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Abstract 

Tissue factor pathway inhibitors (TFPI), including TFPI-1 and TFPI-2, are Kunitz-type serine protease inhibitors that 
mainly inhibit the blood coagulation induced by tissue factors. Previous reports on teleost proved TFPI play important 
roles in innate immunity. In this study, two TFPI (PoTFPI-1 and PoTFPI-2) molecules from Japanese flounder (Paralich-
thys olivaceus) were analyzed and characterized for their expression patterns, antibacterial and anticancer activities of 
the C-terminal derived peptides. Quantitative real time RT-PCR analysis shows that constitutive PoTFPI-1 expression 
occurred, in increasing order, in the brain, muscle, spleen, gills, head kidney, blood, intestine, heart, and liver; PoTFPI-2 
was expressed, in increasing order, in the brain, gills, head kidney, muscle, intestine, spleen, liver, heart, and blood. 
Under the stimulation of fish pathogens, both PoTFPI-1 and PoTFPI-2 expressions increased significantly in a manner 
that depended on the pathogens, tissue type, and infection stage. Furthermore, C-terminal peptides TP25 and TP26, 
derived from PoTFPI-1 and PoTFPI-2, respectively, were synthesized and proved to be active against Micrococcus luteus 
(for TP25 and TP26) and Staphylococcus aureus (for TP25) via retardation effects on bacterial nucleic acids. In addition, 
TP25 and TP26 also displayed significant inhibitory effects on human colon cancer cell line HT-29. These results reveal 
that both PoTFPI-1 and PoTFPI-2 play important roles in host innate immunity. The antibacterial activity and antican-
cer cells function of TP25 and TP26 will add new insights into the roles of teleost TFPI.

Keywords: Paralichthys olivaceus, TFPI, C-terminal peptides, Antibacterial activity, Anticancer cell activity

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Tissue Factor (TF, thromboplastin), as the major fac-
tor for the initiation of the blood coagulation process, 
is a high-affinity receptor for the coagulation factor 
VII (FXII). It initiates the extrinsic pathway of blood 

coagulation by binding in the presence of calcium to 
FXII, and formats TF–FVII/FVIIa complex, which acti-
vates FX and FIX factors, leading to the generation of 
thrombin and the conversion of blood fibrinogen to 
fibrin [1–3]. Tissue Factor Pathway Inhibitor (TFPI), 
a Kunitz-type serine protease inhibitor, is the natural 
direct inhibitor of the TF/FVIIa complex, and the for-
mation of the inhibitory complex blocks the activation 
of the coagulation cascade [4]. Currently, two members 
in the TFPI family, TFPI-1 and its structural homologue 
TFPI-2, are found in mammals [5, 6]. Structurally, there 
are three bovine pancreatic trypsin inhibitors (BPTI)/
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Kunitz domains in TFPI-1. Different BPTI/Kunitz 
domains have different functions. The first domain 
mainly binds FVIIa and the second domain binds FXa. 
However, the third domain is involved in cell surface 
and lipoprotein association [7, 8]. By means of alter-
native RNA splicing, TFPI-1 emerges two isoforms, 
TFPIα and TFPIβ [9]. There are a K3 domain and basic 
C-terminal region in TFPIα [9], while TFPIβ contains a 
region involved in the attachment of a GPI membrane 
anchor [10]. TFPI-2 is a structural analogue of TFPI, 
also a potent endogenous inhibitor of tissue factor 
(TF)-mediated coagulation [11]. Human TFPI-2 is syn-
thesized and secreted by multiple cells, such as smooth 
muscle cells, skin fibroblasts, and endothelial cells 
[12–14]. TFPI-2 has many functions. It is reported that 
human TFPI-2 is involved in homeostasis in umbilical 
vein endothelial cells and trophoblast cells [5, 15]. And 
TFPI-2 also plays roles in the regulation of extracellu-
lar matrix remodeling and participates in tumor growth 
and metastasis [16–18]. Whether it is TFPI-1 or TFPI-
2, their C-terminal regions can be cleaved off at differ-
ent positions, resulting in TFPI truncates with various 
sizes [19].

It has been found that human TFPI exhibit serine 
protease inhibitor activity against plasmin, trypsin, 
chymotrypsin, plasma kallikrein, factor VIIa, and cath-
epsin G [5, 13, 20–22]. In addition to functioning as 
a major regulator of blood coagulation, mammalian 
TFPI is involved in immunity response. It is reported 
that human TFPI-1 is able to reduce mortality in rab-
bit models for septic shock induced by lethal bacterial 
challenge [23]. Expression of TFPI-1 and TFPI-2 are 
increased under stimulation with inflammatory media-
tors, endotoxin, or molecules involved in infection and 
inflammation [24, 25]. In contrast to mammalian TFPI, 
which have been studied extensively in recent years, 
fish TFPI is not well developed. To date, TFPI-1 and/
or TFPI-2 have only been discovered in several fish 
species, including zebrafish (Danio rerio), common 
carp (Cyprinus carpio), red drum (Sciaenops ocellatus), 
and half-smooth tongue sole (Cynoglossus semilaevis) 
[26–29].

