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Abstract: Existing antithrombotic drugs have side effects such as bleeding, and there is an urgent
need to discover antithrombotic drugs with better efficacy and fewer side effects. In this study,
a zebrafish thrombosis model was used to evaluate the antithrombotic activity and mechanism
of Brevianamide F, a deep-sea natural product, with transcriptome sequencing analysis, RT-qPCR
analysis, and molecular docking. The results revealed that Brevianamide F significantly attenuated
the degree of platelet aggregation in the thrombus model zebrafish, leading to an increase in the
number of circulating platelets, an augmentation in the return of blood to the heart, an elevated
heart rate, and a significant restoration of caudal blood flow velocity. Transcriptome sequencing
and RT-qPCR validation revealed that Brevianamide F may exert antithrombotic effects through
the modulation of the MAPK signaling pathway and the coagulation cascade reaction. Molecular
docking analysis further confirmed this result. This study provides a reference for the development
of therapeutic drugs for thrombosis.
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1. Introduction

Thrombotic disorder is a disease that occurs during thrombosis and thromboembolism
pathology and is characterized by high morbidity and lethality [1]. The main causes include
increased platelet counts, vessel wall damage, and decreased anticoagulant activity [2].
Depending on the mechanism of formation, thrombosis is mainly categorized into venous
thrombosis and arterial thrombosis. Cardiovascular disease, the leading cause of death
worldwide, accounts for a large proportion of arterial thrombotic disease. Venous throm-
botic disease has a high incidence in hospitalized and post-operative patients and should
not be ignored. It has been reported that one in four deaths worldwide is accompanied by
thrombotic disorders, making antithrombotic drugs one of the hotspots in drug develop-
ment [3-5]. Current antithrombotic drugs are limited by adverse effects, such as bleeding,
thrombocytopenia, leukocytoclastic vasculitis, etc., as well as drug-drug interactions, to
varying degrees [6-8]. Therefore, there is an urgent need to find new antithrombotic drugs.

The zebrafish model is characterized by its small size, transparent body, and thrombo-
sis mechanism similar to that of humans. Zebrafish platelets are homologous to mammalian
platelets, and their thrombosis mechanism is similar to that of humans, suggesting that
zebrafish can be used as a model for screening antithrombotic drugs [9]. The green flu-
orescent labeling of platelet transgenic zebrafish Tg(cd41:eGFP) and the red fluorescent
labeling of cardiac erythrocyte transgenic zebrafish Tg(gatala:dsRed) can be used to visually
monitor thrombus formation and development in real time. Furthermore, only a small
amount of compounds are needed to evaluate antithrombotic activity using the zebrafish
model, making it appropriate for the high-throughput screening of trace amounts of marine
natural active products.
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The unique environment of low temperature, high pressure, high salt, and low oxygen
in the ocean has formed many natural products with novel structure and excellent phar-
macological activity. For instance, marine biogenic heparin has fewer side effects and can
lower the risk of bleeding in patients compared to land-based heparin sources [10,11]. It
suggests that screening natural products from the ocean for antithrombotic activity is an
important way to seek new antithrombotic drugs. At present, the activities of substances
that have been isolated from deep-sea microorganisms are mostly focused on anti-tumor,
anti-inflammatory, anti-viral, and anti-tuberculosis properties, while there is a relative lack
of research on anti-thrombosis [12-15].

Brevianamide F is the parent nucleus of indole diketopiperazine analogs consisting
of tryptophan and proline, a marine natural compound [16-18]. Recent studies on Bre-
vianamide F have focused on the activities of its derivatives. For example, Brevianamide F
analogues have bacteriostatic, anti-tumor, and insecticidal effects [19-21]. However, there
are few studies on the activity of Brevianamide F. In particular, the antithrombotic activity
of Brevianamide F has not been described.

In this study, a zebrafish thrombus model induced by arachidonic acid (AA) was used
to evaluate the antithrombotic activity of deep-sea natural product Brevianamide F, with
the degree of platelet aggregation, circulating platelet count, cardiac erythrocyte staining
area and intensity, red blood cell aggregation rate in the middle part of the body, cardiac
erythrocyte fluorescence area, heart rate, and caudal blood flow velocity as evaluation
indexes. The mechanism of its antithrombotic action was explored using transcriptome
sequencing, qRT-PCR assays, and molecular docking techniques.

