC with plasminogen at LBSs activates plasminogen

to expose the open conformation. Further, the molecular docking
Frontiers in Cellular and Infection Microbiology 05
studies revealed that ligands (EACA, FGFC1) docking with receptors

(KR1–KR5) was achieved via hydrophobic and hydrophilic

interactions. Both Lys-Plg (open) and Glu-Plg (closed) have the

opposite conformation and the open position of Lys-Plg is achieved

by cleavage between Lys77 and Lys78 in intact plasminogen that

resulted in the PAp domain exclusion from Lys-Plg. Interestingly, the

fibrinolytic activity of FGFCs mediated by Lys-Plg is more efficient

even at a lower concentration of FGFC (0.072 mm) than FGFC1’s

fibrinolytic activity mediated by Glu-Plg (Figure 3).

The KR5 shedding away from the PAp is exposed to a closed

plasminogen and binds with an external lysine, thereby initiating

structural changes. In the above concept, the key interaction is the

formation of a salt bridge between Asp518 of KR5 and Lys50 of the

PAp domain and coordination between Arg70 of the PAp domain

and Asp534 of KR5 (Figure 4). Our previous molecular docking

results concluded that the hydrogen bond is formed between

the group of FGFC1 and Asp518 and Asp534 of KR5 during

FGFC1 and KR5 interaction, whereas hydrogen bonds were

formed with Thr41, Glu39, and Arg43 residues during FGFC1

and plasminogen interaction (Gao et al., 2021). From the above

findings, the overall mode of action of FGFC is summarized in

two ways:

FGFC1 behaves as fibrin or cell surface at low concentration and

initiates the following mechanism: 1) At first, FGFC1 primarily

interacts with LBS of KR1, substantially presents the KR5 shedding

from PAp to closed plasminogen. 2) Consequently, FGFC1 triggers

a structural rearrangement and conformational change in

plasminogen by interacting with Asp534 and Asp518 of the

exposed KR5. 3) This leads to the exposition of the more kringle

domains LBSs, igniting migration of Pap domain, which creates a

chance of more binding between FGFC1 and LBSs. 4) These kringle

domains sequence interactions conduct the open conformation in

order to functionalized by plasminogen activators. On contrary,

FGFC1 acts as EACA or TXA at high concentration due to the

presence of the same functional groups (Ne side chain and carboxyl

group) and plasminogen binding sites. Also, the surplus FGFC1

suppressed the activation of plasminogen due to the formation of

abnormal conformation from intemperance binding of specific sites

of plasminogen (Gao et al., 2021).
5 Biological application

5.1 In thrombolysis and
hemorrhagic activities

FGFC is well-known compounds for thrombolysis or

fibrinolysis (breakdown of the fibrin in blood clots) by activating

plasminogen. Our previous study investigated the low-weight

fibrinolytic pyranoindole molecule on Fluorescein isothiocyanate

(FITC)-fibrin in-vitro degradation study and acute pulmonary

thromboembolism in vivo study. The study results concluded that

FGFC1 degraded FITC-fibrin based on the different concentrations

(5-25 m M) and dissolution of extrinsic FITC-fibrin induced blood

clots with 5 mg/kg or above (Yan et al., 2015). Our other study
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investigated the effect of FGFC1 on clot lysis, structure, and

activation of plasminogen and evidenced fibrinolytic activity of

FGFC1 by increasing the protofibrils number within fibrin fiber via

releasing fibrinopeptide B, D-dimer concentration in lysate, and

plasma p-nitroaniline’s generation rate to form a thinner region and

laxer networks of clots divided by big pores (Gao et al., 2023).

Guo et al. studied the enzymatic kinetic properties of FGFC1 on

plasminogen and scu-PA (Guo et al., 2018). Another study reported

the molecular docking and fibrinolytic activity of FGFC1 using scu-

PA (Gao et al., 2021). FGFC1 isolated from S. longispora FG216

accelerated generation of plasmin activity at 0.1–0.4 M determined

from Glu-Plg and Lys-Plg activation in vitro and concluded that
Frontiers in Cellular and Infection Microbiology 06
FGFC1’s fibrinolytic activity was achieved through plasminogen

and scu-PA activation (Wang G. et al., 2015). Shinohara et al.

reported that staplabin treatment increased the interaction of

plasminogen with fibrin in U937 cells (Shinohara et al., 1996).

The effect of FGFC1 in the activation of plasminogen depends

on their cofactors like gangliosides, oleic acid and phospholipids. It

is suggested that the long-chain alkyl and alkenyl group of these

cofactors would promote thrombolysis of FGFC1 and the cofactor

molecule binding to the oleic acid binding site of plasminogen’s k5

domain is the major mechanism in thrombolysis (Koyanagi et al.,

2014). In addition, different N-linked side chains of FGFCs

exhibited varying activity in plasminogen activation. For instance,
FIGURE 3

Schematic illustration of conformational interaction between plasminogen and FGFCs (A), the activation mechanism of plasminogen by FGFCs (B),
and Open-closed conformation changes of plasminogen during FGFCs binding (C) (Gao et al., 2021; Hasumi and Suzuki, 2021).
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structurally resembled FGFC compounds with carboxy- and/or

hydroxy-substituted aromatic are more active, whereas highly

hydrophobic or hydrophilic functions are basically inactive

(Hasumi and Suzuki, 2021). Accordingly, the thrombolytic ability

of FGFCs plays a major role in other pathophysiological conditions

since the plasminogen/plasmin system is a fundamental process for

pericellular proteolysis, which is widely involved in several

biological processes such as embryogenesis, angiogenesis, tissue

remodeling, tumor growth/metastasis and wound healing

(Castellino and Ploplis, 2005; Danø et al., 2005; Lund et al., 2006;

Hasumi and Suzuki, 2021). As a concept of proof, the FGFCs were

widely used in hepatitis, Crohn’s disease, nephritis, Guillain–Barré

syndrome, metabolic disease, ulcerative colitis, cancer cachexia,

tumor angiogenesis and tumor growth treatment (Weimin, 2003;