Japanese flounder (Paralichthys olivaceus) is a flat fish 
cultured widely in China as an economic species. Cur-
rently, the fish has suffered serious diseases, and the stud-
ies of its responses to pathogen infection are limited. In 
this study, the sequence signatures of Japanese flounder 
TFPI-1 and TFPI-2 (named as PoTFPI-1 and PoTFPI-2, 
respectively) were analyzed, and their expression patterns 
under normal or pathogen stimulation conditions were 
investigated. Moreover, the antibacterial and anticancer 
cell activity of the C-terminal peptides of PoTFPI-1 and 
PoTFPI-2 (named as TP25 and TP26) were examined.

Materials and methods
Fish
Healthy flounder (average 19.2 ± 1.5  g) were purchased 
from a commercial fish farm in the Shandong Province, 
China, and maintained at 20 ℃ in aerated seawater. Fish 
were acclimatized in the laboratory for two weeks before 
experimental manipulation. Before experimental manip-
ulation, fish were randomly sampled and verified to be 
absent of pathogens in tissues as reported previously [30, 
31]. Before tissue collection, fish were euthanized with an 
overdose of tricaine methanesulfonate (Sigma, St. Louis, 
MO, USA) as reported previously [28].

Bacterial and viral strains
The pathogens Edwardaiella tarda, Klebsiellar pneumo-
nia, Pseudomonas putida, Serratia marcescens, Strepto-
coccus agalactiae, Vibrio anguillarum, Vibrio harveyi, 
Vibrio litoralis, Vibrio parahaemolyticus and Vibrio 
scophthalmi have been previously preserved in the 
laboratory. Escherichia coli DH5α was purchased from 
Tiangen (Beijing, China), Micrococcus luteus 1D00051, 
Staphylococcus aureus 1D00101 and Vibrio vulnificus 
1H00066 were purchased from China General Microbio-
logical Culture Collection Center (Beijing, China). Except 
for S. agalactiae, which was cultured in Brain Heart Infu-
sion (BHI) broth, all other strains were cultured in Luria–
Bertani (LB) medium. All strains were cultured at 37 °C 
(for E. coli and M. luteus) or 28 °C (for all others). ISKNV 
was propagated in a continuous cell line (named as CPB) 
established previously from the brain of Siniperca chuatsi 
[32].

Sequence analysis of TFPI‑1 and TFPI‑2
The cDNA sequences of PoTFPI-1 and PoTFPI-2 are 
available from GenBank database (GenBank acces-
sion numbers XP_019955331 and XM_020090927). 
The cDNA and amino acid sequences of TFPI-1 and 
TFPI-2 were analyzed using the BLAST program at the 
National Center for Biotechnology Information (NCBI). 
The molecular mass and theoretical isoelectric point 
(pI) were analyzed with the ExPASy server. The second-
ary structure of TFPI could be browsed on the Pôle Bio-
informatique Lyonnais (PBIL) server. The cleavage site 
for the signal peptide and protein domains was analyzed 
using the SMART program. The presumed 3D protein 
structural model was established using protein homol-
ogy/analogy recognition engine V 2.0 (Phyre2). The phy-
logenetic tree was constructed based on the amino acid 
sequences of TFPI from various species retrieved from 
GenBank, with the MEGA 6.0 software package. Data 
were analyzed using Poisson correction, and gaps were 
removed by pairwise deletion. The reliability of the tree 
was assessed by 1000 bootstrap repetitions.
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Quantitative real time polymerase chain reaction 
(RT‑qPCR) analysis of PoTFPI‑1 and PoTFPI‑2 expression 
in fish tissues under normal physiological conditions
Brain, heart, gills, head kidney, spleen, liver, muscle, 
blood and intestines were taken aseptically from five 
flounder and used for total RNA extraction with the 
RNAprep Tissue Kit (Tiangen, Beijing, China). One 
microgram of total RNA was used for cDNA synthesis 
with the Superscript II reverse transcriptase (Invitro-
gen, Carlsbad, CA, USA). RT-qPCR was carried out in 
a LightCycler 96 system (Roche Applied Science, North 
Carolina, USA) using the SYBR ExScript RT-qPCR Kit 
(Takara, Dalian, China) as described previously [27]. The 
flounder β-actin gene was used as an internal control. 
The primers were listed in Table 1. Melting curve analysis 
was carried out at the end of each PCR to confirm the 
specificity of PCR products. The expressions of TFPI-1 
and TFPI-2 were analyzed using comparative threshold 
cycle method  (2−ΔΔCT). All data are given in terms of rel-
ative mRNA levels to that of tissues in which TFPI-1 or 
TFPI-2 expression was the lowest.

2RT‑qPCR analysis of PoTFPI‑1 and PoTFPI‑2 expressions 
upon bacterial and viral infection
Infections with various pathogens were performed as 
reported previously [33]. Briefly, V. anguillarum and E. 
tarda were cultured as above to an  OD600 of 0.8. The cells 
were washed and resuspended in PBS to  106  CFU/mL. 
ISKNV was resuspended in PBS to 1 ×  107 copies/mL. 
Fish were divided randomly into four groups (30 individ-
uals/group) and injected intraperitoneally (i.p.) with 100 
µL V. anguillarum, E. tarda, ISKNV or PBS per fish, and 
maintained at 20 ℃. Five fish were euthanized at 0 h, 6 h, 
12 h, 24 h and 48 h, or 0 day, 1 day, 3 days, 5 days and 
7 days (for ISKNV infection group) post-infection. Con-
sidering that head kidney, liver, and spleen were the main 
immune organs in fish and were easy to be obtained, so 
the three tissues were collected under aseptic condition. 
Total RNA extraction, cDNA synthesis, and RT-qPCR 
were performed as described above. The primers used 
are listed in Table 1.