2. Results
2.1. Effect of Brevianamide F on Platelet Aggregation and Circulating Platelet Count
in Thrombotic Zebrafish

Arachidonic acid leads to thrombosis by causing platelet aggregation. The zebrafish in
the thrombus model group showed platelet aggregation in their tails, and their circulating
platelet count was lower than that of the blank control group. Platelet aggregation was
reduced in the tails of zebrafish and the number of circulating platelets in the caudal was
increased in the Aspirin treatment group and the Brevianamide-F-administered groups
(10 uM, 20 puM, and 40 uM) compared with the thrombus model group (Figure 1A,B).
Figure 1C demonstrates that there were fewer circulating platelets in the heart in the model
group as opposed to the blank control group. The group that received Brevianamide F
showed a tendency toward more circulating platelets in their hearts when compared to the
model group, although there was no statistically significant difference.

2.2. Effect of Brevianamide F on the Staining Area and Intensity of Erythrocytes in the Heart of
Thrombotic Zebrafish

O-dianisidine staining can reflect the distribution of erythrocytes. The normal zebrafish
were stained by O-dianisidine with erythrocytes in the heart area and no erythrocyte aggre-
gation in the trunk and tail. Compared with the blank control group, 60% of zebrafish in the
thrombus model group appeared to exhibit erythrocyte aggregation in the middle part of
the body, with a significant decrease in the number of cardiac erythrocytes and a significant
decrease in staining intensity, indicating successful modeling (Figure 2A,B). Following
treatment with the positive drug Aspirin and different concentrations of Brevianamide
F, the percentage of erythrocyte aggregated in the trunk region of zebrafish was reduced,
and the staining area and intensity of cardiac erythrocytes were significantly increased
compared with those of the AA group (Figure 2C,D). Brevianamide F at a concentration of
20 uM had a 43.13% preventive effect on thrombosis (Table 1).
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Figure 1. (A) Platelet distribution of zebrafish in each group, with tail platelet aggregation in the red
frame. (B) The number of platelets circulating in the caudal. (C) The number of platelets in the heart.
# p < 0.05, compared with the blank control group; ** p < 0.01, compared with the arachidonic acid
(AA) group.

Table 1. Preventive effects of each group on thrombosis in zebrafish.

Groups Concentration (1tM) Cardiac Erythrocyte Staining =~ Thrombosis Prevention

Intensity (Pixel) Rate (%)
Blank control group - 583494 + 28378 -
Thrombus model group (AA) 80 44318 =+ 23093 ### -
Positive control group (AA + Aspirin) 125 488484 £ 66153 *** 76.69
Brevi ide F treat t 10 249285 + 27242 * 35.39
revg‘g”f; Ariar;“_';“ Fg)m“p 20 294097 & 29205 ** 43.13
revianamide 40 171199 + 64751 2191
it p < 0.001, compared with the blank control group; * p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the
AA group.

2.3. Effect of Brevianamide F on Erythrocyte Fluorescence Area and Heart Rate of
Thrombotic Zebrafish

The transgenic zebrafish Tg(gatala:DsRed) with red fluorescent protein-labeled cardiac
erythrocytes showed the volume of blood that was returned to the heart in zebrafish. As
depicted in Figure 3, the cardiac erythrocyte fluorescence area was significantly reduced
and the heart rate was lower in the thrombus model group compared with the blank
control group. The Brevianamide-F-treated groups (10 uM, 20 uM, and 40 uM) all showed a
significant increase in the cardiac erythrocyte fluorescence area and a remarkable elevation
in heart rate compared with the thrombus model group. However, there was no significant
change in cardiac fluorescence intensity between groups.
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Figure 2. Representative images of heart region (A) and trunk region (B) of zebrafish stained with
O-dianisidine in each group. The black frame indicates erythrocyte aggregation; the lower right
corner was labeled as the number of zebrafish with erythrocyte staining in the trunk region/total
number of zebrafish. Erythrocyte staining area (C) and staining intensity (D) in the heart. ## p < 0.001,
compared with the blank control group; * p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the
AA group.

2.4. Effect of Brevianamide F on Blood Flow Velocity in the Caudal Region of the
Thrombotic Zebrafish

The zebrafish with platelet aggregation thrombosis had slower blood flow velocities
compared to normal zebrafish. Figure 4 reveals that the zebrafish in the thrombus model
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group had much lower caudal artery flow velocity than those in the blank control group.
Brevianamide F exhibited noteworthy antithrombotic activity in comparison to the throm-
bus model group, as evidenced by a significant increase in the caudal artery blood flow
velocity of zebrafish in the treatment groups.