Matsumoto et al., 2014).
5.2 Neuroprotective effect

FGFCs showed promising effects in reducing size of infarction,

clot, and edema in the embolic stroke cynomolgus monkeys model

(Poirier, 2018) (Bailly, 2023). Several studies reported the effect of

FGFCs on cerebral infarction using several types of ischemic models

in rodents and monkeys (Hashimoto et al., 2010; Akamatsu et al.,

2011; Shibata et al., 2011; Hashimoto et al., 2014; Sawada et al.,

2014; Huang et al . , 2018a; Suzuki et al . , 2019). The

pathophysiological and therapeutic effects of FGFC1 were

reported to be higher than t-PA by Hashimoto et al (Hashimoto

et al., 2010). The antioxidant activity of FGFC1 could enhance the

functions in the treatment of embolic infarction (Shibata et al.,

2018). Therefore, the effect on cerebral infarction is based on the

triad of anti-oxidant activities, anti-inflammatory, and thrombolytic

activities (Figure 5) (Akamatsu et al., 2011; Hashimoto et al., 2014;

Matsumoto et al., 2014; Shibata et al., 2021).
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The intrinsic neuroprotective effect of FGFC1 using ischemia/

reperfusion injured brain of a rat model was investigated by

Akamatsu et al. and disclosed that FGFC1 suppressed the expression

of MMP-9, nitrotyrosine and superoxide production in transient focal

cerebral ischemia and thereby attenuated ischemic neuronal damage i.e.

intrinsic-neuroprotective effect on ischemia injury (Akamatsu et al.,

2011). In another study, the embolic stroke mouse model with acetic

acid-induced embolus brain after thrombolysis with FGFC1 and t-PA

concluded that FGFC1 could minimize the occurrence of embolic stroke

by inhibiting proinflammatory gene overexpression and promoting anti-

oxidative effect (Hashimoto et al., 2014). Similarly, Hashimoto et al.

investigated the protective mechanism of action of FGFC1 along with t-

PA in the gerbils cerebral infarction embolic model. They reported that

FGFC1 (10 mg/kg) improved the infarction area more efficiently than t-

PA. Both groups enhanced antioxidant and anti-inflammatory effects

and hence increased the time-dependent neurological score (Hashimoto

et al., 2010). Another finding reported that the neuroprotective effect of

FGFC1 on ischemia/reperfusion was exerted by suppressing superoxide

radicals production and MMP-9 expression, mainly involving

hemorrhagic transformation and secondary brain injury (Akamatsu

et al., 2011; Ito et al., 2014). Administration of 10 mg/kg FGFC1 for 30

min in a thrombotic middle cerebral artery occlusion monkey’s model

induced by photochemical could significantly decrease hemorrhagic

transformation by 51% by alleviating the neurologic deficit with

minimal infarct size (Sawada et al., 2014). Similarly, the

neuroprotective effect of FGFC1 and t-PA toward the neurovascular

unit was demonstrated in an intravenous administered mice model with

transientmiddle-cerebral artery-occlusion by decreasing the hemorrhage

volume (Huang et al., 2018b).

After achieving a great success rate and convincing findings in

higher primates, the research on FGFCs has been taken to the next

level in human phase I trials. (Moritoyo et al., 2023) for the first

time investigated the anti-inflammatory profibrinolytic effect of

FGFCs family triprenyl phenol in human healthy volunteers
FIGURE 4

Molecular interaction of KR5 shedding from Pap and its confirmational changes in FGFCs (Gao et al., 2021).
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through pharmacokinetics and pharmacodynamics. Their findings

summarized the belowmajor findings: administration of FGFCs at a

single dose of different concentrations ranging from 0.3 to 360 mg

did not produce major adverse effects, no sign of bleeding

determined by biochemical testing and brain imaging analysis,

did not reduce a2-antiplasmin and fibrinogen levels and

promising pharmacokinetic benefits in human (Hasumi and
Frontiers in Cellular and Infection Microbiology 08
Suzuki, 2021). In continuation, the phase II human clinical trial

was performed in ischemic stroke patients (JapicCTI-183 842) and

evidenced the major breakthrough in that a single dose injection of

FGFCs achieved 0% of symptomatic intracerebral hemorrhage,

whereas 3% was observed for placebo. From the above clinical

evidence, in 2021 Biogen, a US-based pharma company started to

manufacture FGFCs (also named TMS-007 or BllB-131), an excellent
FIGURE 5

(A) The mode of the mechanism of Neuroprotective effect of FGFCs, (B) The protective mechanism of FGFCs in Kidney injuries.
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thrombolytic drug for acute ischemic stroke persons. The therapeutic

effect of FGFC1 in ischemic stroke is mainly achieved by decreasing

the 8-OHdG and 4-NHE expression (Hasumi and Suzuki, 2021). At

present, initiatives with large multicenter, dose-ranging,

interventional, and randomized trials have been started by Biogen

to evaluate the effects of BIIB131 on arterial revascularization,

angiographic reperfusion and infarct evolution on acute and 90-day

patients (including 760 patients) with ischemic stroke

(NCT05764122) (Hasumi and Suzuki, 2021).
5.3 In acute kidney injury

AKI is a pathological condition where rapid reduction in renal

function due to retaining wastes and toxins in the kidney that

potentially affect electrolyte and acid-base balance (Bonventre and

Yang, 2011). Su et al. investigated pharmacokinetics and the tissue

distribution of FGFC1 administered inWistar rats through intravenous

bolus administration and concluded that elimination half-lives (t1/2) of

FGFC1 were 21.51 ± 2.17 and 23.22 ± 2.11 min, systemic clearance was

0.023 ± 0.002, 0.022 ± 0.002 ((mg/kg)/(mg/mL)/min) for 10 and 20 mg/

kg, respectively (Su et al., 2013). The study conducted by Kemmochi

et al. investigated the potential benefits of SMTP-7 in treating early-

stage IgA nephropathy caused by nivalenol in female BALB/c mice.

The researchers found that administering SMTP-7 at a dosage of 10

mg/kg could potentially slow down the progression of IgAN induced

by nivalenol by preventing the local accumulation of IgA in the

glomerular mesangium (Kemmochi et al., 2012). In the previous

study, the treatment of FGFC1 in an AKI mouse model improved

the renal functional properties such as blood urea nitrogen, serum

creatinine and fractional excretion of sodium, to minimize the renal

tubule damage with excellent anti-oxidative and anti-inflammatory

activities by inhibiting IL-1b, TNF-a, IL-6, and NF-kB (Figure 5)

(Shibata et al., 2021). The therapeutic effect of FGFC1 in AKI model

mice was investigated by Shibata et al. and reported that FGFC1

recovered renal function by protecting renal tubules against damage via

concentration-dependent (0.01, 0.1, 1, 10mg/kg). The FGFC1 sheltered

the AKI model mice by exhibiting anti-inflammatory and antioxidant

activities (Shibata et al., 2021).

