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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Yeonhwa Park In this study, Tuna trimmings (Thunnas albacares) protein hydrolysate (TPA) was produced by alcalase. The anti-
tumor synergistic effect and intestinal mucosa protective effect of TPA on S180 tumor-bearing mice treated with
5-fluorouracil (5-FU) chemotherapy were investigated. The results showed that TPA can enhance the anti-tumor
effect of 5-FU chemotherapy, as evident by a significant reduction in tumor volume observed in the medium and
high dose TPA+5-FU groups compared to the 5-FU group (p < 0.001). Moreover, TPA significantly elevated the
content of total protein and albumin in all TPA dose groups (p < 0.01, p < 0.001), indicating its ability to regulate
the nutritional status of the mice. Furthermore, histopathological studies revealed a significant increase in the
height of small intestinal villi, crypt depth, mucosal thickness, and villi area in the TPA+5-FU groups compared
to the 5-FU group (p < 0.05), suggesting that TPA has a protective effect on the intestinal mucosa. Amino acid
analysis revealed that TPA had a total amino acid content of 66.30 g/100 g, with essential amino acids ac-
counting for 30.36 g/100 g. Peptide molecular weight distribution analysis of TPA indicated that peptides
ranging from 0.25 to 1 kDa constituted 64.54%. LC-MS/MS analysis identified 109 peptide sequences, which
were predicted to possess anti-cancer and anti-inflammatory activities through database prediction. Therefore,
TPA has the potential to enhance the antitumor effects of 5-FU, mitigate immune depression and intestinal
mucosal damage induced by 5-FU. Thus, TPA could be serve as an adjuvant nutritional support for malnourished
patients undergoing chemotherapy.
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1. Introduction proteolysis (in vivo digestion, in vitro enzymatic hydrolysis or bacterial
fermentation) to release their biological potential (Chakrabarti et al.,

Proteins serve as the foundation for sustaining the body’s vital func- 2014). As research progresses, there has been a significant increase in

tions (Chakniramol et al., 2022). Dietary protein provides amino acids that
support the growth and maintenance of cells and tissues. Moreover, food
proteins release bioactive peptides (BP) that perform various biological
and functional roles. These BP are composed of specific amino acids that
can positively affect the body by regulating physiological responses
(Daroit and Brandelli, 2021). However, these short amino acid sequences
do not exert their activity in their original protein state and require

isolating, purifying, and characterizing BP derived from marine sources.
Additionally, the exploration of marine processing by-products and
underutilized marine organisms, particularly fish, have been identified as
promising sources of BP (Chakniramol et al., 2022).

Fish protein hydrolysates and peptides produced by different hydro-
lysis methods have been reported showing significant antioxidant (Zhao
et al., 2019; Cai et al., 2022), anticancer (anti-proliferative effect) (Wang
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etal.,, 2021; Yuan et al., 2021), antibacterial (Houyvet et al., 2018; Cipolari
et al.,, 2020) and immunomodulatory activities (Kundam et al., 2018).
Enzymatic hydrolysis is an effective method for extracting BP, which is
more economical, easier to control, and relatively safer than other
methods for recovering physiological and nutritional peptides from fish
by-products (Idowu and Benjakul, 2019; Sridhar et al., 2021). The use of
hydrolases produces fish protein hydrolysates (FPHs) that are rich in
nutrition and BP and amino acids (Sinthusamran et al., 2020; Idowu et al.,
2019). In a study, rainbow trout skin (Oncorhynchus mykiss) was hydro-
lyzed using alcalase and flavourzyme to yielded rainbow trout peptides
less than 3 kDa. These peptides demonstrated cytotoxicity against
HCT-116 cancer cells and inhibited cancer cell growth in vitro (Yaghoub-
zadeh et al., 2020). In another study, oyster peptides obtained by com-
bined enzymatic hydrolysis of trypsin and alkaline protease exhibited
inhibitory effect on B16 cell growth, where the peptide ILDSAPR inhibited
B16 cell proliferation and promoted apoptosis by regulating the expression
of B16 cell metabolism (Han et al., 2023). It was reported that the trypsin
hydrolyzed fraction of MW < 1 kDa, produced from the spinal cord of
hybrid sturgeon (Acipenseridae), showed 34.84 + 2.86% antiproliferative
activity against HeLa cells at a concentration of 200 pg/mL. Additionally,
this peptides fraction displayed a proliferative activity of 72.70 + 2.46%
on 1929 cells, indicating no significant cytotoxicity (Han et al., 2022).

Thunnas albacares, also called tuna, is a highly nutritious marine fish
species. However, the tuna fish trade industry generates nearly half of
the total biomass in underutilized fish by-products (Martinez-Alvarez
et al., 2015; Suo et al., 2022). Moreover, fish trade processing scraps
(trimmings such as head, skin meat, viscera, etc.) are also abundant in
high protein, polyunsaturated fatty acids, and other beneficial active
substances that hold great potential for development and utilization
(Idowu and Benjakul, 2019; Phadke et al., 2021). According to literature
reports, the >2.5 kDa ultrafiltrated peptides fraction from tuna cooking
solution was found to induce S-phase cell cycle arrest and apoptosis of
MCF-7 cells by activating Caspase-related protein family (Hung et al.,
2014). The purified polypeptide component from the enzymic hydro-
lysate of tuna dark muscle by-product showed an inhibitory effect on the
proliferation of MCF-7 cells (Hsu et al., 2011). The characteristic se-
quences  LPHVLTPEAGAT and PTAEGGVYMVT  exhibited
dose-dependent inhibition of MCF-7 cells with ICsq values of 8.1 and 8.8
uM, respectively. However, no conclusion has been drawn regarding
whether amino acids contribute primarily to the antiproliferative ac-
tivity of FPHs (Halim et al., 2016). And further research is warranted on
the synergistic effect and the anti-tumor mechanism of tuna peptides in
combination with chemotherapy drugs.