A B
*cowol | x| aaepiin [
© 10000
]
= - dekk
£ 8000 sekk
*ekk
g *kk
o 6000
o E #it#
s 3
;g = 4000
AA+10 pM AA+20 uM AA+40 uM S
‘s 2000
©
< 0
< T T T T T
AA (80 uM) -+ o+ o+ o+ o+
Aspirin (125 pM) ] = + - - -
Brevianamide F (uM) - e - 10 20 40
C D
5 600000 200
t =
25 £ .
c c = 150 = x ol B
£ = 400000 £ i
@ 8 k]
S 2 = 100
<3 2
[ o) ©
O © 200000 Y
85 £ 50
g e 3
2@ T
- 04 | s [ i
AA (80 pM) - + + + + AA (80 uM) - + + + + +
Aspirin (125 uM) - + - - - Aspirin (125 pM) - -+ - - -
Brevianamide F (uM) - - 10 20 40 Brevianamide F (uM) - - - 10 20 40

Figure 3. (A) Representative images of the heart region, (B) cardiac erythrocyte fluorescence area,

(C) cardiac erythrocyte fluorescence intensity, and (D) heart rate. #* p < 0.01 and #* p < 0.001,
y y )/ P P

compared with the blank control group; * p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the

AA group.
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Figure 4. (A) Hemodynamic images of the caudal arteries of zebrafish in each group. (B) Histogram

of blood flow velocity in the caudal artery. ittt p < 0.001, compared with the blank control group;
*** p <0.001, compared with the AA group.
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2.5. Effect of Brevianamide F on Thrombosis-Related Factors

Thromboxane A2 (TXA;) is a cyclooxygenase metabolite of AA that strongly con-
tracts blood vessels and promotes platelet aggregation [22]. von Willebrand Factor (vWF)
is an important plasma constituent that connects collagen fibers and platelets to form
thrombi [23]. Platelets adhere to exposed collagen and vWE, further releasing TXA; and
activating surrounding platelets to promote thrombus formation. D-dimer (D-dimer) is an
important molecular marker of thrombus formation and the activation of the fibrinolytic
system, which can reflect the severity of thrombus [24]. In this study, ELISA was used to
determine the levels of TXA,, vWF, and D-dimer in zebrafish.

The contents of thrombus-associated factors TXA,, vVWE, and D-dimer were signifi-
cantly increased after AA treatment, and the contents of TXAj, vWF, and D-dimer were
significantly decreased after the intervention of Brevianamide F at different concentrations,
as illustrated in Figure 5A-C. The findings manifested that AA induced the expression of
thrombus-related factors in zebrafish, and Brevianamide F inhibited AA-induced thrombus
formation in zebrafish to varying degrees. This indicates that Brevianamide F could exert
antithrombotic effects by suppressing the expression of thrombosis-related factors.
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Figure 5. The levels of (A) TXAj;, (B) vWE and (C) D-dimer in zebrafish. it p < 0.001, compared with
the blank control group; *** p < 0.001, compared with the AA group.

2.6. Effect of Brevianamide F on Gene Expression Profile of Thrombotic Zebrafish
2.6.1. Differentially Expressed Genes (DEGs) Using Transcriptome Analysis

Transcriptome sequencing was performed to further investigate the mechanism of
the antithrombotic action of Brevianamide F. Principal Component Analysis (PCA) plots
showed compact sample clustering between groups, indicating low sample variability
(Figure 6A). Genes with p values < 0.05 and |log, (fold change) | > 1 were classified as
differentially expressed genes (DEGs). A total of 5555 DEGs, including 1806 up-regulated
genes and 3749 down-regulated genes, were identified in the model group compared
with the blank control group. A total of 2175 DEGs, including 2082 up-regulated genes
and 93 down-regulated genes, were identified in the Brevianamide-F-treated group com-
pared with the model group (Figure 6B,C). There were 1717 common DEGs between
the above two comparison groups, and these genes were analyzed for trends. Among
them, 1252 DEGs had low expression in the model group and high expression in the Bre-
vianamide F group; 11 DEGs had high expression in the model group and low expression
in the Brevianamide F group (Figure 6D).