Among Acute kidney injuries, IgA nephropathy is considered a

major chronic glomerulonephritis currently, which leads to a gradual

renal function decline in those affected by renal disease (30%)

(Mubarak, 2011; Tesfaye et al., 2013; Pop-Busui et al., 2017). The

therapeutic effect of FGFC1 on IgA nephropathy was conducted by

Kemmochi et al. and found that FGFC1 at 10 mg/kg decreased the

IgA deposition in the glomerular mesangium, which may propose to

have an inhibitory effect of FGFC1 in IgA nephropathy progression

(Kemmochi et al., 2012; Hang et al., 2022).
5.4 In cancer

Over the last few decades, natural products have been recognized

as a promising and valuable reservoir of potential anti-cancer drug
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candidates due to their ability to target multiple pathways and address

the limitations of single-agent therapy, including side effects and drug

resistance. In our previous study, FGFC1 was treated with Erlotinib-

Resistant Non-Small Cell Lung Cancer (NSCLC) cells and the study

report showed that FGFC1 triggered the NSCLC cells apoptosis based

on their concentration, and downregulated the phosphorylation of

protein EGFR, protein kinase B (Akt), phosphatidylinositol 3-kinase

(PI3K), and mTOR in H1975 cells (Yan et al., 2022). One of the novel

approaches of anticancer drugs for cancer therapy is to inhibit the

angiogenesis of abnormal cells, which regulates the irregular

proliferation and differentiation of cells (Ismail et al., 2021; Hang

et al., 2022; Bailly, 2023; Liu et al., 2023). Hence, inhibiting the cell cycle

of tumor cells can hinder cell growth and trigger programmed cell

death. Programmed cell death, known as cell apoptosis, plays a crucial

role in tumor formation and progression. Various mechanisms,

including gene regulation and signal transduction, are implicated in

this process. Stimulating cell apoptosis proves to be an efficacious

approach for treating cancer.

The anticancer ability of FGFC1 was investigated in NSCLS and

EGFR-mutant NSCLC cells and reported that FGFC1 inhibited cell

growth and cancer cell migration by down-regulating the NF-kB

signaling pathway via signaling protein expressions such as IL-6,

TNF-a, p-IkB, and p-p65. The FGFC1 treatment decreased the cell

count from 1580 to 231, providing further evidence of FGFC1’s

ability to inhibit cell growth in EGFR-mutant PC9 cells

(Feng et al., 2022). Also, the intraperitoneal treatment of FGFC1

(10 mg/kg) reduced dermatologically placed PC9 cell growth via NF-

kB signaling pathway inhibition in tumor xenografted mice and thus

reduced tumor volume (Yan et al., 2021; Feng et al., 2022). As a

concept of proof, Yan et al. investigated the molecular signaling

mechanism of FGFC1 in cancer treatment using a chemoresistant

xenograft model and reported the mitochondrial dysfunctions

associated with the dose-dependent effect of FGFC1 in restricted

proliferation and increased NSCLC H1975 cells apoptosis through

directly binding to the silenced EGFR kinase. Also, the treatment of

FGFC1 both in-vivo and in-vitro accelerated the ROS and decreased

the EGFR/Akt/PI3K/mTOR pathway (Figure 6) (Yan et al., 2022).

The adaptable nature of FGFC1 in stability, solubility and oral drug

release proves as a good drug candidate for the promising treatment

of thrombolytic and cancer.
5.5 Inflammatory disease treatment

Inflammation is caused by normal tissue damage, which affects the

blood coagulation and regulation system (thrombotic complications).

For instance, pulmonary embolism and vein thrombosis were

developed three-fold higher in patients suffering from inflammatory

bowel disease (Wakefield et al., 2008; Olivera et al., 2021; Gala et al.,

2022). A recent study reports using the renal ischemia or reperfusion-

induced AKI rodent model showed that the FGFC1 with 10 mg/kg

lowered or inhibited pro-inflammatory cytokines (IL-1b and TNF-a,
respectively) expression (Shibata et al., 2021; Hashimoto et al., 2022).

Thereby, researchers initiated to investigate the effective role of FGFC1
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in treating ischemia/reperfusion and inflammatory diseases. In this

sense, the researchers have been targeted to inhibit the activity

of soluble epoxide hydrolase (sEH), since sEH produces an

inflammatory response by activating lipid signaling molecule

hydrolyzation (Harris and Hammock, 2013; Morisseau and

Hammock, 2013). Interestingly, FGFC1 is proven as an inhibitor of

sEH by acting against sEH activation through its geranyl methyl side-

chain (Blunt et al., 2016; Hang et al., 2022). More specifically, the

geranyl methyl side-chain interacts with the C-terminal domain of

sEH, which catalyzes the hydrolysis of an endogenous signaling

molecule involved in anti-inflammation, i.e. epoxyeicosatrienoic

acids. Therefore, the interaction of the geranylmethyl side-chain

and C-terminal domain of sEH inhibited the hydrolysis of

epoxyeicosatrienoic acids (Thomson et al., 2012; Wang et al., 2021b)

(Ulu et al., 2013; Matsumoto et al., 2014). In most cases, the anti-

inflammatory effect of FGFC1, which might account for the inhibition

of sEH is closely investigated along with the purpose of other

therapeutic treatments such as cancer, cerebral infarction and AKI

(Matsumoto et al., 2014; Shibata et al., 2021).

The secretion of (pro)inflammatory cytokines like IL-1b, IL-6 and
TNF-a from ischemic cells was stimulated by reactive oxygen species

production in occluded vessels reperfusion. As a consequence, these

cytokines subsequently damage the cerebral vessels through

hemorrhage and inflammation (Tsivgoulis et al., 2023). A previous

study demonstrated that treating cerebral infarction mice model with

FGFC1 (10 mg/kg) reduced the formation of hemorrhage and

inflammation compared to t-PA treatment (10 mg/kg), which was

due to decreasing the production of IL-1b, TNF-a, and IL-6 mRNA

with the treatment of FGFC1 at 3 h after ischemia (Shibata et al., 2010).

