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Metabolomics analysis of
splenectomy of Nile tilapia
(Oreochromis niloticus) reveals
the spleen involved in regulating
liver lipids and amino
acids metabolism
Yixi Tao1,2, Chunying Du1,2, Shanwen Jiang1,2, Siling Zhang1,2,
Jingyun Feng1,2, Xiaomin Miao1,2, Hao Xu1,2 and Yun Li1,2*

1Integrative Science Center of Germplasm Creation in Western China (CHONGQING) Science City &
Aquaculture Engineering Technology Research Center, College of Fisheries, Southwest University,
Chongqing, China, 2Key Laboratory of Freshwater Fish Reproduction and Development (Ministry of
Education), Southwest University, Chongqing, China
The liver is essential for nutritional balance in fish, and liver damage in farmed fish

often arises from factors like overfeeding, causing various health issues. Clinical

observations indicate that liver diseases frequently involve spleen dysfunction,

and there is evidence to suggest that the spleen has a significant impact on liver

function. However, there has been no discussion on the role of the spleen in

maintaining liver health in fish. To understand the role of fish spleen in liver

metabolism, this study selected Nile tilapia (Oreochromis niloticus) as the

experimental material and first established a tilapia splenectomy model.

Various biochemical parameters of the liver and serum were measured, and

the liver metabolism characteristics of the splenectomy group (SP group) and the

sham operation group (SO group) were analyzed using metabolomics. After

splenectomy, biochemical parameters of the liver and serum showed

abnormalities, including significant increases in total cholesterol (T-CHO) and

serum total bile acid (TBA) levels, alongside a significant decrease in liver TBA

levels, suggesting impaired metabolic function and cholesterol deposition in the

liver. Metabolomics analysis showed that metabolites such as lipids, lipid-like

molecules, and organic acids and derivatives were differentially regulated

between the SO and SP group. KEGG analysis showed that differential

metabolites were enriched in lipid metabolism and amino acid metabolism.

The metabolic pathway analysis of differential metabolites showed that after

splenectomy, the low-activity urea cycle in the liver may accelerate lipid

synthesis, while low concentrations of aromatic amino acids and taurine may

inhibit lipid catabolism. These results indicate that after splenectomy, the liver

metabolic capacity is impaired, which causes abnormal lipid metabolism by

interfering with amino acid metabolism, making splenectomy tilapia liver at risk

of liver disease, including cholesterol deposition, hepatic steatosis and

nonalcoholic fatty liver disease (NAFLD). Our results show that the spleen is
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involved in regulating liver lipid and amino acid metabolism, and the spleen may

interfere with lipid metabolism by regulating liver amino acid metabolism. Our

data can provide support for further research on liver and spleen functions and

the immune-nutrient metabolism mechanisms in fish, as well as new ideas for

healthy fish farming.
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1 Introduction

The liver is the metabolic center for nutrients such as proteins,

lipids, and carbohydrates, and it plays a decisive role in maintaining

nutrient homeostasis (Trefts et al., 2017). To accelerate growth

performance, excessive energy-rich diets are often fed to fish,

resulting in an excessive burden on the fish liver (Du et al., 2006).

Furthermore, improper handling during procurement, transportation,

and preservation can lead to lipid peroxidation in the feed. Studies

have shown that oxidized oil is one of the important causes of

oxidative damage to fish liver cells and abnormal liver function

(Chen et al., 2012b). Damage to the health of fish livers can

compromise their immunity and stress resistance, ultimately leading

to a deterioration in their overall health, and triggering other diseases

(Cao et al., 2019). These conditions increase the susceptibility offish to

diseases and mortality, ultimately reducing their growth performance

and feed efficiency, thereby driving up the costs of aquaculture.

Therefore, protecting the health of fish livers is very important.

The spleen has been reported as an organ closely related to lipid

metabolism for decades (He et al., 2022). Clinical evidence suggests

that splenectomy is associated with changes in serum lipoproteins

(Demuner et al., 2015). In animal models, splenectomy has been

shown to exacerbate various diseases caused by high-fat diets, such

as obesity, atherosclerosis, and NAFLD (Ai et al., 2018). A study has

found that the relative weight of the spleen in broilers experiencing

chronic heat stress is positively correlated with the amount of lysine

added to their feed (Han et al., 2022). In traditional Chinese

medicine, a spleen-deficiency constitution is reported to be

associated with disruptions in tryptophan metabolism and the

metabolism of cysteine and methionine (Liang et al., 2023). A

spleen-deficiency rat model have been found to be highly associated

with endogenous metabolic disorders, primarily affecting amino

acid and lipid metabolism (Zhang et al., 2021). These findings

demonstrate that the spleen is widely involved in lipids and amino

acids metabolism.