Currently, completely experimental methods for screening and iden-
tifying BP are time-consuming and resource-intensive tasks (Shoombua-
tong et al., 2018). However, the use of machine learning methods that
employ bioinformatics techniques to analyze existing peptide databases
for functional prediction of newly generated peptide sequences and anal-
ysis of protein structure and functional relationships can effectively
improve the efficiency of mining novel BP (Peredo-Lovillo et al., 2022; G.
Wang et al., 2022). Various computational methods have been developed
for peptide activity prediction, utilizing a wide range of machine learning
methods and peptide features, such as Ensemble-AMPPred (Lertampai-
porn et al, 2021), ACPred (Schaduangrat et al., 2019), FIRM-AVP
(Chowdhury et al., 2020), AntiFP (Agrawal et al., 2018), AIPred (Mana-
valan et al., 2018), dPABB (Sharma et al., 2016). The main modeling
methods currently used for data classification include support vector
machines, fuzzy K-nearest neighbors, discriminant analysis, generalized
neural networks, probabilistic neural networks, homologous ensembles,
random forests, and tree models (Lertampaiporn et al., 2021; Schaduan-
grat et al., 2019). Recently, a novel machine learning approach called
CSM-PEPTIDES was propased, which explores the physicochemical prop-
erties, secondary structure of peptide sequences, and disordered regions to
rapidly identify and predict eight different active peptides (Rodrigues
et al., 2022). This method has been shown to outperform existing methods
in active peptide exploration.
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In this study, Tuna trimmings (Thunnas albacares) protein hydroly-
sate (TPA) was produced from tuna trimmings. The synergistic effect of
varying doses of TPA in combination with 5-FU was evaluated, along
with its potential for immune regulation and alleviation of intestinal
mucosal injury in S180 tumor-bearing mouse models. Additionally, the
amino acid composition and relative molecular weight distribution of
TPA were analyzed, and the peptide sequence of TPA was identified.
Database predictions were made regarding the anti-tumor and anti-
inflammatory potential of TPA. These findings will provide important
theoretical support for TPA as a valuable adjuvant therapy and nutri-
tional ingredient in the chemotherapy of tumor patients’ dietary needs.

2. Materials and methods
2.1. Materials

Tuna trimmings was obtained from Guangdong Xingyi Marine
Bioengineering Co., Ltd. (Guangdong, China). Alcalase (400,000 U/g)
was purchased from Pangbo Enzyme Co., Ltd. (Guangxi, China). Fluo-
rouracil injection was obtained from Shanghai Xudong Haipu Pharma-
ceutical Co., Ltd (Production batch number: FA180121, Shanghai,
China). Fetal bovine serum (FBS) was obtained from the Ritter
Biotechnology Co., Ltd (Production batch number: S8056-01, Guangz-
hou, China); Trypan Blue was obtained from the Beijing Solaibao
Technology Co. Ltd (Beijing, China); Dulbecco’s modified Eagle’s me-
dium (DMEM) was obtained from Invitrogen Gibco (USA); Total Protein
test Kit (biuret method), Albumin test kit (bromocresol green colori-
metric method), Prealbumin test kit, Transferrin test kit, Inmunoglob-
ulin M test kit, Inmunoglobulin G test kit, Inmunoglobulin A test kit,
Complement C3 test Kit and Complement C4 test Kit were all adopted
immune turbidity method (Biosino Bio-Technology and Science Inc,
Beijing). All other chemical reagents used were of analytical grade.

2.2. Preparation of TPA

The TPA was prepared according to the method of the previous study
with slight modification (Cai et al., 2022). Tuna trimmings was blended
with 3 vol of distilled water (w/v, g/mL) and stirred with a homogenizer
to the minced homogenate without obvious particles. The homogenate
solution was preheated to 50 °C in a 100 rpm thermostatic oscillator and
adjusted to pH 8.0 with 1 M NaOH. Then the solution was hydrolyzed at
50 °C for 4 h with ratio of alcalase enzyme to substrate of 3000 u/g
followed by enzyme-inactivation in boiling water bath for 10 min. After
cooling, the enzymolysis solution was centrifuged at 8000 rpm (4 °C, 30
min). The supernatant was extracted and filtered with a 0.2 pm filter
membrane, and the filtrate was lyophilized to obtain TPA.

2.3. In vivo experiment

2.3.1. Animals and experiments

Male BALB/c mice (25 + 1 g) were obtained from the Laboratory
Animal Medical Center of Sun Yat-Sen University (Certificate number:
SCXK-2016-0029, Guangzhou, China), and were housed in standardized
laboratory conditions of temperature (23 + 1 °C), relative humidity (50
+ 5%) and an alternating 12 h light/dark cycle. All animal procedures
were reviewed and approved by the Animal Ethics Committee of Sun
Yat-sen University (Animal Ethics Approval Program Number: SYXK-
2014-0020, Guangzhou, China)