To support this finding, another study reported that mRNA expression

of S100 calcium-binding protein A8, MMP-9, activator of transcription
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3 and signal transducer, and IL-6 was downregulated by FGFC1

(Hashimoto et al., 2014). Ito et al. reported the inhibitory effect of

FGFC1 inMMP-9 production using a mice model (Ito et al., 2014) and

the oxidative stress inhibitory effect of FGFC1 was reported by Huang

et al (Huang et al., 2018a). Akamatsu et al. observed hydroethidine

signals responsible for ROS production in cerebral ischemia after 2 h

reperfusion (Akamatsu et al., 2011) and the FGFC1 treatment

decreased the hydroethidine signals, MMP-9 production and

nitrotyrosine, thereby minimizing the inflammatory complication in

cerebral infarction (Figure 7) (Rosell et al., 2008; Shibata et al., 2010).

Overall, the FGFCs isolated from marine fungi could be the potential

candidates for treating various diseases such as cancer, kidney injuries,

neurological disorders, thrombolysis and hemorrhage (Figure 8).
6 Conclusion and perspectives

Overall, the review disclosed the fundamental background,

different therapeutic concepts and potential application of FGFCs.

Overall the review concluded that 1) FGFCs can be easily extracted

from different types of marine fungi, 2) based on the types of

derivatives, the FGFCs have different biological activities, 3) FGFC

is the potential therapeutic drugs for treating several disorders related

to inflammatory response, neural degenerative (cerebral infarction),

kidney injury, hemorrhage, and thrombolysis. Based on the available

scientific empirical evidence, FGFC is potentially used in treating

diseases like edema, embolic stroke, ischemic stroke, renal ischemia,

brain injury, cerebral infarction, acute kidney injury, cerebral artery

occlusion, etc. Due to the specific targeting of receptors and signaling

mechanism, FGFCs have proved to be extraordinary drugs in several

therapeutic applications. However, the major limitations of FGFCs
FIGURE 6

The molecular signaling mechanism of FGFCs in Anticancer activity (Yan et al., 2021; Feng et al., 2022; Yan et al., 2022).
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FIGURE 8

Overall approaches of FGFCs in Biomedical applications.
FIGURE 7

The signaling mechanism of FGFCs in Inflammatory disease (Hang et al., 2022).
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are lack of research on novel biomaterial platforms for efficient drug

delivery in biomedical applications and also the efficiency of FGFCs

should be investigated in deep and sound to use in other major

complications such as diabetes, cardiovascular diseases, liver

cirrhosis, skin and wound healing, and so on.
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Gonçalves, M. F., Esteves, A. C., and Alves, A. (2022). Marine fungi: Opportunities
and challenges. Encyclopedia 2, 559–577. doi: 10.3390/encyclopedia2010037

Gowthami, K., and Madhuri, R. J. (2021). Optimization of cultural conditions for
maximum production of fibrinolytic enzymes from the local marine bacterial isolates
and evaluation of their wound healing and clot dissolving properties. J. Pharm. Res. Int.
33, 246–255. doi: 10.9734/jpri/2021/v33i28A31528

Guo, R., Duan, D., Hong, S., Zhou, Y., Wang, F., Wang, S., et al. (2018). A marine
fibrinolytic compound FGFC1 stimulating enzymatic kinetic parameters of a reciprocal
activation system based on a single chain urokinase-type plasminogen activator and
plasminogen. Process. Biochem. 68, 190–196. doi: 10.1016/j.procbio.2018.01.024

Guo, R., Zhang, Y., Duan, D., Fu, Q., Zhang, X., Yu, X., et al. (2016). Fibrinolytic
evaluation of compounds isolated from a marine fungus Stachybotrys longispora
FG216. Chin. J. Chem. 34, 1194–1198. doi: 10.1002/cjoc.201600623

Halland, N., Brönstrup, M., Czech, Jr., Czechtizky, W., Evers, A., Follmann, M., et al.
(2015). Novel small molecule inhibitors of activated thrombin activatable fibrinolysis
inhibitor (TAFIa) from natural product anabaenopeptin. J. Med. Chem. 58, 4839–4844.
doi: 10.1021/jm501840b

Hang, S., Chen, H., Wu, W., Wang, S., Fang, Y., Sheng, R., et al. (2022). Progress in
isoindolone alkaloid derivatives from marine microorganism: Pharmacology
preparation and mechanism. Mar. Drug 20, 405. doi: 10.3390/md20060405

Haque, N., Parveen, S., Tang, T., Wei, J., and Huang, Z. (2022). Marine natural
products in clinical use. Mar. Drug 20, 528. doi: 10.3390/md20080528
Harris, T. R., and Hammock, B. D. (2013). Soluble epoxide hydrolase: gene structure

expression and deletion. Gene 526, 61–74. doi: 10.1016/j.gene.2013.05.008
Hashimoto, T., Shibata, K., Hasumi, K., Honda, K., and Nobe, K. (2022). Effect of

SMTP-7 on cisplatin-induced nephrotoxicity inmice. Biol. Pharmaceut. Bull. 45, 1832–1838.
doi: 10.1248/bpb.b22-00620

Hashimoto, T., Shibata, K., Nobe, K., Hasumi, K., and Honda, K. (2010). A novel
embolic model of cerebral infarction and evaluation of Stachybotrys microspora
frontiersin.org

https://doi.org/10.1134/S1068162014060028
https://doi.org/10.1134/s1068162014060028
https://doi.org/10.1134/s1068162014060028
https://doi.org/10.1016/j.neulet.2011.08.018
https://doi.org/10.1016/j.neulet.2011.08.018
https://doi.org/10.1016/j.ejmcr.2023.100112
https://doi.org/10.1039/C5NP00156K
https://doi.org/10.1172/JCI45161
https://doi.org/10.1160/TH04-12-0842
https://doi.org/10.3390/md15090272
https://doi.org/10.1160/TH05-01-0054
https://doi.org/10.3389/fmicb.2017.02536
https://doi.org/10.3389/fmicb.2017.02536
https://doi.org/10.1080/08927014.2013.776042
https://doi.org/10.1080/08927014.2013.776042
https://doi.org/10.1016/j.ejmech.2016.11.022
https://doi.org/10.1007/s11101-024-09923-1
https://doi.org/10.3390/md20010076
https://doi.org/10.3390/diseases10040073
https://doi.org/10.3390/pharmaceutics15092320
https://doi.org/10.3390/molecules26071816
https://doi.org/10.3390/md20080495
https://doi.org/10.3390/encyclopedia2010037
https://doi.org/10.9734/jpri/2021/v33i28A31528
https://doi.org/10.1016/j.procbio.2018.01.024
https://doi.org/10.1002/cjoc.201600623
https://doi.org/10.1021/jm501840b
https://doi.org/10.3390/md20060405
https://doi.org/10.3390/md20080528
https://doi.org/10.1016/j.gene.2013.05.008
https://doi.org/10.1248/bpb.b22-00620
https://doi.org/10.3389/fcimb.2024.1422648
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Jeevithan et al. 10.3389/fcimb.2024.1422648
triprenyl phenol-7 (SMTP-7) a novel fungal triprenyl phenol metabolite. J. Pharmacol.
Sci. 114, 41–49. doi: 10.1254/jphs.10131FP