The spleen is close to the liver anatomically, and bioactive

substances secreted by the spleen enter the liver via the portal vein,

influencing the progression and prognosis of liver diseases.

Cirrhosis is often accompanied by various complications such as

splenomegaly and hyperfunction of the spleen in clinical practice
02
(Iwakiri, 2014; Sharma and John, 2024), and splenectomy can

improve liver function in cirrhosis patients (Murata et al., 2008).

In the process of liver fibrosis, the spleen can promote the secretion

of chemotactic factor CCL2 by liver macrophages by upregulating

SOCS3 signaling, and ultimately promote fibrosis progression (Li

et al., 2018). Oishi et al. (2011) studied rats with nonalcoholic

steatohepatitis that had their spleens removed, demonstrating the

spleen’s protective role in the occurrence and development of

NAFLD. Arakawa et al. (2009) examined the impact of

splenectomy on extensive liver resection in rats, showing that

splenectomy can mitigate liver injury and promote regeneration.

Splenectomy easily inhibits the activity of Kupffer cells in the liver’s

reticular-endothelial system, resulting in dyslipidemia (Hoekstra

et al., 2005), while the spleen is a core participant in the reticular-

endothelial system (Tarantino et al., 2021). These studies indicate

that the spleen plays a crucial role in maintaining normal liver

function, although the mechanisms are not yet clear.

In fish, there has not yet been a discussion on the role of the

spleen in maintaining liver health. Therefore, we hope to explore

this by establishing a spleen-deficient model in fish. As an excellent

farming fish, tilapia has been studied for many applications, such as

tilapia breeding technology optimization (Azim and Little, 2008;

Mengistu et al., 2020; Wang et al., 2023), tilapia high-quality feed

research (Lin and Luo, 2011), tilapia disease prevention and control

(Chen et al., 2012a; Zhu et al., 2015). Some researchers also use

tilapia as a drug research model (Valença-Silva et al., 2014;

Crivelaro et al., 2019). The development of tilapia genome

sequencing and database construction (Katagiri et al., 2005; Joshi

et al., 2018) provides sequence resources for the study of tilapia, and

also provides a basis for further study of the physiological

mechanism of tilapia. These research foundations have made

tilapia an excellent model for studying fish physiology (Brown

et al., 2014).

Metabolomics is a new “omics” research field, mainly for high-

throughput qualitative and quantitative analysis of small and

medium-sized molecular metabolites in metabolomics (Nguyen

et al., 2018), especially small molecular substances with molecular

weight < 1000 (German et al., 2005). Metabolomics focuses on the

metabolites of these small molecules. It is easier to detect, does not

need a characteristic database, has fewer types than genes and
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proteins, and the metabolites are universal (Taylor et al., 2002).

Through metabolomics, researchers can measure the end products

of complex and difficult-to-decipher gene, epigenetic, and

environmental interactions, and then obtain a complete

description of the body phenotype (Fiehn, 2002; Monteiro et al.,

2013). Therefore, metabolomics has been gradually applied in

more disciplined research fields, such as biomedical marker

screening and disease mechanism analysis, food nutrition

analysis, crop characteristic analysis, and environmental

monitoring (Moore et al., 2007; Gilany et al., 2014; Mandavi

et al., 2015; Kim et al., 2016). At the beginning of metabolomics

research, a large number of studies have been carried out in the field

of liver disease (Gibelin et al., 2000; Robertson et al., 2000;

Nicholson et al., 2002, 2008).

In this study, we established a spleen-deficient model of tilapia

by splenectomy, and the serum measured the serum and liver

biochemical parameters of tilapia, and hoped to study the effect

of splenectomy on tilapia liver metabolism through metabolomics,

to understand the role of the spleen in liver metabolism. We found

that the levels of lipids, lipid-like molecules, and organic acids and

derivatives in the liver of tilapia significantly decreased after

splenectomy. Some metabolic pathways changed. These metabolic

pathways mainly involved arginine biosynthesis; arginine and

proline metabolism; phenylalanine, tyrosine and tryptophan

biosynthesis; alanine, aspartate and glutamate metabolism;

phenylalanine metabolism; glycine, serine and threonine

metabolism; and taurine and hypotaurine metabolism. Our data

can provide a reference for the study of fish spleen function and

liver-spleen interaction mechanisms.
2 Materials and methods

2.1 Fishes

Healthy Nile tilapia (Oreochromis niloticus) (n = 28, average

body length = 14.15 ± 2.03 cm, average weight = 83.21 ± 3.56 cm)