2.6.2. GO Function Enrichment Analysis and KEGG Enrichment Analysis

GO function enrichment analysis and KEGG enrichment analysis were performed on
DEGs with significant trends to explore the mechanism of Brevianamide F antithrombotic
action. The 30 most significant GO enrichment terms were selected and displayed as his-
tograms. The biological processes (BPs) significantly affected by Brevianamide F treatment
were mainly related to cell adhesion (GO:0007156 and GO:0007155) and the regulation
of ion transmembrane transport (GO:0006811, GO:0055085, GO:0034765, etc.). The cellu-
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PC2: 17.57% variance
i

lar components (CCs) included plasma membranes (GO:0005886), synapse (GO:0045202),
post-synapse (GO:0098794), and so on. The molecular function (MF) mainly included ion
channel activity (GO:0005244, GO:0005216, GO:0005267, etc.) and protein kinase activity
(GO:0004672) (Figure 7A).
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Figure 6. (A) Principal Component Analysis (PCA) plot, (B) Venn diagram of common and specific
differentially expressed genes (DEGs) between different groups, (C) statistical histogram of DEGs, and
(D) intersection DEG trend analysis. Orange boxes indicate the DEGs with significant change trends.

The KEGG enrichment analysis showed that the DEGs were enriched in the MAPK
signaling pathway, the calcium signaling pathway, and the apelin signaling pathway.
The organismal systems and metabolic processes involved were as follows: adrenergic
signaling in cardiomyoctes (dre04261), glycosaminoglycan biosynthesis in heparan sulfate
and heparin (dre00534), and glycosaminoglycan biosynthesis in chondroitin sulfate and
dermatan sulfate (dre00532) (Figure 7B). The above results demonstrated that Brevianamide
F may exert antithrombotic effects by regulating signaling pathways (such as MAPK)
and promoting the synthesis of antithrombotic active substances (such as heparin and
chondroitin sulfate).

2.6.3. Effect of Brevianamide F on the Gene Expression Levels of Zebrafish

Combined with the results of the trend analysis, as well as GO and KEGG enrichment
analyses, the DEGs related to the MAPK pathway were selected for qRT-PCR. Figure 8A
shows that the mRNA expression levels of MAPK-related genes mapkapk3, mapkapkb, rafl,
mapk11, mapkl4, and akt2 were significantly up-regulated, and the expression levels of
map3k2, map2k7, mapkl, and mapk8 were significantly down-regulated in the model group
compared with the blank control group. The levels of the above genes were notably regu-
lated in the Brevianamide-F-treated group compared to the model group. The expression
levels of genes related to the coagulation cascade response, which were closely related to
thrombus formation and development, were also examined. AA induction elevated the
expression levels of the thrombus-related factors PKCa, PKCB, vWF, f2, f7, fga, fgb, and fgg.
The expression levels of the above thrombosis-related factors were significantly decreased
via Brevianamide F intervention (Figure 8B). These results showed that the mechanism of
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the antithrombotic effect of Brevianamide F may be related to the regulation of the MAPK
signaling pathway, the inhibition of platelet activation, and the expression of mRNAs
related to the coagulation cascade.
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Figure 7. The effect of Brevianamide F on intersection DEGs with significant trend changes. (A) The
GO function enrichment analysis. The vertical axis was a GO term which included three categories:
biological process (BP), cellular component (CC), and molecular function (MF). The horizontal axis
was the -logg(p-value) of the GO items. (B) The KEGG pathway enrichment analysis. The vertical
axis was the name of the signaling pathway and the horizontal axis was the enrichment score. The
size of the scatter represented the number of DEGs of the item, and the redder the color, the smaller
the enrichment p-value and the greater the significance of the item.

2.7. Interactions of Brevianamide F with Key Targets

To further corroborate the mechanism of the antithrombotic action of Brevianamide
F, molecular docking was used to assess the potential interaction of Brevianamide F with
key targets. Combined with the literature and qRT-PCR assay results, key targets in the
MAPK signaling pathway and coagulation cascades AKT2, MAPK14, MAPKS, MAP2K?,
RAF1, MAPK1, PKC«, PKCpB, PKCy, VWE, F2, F7, FGA, FGB, and FGG were selected and
docked with Brevianamide F using AutoDock software (Table 2). The binding energies
less than 0 kJ /mol indicated that Brevianamide F was capable of spontaneously binding
to key target proteins. Meanwhile, less than —5 kJ/mol indicated stable binding [25-27].
Conformation with the lowest binding energy was chosen as the final docking result of
Brevianamide F in relation to the key targets and the results were then visualized using
PyMOL software (Figure 9). The molecular docking results revealed that the binding
energies of Brevianamide F to the key targets of the MAPK/coagulation cascade were
lower than —5 kJ/mol. Among the calculated binding energies, the binding energies of
Brevianamide F to F7, MAPK14, MAP2K7, and AKT2 were —40.75 kJ/mol, —36.94 k] /mol,
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—34.81 k] /mol, and —34.43 k] /mol, respectively, suggesting that F7, MAPK14, MAP2K?,
and AKT2 may be important targets for the antithrombotic effects of Brevianamide F.
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Figure 8. Effects of Brevianamide F on the expression of genes related to the MAPK pathway and