Hashimoto, T., Shibata, K., Ohata, H., Hasumi, K., and Honda, K. (2014). Altered
gene expression in an embolic stroke model after thrombolysis with tissue plasminogen
activator and Stachybotrys microspora triprenyl phenol-7. J. Pharmacol. Sci. 125, 99–106.
doi: 10.1254/jphs.14019FP

Hasumi, K., and Suzuki, E. (2021). Impact of SMTP targeting plasminogen and
soluble epoxide hydrolase on thrombolysis inflammation and ischemic stroke. Int. J.
Mol. Sci. 22, 954. doi: 10.3390/ijms22020954

Hasumi, K., Yamamichi, S., and Harada, T. (2010). Small-molecule modulators of
zymogen activation in the fibrinolytic and coagulation systems. FEBS J. 277, 3675–3687.
doi: 10.1111/j.1742-4658.2010.07783.x

Hu, W., Ohyama, S., and Hasumi, K. (2000). Activation of fibrinolysis by SMTP-7
and-8 novel staplabin analogs with a pseudosymmetric structure. J. Antibio. 53, 241–247.
doi: 10.7164/antibiotics.53.241

Huang, Y., Ohta, Y., Shang, J., Li, X., Liu, X., Shi, X., et al. (2018a). Reduction of
ischemia reperfusion-related brain hemorrhage by Stachybotrys microspora triprenyl
phenol-7 in mice with antioxidant effects. J. Stroke. Cerebrovas. Dis. 27, 3521–3528.
doi: 10.1016/j.jstrokecerebrovasdis.2018.08.018

Huang, Y., Ohta, Y., Shang, J., Morihara, R., Nakano, Y., Fukui, Y., et al. (2018b).
Antineuroinflammatory effect of SMTP-7 in ischemic mice. J. Stroke. Cerebrovascular.
Dis. 27, 3084–3094. doi: 10.1016/j.jstrokecerebrovasdis.2018.06.039

Ismail, A. A., Shaker, B. T., and Bajou, K. (2021). The plasminogen-activator plasmin
system in physiological and pathophysiological angiogenesis. Int. J. Mol. Sci. 23, 337.
doi: 10.3390/ijms23010337

Ito, A., Niizuma, K., Shimizu, H., Fujimura, M., Hasumi, K., and Tominaga, T.
(2014). SMTP-7 a new thrombolytic agent decreases hemorrhagic transformation after
transient middle cerebral artery occlusion under warfarin anticoagulation in mice.
Brain Res. 1578, 38–48. doi: 10.1016/j.brainres.2014.07.004

Joison, A., Baiardi, G., Donalisio, R., and Gallo, F. (2019). Fibrinolytic activity of two
polypeptide chains from human plasminogen. Curr. Proteomics 16, 277–281.
doi: 10.2174/1570164616666190112120215

Karthikeyan, A., Joseph, A., and Nair, B. G. (2022). Promising bioactive compounds
from the marine environment and their potential effects on various diseases. J. Genet.
Eng. Biotechnol. 20, 14. doi: 10.1186/s43141-021-00290-4

Kemmochi, S., Hayashi, H., Taniai, E., Hasumi, K., Sugita-Konishi, Y., Kumagai, S.,
et al. (2012). Protective effect of Stachybotrys microspora triprenyl phenol-7on the
deposition of iga to the glomerular mesangium in nivalenol-induced IgA nephropathy
using BALB/c Mice. J. Toxicol. Path. 25, 149–154. doi: 10.1293/tox.25.149

Khalifa, S. A. M., Elias, N., Farag, M. A., Chen, L., Saeed, A., Hegazy, M. F., et al.
(2019). Marine natural products: a source of novel anticancer drugs. Mar. Drugs 17,
491. doi: 10.3390/md17090491

Kim, D.-W., Sapkota, K., Choi, J.-H., Kim, Y.-S., Kim, S., and Kim, S.-J. (2013). Direct
acting anti-thrombotic serine protease from brown seaweed Costaria costata. Process.
Biochem. 48, 340–350. doi: 10.1016/j.procbio.2012.12.012

Kohyama, T., Hasumi, K., Hamanaka, A., and Endo, A. (1997). SMTP-1 and-2 novel
analogs of staplabin produced by Stachybotrys microspora IFO30018. J. Antibiot. 50,
172–174. doi: 10.7164/antibiotics.50.172

Koyanagi, K., Narasaki, R., Yamamichi, S., Suzuki, E., and Hasumi, K. (2014). Mechanism
of the action of SMTP-7 a novel small-molecule modulator of plasminogen activation. Blood
Coagulation. Fibrinolysis. 25, 316–321. doi: 10.1097/MBC.0000000000000032

Law, R. H., Abu-Ssaydeh, D., and Whisstock, J. C. (2013). New insights into the
structure and function of the plasminogen/plasmin system. Curr. Opi. Str. Biol. 23,
836–841. doi: 10.1016/j.sbi.2013.10.006

Law, R. H., Caradoc-Davies, T., Cowieson, N., Horvath, A. J., Quek, A. J.,
Encarnacao, J. A., et al. (2012). The X-ray crystal structure of full-length human
plasminogen. Cell Rep. 1, 185–190. doi: 10.1016/j.celrep.2012.02.012

Lijnen, H. (2001). Elements of the fibrinolytic system. Ann. New York. Acad. Sci. 936,
226–236. doi: 10.1111/j.1749-6632.2001.tb03511.x

Liu, Z. L., Chen, H. H., Zheng, L. L., Sun, L. P., and Shi, L. (2023). Angiogenic
signaling pathways and anti-angiogenic therapy for cancer. Signal Transduct. Target.
Ther. 8, 198. doi: 10.1038/s41392-023-01460-1