Peptide synthesis
FITC-labeled and unlabeled TP25 (RKQCIRKCIR-
RREPHGKMMIRIRRK) of PoTFPI-1, corresponding to 
the C-terminal residues 253 to 277, TP26 (GEKKYR-
SQRKIRRMRRKRKYPSFMQA) of PoTFPI-2, corre-
sponding to the C-terminal residues 200 to 225, and the 
control peptide P86P15 [33] were synthesized by Pepmic 
(Suzhou, China). The peptides were purified by high-per-
formance liquid chromatography to 95% purity. Lyophi-
lized peptides were stored at −20 °C and dissolved in PBS 
(pH 6.5) before use.

TP25 of PoTFPI-1, corresponding to the C-terminal 
residues 253 to 277, has a pI of 12.01 and contains thir-
teen strongly basic amino acids, six hydrophobic amino 
acids, and six polar amino acids. TP26 of PoTFPI-2, cor-
responding to the C-terminal residues 200 to 225, has 
a pI of 11.90 and contains twelve strongly basic amino 
acids, five hydrophobic amino acids, and nine polar 
amino acids.

Antibacterial spectrum
To carry out antibacterial spectrum assay, bacteria men-
tioned above were cultured to mid-logarithmic phase. 
Then the cells were centrifuged, washed, and resus-
pended in PBS to 2 ×  106  CFU/mL. Fifty microliters of 
the suspension were plated on LB agar plates, the sterile 
filter papers were slipped onto the LB plates, and 5 μL of 
each peptide was added to the filter paper. All plates were 
cultured as above for 24  h, and the anti-bacterial effect 
was determined according to the presence of an inhibi-
tion zone. The assay was performed three times.

Antibacterial activity
Antibacterial activities of TP25 and TP26 were evalu-
ated using minimum inhibitory concentration (MIC) 
and minimum bactericidal concentration (MBC) assays. 
The target bacteria screened by spectrum assay were cul-
tured as described above to mid-logarithmic phase. The 
bacteria were centrifuged, washed, and resuspended in 
PBS to 2 ×  106 CFU/mL. TP25 and TP26 were dissolved 
in PBS and made two-fold serial dilutions. The dilution 
was mixed with the bacterial suspension in 96-well poly-
propylene microtiter plates and incubated for 24 h. Pep-
tide P86P15 was used as a negative control. The MIC 
was then calculated as the lowest peptide concentration 
that yielded no visible growth. The culture was plated on 
LB agar plates and incubated for 48 h. Then the colonies 
growing on the plates were counted. MBC was defined as 
the lowest peptide concentration that resulted in no col-
ony emergence on the plates. The assay was performed 
three times.

Table 1 Primers used in quantitative real-time PCR

Primers Sequences (5′‑3′)

Po-Actin RTF ACC GCT GCC TCC TCC TCA T

Po-Actin RTR TCG GGA CAA CGG AAC CTC TC

TFPI-1 RTF GAT GTT GTC CAA GCA ACT GAAG 

TFPI-1 RTR GAC TGA AGC ACA GCC TCT TAT 

TFPI-2 RTF GGA AAT GCT CGG CCT CTA TTA 

TFPI-2 RTR CTC TGC CTG GAG ACA AAG TT
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Cell location of TP25 and TP26
Cell locations of TP25 and TP26 were examined as 
reported previously [34]. Briefly, M. luteus was cultured 
as above and resuspended in PBS to 2 ×  106  CFU/mL. 
FITC-labeled TP25, TP26, or P86P15 were incubated 
with 20 μL bacterial cells at room temperature for 0.5 h. 
The cells were washed with PBS, then 0.4% trypan blue 
was added into the cells and incubated at room temper-
ature for 0.5  h to quench the extracellular fluorescence. 
After washing with PBS, the cells were observed with a 
fluorescence microscope (Leica DM1700, Germany).

Effect of TP25 and TP26 on DNA
To evaluate the effect of TP25 and TP26 on bacterial 
genomic DNA, genomic DNA of M. luteus was extracted 
with TIANamp Bacteria DNA Kit (Tiangen, Beijing, 
China). One hundred nanograms genomic DNA of M. 
luteus was mixed with different concentrations of TP25, 
TP26, P86P15, or PBS, in a total volume of 10 μL, respec-
tively. The mixture was incubated at room temperature 
for 30 min and subjected to agarose gel electrophoresis. 
For mixtures in which the genomic DNA disappeared 
in the agarose gel electrophoresis, two μL of proteinase 
K was added into the tube and incubated for 10  min, 
then the reaction products were analyzed by agarose gel 
electrophoresis.

Effect of TP25 and TP26 on RNA
To check the effect of TP25 and TP26 on bacterial RNA, 
total RNA of M. luteus were extracted with RNAprep 
Pure Cell/Bacteria Kit (Tiangen, Beijing, China). One 
hundred nanograms RNA of M. luteus were mixed with 
different concentrations of TP25, TP26, P86P15, or PBS 
in a total volume of 10 μL. The mixture was incubated at 
room temperature for 30  min and subjected to agarose 
gel electrophoresis.