were bred in laboratory circulating water culture system. The water

temperature was 28.5 ± 1.0°C, pH was 6.8-7.5, fed twice a day (9:00

and 17:00), and water was changed once every two days, and one-

half of each time.
2.2 Surgery and experimental design

Splenectomy (SP group): Feeding was stopped one day before

the operation. The scalpel and other instruments were sterilized

with high pressure steam before the operation. An absorbable

surgical suture packed with vacuum sterilization was used. The

fish were anesthetized with MS-222 (100 mg/L) until the fish turned

over and stopped completely. After anesthesia, the experimental

fish were placed on the sterile gauze pad with the left side upward,

and the gills were perfused intermittently with the same

concentration of MS-222 solution during the operation. After

removing the scales in the posterior part of the pectoral fin, a

1~1.5 cm incision was made 5 mm behind the pectoral fin, and then
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the incision was opened with a spreader. After the spleen was found,

it was carefully removed, and the spreader was removed. The blood

stains and other residues were washed away with 0.65% NaCl, and

then the incision was sutured with the simple intermittent suture

method, each suture was 0.5 cm apart, a total of 3 stitches. The

suture line was disinfected with iodophor and then put into the

recirculating aquaculture system. The operation time for each fish

was not more than 10 minutes.

Sham operation (SO group): For the sham operation, except for

no splenectomy, the other steps were the same as those in the

SP group.

Among the 28 fish, 16 were randomly selected for the SP group,

and 12 for the SO group as the control. No feeding for the first 7

days after the operation to prevent the incision from cracking.

Normal feeding was started on the 8th day after the operation.
2.3 Sample collection

At 35th day postoperatively, 8 fish were randomly selected from

the SP group and SO group, and an appropriate amount of MS-222

was added for anesthesia. Blood samples were collected from the

caudal vein of fish (approximately 0.8 mL per fish) and transferred

into EP tubes, then kept at room temperature for 30 minutes and

stored overnight at 4°C. After centrifugation at 3500 rpm and 4°C

for 10 minutes, the isolated serum was obtained and stored at -80°C

until analysis. Liver tissues were separated, and each liver tissue was

divided into two parts. One for metabolomics analysis, these liver

tissues were immediately put into liquid nitrogen for 30 seconds

and stored in EP tubes at -80°C until analysis. The other for

measuring biochemical parameters, these liver tissues were put in

EP tubes, and 0.9% NaCl was added at a ratio of weight (g): volume

(mL) = 1: 9, homogenized in an ice bath, centrifuged at 2500 rpm

and 4°C for 10 minutes, and the supernatant was extracted and

stored at -80°C until analysis.
2.4 Biochemical parameters in serum
and liver

The cryopreserved serum and liver supernatant were thawed on

ice. The contents of total protein (TP), albumin (ALB), total

cholesterol (T-CHO), triglyceride (TG), high-density lipoprotein

(HDL), low-density lipoprotein (LDL), aspartate aminotransferase

(AST), alanine aminotransferase (ALT) and total bile acid (TBA)

were determined using methods described in the detection kits of

Nanjing Jiancheng Bioengineering Institute (Jiangsu, China).
2.5 Metabolites extraction, detection,
and annotation

Metabolites extraction, detection, and analysis of the liver

samples were performed as described previously (Fang et al.,

2022). Briefly, an extract solution was added to the liver sample,

and then the supernatant was extracted through homogenization,
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ultrasound, incubation, and centrifugation. Then the metabolites

were detected in positive ion mode (POS) and negative ion mode

(NEG) by an UHPLC system of Thermo Fisher Scientific. The raw

data were processed by peak detection, extraction, alignment, and

integration. Then, the metabolites were annotated using the MS2

database of Shanghai Biotree Biomedical Technology Co., Ltd.

(Shanghai, China).
2.6 Analysis of differential metabolites

Firstly, the raw data was filtered, input missing values and

normalized to a single peak. Then, multivariate analysis was

conducted using SIMCA software (version 16.0.2) where the

dataset underwent scaling and log transformation to reduce the

effects of variable noise and variance. Principal component analysis

(PCA) and orthogonal projections to latent structures-discriminant

analysis (OPLS-DA) were utilized to assess sample distribution and

identify significant metabolic variations. The robustness of the

model was evaluated using permutation tests. Additionally, the

significance of metabolites was determined by assessing the variable

importance in projection (VIP) scores from the OPLS-DA, with

metabolites having a VIP score greater than 1 and a p-value less

than 0.05 being classified as significantly differential. A Euclidean

distance matrix was constructed based on the levels of these

metabolites, followed by hierarchical clustering using the

complete linkage approach. The Human Metabolome Database
Frontiers in Marine Science 04
(HMDB) was referenced to determine the origins of these