Lund, L. R., Green, K. A., Stoop, A. A., Ploug, M., Almholt, K., Lilla, J., et al. (2006).
Plasminogen activation independent of uPA and tPA maintains wound healing in
gene-deficient mice. EMBO J. 25, 2686–2697. doi: 10.1038/sj.emboj.7601173

Matsumoto, N., Suzuki, E., Ishikawa, M., Shirafuji, T., and Hasumi, K. (2014).
Soluble epoxide hydrolase as an anti-inflammatory target of the thrombolytic stroke
drug SMTP-7. J. Biol. Chem. 289, 35826–35838. doi: 10.1074/jbc.M114.588087

Matsumoto, N., Suzuki, E., Tsujihara, K., Nishimura, Y., and Hasumi, K. (2015).
Structure-activity relationships of the plasminogen modulator SMTP with respect to
the inhibition of soluble epoxide hydrolase. J. Antibiot. (Tokyo). 68, 685–690.
doi: 10.1038/ja.2015.58

McCormack, P. L. (2012). Tranexamic acid: a review of its use in the treatment of
hyperfibrinolysis. Drug 72, 585–617. doi: 10.2165/11209070-000000000-00000

Miles, L. A., Ny, L., Wilczynska, M., Shen, Y., Ny, T., and Parmer, R. J. (2021).
Plasminogen receptors and fibrinolysis. Int. J. Mol. Sci. 22, 1712. doi: 10.3390/
ijms22041712
Frontiers in Cellular and Infection Microbiology 13
Morisseau, C., and Hammock, B. D. (2013). Impact of soluble epoxide hydrolase and
epoxyeicosanoids on human health. Annu. Rev. Pharmacol. Toxicol. 53, 37–58.
doi: 10.1146/annurev-pharmtox-011112-140244

Moritoyo, T., Nishimura, N., Hasegawa, K., Ishii, S., Kirihara, K., Takata, M., et al.
(2023). A first-in-human study of the anti-inflammatory profibrinolytic TMS-007 an
SMTP family triprenyl phenol. Br. J. Clin. Pharmacol. 89, 1809–1819. doi: 10.1111/
bcp.15651

Mubarak, M. (2011). IgA nephropathy: an update on pathogenesis and classification.
J. Coll. Physicians. Surg. Pak. 21, 230–233.

Olivera, P. A., Zuily, S., Kotze, P. G., Regnault, V., Al Awadhi, S., Bossuyt, P., et al.
(2021). International consensus on the prevention of venous and arterial thrombotic
events in patients with inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol.
18, 857–873. doi: 10.1038/s41575-021-00492-8

Papon, N., Copp, B. R., and Courdavault, V. (2022). Marine drugs: Biology pipelines
current and future prospects for production. Biotechnol. Adv. 54, 107871. doi: 10.1016/
j.biotechadv.2021.107871

Poirier, A., Weetall, A., Heinig, A., Bucheli, A., Schoenlein, A., and Alsenz, A. (2018).
Risdiplam distributes and increases SMN protein in both the central nervous system
and peripheral organs Pharmacol. Res. Perspect. 0, e00447. doi: 10.1002/prp2.447

Pop-Busui, R., Boulton, A. J., Feldman, E. L., Bril, V., Freeman, R., Malik, R. A., et al.
(2017). Diabetic neuropathy: a position statement by the American Diabetes
Association. Diabetes Care 40, 136. doi: 10.2337/dc16-2042

Rijken, D., and Lijnen, H. (2009). New insights into the molecular mechanisms of the
fibrinolytic system. J. Thromb. Haemostas. 7, 4–13. doi: 10.1111/j.1538-
7836.2008.03220.x

Rosell, A., Cuadrado, E., Ortega-Aznar, A., Hernández-Guillamon, M., Lo, E. H., and
Montaner, J. (2008). MMP-9–positive neutrophil infiltration is associated to blood–
brain barrier breakdown and basal lamina type iv collagen degradation during
hemorrhagic transformation after human ischemic stroke. Stroke 39, 1121–1126.
doi: 10.1161/STROKEAHA.107.500868

Sawada, H., Nishimura, N., Suzuki, E., Zhuang, J., Hasegawa, K., Takamatsu, H., et al.
(2014). SMTP-7 a novel small-molecule thrombolytic for ischemic stroke: A study in
rodents and primates. J. Cereb. Blood Flow Metab. 34, 235–241. doi: 10.1038/
jcbfm.2013.191

Schuster, V., Hügle, B., and Tefs, K. (2007). Plasminogen deficiency. J. Thromb.
Haemostasis. 5, 2315–2322. doi: 10.1111/j.1538-7836.2007.02776.x

Shibata, K., Hashimoto, T., Hasumi, K., Honda, K., and Nobe, K. (2018). Evaluation of
the effects of a new series of SMTPs in the acetic acid-induced embolic cerebral infarct
mouse model. Eur. J. Pharmacol. 818, 221–227. doi: 10.1016/j.ejphar.2017.10.055

Shibata, K., Hashimoto, T., Hasumi, K., and Nobe, K. (2021). Potent efficacy of
Stachybotrys microspora triprenyl phenol-7 a small molecule having anti-inflammatory
and antioxidant activities in a mouse model of acute kidney injury. Eur. J. Pharmacol.
910, 174496. doi: 10.1016/j.ejphar.2021.174496

Shibata, K., Hashimoto, T., Miyazaki, T., Miyazaki, A., and Nobe, K. (2019).
Thrombolytic therapy for acute ischemic stroke: past and future. Curr. Pharm.
Design. 25, 242–250. doi: 10.2174/1381612825666190319115018

Shibata, K., Hashimoto, T., Nobe, K., Hasumi, K., and Honda, K. (2010). A novel
finding of a low-molecular-weight compound SMTP-7 having thrombolytic and anti-
inflammatory effects in cerebral infarction of mice. Naunyn-Schmiedeberg’s. Arch.
Pharmacol. 382, 245–253. doi: 10.1007/s00210-010-0542-5

Shibata, K., Hashimoto, T., Nobe, K., Hasumi, K., and Honda, K. (2011).
Neuroprotective mechanisms of SMTP-7 in cerebral infarction model in mice.
Naunyn-Schmiedeberg’s. Arch. Pharmacol. 384, 103–108. doi: 10.1007/s00210-011-
0642-x