Inhibitory effect of TP25 and TP26 on human cancer cells 
HT‑29
Human colon cancer cell line HT-29 (iCell-h078) was 
cultured in McCOY 5A medium (iCell-0011) supple-
mented with 10% fetal bovine serum, 100 Units/mL peni-
cillin, and 100 μg/mL streptomycin in a water-saturated 
atmosphere containing 5%  CO2 at 37  °C. Cells were 
detached with 2 mL trypsin/EDTA (iCell Bioscience Inc) 
for 2 min at 37 °C, 3 mL of complete medium was added 
and the cells were collected by low-speed centrifuga-
tion. The cell pellet was suspended in culture medium, 
and 100 μL of a cell suspension (5 ×  104 cells/ml) were 
added into a 96 well tissue culture plate. After incuba-
tion for 24 h at 37  °C, the cells were washed twice with 
PBS and the medium was replaced with fresh McCOY’s 
5A medium without fetal bovine serum but containing 

P86P15, TP25 or TP26 at concentrations of 50, 300, and 
500  μM, respectively. Then the cells were incubated for 
24  h at 37  °C. After incubation with peptides, the cells 
were dyed by trypan blue and observed for morphologi-
cal changes under an inverted phase contrast microscope 
(Zeiss, Germany). At the same time, the survival rate of 
HT-29 cells was evaluated by MTT assay. Briefly, 15 mg 
of 2, 3-bis [2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetra-
zolium-5-carboxanilide (MTT, Solarbio) was completely 
dissolved in 3 ml PBS and sterile filtered. The above cell 
culture medium was replaced with 30 μL MTT solu-
tion. After incubation for 4 h at 37 °C, the absorbance at 
540 nm was recorded using a microplate reader. Experi-
ments were executed in triplicate. The results are pre-
sented as a percentage of the inhibition rate for viable 
cells.

Statistical analysis
All statistical analyses were performed with SPSS 25.0 
software (SPSS Inc., Chicago, IL, USA). Data were ana-
lyzed with analysis of variance (ANOVA), and statistical 
significance was defined as P < 0.05.

Results
Sequence analysis and structure characteristics of PoTFPI‑1 
and PoTFPI‑2
The cDNA sequence of the gene PoTFPI-1 contains 
864 bp ORF which codes for 287 amino acid residues with 
a calculated molecular mass of 32.55 kDa and a theoreti-
cal pI of 8.41. PoTFPI-1 contains a putative signal peptide 
sequence (residues 1–24) and three Kunitz (KU) domains 
(residues 42–95, 101–154, and 208–261, respectively) 
(Figure  1A). The cDNA sequence of the gene PoTFPI-2 
contains 678  bp ORF which codes 225 amino acid resi-
dues with a calculated molecular mass of 26.11 kDa and 
a theoretical pI of 8.84. PoTFPI-2 contains a putative sig-
nal peptide sequence (residues 1–20), three KU domains 
(residues 25–78, 85–138, and 145–198, respectively), and 
a region of low compositional complexity (LCR, residues 
203–218) (Figure 1A).

There are three sheets, three beta hairpins, three beta 
bulges, six strands, five helices, two helix-helix interac-
tions, eleven beta turns, four gamma turns and seven 
disulphides in the spatial structure of PoTFPI-1. The 
three KU domains each contain a beta hairpin (Fig-
ure 1B). There are three sheets, three beta hairpins, three 
beta bulges, six strands, five helices, two helix-helix inter-
actions, twelve beta turns, six gamma turns and eight 
disulphides in the spatial structure of PoTFPI-2. With a 
similar structure to PoTFPI-1, the three KU domains in 
PoTFPI-2 each contain a beta hairpin (Figure 1B). Mean-
while, the 3D structures of PoTFPI-1 and PoTFPI-2 were 
predicted by Phyre2 with 100% confidence, and the 
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image was colored by rainbow from N to C terminus. 
The results show that the PoTFPI-1 protein is categorized 
as an alpha helix (11%) and beta turn (16%) (Figure 1C). 
PoTFPI-2 protein is categorized as an alpha helix (22%) 
and beta turn (18%) (Figure  1C). The prediction of the 
tertiary structure basically conforms to the secondary 
structure.

To reveal the molecular phylogenetic positions of 
PoTFPI-1 and PoTFPI-2, phylogenetic trees were con-
structed based on deduced amino acid sequences from 
teleosts, mammals, and aves. The results show that 
PoTFPI-1 was clustered most closely with the TFPI-1 
protein of L. calcarifer and PoTFPI-2 was clustered 
most closely with the TFPI-2 proteins of C. semilaevi, 
which reveals phylogenetic positions of PoTFPI-1 and 
PoTFPI-2, and their strong relationship with their 
counterparts in other species (Figure 2).