Mouse sarcoma S180 cells were obtained from the Cell Bank of the
Experimental Animal Center of Sun Yat-Sen University (Guangzhou,
China). Referring to the modeling method of S180-bearing mice (Cai et al.,
2021), S180 cells were adjusted to a cell concentration of 2.6 x 107
cells/ml of S180 single-cell suspension for subcutaneous injection, and 0.2
ml per cell was inoculated under the axilla of experimental mice. After 3
days, a cuticular layer tumor (about 2 mm x 2 mm) was visible in the groin
of the mice, indicating that the model was successfully constructed. Mice
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were randomly divided into 6 groups (n = 10), which were blank group,
model group, 5-FU group (30 mg/kg, ip), L-TPA (200 mg/kg, ig) + 5-FU
(30 mg/kg, ip) group, M-TPA (400 mg/kg, ig) + 5-FU (30 mg/kg, ip)
group, and H-TPA (800 mg/kg, ig) + 5-FU (30 mg/kg, ip) group. The
normal group and the model group were given normal saline daily (2 g/kg,
ig), the 5-FU group was injected intraperitoneally (30 mg/kg, ip, once
every two days), the combined group was given TPA (200 mg/kg, 400
mg/kg, 800 mg/kg, ig, once a day), and 5-FU (30 mg/kg, ip, once every
two days) was injected intraperitoneally for 15 days.

2.3.2. Tumor suppression rate and serum biochemical analysis

The body weight of mice was recorded every 7 days during contin-
uous dosing. At the same time, tumor size was calculated every 3 days
using vernier calipers, including the length, width and height. The
tumor volume (mm?>) was defined as length (mm) x width (mm) x
height (mm)/2. After 24 h of dosing at the end of the experiment, blood
was collected from the orbital vein, mice were sacrificed by necking, the
tumor mass was stripped and the tumor suppression rate was calculated.
Tumor suppression rate (%) = (1-tumor weight of the sample group/
tumor weight of the model group) x 100% (Cai et al., 2021).

Mouse orbital blood collection 0.3 ml, using a hemocytometer to
determine the blood routine of mice, including red blood cell count
(RBC), white blood cell count (WBC), hematocrit (HCT), hemoglobin
(HGB), total platelets (PLT), lymphocytes (LYM), monocytes (MONO),
neutrophils (NEU), eosinophils (EOS), basophils (BASO). Serum was
collected by centrifugation of the blood at 3000 rpm for 20 min. The
serum concentrations of total protein (TP), immune globulin A, M, and G
(IgA, IgM, and IgG), complement C3, complement C4, albumin (ALB),
transferrin (TRF), prealbumin (PAB) were detected in serum according
to the operation steps of each kit.

2.3.3. Histopathological examination

The small intestinal tissue was intercepted 2 cm, fixed by neutral
formaldehyde, and paraffin-embedded, and after routine dehydration,
hematoxylin-eosin (HE) staining was performed, and then the histo-
logical morphology of each layer of the mouse mucosa was observed by
CX31 optical microscope (OLYMPUS, Japan). To quantitatively assess
intestinal tissue, the average height of small intestinal villi, mean villi
area, mean mucosal thickness, and crypt depth were measured using the
Taimeng BI2000 image processing system (Chengdu Technology Market
Co., Ltd., China).

2.4. Amino acid composition analysis of TPA

Acid hydrolysis: The TPA was accurately weighed into the hydrolysis
tube, 6 M HCl was added, the tube was sealed, hydrolyzed at 110 °C for
22 h, cooled, constant volume, filtered, evaporated to remove excess
hydrochloric acid, dissolved in 0.2 M sodium citrate buffer (pH 2.2), and
analyzed by the amino acid analyzer (P.-Y. Wang et al., 2022). The
analytical conditions were as follows: a 3 pM sulfonic acid cationic resin
column of dimensions 4.6 x 60 mm was used, with column and reaction
temperatures setting at 53 °C and 135 °C, respectively. The buffer so-
lution and chromogenic agent solution were adjusted to flow at rates of
0.40 mL/min and 0.35 mL/min, respectively, and a 20 pL injection
volume was used. The detection wavelengths were 570 nm for 32 min
and 440 nm for 10 min.

The method for determination of tryptophan content was modified
according to Cevikkalp et al. (2016). The TPA was accurately weighed
into the hydrolysis tube, and 1.5 mL of 4 mol/L LiOH alkali hydrolytic
agent was added, connected with the piston to evacuate the vacuum for
about 10-15 min, sealed immediately, and hydrolyzed at 110 °C for 22
h. After the hydrolysis tube was cooled, the tube opening was cut, and
the hydrolysis was transferred to a 50 mL volumetric flask with 0.2 M
sodium citrate buffer (pH 2.2). Then 6 M HCI was added to neutralize it,
and the volume was fixed with 0.2 M sodium citrate buffer (pH 2.2). The
supernatant was filtered by a 0.45 pm filter membrane and analyzed by
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Agilent 1260 HPLC system (Agilent Technologies
Hewlett-Packard-Strasse 8 76337 Waldbronn, Germany). The column
was MN-C18, the mobile phase was 0.0085 M sodium acetate buffer and
methanol (95:5), the flow rate was 1.0 ml/min, the wavelength was 280
nm, and the injection volume was: 20 pl.

2.5. Relative molecular weight distribution analysis of TPA

The experimental method is based on Wan et al. (2020). The con-
centration of the sample solution was 20 mg/mL. The molecular weight
distribution of TPA was determined by Gel Permeation Chromatography
(GPC) methods in Agilent 1260 HPLC system with the following con-
ditions: TSKgel G2000SWXL column (300 mm x 7.8 mm, Tosoh Cor-
poration, Japan); Mobile phase: 0.1% TFA-acetonitrile: 0.1% TFA-water
= 20:80 (v/v), monitoring wavelength 220 nm, flow rate 0.5 mL/min,
column temperature 35 °C, injection volume 5 pL. Cytochrome C
(M:12355), aprotinin (M:6511), bacitracin (M:1422), L-oxidized gluta-
thione (M:612.63) and phenylalanine (M:165.2) were used as relative
molecular mass standards. The standard curve of log of molecular
weight (logMw) and elution time (t) of the standard was logMw =
—0.0144t2+0.2552t+3.1123 (R? = 0.9991).