Shindo, K., and Misawa, N. (2014). New and rare carotenoids isolated from marine
bacteria and their antioxidant activities. Mar. Drug 12, 1690–1698. doi: 10.3390/
md12031690

Shinohara, C., Hasumi, K., Hatsumi, W., and Endo, A. (1996). Staplabin a novel
fungal triprenyl phenol which stimulates the binding of plasminogen to fibrin and
U937 cells. J. Antibiot. 49, 961–966. doi: 10.7164/antibiotics.49.961

Sillen, M., Miyata, T., Vaughan, D. E., Strelkov, S. V., and Declerck, P. J. (2021).
Structural insight into the two-step mechanism of PAI-1 inhibition by small molecule
TM5484. Int. J. Molecul. Sci. 22, 1482. doi: 10.3390/ijms22031482

Su, T., Wu, W., Yan, T., Zhang, C., Zhu, Q., and Bao, B. (2013). Pharmacokinetics
and tissue distribution of a novel marine fibrinolytic compound in Wistar rat
following intravenous administrations. J. Chromato. B. 942, 77–82. doi: 10.1016/
j.jchromb.2013.10.031

Suzuki, H., Nakatsuka, Y., Yasuda, R., Shiba, M., Miura, Y., Terashima, M., et al.
(2019). Dose-dependent inhibitory effects of cilostazol on delayed cerebral infarction
after aneurysmal subarachnoid hemorrhage. Trans. Stroke. Res. 10, 381–388.
doi: 10.1007/s12975-018-0650-y

Tarman, K. (2020). Marine fungi as a source of natural products. Encyclopedia. Mar.
Biotech. 4, 2147–2160. doi: 10.1002/9781119143802.ch96

Tesfaye, S., Boulton, A. J., and Dickenson, A. H. (2013). Mechanisms and
management of diabetic painful distal symmetrical polyneuropathy. Diabetes Care
36, 2456–2465. doi: 10.2337/dc12-1964

Thomson, S. J., Askari, A., and Bishop-Bailey, D. (2012). Anti-inflammatory effects
of epoxyeicosatrienoic acids. Int. J. Vasc. Med. 2012, 605101. doi: 10.1155/2012/605101
frontiersin.org

https://doi.org/10.1254/jphs.10131FP
https://doi.org/10.1254/jphs.14019FP
https://doi.org/10.3390/ijms22020954
https://doi.org/10.1111/j.1742-4658.2010.07783.x
https://doi.org/10.7164/antibiotics.53.241
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.08.018
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.06.039
https://doi.org/10.3390/ijms23010337
https://doi.org/10.1016/j.brainres.2014.07.004
https://doi.org/10.2174/1570164616666190112120215
https://doi.org/10.1186/s43141-021-00290-4
https://doi.org/10.1293/tox.25.149
https://doi.org/10.3390/md17090491
https://doi.org/10.1016/j.procbio.2012.12.012
https://doi.org/10.7164/antibiotics.50.172
https://doi.org/10.1097/MBC.0000000000000032
https://doi.org/10.1016/j.sbi.2013.10.006
https://doi.org/10.1016/j.celrep.2012.02.012
https://doi.org/10.1111/j.1749-6632.2001.tb03511.x
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1038/sj.emboj.7601173
https://doi.org/10.1074/jbc.M114.588087
https://doi.org/10.1038/ja.2015.58
https://doi.org/10.2165/11209070-000000000-00000
https://doi.org/10.3390/ijms22041712
https://doi.org/10.3390/ijms22041712
https://doi.org/10.1146/annurev-pharmtox-011112-140244
https://doi.org/10.1111/bcp.15651
https://doi.org/10.1111/bcp.15651
https://doi.org/10.1038/s41575-021-00492-8
https://doi.org/10.1016/j.biotechadv.2021.107871
https://doi.org/10.1016/j.biotechadv.2021.107871
https://doi.org/10.1002/prp2.447
https://doi.org/10.2337/dc16-2042
https://doi.org/10.1111/j.1538-7836.2008.03220.x
https://doi.org/10.1111/j.1538-7836.2008.03220.x
https://doi.org/10.1161/STROKEAHA.107.500868
https://doi.org/10.1038/jcbfm.2013.191
https://doi.org/10.1038/jcbfm.2013.191
https://doi.org/10.1111/j.1538-7836.2007.02776.x
https://doi.org/10.1016/j.ejphar.2017.10.055
https://doi.org/10.1016/j.ejphar.2021.174496
https://doi.org/10.2174/1381612825666190319115018
https://doi.org/10.1007/s00210-010-0542-5
https://doi.org/10.1007/s00210-011-0642-x
https://doi.org/10.1007/s00210-011-0642-x
https://doi.org/10.3390/md12031690
https://doi.org/10.3390/md12031690
https://doi.org/10.7164/antibiotics.49.961
https://doi.org/10.3390/ijms22031482
https://doi.org/10.1016/j.jchromb.2013.10.031
https://doi.org/10.1016/j.jchromb.2013.10.031
https://doi.org/10.1007/s12975-018-0650-y
https://doi.org/10.1002/9781119143802.ch96
https://doi.org/10.2337/dc12-1964
https://doi.org/10.1155/2012/605101
https://doi.org/10.3389/fcimb.2024.1422648
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Jeevithan et al. 10.3389/fcimb.2024.1422648
Tian, L., Teng, X., Zhong, C., and Xie, Y. (2015). Chemical constituents from the
barks of Swietenia macrophylla. Gen. Chem. 1, 22. doi: 10.21127/yaoyigc20150002

Tsivgoulis, G., Katsanos, A. H., Sandset, E. C., Turc, G., Nguyen, T. N., Bivard, A.,
et al. (2023). Thrombolysis for acute ischaemic stroke: current status and future
perspectives. Lancet Neurol. 22, 418–429. doi: 10.1016/S1474-4422(22)00519-1

Ulu, A., Harris, T. R., Morisseau, C., Miyabe, C., Inoue, H., Schuster, G., et al. (2013).
Anti-inflammatory effects of omega-3 polyunsaturated fatty acids and soluble epoxide
hydrolase inhibitors in angiotensin-II dependent hypertension. J. Cardiovasc.
Pharmacol. 62, 285. doi: 10.1097/FJC.0b013e318298e460