Figure 1 Structural domains and spatial structures of PoTFPI‑1 and PoTFPI‑2. A, the predicted structural domain of protein motifs of 
PoTFPI-1 and PoTFPI-2. The signal peptide is indicated with a red rectangle. The KU domains is indicated with green rectangles. The region of low 
compositional complexity is indicated with a pink rectangle. B the secondary structures of protein motifs of PoTFPI-1 and PoTFPI-2. The spatial 
structures are predicted by PDBsum Generate. C the spatial structures of PoTFPI-1 and PoTFPI-2. The 3D structure of TFPI-1 predicted using Phyre2. 
Model based on template c4bd9B, 164 residues (57% of the TFPI-1) have been modelled with 100.0% confidence by the single highest scoring 
template, and the image coloured by rainbow N(bule) → C(red)terminus. Model dimensions (Å): X:39.349 Y:67.655 Z:57.454. The 3D structure of 
TFPI-2 predicted using Phyre2. Model based on template c4bd9B, 164 residues (73% of TFPI-2) have been modelled with 100.0% confidence by the 
single highest scoring template, and the image coloured by rainbow N(bule) → C(red)terminus. Model dimensions (Å): X:37.322 Y:66.594 Z:54.944.
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Expressions of PoTFPI‑1 and PoTFPI‑2 under normal 
physiological conditions
RT-qPCR was carried out to examine the expression 
profiles of PoTFPI-1 and PoTFPI-2 in different tissues 
of flounder under normal physiological conditions. The 
results show that PoTFPI-1 and PoTFPI-2 expression was 
distributed in all the examined tissues. PoTFPI-1 expres-
sion was detected, in increasing order, in the brain, mus-
cle, spleen, gill, head kidney, blood, intestine, heart, and 
liver (Figure  3A). PoTFPI-2 expression was detected, in 
increasing order, in the brain, gills, head kidney, muscle, 

intestine, spleen, liver, heart, and blood. The expression 
of PoTFPI-1 and PoTFPI-2 in the blood is significantly 
higher than that in the brain (Figure 3B).

Expression profiles of PoTFPI‑1 and PoTFPI‑2 
upon experimental infection with bacterial and viral 
pathogens
To examine the expression patterns of PoTFPI-1 and 
PoTFPI-2 upon fish pathogen infection, flounder were 
challenged experimentally with intracellular pathogen E. 
tarda, extracellular pathogen V. anguillarum, and viral 
pathogen ISKNV. Total RNA was extracted from the tis-
sues at different times and cDNA was synthesized. Then 
the expression of PoTFPI-1 and PoTFPI-2 in the liver, 
spleen, and head kidney were determined by RT-qPCR. 
The results show that expression patterns of PoTFPI-1 

Figure 2 Phylogenetic analysis of PoTFPI‑1 (A) and PoTFPI‑2 
(B) homologues. Phylogenetic trees were constructed based 
on the amino acid sequences of TFPI-1 or TFPI-2 proteins from 
different organisms. The numbers at the forks indicate the bootstrap 
values. The dark solid circle represents Paralichthys olivaceus TFPI-1. 
The species and the GenBank accession numbers are as follows: 
Paralichthys olivaceus (XP_019955331.1), Homo sapiens (NP_006278.1), 
Mus musculus (AAC40035.1), Sciaenops ocellatus (ADM33796.1), Lates 
calcarifer (XP_018538700.1), Amphiprion ocellaris (XP_023130295.1), 
Cynoglossus semilaevis(XP_008327257.1), Mastacembelus 
armatus (XP_026152169.1), Parambassis ranga (XP_028249747.1), 
Astyanax mexicanus (XP_022536179.1), Oncorhynchus mykiss 
(XP_021453663.1), Esox lucius (XP_010888224.1), Oncorhynchus 
tshawytscha (XP_024266429.1), Salvelinus alpinus (XP_023866747.1), 
Fundulus heteroclitus (XP_012736349.2), Haplochromis burtoni 
(XP_005925840.1), Anabas testudineus (XP_026232126.1), 
Ursusarctos horribilis (XP_026348147.1), Cebuscapucinus imitator 
(XP_017400531.1), Corvus brachyrhynchos ( XP_017584576.1).

Figure 3 PoTFPI-1 and PoTFPI-2 expression in flounder tissues. 
PoTFPI-1 and PoTFPI-2 expressions in the brain, muscle, spleen, gill, 
head kidney, blood, intestine, heart, and liver of flounder were 
determined by quantitative real time RT-PCR. For convenience 
of comparison, the expression level in the brain was set as 1. 
Data are the means of three independent assays and presented 
as means ± SEM (N = 3). N represents the number of times the 
experiment was performed.
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and PoTFPI-2 in a manner depended on the nature of 
the pathogen, tissue type, and infection time. Specifi-
cally, upon the infection of V. anguillarum, PoTFPI-1 
and PoTFPI-2 expressions in three immune tissues were 
almost all significantly up-regulated at all examined time 
points. For PoTFPI-1, the maximum induction occurred 
24  h post-infection (hpi) (17.6-fold), 24 hpi (5.1-fold), 
and 6 hpi (8.1-fold) in the liver, spleen, and head kidney, 
respectively. The expression of PoTFPI-2 peaked at 6 hpi 
(54.2-fold), 12 hpi (8.0-fold) and 12 hpi (33.4-fold) in the 
liver, spleen, and head kidney, respectively (Figure 4).