differential metabolites. Pathway enrichment analysis was carried

out with the aid of KEGG and MetaboAnalyst to elucidate the

metabolic pathways involved.
2.7 Statistical analysis

Statistical significance between the two groups was assessed

using the t-test. Significance was established at the p-value of less

than 0.05. The data are reported as mean values with standard

error of mean (SEM). For the data analysis, we employed

GraphPad Prism version 9.5.1 (GraphPad Software, San Diego,

California, USA).
3 Results

3.1 The biochemical parameters of serum
and liver

To understand how the biochemical parameters of tilapia

changed after splenectomy, we measured the biochemical indices

of serum and liver. In serum (Figure 1A), there was no significant

difference in the contents of TP, ALB, HDL, and AST between the

SP group and SO group. The contents of T-CHO, TG, LDL, ALT,

and TBA in the SP group were significantly higher than those in the
A B

FIGURE 1

Changes of serum and liver biochemical parameters after splenectomy. (A) Serum; (B) Liver. ns p > 0.05, * p < 0.05, ** p < 0.01.
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SO group. In liver (Figure 1B), there was no significant difference in

TP, ALB, TG, HDL, AST, and ALT contents between the SP group

and SO group. The contents of T-CHO and LDL in the SP group

were significantly higher than those in the SO group, and the

content of TBA in the SP group was significantly lower than that

in the SO group.
3.2 Identification and multivariate analysis
of metabolites

Following data preprocessing, which included filtering,

imputing missing values, and normalizing single peaks, we

identified and quantified a total of 5792 valid peaks in POS and

6144 in NEG for liver samples. PCA was employed to uncover the

intrinsic data structure and reduce dimensionality, thereby

facilitating a more coherent interpretation of the variables. The

PCA score scatter plots demonstrated that all samples fell within the

95% Hotelling’s T-squared ellipse for both POS and NEG modes

(Figures 2A, B). The PCA model exhibited R2X values of 0.617 for

POS and 0.520 for NEG when comparing the SP group and

SO group.
Frontiers in Marine Science 05
However, reliance solely on the PCA model for analysis could

scatter the differential variables across multiple principal

components due to the influence of correlated variables.

This dispersion could obscure visualization and hinder further

analysis. To address this, OPLS-DA was applied, providing more

reliable correlation information regarding differential metabolites

between the two groups. All samples in the OPLS-DA score scatter

plots were also aligned within the 95% Hotelling’s T-squared ellipse

(Figures 2C, D). For the OPLS-DA model in POS, we observed R2X,

R2Y, and Q2 values of 0.582, 0.821, and 0.509, respectively. In NEG,

the values were 0.243 for R2X, 0.962 for R2Y, and 0.491 for Q2. The

model’s validity was further affirmed through permutation testing,

yielding R2Y and Q2 values of 0.76 and -0.85 in POS and 0.94 and

-0.65 in NEG, respectively (Figures 2E, F). These findings confirm

that the OPLS-DA model is robust and free from overfitting, thus

qualifying it for more detailed analysis.
3.3 Screening and analysis of
differential metabolites

In the comparative study of liver metabolites, we detected a total

of 1,618 metabolites in POS and 806 in NEG across the two groups.
A B

D

E F

C

FIGURE 2

Multivariate analysis of liver metabolites. (A, B) Score scatter plot of PCA model. (C, D) OPLS-DA model for SP vs. SO. (E, F) Permutation test of
OPLS-DA model for SP vs. SO. (A, C, E) Positive ion mode. (B, D, F) Negative ion mode.
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The distribution of these metabolites can be categorized into up-

regulated and down-regulated subsets, as depicted in Figures 3A, B.

Differential metabolites were identified using the p-value threshold

of less than 0.05 and the VIP score greater than 1.

Hierarchical clustering analysis highlighted distinct variations

in metabolite profiles between the SP group and the SO group in

both ionization modes. Notably, the SP group exhibited

significantly lower metabolite levels compared to the SO group,

as shown in Figures 3C, D. Specifically, in the POS mode, 107

metabolites were significantly downregulated in the SP group

relative to the SO group (Figure 3C and Supplementary Table

1). In the NEG mode, 51 metabolites were significantly

downregulated, and one metabolite was significantly upregulated

in the SP group compared to the SO group (Figure 3D and

Supplementary Table 2).