coagulation cascade; # p <0.05, i p <0.01, and idisd p < 0.001, compared with the blank control group;
*p <0.05,*p<0.01, and ** p < 0.001, compared with the AA group.

Table 2. The binding energy of Brevianamide F with key targets.

Binding Energy (kJ/mol)

Protein Target PDB ID
Brevianamide F
AKT2 8Q61 —34.43
MAPK14 6SFI —36.94
MAPKS 4QTD —31.80
MAP2K7 5Y90 —34.81
RAF1 6V]] —32.38
MAPK1 65LG —28.79
PKC«x 8U37 —30.08
PKCp 2I0E —29.75
PKCy 2uzpP —31.00
VWE 7EOW —33.93
F2 2AFQ —32.13
F7 5PAG —40.75
FGA 3E1I —25.19
FGB 20YH —28.79
FGG 3E1I —29.12
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AKT2

MAPK14 MAPK8 MAP2K7 RAF1

F7 FGA FGB FGG

Figure 9. The molecular docking results of Brevianamide F with key targets. Each result contains
an overall picture and a local zoomed-in picture. Red color indicates the molecular structure of
Brevianamide F. Hydrogen bonds are shown in yellow and amino acid residues are shown in blue.

3. Discussion

Arachidonic-acid-induced thrombosis is a commonly used way of modeling zebrafish
thrombosis and is based on the principle of causing platelet aggregation and regulating
vasoconstriction (resulting in thrombosis) [28-30]. It has been reported that the staining of
erythrocytes in the heart and the accumulation of erythrocyte aggregation in the tails of
zebrafish can reflect the degree of thrombosis [31]. When thrombus occurred, the staining
area and intensity of erythrocyte decreased in the heart but increased in the tail. In this
experiment, the thrombus model group showed an increase in tail platelet aggregation,
a decrease in the number of circulating platelets, and a decrease in the staining area and
intensity of cardiac erythrocyte compared with the blank control group. At the same time,



Mar. Drugs 2024, 22, 439

11 of 17

60% of the zebrafish showed erythrocyte aggregation in the middle of the body, indicating
that the modeling was successful. Aspirin was a well-recognized antiplatelet aggregating
agent and was widely used in antithrombotic therapy. It blocked thrombus formation by
inhibiting cyclooxygenase and preventing AA-induced platelet aggregation [8]. Therefore,
this study set up the thrombosis model group, the Aspirin-positive control group, and
the different concentration Brevianamide F treatment group. The results suggested that
Brevianamide F exhibited significant antithrombotic effects. Compared with the AA group,
Brevianamide F significantly reduced platelet aggregation, increased the return blood
volume in heart, elevated the heart rate, and restored the blood flow velocity in the caudal
artery of zebrafish.

Thromboxane A2 (TXAj;) was formed by the action of related enzymes when AA
activated platelets. TXA, promoted thrombosis by facilitating platelet aggregation and
vasoconstriction [8]. The vVWF was an important plasma component that bound platelets
and collagen fibers to form thrombus, thereby exerting a hemostatic effect [23]. D-dimer
was produced after the degradation of cross-linked fibrin, suggesting that intravascular
coagulation can be used as a marker of coagulation and fibrinolytic system activation [32].
In this study, the levels of TXA;, vWE, and D-dimer in zebrafish were determined using the
ELISA assay. The results showed that Brevianamide F exerted antithrombotic effects by
reducing the levels of TXA;,, vWE, and D-dimer. To further elucidate the mechanism of the
antithrombotic action of Brevianamide F, transcriptome sequencing, the trend analysis of
differentially expressed genes, GO, and KEGG enrichment analyses were performed. The
results demonstrated that the antithrombotic mechanism of Brevianamide F was related to
the MAPK signaling pathway and the coagulation cascade response.