2.6. Identification of amino acid sequences by LC-ESI-Q-TOF-MS/MS

Tuna hydrolysate peptide sequences were identified by LC-ESI-Q-
TOF-MS/MS analysis on an HPLC system combined with a Bruker
maXis Q-TOF Premier mass spectrometer (Bruker, Daltonik, GmbH,
Bremen Germany) equipped with an electrospray ion source (ESI). The
20 pL sample was passed with a 0.22 pm membrane before being
detected by the YMC-Pack ODS-AQ (250 x 4.6 mm, 5 pm) LC column.
The elution condition for LC: eluent A consisted of 0.1% formic acid in
deionized water, eluent B consisted of 0.1% formic acid in acetonitrile,
the flow rate is set to 1 mL/min, and the detection wavelength is 220 nm.
The elution procedure is as follows: 0-10 min, 8% B; 10-45 min, 30% B;
45-50 min, 90% B; 50-55 min, 8% B. The ESI system operates in positive
mode and performs data acquisition by DIA with a capillary voltage of
3.8 kV and a scan range of 200-3000 m/z. All data acquisition and
analysis were performed using PEAKS Studio 6.0 software (Bioinfor-
matics Solutions Inc., Waterloo, Canada).

2.7. Database prediction of potential bioactivities

The physicochemical properties of the active peptides were then
evaluated using ToxinPred (https://webs.iiitd.edu.in/raghava/toxin
pred/index.html, Accessed, 2023/3/27) to analyze toxicity hydropho-
bicity, net charge, and PI isoelectric point.

Bioactivity prediction of peptide sequences assessed using CSM-
Peptides (https://biosig.lab.uq.edu.au/csm_peptides, Accessed, 2023/
2/7), using a score with the default cut-off value > 0.5 as the final
prediction label and defined as a positive number.

2.8. Statistical analysis

All data were expressed as mean + standard deviation (SD) and
analyzed using SPSS 24.0 software (IBM Inc., New York, USA) by one-
way analysis of variance (ANOVA) using Bonferroni’s multi-range test.
The results in p < 0.05 were considered statistically significant.

3. Results

3.1. Effects of TPA combined with 5-FU on body weight and tumors of
tumor-bearing mice

The experimental results are shown in Table 1. Compared with 5-FU
alone, the final body mass of mice in medium and high doses of TPA+5-
FU groups increased (p < 0.05), indicating that medium and high dose
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Table 1
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Effects of different treatments on body weight, weight gain rate, tumor weight, and tumor inhibition rate of mice (mean + SD, n = 10).

Constituencies Administered dose(mg/kg) Primary weight(g)

Final weight(g)

Weight gain rate(%) Tumor weight(g) Tumor suppression rate(%)

Normal - 25.99 +1.23 29.11 £ 1.50 12.00 - -
Model - 24.27 £ 1.76 28.72 £+ 2.51 18.34 1.57 + 0.30 -
5-FU 30 24.14 £ 0.82 25.15 £ 1.41%** 4.18 1.09 £ 0.16%*** 30.57
L-TPA+5-FU 200 24.25 +1.14 25.80 + 1.36** 6.39 1.00 & 0.32%** 36.31
M-TPA+5-FU 400 25.18 + 1.50 26.73 £ 1.56*# 6.16 0.92 + 0.17***# 41.40
H-TPA+5-FU 800 24.56 + 1.39 27.16 + 1.92# 10.59 0.92 + 0.36%** 41.40

Note: *p < 0.05, **p < 0.01 and ***p < 0.001 compared with model group; #p < 0.05 compared with 5-FU group.
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Fig. 1. Effects of different treatments on tumor growth of S180 tumor-bearing
mice. (A). Change of tumor volume (mean + SD, n = 10, ***p < 0.001
compared with model group; ###p < 0.001 compared with 5-FU group.) (B).
Anatomical map of the tumor.

TPA may alleviate the consumption effect of the tumor on the body.
Compared with the model group, 5-FU alone and TPA+5-FU treatment
could significantly inhibit tumor growth, showing significant statistical
significance (p < 0.001). Furthermore, the tumor weight in the medium-
dose TPA+5-FU group was significantly lower than that in the 5-FU
group (p < 0.05). The inhibitory rates for the TPA+5-FU groups at
low, medium and high doses were 36%, 41% and 41% respectively, all
of which were higher than that of the 5-FU group (31%).

Fig. 1A and B indicate that both 5-FU and TPA+5-FU effectively
suppress tumor growth in mice. On day 13, the medium and high doses
of TPA+5-FU administration demonstrated a significant reduction in
tumor volume compared to the model group and 5-FU group (p < 0.001,
p < 0.001), which shows a synergistic inhibitory effect on tumor growth.

3.2. Protective effect of TPA on intestinal mucosa

As shown in Fig. 2A, small intestinal mucosa in the 5-FU group shows
microscopic signs of atrophic degeneration and necrotic detachment,
leading to a significant expansion of the glandular lumen. The venous
plexus is significantly congested and dilated with visible hemorrhage,

accompanied by increased inflammatory cell infiltration. Indicators
such as the height of villi, the number of crypt foci, the thickness of the
mucous membrane and the area of the villi are significantly reduced.
Meanwhile, as shown in Fig. 2B-E, the small intestinal villi height, villi
surface area, and mucosal layer width of mice in the 5-FU group were
significantly reduced compared to the model group (p < 0.001).