Further classification of these differential metabolites through

the HMDB annotation revealed that they fell into eight distinct

categories for both POS and NEG modes, as illustrated in Figure 3E.
Frontiers in Marine Science 06
In POS, the predominant categories were lipids and lipid-like

molecules (53 metabolites, accounting for 49.53%), organic acids

and derivatives (27 metabolites, accounting for 25.23%), and

organoheterocyclic compounds (11 metabolites, accounting for

10.28%), detailed in Supplementary Table 1. In NEG, the

predominant categories were organic acids and derivatives (21

metabolites, accounting for 40.38%), lipids and lipid-like

molecules (9 metabolites, accounting for 17.31%), and

nucleosides, nucleotides, and analogues (8 metabolites, accounting

for 15.38%), detailed in Supplementary Table 2.
3.4 KEGG annotation and enrichment
analysis of differential metabolites

We carried out KEGG pathway annotation on every

differential metabolite to give a more thorough and organized

examination of metabolic and regulatory processes. In POS,
A B

D

E

C

FIGURE 3

Analysis of differentially expressed metabolites. (A, B) Volcano plot for SP vs. SO. Red and blue indicate significantly up-regulated and down-
regulated metabolites respectively, gray indicates non significantly different metabolites. (C, D) Heatmap of hierarchical clustering analysis for SP vs.
SO. The color blocks represent the relative expression of metabolites at corresponding positions, while red and blue indicate high and low
expression of the metabolites. (E) Classification of differential metabolites in HMDB database. Different colors represent different metabolite
classifications. (A, C) Positive ion mode. (B, D) Negative ion mode.
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KEGG annotation pathway of differential metabolites involved 5

pathway types, of which “metabolism” accounts for the largest

proportion, including eight metabolic pathways such as amino

acid metabolism, lipid metabolism, and metabolism of other

amino acids (Figure 4A). In NEG, the KEGG annotation

pathway of differential metabolites involved 6 pathway types, of

which “metabolism” accounts for the largest proportion, including

eight metabolic pathways such as amino acid metabolism,

metabolism of other amino acids, and carbohydrate metabolism

(Figure 4B). In POS, KEGG enrichment analysis showed that

significantly enriched pathways such as biosynthesis of amino

acids, choline metabolism in cancer, and glycerophospholipid

metabolism (Figure 4C). In NEG, KEGG enrichment analysis

showed that significantly enriched pathways such as 2-

Oxocarboxylic acid metabolism, biosynthesis of amino acids,

and D-Amino acid metabolism (Figure 4D).
Frontiers in Marine Science 07
3.5 Metabolic pathway analysis of
differential metabolites

Differential metabolites were mapped to the KEGG database, and

then the corresponding data was loaded into MetaboAnalyst for

search and metabolic pathway analysis to investigate the potential

impact of tilapia splenectomy on liver metabolic pathways. There

were 6 and 4 main influential metabolic pathways in POS and NEG,

respectively (Figures 5A, B). Considering the pathway impact score

and p value, the related significant metabolic pathways were

determined. In POS, arginine biosynthesis; arginine and proline

metabolism; alanine, aspartate and glutamate metabolism;

phenylalanine, tyrosine and tryptophan biosynthesis; phenylalanine

metabolism; and taurine and hypotaurine metabolism were involved,

with further specifics available in Supplementary Table 3. In NEG,

phenylalanine, tyrosine and tryptophan biosynthesis; taurine and
A B

DC

FIGURE 4

KEGG analysis of differential metabolites. (A, B) KEGG pathway annotation of differential metabolites. The abscissa is the number of differential
metabolites. (C, D) KEGG enrichment scatterplot of differential metabolites (top 20). The redder the bubble color, the more significant enrichment.
The larger the bubble, the more differential metabolites. (A, C) Positive ion mode. (B, D) Negative ion mode.
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hypotaurine metabolism; phenylalanine metabolism; and glycine,

serine and threonine metabolism were involved, with further

specifics available in Supplementary Table 4. To see the changes in

metabolic pathways more clearly and intuitively, a summary of the

main influential metabolic pathways and mapped differential

metabolites was made (Figure 6). The metabolism of aliphatic

amino acids (such as arginine, proline and aspartic acid, etc.) and

the metabolism of aromatic amino acids (phenylalanine and tyrosine)

were significantly disturbed. In addition, the metabolism of sulfur-

containing amino acids (taurine and hypotaurine) was also disturbed.
Frontiers in Marine Science 08
4 Discussion