The MAPK signaling pathway played a key role in the pathogenesis of several car-
diovascular diseases. It has been found that p38 MAPK, ERK1/2, and JNK1/2 were
expressed in platelets and were important regulators of platelet activation [33,34]. Rafl,
a serine/threonine kinase, was required for MEK1/2 phosphorylation. It was involved
in the regulation of vascular endothelial cell proliferation and angiogenesis. These pro-
cesses are closely related to thrombosis [35,36]. MAP2K7 was an upstream activator of
JNK, which affected thrombosis by regulating the JNK signaling pathway [37]. Previous
studies have shown that AA significantly elevated the expression of genes related to the
MAPK signaling pathway, such as p38 mapk (mapk14), mapk1 (erk), mapk$ (jnk), and rafl, and
increased the phosphorylation of key proteins of the pathway (e.g., p38 MAPK, ERK1/2,
and JNK1/2) [35,38,39]. Akt2 was a vital factor in the process of thrombosis. It has been
shown that platelets from Akt2-/- mice were significantly defective in aggregation and
fibrinogen binding [40]. Yin et al. found that akt2 regulated the VWEF/GPIb-IX-induced
signaling pathway, leading to platelet activation, which in turn promoted platelet adhe-
sion, diffusion, and aggregation [41]. In this study, the expression levels of genes (mapkl4,
rafl, mapkapk3, mapkapk5, mapk11, and akt2) related to the MAPK signaling pathway were
significantly up-regulated by AA. Treatment with Brevianamide F reversed the trend of
these genes. In addition, some researches had also found that the thrombus model reduced
the phosphorylation of JNK, and the administration of paeoniflorin with antithrombotic
activity significantly increased the phosphorylation of JNK [42]. This might be caused by
the negative feedback regulation of the organisms. In this study, AA significantly down-
regulated mapkl, mapk8, map2k7, and map3k2. Treatment with Brevianamide F rescued the
aberrant expression of these genes. The results above demonstrated that Brevianamide F
could effectively prevent thrombus formation and maintain cellular homeostasis.

In the process of coagulation, the MAPK signaling pathway may promote the coagula-
tion cascade by affecting platelet activation, endothelial cell function, and the expression
and activity of coagulation factors [43,44]. The factors associated with platelet activation
and the coagulation cascade hugely affected the formation and development of thrombus.
The PKCax and PKCf were two different isoforms of the protein kinase C (PKC) family,
which were predominantly expressed in platelets. They affected thrombosis by activating
platelet activation, aggregation, and clotting factor release [45,46]. The vIWF was an im-
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portant plasma protein that played a key role in blood coagulation. It promoted platelet
adhesion at the site of vascular injury to achieve hemostasis [31,47,48]. Coagulation factor
VII (f7) was a vital factor in the external coagulation pathway and could form a complex
with tissue factors to initiate the formation of fibrin. The FGA (fibrinogen A chain), FGB
(fibrinogen B chain), and FGG (fibrinogen gamma chain) were the three subunits of fibrino-
gen. Fibrinogen was converted to fibrin during blood clotting and promoted the stability
of blood clots [49,50]. Previous studies have shown that the gene expression of thrombosis-
related factors (such as pkca, pkc, vwf, f2, f7, fga, fgb, and fgg) can promote platelet activation,
increase fibrinogen synthesis, enhance platelet aggregation, and induce thrombosis [51,52].
In this study, AA significantly increased the mRNA expression of pkca, pkcf, vwf, f2, f7, fga,
f3b, and fgg, whereas the intervention of Brevianamide F significantly inhibited the mRNA
expression of these factors, suggesting that Brevianamide F exerted antithrombotic effects
through the inhibition of platelet activation and the coagulation cascade.

Molecular docking was a useful tool for discovering active compounds and exploring
their mechanisms of action, providing new scientific and technological support for the re-
search and development of marine active compounds [53]. In order to further elucidate the
molecular mechanism by which Brevianamide F exerted antithrombotic activity, molecular
docking between Brevianamide F and key target proteins related to the MAPK signaling
pathway and the coagulation cascade was carried out. It was found that Brevianamide F
bound stably to the key targets, such as F7, MAPK14, MAP2K7, and AKT2.

The results above suggested that Brevianamide F exerted antithrombotic effects by reg-
ulating the MAPK signaling pathway and inhibiting the platelet activation and coagulation
cascade. This study provided a reference for the discovery of Marine antithrombotic drugs.