Wakefield, T. W., Myers, D. D., and Henke, P. K. (2008). Mechanisms of venous
thrombosis and resolution. Arterioscler. Thromb. Vasc. Biol. 28, 387–391. doi: 10.1161/
ATVBAHA.108.162289

Wang, Y., Chen, H., Sheng, R., Fu, Z., Fan, J., Wu, W., et al. (2021a). Synthesis and
bioactivities of marine pyran-isoindolone derivatives as potential antithrombotic
agents. Mar. Drug 19, 218. doi: 10.3390/md19040218

Wang, M., He, H., Na, K., Cai, M., Zhou, X., Zhao, W., et al. (2015). Designing novel
glucose/ornithine replenishment strategies by biosynthetic and bioprocess analysis to
improve fibrinolytic FGFC1 production by the marine fungus Stachybotrys longispora.
Process. Biochem. 50, 2012–2018. doi: 10.1016/j.procbio.2015.09.027

Wang, Y., Wagner, K. M., Morisseau, C., and Hammock, B. D. (2021b). Inhibition of
the soluble epoxide hydrolase as an analgesic strategy: a review of preclinical evidence.
J. Pain Res. 14, 61–72. doi: 10.2147/JPR.S241893

Wang, G., Wu, W., Zhu, Q., Fu, S., Wang, X., Hong, S., et al. (2015). Identification and
fibrinolytic evaluation of an isoindolone derivative isolated from a rare marine fungus
Stachybotrys longispora FG216. Chin. J. Chem. 33, 1089–1095. doi: 10.1002/cjoc.201500176

Weimin, H. (2003). Novel fungal triprenyl phenols that enhance fibrinolysis and
suppress tumor growth (Setagaya, Japan: Tokyo Agricultural and Industrial University).

Wu, G., Quek, A. J., Caradoc-Davies, T. T., Ekkel, S. M., Mazzitelli, B., Whisstock, J. C.,
et al. (2019). Structural studies of plasmin inhibition. Biochem. Soc. Trans. 47, 541–557.
doi: 10.1042/BST20180211
Frontiers in Cellular and Infection Microbiology 14
Xu, J., Yi, M., Ding, L., and He, S. (2019). A review of anti-inflammatory
compounds from marine fungi, 2000-2018. Mar. Drugs 17, 636. doi: 10.3390/
md17110636

Xue, Y., Bodin, C., and Olsson, K. (2012). Crystal structure of the native plasminogen
reveals an activation-resistant compact conformation. J. Thromb. Haemo. 10, 1385–1396.
doi: 10.1111/j.1538-7836.2012.04765.x

Yan, S., Feng, J., and Chang, J. (2021). FGFC1 inhibits the proliferation and
migration of non-small cell lung cancer cells via the PI3K/Akt/mTOR pathway.
Chin. J. Biochem. Mol. Biol. 37, 9.

Yan, T., Wu, W., Su, T., Chen, J., Zhu, Q., Zhang, C., et al. (2015). Effects of a novel
marine natural product: Pyrano indolone alkaloid fibrinolytic compound on
thrombolysis and hemorrhagic activities in vitro and in vivo. Arch. Pharmacal. Res.
38, 1530–1540. doi: 10.1007/s12272-014-0518-y

Yan, S., Zhang, B., Feng, J., Wu, H., Duan, N., Zhu, Y., et al. (2022). FGFC1 selectively
inhibits erlotinib-resistant non-small cell lung cancer via elevation of ROS mediated by
the EGFR/PI3K/Akt/mTOR pathway. Front. Pharmacol. 12, 764699. doi: 10.3389/
fphar.2021.764699

Yang, M. H., Kim, J., Khan, I. A., Walker, L. A., and Khan, S. I. (2014). Nonsteroidal
anti-inflammatory drug activated gene-1 (NAG-1) modulators from natural products
as anti-cancer agents. Life Sci. 100, 75–84. doi: 10.1016/j.lfs.2014.01.075

Yin, Y., Fu, Q., Wu, W., Cai, M., Zhou, X., and Zhang, Y. (2017). Producing novel
fibrinolytic isoindolinone derivatives in marine fungus Stachybotrys longispora FG216
by the rational supply of amino compounds according to its biosynthesis pathway.Mar.
Drug 15, 214. doi: 10.3390/md15070214

Youn, U. J., Lee, J. Y., Kil, Y.-S., Han, A.-R., Chae, C. H., Ryu, S. Y., et al. (2016).
Identification of new pyrrole alkaloids from the fruits of Lycium chinense. Arch.
Pharmacal. Res. 39, 321–327. doi: 10.1007/s12272-015-0695-3

Zhong, Q., Wei, B., Wang, S., Ke, S., Chen, J., Zhang, H., et al. (2019). The
antioxidant activity of polysaccharides derived from marine organisms: an overview.
Mar. Drugs 17, 674. doi: 10.3390/md17120674
frontiersin.org

https://doi.org/10.21127/yaoyigc20150002
https://doi.org/10.1016/S1474-4422(22)00519-1
https://doi.org/10.1097/FJC.0b013e318298e460
https://doi.org/10.1161/ATVBAHA.108.162289
https://doi.org/10.1161/ATVBAHA.108.162289
https://doi.org/10.3390/md19040218
https://doi.org/10.1016/j.procbio.2015.09.027
https://doi.org/10.2147/JPR.S241893
https://doi.org/10.1002/cjoc.201500176
https://doi.org/10.1042/BST20180211
https://doi.org/10.3390/md17110636
https://doi.org/10.3390/md17110636
https://doi.org/10.1111/j.1538-7836.2012.04765.x
https://doi.org/10.1007/s12272-014-0518-y
https://doi.org/10.3389/fphar.2021.764699
https://doi.org/10.3389/fphar.2021.764699
https://doi.org/10.1016/j.lfs.2014.01.075
https://doi.org/10.3390/md15070214
https://doi.org/10.1007/s12272-015-0695-3
https://doi.org/10.3390/md17120674
https://doi.org/10.3389/fcimb.2024.1422648
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Recent advancement of novel marine fungi derived secondary metabolite fibrinolytic compound FGFC in biomedical applications: a review
	1 Introduction
	2 Types of fungi fibrinolytic compounds
	3 FGFCs derivatives
	4 Mode of action
	5 Biological application
	5.1 In thrombolysis and hemorrhagic activities
	5.2 Neuroprotective effect
	5.3 In acute kidney injury
	5.4 In cancer
	5.5 Inflammatory disease treatment

	6 Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