When infected by E. tarda, PoTFPI-1 and PoTFPI-2 
expressions in three immune tissues were significantly 
up-regulated at all examined time points except 48 hpi. 
For PoTFPI-1, the maximum induction occurred at 24 
hpi (9.7-fold), 12 hpi (8.9-fold), and 12 hpi (7.3-fold) 
in the liver, spleen, and head kidney, respectively. The 
expression of PoTFPI-2 peaked at 24 hpi (19.8-fold), 12 
hpi (12.0-fold) and 6 hpi (44.2-fold) in the liver, spleen, 
and head kidney, respectively (Figure 4).

During ISKNV infection, PoTFPI-1 expression in the 
liver was all significantly enhanced at all examined time 
points and peaked at 3 days post-infection (dpi) (9.5-fold). 
In the spleen, PoTFPI-1 expression was up-regulated only 

at 3 dpi (3.4-fold). In the head kidney, PoTFPI-1 expres-
sion was enhanced at 1 dpi, 3 dpi, 5 dpi and peaked at 
5 dpi (6.5-fold). PoTFPI-2 expression in the liver was 
all significantly enhanced at all examined time points 
and peaked at 5 dpi (38.0-fold). In the spleen, PoTFPI-2 
expression was up-regulated at all examined time points 
except 7 dpi and peaked at 3 dpi (8.7-fold). In the head 
kidney, PoTFPI-2 expression was enhanced only at 1 dpi 
and 3 dpi, and peaked at 3 dpi (11.6-fold) (Figure 6).

In general, the expression level of PoTFPI-2 induced by 
pathogens was higher than that of PoTFPI-1. The signifi-
cantly induced expressions by different pathogen infec-
tions indicate that PoTFPI-1 and PoTFPI-2 participate in 
the host anti-infectious immunity.

Antibacterial activity of TP25 and TP26
Since PoTFPI-1 and PoTFPI-2 are highly positively 
charged at the C-terminus, we examined whether two 
short peptides TP25 and TP26, based on the C-terminus 
residues of PoTFPI-1 and PoTFPI-2, respectively, have 
any antibacterial effect.

Bactericidal analysis showed that TP25 has antibacte-
rial activity against Gram-positive bacteria M. luteus 
and S. aureus, but not against other bacteria examined, 

Figure 4 PoTFPI-1 and PoTFPI-2 expressions in response to pathogen challenge. Japanese flounder were infected with the extracellular 
bacterial pathogen Vibrio anguillarum, the intracellular bacterial pathogen Edwardsiella tarda, the viral pathogen fish infectious spleen and 
kidney necrosis virus (ISKNV), or PBS (as the control). After infection, head kidney, spleen, and liver were taken aseptically at 6, 12, 24, and 48 h 
post-infection (hpi) for bacterial infection, and at 0, 1, 3, 5, and 7 days post-infection (dpi) for viral infection. The PoTFPI-1 and PoTFPI-2 expressions 
in three tissues were determined by RT-qPCR at various time points. In each case, the expression level at 0 h was set as 1. Values are shown as 
mean ± SEM (N = 3). N represents the number of times the experiment was performed. *P < 0.05, **P < 0.01.



Page 8 of 13Wang et al. Vet Res           (2021) 52:32 

including E. tarda, K. pneumonia, P. putida, S. marc-
escens, S. agalactiae, V. anguillarum, V. harveyi, V. lito-
ralis, V. parahaemolyticus, V. scophthalmi, and Vibrio 
vulnificus. TP26 is effective only against M. luteus, not 
other examined bacteria. The MIC and MBC of TP25 
against M. luteus were 5 and 20  μM, respectively. The 
MIC and MBC of TP25 against S. aureus were 3 and 
20 μM, respectively. The MIC and MBC of TP26 against 
M. luteus were 120 and 550  μM, respectively (Table  2). 
In contrast, the peptide P86P15, which is unrelated to 

PoTFPI-1 and PoTFPI-2, had no antibacterial effect on 
M. luteus and S. aureus.

Localization of TP25 and TP26 in M. luteus
In order to investigate the cellular location of TP25 and 
TP26, FITC-labeled TP25, TP26, or P86P15 was incu-
bated with M. luteus, which is the common target bacte-
ria of TP25 and TP26. After quenching the extracellular 
fluorescence, intracellular accumulation of peptides was 
visualized using fluorescence microscopy. The results 
show that fluorescence was observed in most of the cells 
incubated with FITC-labeled TP25 and FITC-labeled 
TP26. However, no fluorescence was observed in the cells 
incubated with FITC-labeled P86P15 (Figure  5), which 
indicates TP25 and TP26 have the ability of penetrating 
into M. luteus.

Effects of TP25 and TP26 on bacterial genomic DNA
Since some antibacterial peptides possess the ability of 
interacting with genomic DNA, we wondered whether 

Table 2 MIC and MBC of TP25 and TP26 against bacteria

Strains TP25 TP26

MIC (μM) MBC (μM) MIC (μM) MBC (μM)