The combination of TPA and 5-FU resulted in normal histo-
morphology changes in the small intestine and substantially reduced the
intestinal mucosal injury induced by 5-FU. Referencing Fig. 2B through
2E, in all observed indices pertaining to the histopathology of the small
intestine, the low, medium, and high dose TPA+5-FU groups exhibited
significant increases in comparison to the 5-FU group (p < 0.05).
Furthermore, the villi area significantly increased in the low and high
dose groups, while the villi height, crypt depth, and mucosal thickness
significantly increased in the medium and high dose TPA+5-FU groups
with statistical significance (p < 0.001). As such, these findings
commend the combination of TPA with 5-FU may alleviate 5-FU induced
intestinal mucosal injury.

3.3. Effect of TPA on peripheral blood routine in tumor-bearing mice

As shown in Table 2, the whole blood of the mice undergoes signif-
icant changes after the tumor cells transplant. Compared with the
normal group, WBC, NEU and MONO in the model group were increased
(p < 0.001), and LYM was decreased (p < 0.001) and EOS was decreased
(p < 0.01), indicating that the tumor caused the body to produce an
inflammatory response and caused a decrease in the body’s immune
function. In addition, RBC, HGB and HCT were decreased and had a
significant effect (p < 0.001) and PLT was significantly increased (p <
0.001) suggesting that tumorigenesis causes anemia in mice.

Compared with the model group, WBC was remarkedly lower in the
treatment with 5-FU alone (p < 0.001), and there was no differential
change in other indexes (p > 0.05), but under combined treatment, WBC
was significantly lower in S180 tumor-bearing mice in the low, medium
and high dose TPA+5-FU groups (p < 0.001). LYM was increased in the
low and medium dose groups (p < 0.001), and NEU was decreased (p <
0.001), MONO was decreased in both medium and high dose groups (p
< 0.05), suggesting that TPA combined with 5-FU dosing could alleviate
the occurrence of inflammatory response and improve immune
depression in mice. However, RBC was reduced (p < 0.05) and HCT was
reduced (p < 0.01) in the low and medium dose groups compared to the
model group, while HGB was reduced (p < 0.05) in the low dose, and
HCT was reduced (p < 0.05) in the low dose group compared to the 5-FU
group, and PLT was increased (p < 0.05) in the low versus high dose
groups. It is suggested that the combination of TPA and 5-FU has a weak
effect on the improvement of tumor-induced anemia in vivo.

3.4. Effect of TPA on serum biochemical indexes of tumor-bearing mice

As shown in Table 3, the results indicated that the 5-FU group
interfered with the normal nutrient metabolism and immune function of
the organism, resulting in a significant decrease in ALB and C4 levels (p
< 0.01).

In the low, medium, and high dose TPA+5-FU groups, the TP had a
significant increase compared to the model group (p < 0.01, p < 0.01, p
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Fig. 2. Protective effect of TPA combined with 5-FU on intestinal mucosa injury. Histopathological staining of the small intestine (magnification 10x) (A); His-
tomorphological analyses of the Villus height(B), Crypt depth(C), mucosa thickness(D), and Villus surface area(E). **p < 0.01 and ***p < 0.001 compared with model
group; #p < 0.05 and ###p < 0.001 compared with 5-FU group.
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Table 2

Effects of different treatments on blood routine exam of mice(mean + SD, n = 10).
Group Normal Model 5-FU TPA-L+5-FU TPA-M+5-FU TPA-H+5-FU
WBC( x 10°/L) 6.61 + 2.58%** 13.22 + 3.23 4.71 £+ 0.99%** 4.77 £ 0.60%** 5.31 + 0.93%** 5.16 + 0.96%**
LYM(%) 80.29 + 4.17*** 54.82 £ 6.35 62.65 + 11.25 72.45 + 11.29%** 69.70 + 7.27%** 62.94 + 7.26%
NEU(%) 17.47 + 4.0 39.43 + 6.90 32.14 £ 9.61 23.15 + 9.66*** 26.03 + 7.31%** 32.74 £+ 6.33*
MONO(%) 0.87 £ 0.43*** 4.98 + 1.57 4.22 + 2.22 3.66 + 2.01 3.40 £ 1.11* 3.34 £ 1.63*
EOS(%) 1.34 + 0.45** 0.74 £ 0.19 0.99 + 0.51 0.72 £ 0.52 0.87 +£ 0.37 0.96 + 0.50
BASO(%) 0.030 + 0.067 0.030 + 0.048 0.000 + 0.000 0.020 + 0.063 0.000 + 0.000### 0.020 + 0.042
RBC( x 10'%/1) 10.34 £+ 0.46%** 9.03 £ 0.37 8.82 £ 0.44 8.71 £ 0.36* 8.60 + 0.35* 8.60 £ 0.34
HGB(g/L) 158.9 4 6.7%** 136.2 + 6.2 134.7 £ 5.6 130.1 + 4.7* 131.0 +£5.1 133.8 £ 5.1
HCT(%) 44.9 £+ 1.68%** 39.1 +£1.27 38.5 £ 1.60 37.1 £ 1.15%*# 37.2 £1.18%* 38.2+£1.28

PLT( x 10°/L)

1312.3 + 149.9%**

1740.9 + 169.8

1601.5 + 196.8

1767.0 + 116.1#

1657.0 £ 162.9

1783.9 + 146.7#

Note: *p < 0.05, **p < 0.01 and ***p < 0.001 compared with model group; #p < 0.05 and ###p < 0.001 compared with 5-FU group.