4.1 Abnormal biochemical parameters
indicated impaired liver metabolic function

The changes in serum biochemical parameters can reflect the

metabolic status and health status of fish (Xie et al., 2021; Luo et al.,

2022). The main components of blood lipids in serum include T-

CHO, TG, and lipoproteins, etc. LDL transports T-CHO from the

liver to peripheral tissues, while HDL transports T-CHO from
FIGURE 6

Summary of main influential metabolic pathways and differential metabolites. Different colored lines represent different metabolic pathways. The
green dots represent differential metabolites with decreased concentration. The white dots represent metabolites with no change in concentration.
In the boxplot, red represents the concentration of this metabolite in the SO group, and green represents the concentration of this metabolite in the
SP group.
A B

FIGURE 5

Bubble plot of pathway analysis for SP vs. SO. Each bubble represents a metabolic pathway. The larger the bubble size, the greater the impact score
of the pathway in the topological analysis. The redder the bubble color, the more significant the enrichment degree. (A) Positive ion mode. (B)
Negative ion mode.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1419606
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Tao et al. 10.3389/fmars.2024.1419606
peripheral tissues to the liver (Tan et al., 2019). Elevated levels of T-

CHO, TG, and LDL, and decreased levels of HDL usually indicate

abnormal lipid metabolism (Ma et al., 2009; Wang et al., 2015). AST

and ALT are key transaminases in fish, which are usually present in

the liver, heart, and muscle (Jin et al., 2013). When liver cells are

damaged or necrotic, AST and ALT will enter the blood, so the

increase of the two enzymes in the blood is usually regarded as a

sign of liver damage (Xu et al., 2010; Yang et al., 2011). The increase

of ALT indicates that there is some damage to the liver (Younossi

et al., 2018), while a significant increase in AST indicates that there

is a risk of substantial damage to the liver (Yu and Keeffe, 2003).

Furthermore, because ALT is found in comparatively small

amounts in other tissues, it is more specific than AST (Hall and

Cash, 2012). Bile acids are biomarkers of liver diseases (Jahnel et al.,

2015). Studies have found that elevated serum TBA in patients with

liver disease (Jiao et al., 2018; Gottlieb and Canbay, 2019). In this

study, serum T-CHO, TG, LDL, ALT, and TBA were significantly

increased in the SP group, liver T-CHO and LDL were also

significantly increased in the SP group, indicating that after

splenectomy, the liver metabolic function of tilapia was affected to

some extent, and cholesterol deposition in the liver which may

cause cholesterol catabolism to be blocked, and cholesterol could

not be converted into bile acids (Chiang and Ferrell, 2018), resulting

in a significant decrease in TBA in the liver of the SP group.
4.2 Amino acid metabolism and lipid
metabolism were mainly affected

In systems biology, metabolomics is a relatively new discipline

with high-throughput and high-sensitivity. In this study, to

understand the impact of splenectomy on the liver metabolic

function of Nile tilapia, we used metabolomics to study the

metabolic characteristics of liver metabolites in the SO group and

the SP group. The liver is the main place for amino acid metabolism

and protein turnover (Trefts et al., 2017), and it is also the central

place for lipid metabolism (Nguyen et al., 2008). We found that

splenectomy had a great influence on the metabolic characteristics

of the tilapia liver. The concentration of most differential

metabolites in the SP group was lower than that in the SO group,

confirming that the liver metabolic capacity of the SP group tilapia

was damaged. Based on the HMDB annotation classification,

organic acids and derivatives and lipids and lipid-like molecules

were the two most abundant differential metabolite categories. Most

of the metabolites in organic acids and derivatives were amino acids

(Supplementary Tables 1 and 2). Through KEGG pathway

annotation and enrichment analysis, we also found that most

differential metabolites were annotated and enriched in amino

acid metabolism and lipid metabolism pathway types. These

results indicated that the amino acid metabolism and lipid

metabolism in the liver of tilapia were greatly affected after

splenectomy. The spleen and liver have a close circulatory

connection (Barrea et al., 2018). A positive correlation between

spleen iron levels and the severity of non-alcoholic steatohepatitis

(NASH) expression was reported in mice experimental model

study, further confirming the correlation between anatomy and
Frontiers in Marine Science 09
function between the spleen and liver (Murotomi et al., 2016).

Another study measuring the splenic metabolic function of NAFLD

suggests that the so-called hepato-splenic axis goes beyond simple

morphological relationships, where the metabolic activities of two

tissues may be interconnected (Keramida et al., 2018). There are

also some studies that clearly support the connection between the

metabolic activities of the liver and spleen (Tarantino et al., 2021).