Micrococcus luteus 5 20 120 550

Staphylococcus aureus 3 20

Figure 5 Penetration of TP25 and TP26 into the target bacterial cells. Micrococcus luteus was incubated with FITC-labeled TP25 (D and E), 
FITC-labeled TP26 (G and H) or FITC-labeled control peptide P86P15 (A and B) for 0.5 h. After quenching extracellular fluorescence, the cells were 
observed as above under a microscope with (B, E and H) or without (A, D and G) fluorescence. C, merged image of A and B; F, merged image of D 
and E; I, merged image of G and H. Magnification, 4000 × .
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TP25 and TP26 had any effect on genomic DNA. To 
investigate this question, the genomic DNA of M. luteus 
was chosen based on the results of antibacterial activity 
of TP25 and TP26, and the in vitro effects of TP25 and 
TP26 on genomic DNA of M. luteus were analyzed. The 
results show that TP25 could bind with genomic DNA 
and caused a gel retardation effect. When the concentra-
tion of TP25 was 60 μM, the genomic DNA disappeared 
(Figure  6A). In order to investigate whether or not the 
genomic DNA was degraded, the TP25 in the mixture 
was degraded with Protease K, and the following electro-
phoretic analysis indicated that the genomic DNA was 
still intact (data not shown), which further indicates that 
TP25 could bind with genomic DNA. On the contrary, 
the control P86P15 had no effect on bacterial genomic 
DNA (Figure  6A). Similar results were observed when 
TP26 was incubated with genomic DNA of M. luteus 
(Figure 6A). These findings suggest that TP25 and TP26 
have a direct interaction with bacterial genomic DNA.

Effects of TP25 and TP26 on total RNA
Considering the effect exerted by TP25 and TP26 on 
genomic DNA, we further investigated whether TP25 
and TP26 had any effects on total RNA. For this purpose, 
different concentrations of TP25 and TP26 were incu-
bated with total RNA of M. luteus. Nucleic acid electro-
phoresis shows that 150 μM of TP25 had a slight binding 
effect on RNA of M. luteus. When the concentration of 
TP25 increased to 300  μM, almost all total RNA of M. 
luteus was retarded. On the contrary, the control P86P15 
had no effect on total RNA when its concentration was 
450 μM (Figure 6B). Similar results were observed when 
TP26 was incubated with total RNA of M. luteus (Fig-
ure 6B). These findings suggest that TP25 and TP26 have 
a direct interaction with total bacterial RNA.

Cytotoxicity effects of TP25 and TP26 on HT‑29 cells
Recently, anticancer activities of antimicrobial peptides 
have attracted more and more attention. In order to 
investigate the effects of TP25 and TP26 on human can-
cer cell lines, the HT-29 cell line was selected and the 
cytotoxic effects of TP25 and TP26 on it were evaluated. 

Figure 6  In vitro effects of TP25 and TP26 on bacterial genomic DNA and total RNA. A the genomic DNA of Micrococcus luteus was 
incubated with different concentrations of TP25, TP26, or P86P15, then the mixture was subjected to electrophoresis. B the total RNA of Micrococcus 
luteus was incubated with different concentrations of TP25, TP26, or P86P15, then the mixture was subjected to electrophoresis.
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The results show that when TP25 and TP26 concentra-
tions increased, the morphology of the cells changed 
gradually (Figures  7A, B). When the concentrations 

of TP25 and TP26 increased to 500  μM, a large num-
ber of necrotic cells appeared, which was confirmed by 
trypan  blue  assay (Figures  7A, B). In accordance with 

Figure 7 Effect of TP25 and TP26 on the morphology of HT‑29 cell lines. HT-29 cells were treated with 50 μM, 300 μM or 500 μM of TP25 and 
TP26 for 24 h at 37 °C, then the cells were observed directly (A) or observed after dying with trypan blue (B) under the inverted phase contrast 
microscope. P86P15 was used as a control. C cytotoxicity of TP25 and TP26 on HT-29 cell lines evaluated by MTT assay. HT-29 cells were treated with 
different concentrations of TP25, TG 26, or P86P15 for 24 h at 37 °C. Then, the relative inhibition rate of HT-29 cells was determined by MTT assay. 
Values are shown as mean ± SEM (N = 3). N represents the number of times the experiment was performed. *P < 0.05; **P < 0.01.
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these results, the MTT assay shows that the relative inhi-
bition rates of HT-29 induced by TP25 and TP26 were 
obviously enhanced as their concentration increased 
(Figure  7C). These results indicate that TP25 and TP26 
have obvious cytotoxicity effects on HT-29 cells.

Discussion
In this study, we examined the expression profiles of 
PoTFPI-1 and PoTFPI-2 in different tissues of flounder 
under normal physiological conditions and the result 
shows that PoTFPI-1 and PoTFPI-2 expression is distrib-
uted in all the tissues examined. The widespread tissue 
distribution may be one of its characteristics. For exam-
ple, the wide tissue distributions of red drum TFPI-1 and 
TFPI-2 [28, 35], and of tongue sole TFPI-1 and TFPI-2 
[29] were observed. Human TFPI-1 and TFPI-2 also 
displayed widespread tissue distribution. TFPI-1 was 
expressed by endothelial cells, monocytes, and mac-
rophages [3], and TFPI-2 was synthesized and secreted by 
multiple cells, such as skin fibroblasts, endothelial cells, 
smooth muscle cells, dermal fibroblasts, keratinocytes, 
monocytes, and macrophages [13, 20, 36]. In addition, 
we found that high expression of PoTFPI-1 and PoTFPI-2 
occurred in the liver, heart, blood, and intestines. High 
expression in the blood and heart were perhaps associ-
ated with the roles of TFPI-1 and TFPI-2 in blood coagu-
lation mediated by a tissue factor pathway [22, 37], which 
was similar to the results found in the red drum [35].