Table 3

Effects of different treatments on serum biochemical indicators of mice(mean + SD, n = 10).
Group Normal Model 5-FU TPA-L+5-FU TPA-M+5-FU TPA-H+5-FU
TP(g/L) 73.83 £ 7.65%** 57.35+7.11 54.72 £ 6.55 67.97 £ 6.25%*### 68.10 £ 7.04**### 65.28 + 6.97*##
ALB(g/L) 48.41 + 4.62%** 36.15 + 5.41 29.90 + 3.23** 38.27 + 5.26### 39.10 + 4.81### 41.28 + 5.64###
C3(g/L) 2.555 + 0.611 3.785 + 0.408 3.092 +1.124 3.635 + 0.921 3.883 + 0.776 3.761 + 0.826
C4(g/L) 0.376 + 0.072%** 0.528 + 0.064 0.403 £ 0.079** 0.446 + 0.085* 0.424 + 0.075** 0.452 + 0.061*
IgA(g/L) 0.371 + 0.125%** 0.133 £ 0.031 0.121 £+ 0.031 0.129 + 0.044 0.143 £ 0.031 0.141 + 0.030
1gG(g/L) 13.54 + 1.98** 10.57 £+ 2.06 10.12 + 0.98 10.64 + 1.58 10.75 £ 1.31 10.60 + 1.80
IgM(g/L) 1.715 £ 0.327*** 1.081 + 0.194 0.992 + 0.152 1.026 + 0.177 1.139 £+ 0.233 1.398 + 0.344*##
PAB(mg/L) 3.74 £ 0.70%* 2.71 £0.53 2.45 £ 0.46 2.94 £ 0.58 2.91 £ 0.59 3.06 + 0.55#
TRF(g/L) 10.31 + 1.54** 8.52 £ 1.08 8.64 +£1.21 9.23 £1.12 9.25 £ 1.35 9.58 £ 1.53

Note: *p < 0.05, **p < 0.01 and ***p < 0.001 compared with model group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with 5-FU group.

< 0.05). There was also noteworthy increase compared with the 5-FU
group (p < 0.001, p < 0.001, p < 0.01), and the ALB was significantly
increased by TPA (p < 0.001), indicating that the combination of TPA
and 5-FU could improve the energy expenditure of the body, which was
better than the effect of 5-FU alone. Besides, IgM levels in the high dose
TPA+5-FU group were increased compared with the model group and
the 5-FU group (p < 0.05, p < 0.01). In addition, the PAB was increased
compared with 5-FU during the same period, with significant differences
between them (p < 0.05). The above results support that TPA has a
moderating effect on the serum antibody levels in tumor-bearing mice
and can alleviate the interference of 5-FU with the normal nutrient
metabolism and immune function of the organism.

3.5. Amino-acid composition and peptides profile analysis of TPA

Table 4 provides insight into the amino acid composition and content
of TPA. TPA consists of 66.30 g/100 g amino acids, whereby essential
amino acids amount to 30.36 g/100 g. Among the 17 distinct amino
acids, glutamic acid is present with the highest concentration (10.06 g/
100 g), followed by aspartic acid (6.78 g/100 g) (supplementary data
Figs. S1-S7 and Table S1-S6).

Table 4
Amino acid composition of TPA.
Amino acid Amino acid Amino acid species Amino acid
species content(g/100 g) content(g/100 g)
Asp 6.78 Leu* 4.87
Thr* 3.21 Tyr 2.12
Ser 2.73 Phe* 2.46
Glu 10.06 Lys* 6.00
Pro 2.30 His* 5.37
Gly 3.48 Arg 3.61
Ala 4.39 Trp* 0.78
Val* 3.46 Total amino acid 66.30
(TAA)
Met* 1.96 Essential amino acid 30.36
content (EAA)
Ile* 2.73 EAA/TAA (%) 45.80

Note: * is an essential amino acid.

Table 5
Percentage of peak area of different molecular weight ranges in TPA (%).

Range of molecular weight Peak area  Percentage of integrated peak area
(kDa) (%)

>1 kDa 8635.1 11.46

1-0.25 kDa 48625.5 64.54

<0.25 kDa 18084.2 24.00

Tuna trimmings is rich in protein that can be prepared into small-
molecular peptides and oligopeptides by enzymatic hydrolysis. As
shown in Table 5, the molecular weight distribution of TPA peptides in
the range 0.25-1 kDa was account for 64.54%. These results indicated
that the tuna trimmings treated with alcalase was mainly composed of
small-molecule peptides or oligopeptides (supplementary data Fig. S8-
S9).

3.6. Identification of peptides in TPA

The peptide sequences of TPA were identified by HPLC-ESI-Q-TOF-
MS/MS. As shown in Table 6, the 109 peptide sequences with 7-21
amino acids per peptide and molecular weights in the range of
648-2096 Da were identified according to the —10IgP value > 15
(supplementary data Figs. S10-S119 and Table S7).