Our results also confirmed the important role of the spleen in

maintaining metabolism function of the tilapia liver.
4.3 Multiple amino acid metabolic
pathways were down-regulated
after splenectomy

KEGG analysis only identified the pathways involved in all

differential metabolites. To identify pathways closely related to

experimental conditions, further MetaboAnalyst analysis was

performed on differential metabolites. Through MetaboAnalyst

analysis, we found multiple amino acid metabolic pathways

significantly affected by splenectomy, and the involved amino acid

concentrations were significantly reduced (Figure 6). The spleen is

involved in a wide range of metabolic control, including the

metabolism of senescent red blood cells (Ai et al., 2018), which

clears damaged or senescent red blood cells that are not suitable for

continued circulation (Hadidi et al., 2008). Red blood cells are

hydrolyzed in the phagosomes of spleen macrophages (Mebius and

Kraal, 2005). Hemoglobin is first decomposed into heme and globin

(Slusarczyk and Mleczko-Sanecka, 2021). The heme part is further

decomposed in macrophages to release iron, which is stored in the

spleen or liver, or used to synthesize new hemoglobin (Maines, 1997).

The globin is further decomposed into amino acids, which can be

reused in the body to synthesize new proteins (Slusarczyk and

Mleczko-Sanecka, 2021). In this study, due to the absence of

spleen, the damaged or senescent red blood cells in tilapia cannot

be fully recovered and reused, which may lead to a decrease in

endogenous amino acid concentration. On the other hand, although

the spleen undertakes the main task of removing senescent red blood

cells, the liver also undertakes this task, and in the case of stress,

macrophages will temporarily accumulate in the liver to remove

stressed red blood cells (Theurl et al., 2016; Nakayama et al., 2024).

The absence of the spleen may promote the compensatory effect of

the liver (Nakayama et al., 2024), increase the burden on the liver, and

interfere with other metabolic functions of the liver, including amino

acids metabolism and lipids metabolism.
4.4 Low-activity urea cycle may accelerate
liver lipid synthesis

Arginine biosynthesis; arginine and proline metabolism; and

alanine, aspartate, and glutamate metabolism were closely related to

the urea cycle (Figure 6). The urea cycle occurs within liver cells,

which can convert toxic ammonia into non-toxic urea and excrete

nitrogen-containing waste from the body (Ueno et al., 2022; Patel

et al., 2024). The urea cycle is not only the main mechanism for
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ammonia removal, but also responsible for the production of

endogenous amino acids (Lopes et al., 2023). Disruption of the

urea cycle often accompanies liver diseases, such as hepatocyte

dysfunction, liver failure, and hepatic steatosis (Lichter-Konecki,

2016; Ranucci et al., 2019). There is evidence to suggest that urea

cycle activity is reduced in NAFLD and fatty liver during pregnancy

(Weber et al., 1979; Rodrıǵuez-Suárez et al., 2010). Aspartic acid,

alanine, and arginine related to the urea cycle play a role in

regulating lipid metabolism. In a high-fat diet induced obesity

model, aspartic acid can inhibit hepatic steatosis in cholesterol fed

rabbits (Yanni et al., 2010), alanine intake can reduce the expression

of fat synthesis genes (Freudenberg et al., 2013), and arginine can

reduce the degree of lipid peroxidation in liver-injured rats (Nanji

et al., 2002). The decrease in the concentration of urea cycle-related

metabolites in the SP group indicated a decrease in urea cycle

activity, which also affected glycine, serine and threonine

metabolism, and the concentrations of glycine and threonine

decreased significantly. Studies have shown that the level of

glycine in the liver was reduced in NAFLD (Mardinoglu et al.,

2017), and the reduction of glycine and serine levels can be used for

early detection of NAFLD (Tricò et al., 2021). Clinical studies have

found a negative correlation between threonine levels and the risk of

NAFLD (Li et al., 2024), while a lack of threonine can lead to

metabolic diseases such as NAFLD (Viviani et al., 1966). It can be

inferred that after splenectomy, the urea cycle activity of tilapia liver

decreased, the ability to synthesize endogenous amino acids such as

aspartic acid decreased, and low concentrations amino acids could

not play their normal physiological functions, which may accelerate

liver lipid synthesis and increase the risk of fatty liver in tilapia liver.
4.5 Low concentrations of aromatic amino
acids and taurine may inhibit liver
lipid catabolism

Phenylalanine metabolism and taurine and hypotaurine

metabolism were also significantly disturbed. Phenylalanine is an

essential amino acid mainly metabolized in the liver, and tyrosine is

produced via the catabolization of phenylalanine (Zhou et al., 2022;