Increasing evidence indicates that teleost TFPI is 
involved in antimicrobial immunity, and its expression 
has been considered to be induced by infection. For 
example, SoTFPI-1 and SoTFPI-2 expression in red drum 
kidneys were induced by both live E. tarda and LPS [28]. 
The expressions of CsTFPI-1 and CsTFPI-2 in tongue 
sole head kidney, liver, and spleen were enhanced upon 
infection by V.  anguillarum, S.  agalactiae, and ISKNV 
[29]. Similarly, in our study, PoTFPI-1 and PoTFPI-2 
expressions in the head kidney, spleen, and liver were 
significantly induced by the extracellular bacterial path-
ogen V. anguillarum, the intracellular bacterial patho-
gen E. tarda, and the viral pathogen ISKNV. However, 
there were some differences between PoTFPI-1 and 
PoTFPI-2 expressions. The expression level of PoTFPI-2 
induced by three pathogens was basically higher than 
that of PoTFPI-1, which indicates their different role in 
antimicrobial immunity. It has been reported that TFPI 
originating from humans and teleosts displayed antimi-
crobial activity [28, 38], so it is likely that the induction 
of PoTFPI-1 and PoTFPI-2 is a general defense mecha-
nism employed by the host during bacterial stimulation. 
In addition, considering that PoTFPI-1 and PoTFPI-2 are 
predicted to be secreted proteins localized in the extra-
cellular space, we speculate that PoTFPI-1 and PoTFPI-2 

may interact directly with pathogens, like recombinant 
human TFPI-1 that can bind with LPS [39].

Antibacterial activity of many peptides often depends 
on their net charge. One of the characteristics of the 
C-terminal of TFPI-1 and TFPI-2 is multiple positively 
charged amino acids, which display antibacterial poten-
tial. For example, C-terminal fragments of human TFPI-1 
can kill serum-resistant E. coli through the complement 
pathway of the innate immune system [38]. Synthesized 
C-terminal peptides of human TFPI-1 and TFPI-2 pos-
sessed antimicrobial activity against Gram-negative and 
Gram-positive bacteria [40]. Recently, a number of ver-
tebrate TFPI short peptides were synthesized and were 
used for antimicrobial assay. TC24 and TC38, originated 
from the C-terminus of CsTFPI-1 and CsTFPI-2; they 
possess antibacterial activity against M. luteus [29]. In red 
drum, the C-terminal peptide TO17 of TFPI-1 was syn-
thesized and proved to be bactericidal against E. tarda 
[28]. C-terminal peptide TO24, derived from red drum 
TFPI-2, exerted its antibacterial activity by destroying 
cell membrane integrity, penetrating the cytoplasm and 
interacting with DNA and total RNA [41]. Similarly, in 
our study, we found that two synthesized peptides TP25 
and TP26, based on the C-terminus residues of PoTFPI-1 
and PoTFPI-2, possessed antibacterial activity against M. 
luteus and/or S. aureus and both TP25 and TP26 could 
penetrate into the cytoplasm and bind with genomic 
DNA and total RNA. These results imply that both TP25 
and TP26 may exert their antibacterial effects through 
a mechanism different from that of human TFPI-1 and 
TFPI-2 fragments, and may be the same mechanism with 
that of red drum TO24 [41].

Recently, an increasing body of evidence has demon-
strated that antimicrobial peptides are able to exert anti-
cancer activities [42–44]. The defensins, isolated from 
different species, were among the first antimicrobial 
peptides to be discovered and to demonstrate antitumor 
activity [45]. Lactoferricin B shows antitumor proper-
ties by exerting lethal, selective destabilizing effects on 
cancer cell cytoplasmic and mitochondrial membranes 
[46]. As an ionophoric AMP isolated from the skin of 
the African clawed frog, Magainin II, acts as ion chan-
nels, leading cytolysis of cancerous cells [47]. In teleost, 
Zhou et al. reported that Pc-pis, a member of the Piscidin 
family from the large yellow croaker kills human cancer-
ous cells such as HCT116, DU145 MCF7, and HeLa [48]. 
Likewise, in the current work, we found that TP25 and 
TP26 exhibited obvious cytotoxicity against HT-29 can-
cer cells. Although the mechanism behind this phenom-
enon should be further investigated, the results of the 
present study reveal that TP25 and TP26 are promising 
candidates to inhibit cancer cell growth.
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In conclusion, we investigated for the first time the 
molecular features, tissue distribution, expression pat-
tern of PoTFPI-1 and PoTFPI-2, and also detected the 
antibacterial and anticancer activities of two C-terminal 
peptides, TP25 and TP26, respectively. The results indi-
cate that both PoTFPI-1 and PoTFPI-2 are expressed 
ubiquitously in multiple tissues. After stimulating with 
bacterial or viral pathogens, both PoTFPI-1 and PoTFPI-2 
exhibited significant increased expressions in a manner 
that depended on the pathogen, tissue type, and infec-
tion stage. C-terminal peptides TP25 and TP26 displayed 
antibacterial activity and anti-cancer cell activities. These 
results imply the involvement of PoTFPI-1 and PoTFPI-2 
in innate immunity and add new insight into the role of 
teleost TFPI.
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