3.7. The anticancer and anti-inflammatory potentiality prediction

The total of 109 peptide sequences were predicted in the CSM-
PEPTIDES database. The results showed that 68 peptides were
described to possess anti-cancer activity with scores between 0.50 and
0.78. And 77 peptides were described to have anti-inflammatory activity
with prediction scores between 0.50 and 0.90 (supplementary data
Table. S8). The CSM-PEPTIDES database predicted anti-inflammatory
peptides with scores >0.8 and anti-cancer peptides with scores >0.7
was shown in Table 6.
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Table 6
Sequence information of anti-inflammatory peptides with predicted scores >0.8 and anti-cancer peptides with scores >0.7

Number Peptide sequence Mol wt Anti-Inflammatory® Toxicity” Hydrophobicity® Charge® pI’

26 GMDVINM 779.04 0.98 Non-Toxin 0.08 —1.00 3.80
101 NNNHLDDI 954.08 0.98 Non-Toxin -0.31 —1.50 4.20
36 SHPDLNVV 880.08 0.94 Non-Toxin —0.06 —0.50 5.09
44 QPMEYACYPQ 1229.52 0.93 Non-Toxin -0.15 —-1.00 4.00
88 VPIPVPLPM 962.39 0.93 Non-Toxin 0.26 0.00 5.88
98 GIPLIKAD 826.12 0.90 Non-Toxin 0.06 0.00 6.19
43 SFVAGEAY 843.00 0.87 Non-Toxin 0.12 -1.00 4.00
109 ALPEMLPY 933.24 0.87 Non-Toxin 0.10 —1.00 4.00
17 VMAPGAGVY 864.15 0.86 Non-Toxin 0.23 0.00 5.88
86 WITYGPV 764.93 0.84 Non-Toxin 0.04 -1.00 3.80
41 AINDPFIDL 1017.27 0.83 Non-Toxin 0.08 —-2.00 3.57
57 IVPIVEPE 895.18 0.83 Non-Toxin 0.14 —2.00 3.80
58 LVPIVEPE 895.18 0.83 Non-Toxin 0.12 —-2.00 3.80
67 FMAYYPIE 1033.31 0.82 Non-Toxin 0.15 —-1.00 4.00
91 MGDVLASC 795.04 0.82 Non-Toxin 0.10 —1.00 3.80
95 WEPPIID 869.08 0.82 Non-Toxin 0.05 —2.00 3.67
64 DTGIQASHPDLNVVGGASF 1885.30 0.81 Non-Toxin 0.00 -1.50 4.20
28 AQTVPYGIPLIK 874.02 0.80 Non-Toxin -0.11 —2.00 3.57
Number Peptide sequence Mol wt Anti-Cancer® Toxicity® Hydrophobicity® Charge® pI®

90 VLDTGIQA 816.04 0.78 Non-Toxin 0.08 -1.00 3.80
8 EVMAPGAGVY 993.28 0.75 Non-Toxin 0.15 —1.00 4.00
62 KYDSVIAV 894.14 0.74 Non-Toxin 0.00 0.00 6.18
26 GMDVINM 779.04 0.73 Non-Toxin 0.08 —1.00 3.80
108 EKAASFDIP 977.19 0.73 Non-Toxin -0.10 -1.00 4.38
17 VMAPGAGVY 864.15 0.72 Non-Toxin 0.23 0.00 5.88
45 KYDSVIAVG 951.21 0.70 Non-Toxin 0.02 0.00 6.18
74 KYDSVIAVGA 1022.30 0.70 Non-Toxin 0.04 0.00 6.18

Note: a: according to “CSM-PEPTIDES"(https://biosig.lab.uq.edu.au/csm_peptides); b: according to “Toxinpred"(https://webs.iiitd.edu.in/raghava/toxinpred/index.

html).
4. Discussion

After day 7, tumor cells rapidly proliferate, resulting in a larger
tumor volume and an increased proportion of tumor mass in the model
group of mice. This has a significant impact on body weight, mobility,
and mental status. Although 5-FU is an analogue of uracil that can
effectively interfere with the function of thymidylate synthase (TS) to
inhibit tumor cell multiplication, its toxicity to normal tissues and the
development of tumor resistance limits the success of cancer chemo-
therapy (Lee et al., 2014; Moutabian et al., 2022). Combining natural
active ingredients with chemotherapeutic drugs can have multiple
benefits, including synergistic anti-tumor effects that can inhibit tumor
multidrug resistance, reduce the side effects of chemotherapeutic drugs,
and regulate immune function. This approach may become a new
strategy for clinical treatment of tumors (Li et al., 2022). In this exper-
iment, the low, medium, and high dose TPA+5-FU combination groups
(with tumor inhibition rates of 36%, 41%, and 41%, respectively)
showed better results than the group treated with 5-FU alone (31%) in
terms of inhibiting tumor cell growth. This indicates that there is a
significant auxiliary effect in the treatment process of TPA combined
with 5-FU chemotherapy.

During treatment with 5-FU chemotherapy, intestinal mucosal
damage occurs which is characterized by an increase in crypt apoptosis
and villi atrophy (Sougiannis et al., 2019; Liu et al., 2021). This leaves
the mucosal tissue vulnerable to infection and ulceration (Taieb et al.,
2014; Gelen et al., 2018). Furthermore, 5-FU treatment also leads to
oxidative stress in the body, leading to a pro-inflammatory response that
activates the production of nuclear factor NF-xB mediated
pro-inflammatory cytokines, such as tumor necrosis factor (TNF),
interleukin-6 (IL-6) and interleukin-1f (IL-1p) (Cinausero et al., 2017).
Subsequently, this results in apoptosis, atrophy, ulceration, and
inflammation in the gastrointestinal tract. In addition, a related study
found that tuna bioactive peptide (TBP) significantly alleviated colitis
symptoms (Xiang et al., 2021). The TBP improved body weight and
disease activity index (DAI score), inhibited pro-inflammatory cytokine
production, attenuated colonic tissue damage, restored disturbed

intestinal flora, and increased short-chain fatty acid production. In the
current trial, it was found that the combination of TPA and 5-FU dosing
enhanced tumor suppression while limiting injury to the intestinal
mucosal structures in S180 tumor-bearing mice when compared to using
only 5-FU monotherapy. Moreover, the use of TPA led to the improve-
ment of the intestinal mucosal structures and even tended to restore
them to normal levels with increasing TPA content. Therefore, TPA
qualifies as an adjuvant enteral nutrition agent that can improve im-
mune depression and intestinal mucosal damage induced by 5-FU during
chemotherapy while also regulating the nutritional level in post-
operative chemotherapy patients.