4. Materials and Methods
4.1. Chemicals and Reagents

Brevianamide F and O-dianisidine were purchased from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. (Shanghai, China). Arachidonic acid was purchased from Stanford
Analytical Chemicals Inc. (Denver, CO, USA). Aspirin was purchased from Beijing Puxi
Standard Technology Co., Ltd. (Beijing, China). Phenylthiourea was obtained from Sigma-
Aldrich (Shanghai, China) Trading Co., Ltd. (Shanghai, China). The experimental water was
used for zebrafish culture (5.0 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl,, and 0.16 mM MgSOy).

4.2. Zebrafish Maintenance

The wild-type AB strain zebrafish, transgenic zebrafish Tg(cd41:eGFP) with green
fluorescent protein-labeled platelets, and Tg(gatala:DsRed) with red fluorescent protein-
labeled cardiac erythrocytes, supplied by the Engineering Research Center of Zebrafish
Models for Human Diseases and Drug Screening of Shandong Province, were used in this
study. Male and female zebrafish were kept separately under standard conditions of 14 h
of illumination/10 h of darkness at 28 £ 0.5 °C, and they were fed with granular bait at
regular intervals. Healthy and sexually mature zebrafish were taken and placed in the
mating tank in the ratio of 2:2 or 1:2 for males and females. The embryos were washed
three times with zebrafish embryo culture water, and then sterilized with 0.1% methylene
blue solution and transferred into zebrafish embryo culture water at 28 + 0.5 °C with
light control. Phenylthiourea (PTU) was added at 6 hpf (hours post fertilization) to a final
concentration of 0.03 mg/mL to inhibit melanogenesis and facilitate observation [54].

4.3. Chemical Treatment

Zebrafish larvae with normal development were selected at 72 hpf under the micro-
scope and transferred into 24-well plates with 10 larvae per well. A blank control group
(zebrafish culture water), a thrombus model group (80 uM AA), a positive control group
(80 uM AA + 125 uM Aspirin), and a Brevianamide F treatment group (80 uM AA + 10 uM,
20 uM or 40 uM Brevianamide F) were set up for the experiment. The concentrations of AA
and Aspirin were set according to the standards in published articles [39,55]. Every group
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was maintained at 28 & 0.5 °C in an incubator with a constant temperature. After 6 h, the
solution was sucked out, the blank control group was added with zebrafish culture water,
and the other groups were replaced with AA solution with a final concentration of 80 uM
and treated for 1.5 h in the dark. The experiment was conducted in triplicate.

4.4. Detection of Circulating Platelet Count

Zebrafish of the Tg(cd41:eGFP) strain were selected, and the experimental groups
and drug treatments were the same as those discussed in Section 4.3. After treatment,
10 zebrafish larvae were randomly selected from each group, and the number of circulating
zebrafish platelets within 15 s was recorded under an Olympus inverted fluorescence
microscope (Olympus, Tokyo, Japan) and analyzed statistically.

4.5. Erythrocyte Staining Area and Intensity Detection

Wild-type AB strain zebrafish were used, and the experimental groups and drug
treatments are shown in Section 4.3. The zebrafish were stained using 1.0 mg/mL of
O-dianisidine staining solution for 10 min after the drug treatment. Ten zebrafish were
randomly selected from each group, and the images were captured under an AXIO-V16 flu-
orescence microscope (Zeiss, Oberkochen, Germany), and the cardiac erythrocyte staining
area and intensity (S) were measured and calculated using Image-Pro Plus 6.0 software.
The aggregation of erythrocytes in the middle part of the body was counted to calculate the
rate of thrombosis prevention. The thrombosis prevention rate (%) = (Streatment — Smodel)/
(Scontrol - smodel) x 100%.

4.6. Cardiac Erythrocyte Fluorescence Area and Heart Rate Detection

The Tg(gatala:dsRed) strain of zebrafish was used, and the experimental groups and
drug treatments are shown in Section 4.3. Ten zebrafish were randomly selected from
each group, the images of the zebrafish cardiac region were captured, and heart rate was
recorded under a Zeiss fluorescence microscope (Zeiss, Oberkochen, Germany). The area
of erythrocyte fluorescence of the zebrafish in the heart was measured and calculated via
Image-Pro Plus 6.0 software.