Liu et al., 2023). Tyrosine is a semi-essential amino acid, which is

converted into three catecholamines by tyrosine hydroxylase in the

organism, including dopamine, epinephrine and norepinephrine

(Liu et al., 2023). Catecholamines can mediate the mobilization of

free fatty acids from triglycerides stored in adipose tissue (Young

and Landsberg, 1977). Epinephrine and norepinephrine have the

effect of accelerating lipolysis (Bahnsen et al., 1984). A study in mice

has found that lack of tyrosine could induce hepatic steatosis (Sano

et al., 2021). Clinical studies have shown that the concentration of

tyrosine in patients with NAFLD also decreased (Kawanaka et al.,

2015; Masoodi et al., 2021). The decrease of phenylalanine and

tyrosine concentrations in the SP group may lead to a decrease in

the concentration of its metabolites catecholamines, thereby

weakening the catabolism of liver lipids, leading to liver lipid

deposition and eventually developing into NAFLD.

In taurine and hypotaurine metabolism, hypotaurine, like

taurine, can be obtained through endogenous synthesis and food.
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In the organism, hypotaurine can be converted into taurine.

Taurine is a conditionally essential amino acid that is not

involved in protein synthesis. It is crucial for numerous

physiological processes within the organism, including osmotic

pressure regulation, cell membrane stability, bile acid binding,

and improved fat absorption (Belli et al., 1987; Oja and

Saransaari, 2007; De Luca et al., 2015; Ping et al., 2019). The

most important function of taurine in the liver is to participate in

bile metabolism, thereby increasing the ability of organisms to

digest and absorb various types of lipids (Petrosian and

Haroutounian, 2000). Taurine can increase the degradation of

cholesterol to reduce the content of cholesterol in the liver and

serum (Mochizuki et al., 1999). In this study, the content of taurine

and hypotaurine in the liver of the SP group decreased significantly.

Combined with the significant decrease of bile acid content and the

significant increase of cholesterol content in the liver, it can be

confirmed that the lipid metabolism of tilapia liver was abnormal

after splenectomy. Among them, catabolism of cholesterol was

hindered by the weakening of taurine and bile binding, resulting

in liver cholesterol deposition.
5 Conclusion

In this study, the spleen was removed by surgical method to

establish a spleen-deficient tilapia model. The biochemical

parameters of tilapia liver and serum were measured, and the

liver metabolic characteristics were studied. We found abnormal

liver and serum biochemical parameters, impaired liver metabolic

function, and cholesterol deposition in Nile tilapia after

splenectomy. Metabolomics analysis has found a significant

decrease in the levels of metabolites in the liver of the SP group,

which are mainly lipids and lipid-like molecules and organic acids

and derivatives. KEGG annotation analysis showed that differential

metabolites were significantly enriched in lipid metabolism and

amino acid metabolism, suggesting that splenectomy affected lipid

and amino acid metabolism in tilapia liver. MetaboAnalyst was used

for metabolic pathway analysis, and it was found that in the liver of

the SP group, arginine biosynthesis; arginine and proline

metabolism; phenylalanine, tyrosine and tryptophan biosynthesis;

alanine, aspartate and glutamate metabolism; phenylalanine

metabolism; glycine, serine and threonine metabolism; and

taurine and hypotaurine metabolism were significantly affected.

By analyzing the significantly down-regulated amino acids in the

above metabolic pathways and combining the results of previous

biochemical parameters and KEGG analysis, it is speculated that

after splenectomy, the ability of tilapia to recover and utilize

hemoglobin from senescent red blood cells is reduced. On the

one hand, it leads to a decrease in the concentration of endogenous

amino acids. On the other hand, it increases the burden of the liver

to remove senescent red blood cells, resulting in abnormal amino

acid metabolism in the liver, which leads to abnormal lipid

metabolism. The low-activity urea cycle may accelerate lipid

synthesis, and low concentrations of phenylalanine, tyrosine and

taurine cannot promote lipid catabolism, which may be the reason

for the final deposition of cholesterol in the liver, posing a risk of
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liver diseases such as hepatic steatosis and NAFLD in tilapia. Our

results suggest that tilapia spleen is involved in regulating liver

metabolism and may interfere with lipid metabolism by regulating

liver amino acid metabolism, which may provide new insights for

healthy fish farming. Regular monitoring of liver enzymes, lipids,

and other biochemical parameters in fish during daily aquaculture

can detect metabolic problems early on, and timely intervention can

be achieved by adding amino acids or other diets that protect the

liver and spleen. Due to the limitations of this study, the specific

molecular mechanisms by which the spleen is involved in regulating

liver amino acid metabolism and lipid metabolism require further

in-depth investigation. Additionally, the hypothesis that the spleen

influences lipid metabolism by regulating amino acid metabolism

also needs further experimental validation.
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