The chemotherapy drug 5-FU is known to have direct or indirect
effects on immune cell-mediated responses such as T cells, natural killer
cells, and bone marrow-derived suppressor cells (Cinausero et al., 2017;
Ghiringhelli and Apetoh., 2015). Its non-selective nature causes anti-
tumor effects while affecting circulating myeloid cells, lymphocytes, and
the immune response of the organism. Additionally, 5-FU can inhibit
peripheral blood mononuclear cell activation and proliferation, leading
to impaired immune function. It not only causes a decrease in the
number of peripheral blood mononuclear cells, but also increasing the
frequency of Treg cells to weaken T cell-mediated immunity against
malignant tumors, thereby suppressing anti-tumor effector T cell func-
tion. (Tohyama et al., 2013). In an analysis evaluating enteral nutrition
with concurrent radiation therapy (CCRT), researchers found that
Enteral nutrition maintained albumin and total protein levels at the
normal level. (Qiu et al., 2020). Peptide-based formulas are more easily
digestible for patients with malabsorption or proven gastrointestinal
intolerance to standard formulas since proteins are hydrolyzed into
short peptides (Doley, 2022). Studies of enteral nutrition regarding
immunomodulatory formulations have shown improvements in the
prognostic treatment of trauma and surgical Intensive Care Unit pa-
tients, such as reduced infection rates, shorter length of stay, and shorter
duration of mechanical ventilation, suggesting that some peptide-based
enteral nutrition formulations are considered immune enhancing or
immunomodulatory (McClave et al., 2016). In this study, the use of TPA
combined with 5-FU significantly reduced leukocyte content in whole
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blood while increasing secretion of lymphocytes and monocytes, sug-
gesting that TPA can inhibit massive secretion of inflammatory cells
caused by 5-FU treatment, enhancing immune function. Furthermore, in
serum biochemical analysis for mice, TPA showed improvement in the
total protein and albumin content of organisms, but a slight increase, not
significant (p > 0.05), affecting secretion of C3, C4, IgA, and IgG, with
only IgM being significant in the high-dose group (p < 0.01). This sug-
gests that TPA may exhibit adjuvant antitumor effect by reducing pro-
tein depletion in the body and improving nutritional status.

Amino acids form the fundamental building blocks of protein
composition and play a crucial role in the body’s immune system by
engaging in the body’s inflammatory and immune responses. Among
these, glutamate has been observed to provide energy to intestinal
epithelial cells in mammals through mitochondrial oxidation (Li et al.,
2016), promoting cell proliferation while reducing mucositis caused by
5-FU by inhibiting apoptosis and enhancing cell proliferation (Jonan
et al., 2022). Aspartic acid can reduce intestinal damage and improve
intestinal energy status (Pi et al., 2014). The experiment demonstrated
that TPA contains a considerable amount of total amino acids (66.30
g/100 g), with glutamic acid present at high levels (10.06 g/100 g), and
the peptides are primarily composed of small molecules and oligopep-
tides below 1 kDa, indicating superior absorption by the body. These
findings suggest that the biological activity of TPA may be associated
with its amino acid content and peptides composition.

The physicochemical characteristics of a peptide sequence, such as
amino acid composition, hydrophobicity, secondary structure and net
charge, may be linked to its antitumor activity (Chiangjong et al., 2020;
Roudi et al., 2017). Hydrophobicity and secondary structure play
essential roles in the anticancer properties of peptides. Significantly,
peptides with higher hydrophobicity and a-helical structure exhibit an
increased anticancer effect (Schaduangrat et al., 2019). Additionally,
dimeric and tetrameric peptides possess enhanced cytotoxicity against
cancer cells (Vargas Casanova et al., 2017), and peptide aggregation
represents an intriguing approach to amphipathic membrane disruption
(Nystrom and Malmsten, 2018). The majority (55.96%) of peptide se-
quences in TPA display hydrophobicity, with glycine, lysine, and leucine
residues serving as characteristic amino acids for functional assessment
of anticancer peptides (Shoombuatong et al., 2018). Notably, most
identified peptide sequences encompass these specific amino acids.
CSM-PEPTIDES predicted the potential biological activity of TPA pep-
tide sequences, identifying 68 out of 109 peptides as anti-tumor and 77
peptides as anti-inflammatory. These database predictions suggest that
the antitumor and immunomodulatory effects of TPA in combination
with 5-FU could relate to the peptide sequence composition in TPA.

5. Conclusion

In conclusion, the combination of TPA and 5-FU can enhance the
suppression rate of tumors, mitigate the mucosal damage induced by 5-
FU in the intestines, and maintain the normal morphology of the villi
and crypt structures in the small intestinal mucosa. TPA can improve the
nutritional and survival status of the body, as manifested by increased
levels of serum total protein, albumin, and immunoglobulin, which re-
duces protein loss and energy consumption, thus boosting the overall
health of the body. The peptide sequence composition of TPA may also
contribute to its synergistic anti-tumor effects with 5-FU and immuno-
modulatory effects on the body. However, further research is required to
screen active peptide sequences, and establish its mechanism of action to
gain a better understanding of the effects of TPA on the intestines and
the immune system in chemotherapy-induced damage.
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