4.7. Caudal Blood Flow Velocity Detection

Wild-type AB strain zebrafish were selected, and the experimental groups and drug
treatments were the same as those outlined in Section 4.3. After the treatment, 10 zebrafish
larvae were randomly selected from each group, and the blood flow in the caudal artery of
zebrafish was recorded using the blood flow system Zebralab (ViewPoint, Lyon, France) for
10 s. Caudal blood flow velocity analysis was performed using MicroZebraLab BloodFlow
3.4.6 software (ViewPoint, Lyon, France).

4.8. Detection of Thrombosis-Related Factors

The zebrafish were grouped and treated with drug interventions, as described in
Section 4.3. The zebrafish were collected following drug administration and washed
three times with PBS. Tissue homogenates were obtained by crushing the tissue with a
multi-sample cryo-mill. The concentrations of thromboxane A2 (TXA;), von Willebrand
factor (vWF), and D-dimer, which are closely related to thrombus, were detected using
ELISA kits according to the manufacturer’s instructions (Jiangsu Meimian industrial Co.,
Ltd., Jiangsu, China). Sixty zebrafish were used for each sample, and each experiment was
performed three times.

4.9. Identification of Differentially Expressed Genes in Zebrafish Using RNA-Seq

The zebrafish in the thrombus model group, blank control group, and Brevianamide F
(20 uM) group were collected after three enzyme-free water washes following drug admin-
istration. RNA-Seq analysis was carried out with the assistance of Ouyi Biotechnology Co.,
Ltd. (Shanghai, China). DESeq2 software version 3.19 was used to analyze the differentially
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expressed genes (DEGs). Genes with p values < 0.05 and |log, (fold change)| > 1 were
classified as DEGs. Subsequently, the differentially expressed genes were subjected to
trend analysis, gene ontology (GO) functional enrichment, and enrichment analyses of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway to identify the functions and
potential expression trends of the DEGs.

4.10. gRT-PCR Assay for Expression Levels of Thrombus-Related Genes

The samples of zebrafish in the blank control group, the thrombus model group,
and the Brevianamide-F-treated groups (10 uM, 20 uM, and 40 pM) were washed with
purified water and then collected. Each group was conducted in triplicate. Total RNA was
extracted using the FastPure Cell/Tissue Total RNA Isolation Kit V2 (Novozan, China) and
reversed into cDNA using HiScript III RT SuperMix for qPCR (+gDNA wiper) (Novozan,
China). ChamQ Universal SYBR qPCR Master Mix (Novozan, China) was used to perform
qRT-PCR on a LightCycler®96 (Roche, Switzerland). The running program was as follows:
30 s at 95 °C, followed by 45 cycles of 95 °C for 20 s and 72 °C for 30 s. rpl13a was used
as a reference gene. The primer sequences for the genes used in this paper are shown
in Table S1.

4.11. Molecular Docking

The molecular docking program AutoDock (4.2.6) was used to examine possible
interactions of Brevianamide F with key targets associated with the coagulation cascade
and MAPK signaling pathway. The structure of Brevianamide F was downloaded from
PubChem (https:/ /pubchem.ncbi.nlm.nih.gov/ accessed on 1 September 2024) and the
binding energy was optimized by the MM2 algorithm using Chem3D software (20.0).
The crystal structures of the key target proteins were directly obtained from the RCSB
protein database (https://www.rcsb.org/ accessed on 1 September 2024). The related
protein and Brevianamide F structures were processed using PyMOL software (2.6) and
AutoDockTools-1.5.7 software. Docking was conducted by semi-flexible docking and was
simulated 50 times. The lower the binding energy, the more stable the binding between
Brevianamide F and the target protein.

4.12. Statistical Analysis

Statistical analysis was performed using Graphpad Prism 8.3.0 software, and experi-
mental data were expressed as the mean =+ standard error of the mean (mean + SEM). The
significant differences between groups were analyzed using one-way ANOVA (one-way
ANOVA), with p < 0.05 indicating that the differences were statistically significant.

5. Conclusions

The deep-sea natural compound Brevianamide F possesses significant antithrombotic
activity, which significantly increases the circulating platelet count, improves the return
cardiac blood volume, decreases the erythrocyte aggregation rate in the middle part of the
zebrafish body, restores the heart rate, and enhances the caudal blood flow velocity in the
zebrafish thrombosis model. The mechanism of action of its antithrombotic activity may be
related to the modulation of the MAPK signaling pathway and the coagulation cascade
response. Therefore, Brevianamide F may be a promising candidate for the treatment of
thrombotic diseases.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/md22100439/s1. Table S1. The gene primers for Quantita-
tive Real-time PCR.
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