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Glycyrrhetinic acid (GA) has been shown to promote growth characteristics and play a crucial role in
anti-inflammatory responses in animals. To investigate the effects of dietary GA supplementation on
growth performance, intestinal inflammation, and intestinal barrier protection in largemouth bass
(Micropterus salmoides) fed a high-fat diet (HFD), a 77-day feeding experiment was conducted. A total of
750 largemouth bass, initially averaging 17.39 + 0.09 g in body weight, were randomly allocated to five
experimental groups and fed a control diet, a HFD, and the HFD diet supplemented with GA at either 0.5,
1.0, or 1.5 mg/kg, named as control, HDF, HFD + GA 0.5, HFD + GA 1.0, and 1.5 HFD + GA 1.5, respectively.
Each group contained three replicates. The study revealed that dietary GA improved final body weight
(P < 0.001), percent weight gain (P = 0.041), and feed intake (P < 0.001), all of which had been affected by
a HFD in largemouth bass (P < 0.05). Supplementation of HFD with 1.0 mg/kg GA increased the mRNA
expressions and protein levels of corresponding tight junctions, occludin, zonula occluden-1 (ZO-1) and
claudin-1 in the intestines of largemouth bass. Furthermore, the addition of HFD with both of 0.5 and
1.0 mg/kg GA decreased the mRNA expressions of pro-inflammatory genes such as interleukin-1p (IL-13),
IL-18, and cysteinyl aspartate specific proteinase 1 (caspase-1), as well as proteins associated with
pyroptosis-induced inflammation, including NOD-like receptor family and pyrin domain contain 3
(NLRP3), apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain
(ASC), gasdermin E (GSDME), and N-terminal domain of GSDME (GSDME-N) (P < 0.05). Finally, dietary
GA supplementation alleviated mitochondrial damage and reduced reactive oxygen species (ROS) pro-
duction induced by the HFD. It is concluded that GA supplementation in HFD enhances growth perfor-
mance, increases mRNA expression and protein levels of tight junction-related parameters, decreases
mRNA expression and protein levels of pyroptosis-related genes, and alleviates intestinal mitochondrial
injury and inflammation induced by HFD.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction

Largemouth bass (Micropterus salmoides) is a widely farmed
freshwater fish in China due to its rapid growth, delectable meat,
and significant market value. This fish species is widely favored in
commercial production (Chen et al., 2021; Yuan et al., 2019). Being a
carnivorous species, protein is the costliest nutrient in their feed.
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formance of these fish (Bahnasa, 2009). Lipids are cost-effective
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source of energy compared to protein, and are frequently
employed in aquatic animal feeds because of their ability to
conserve protein. Adding sufficient lipids to diets can effectively
save protein consumption, commonly known as the “protein
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sparing” effect (Hillestad et al., 1994). Recently, the aquaculture
industry has explored the use of high-fat diets (HFD) as a means to
reduce feed cost and minimize resource wastage (Sagada et al.,
2017; Wang et al, 2019). However, HFD reduce the percent
weight gain (PWG) and specific growth rate (SGR) of largemouth
bass (Chen et al., 2023). Prolonged feeding of HFD to fish can result
in an excessive buildup of lipids in their internal organs and tissues
(Guo et al., 2019; Yin et al., 2021; Zhang et al., 2020). This excess
lipid accumulation can lead to the production of reactive oxygen
species (ROS) and worsen inflammation, ultimately affecting fish
growth performance and health (Chatzifotis et al., 2010; Morais
et al., 2001; Wang et al., 2005).

It is important to note that pyroptosis, which differs significantly
from necroptosis and apoptosis, is a distinct form of programmed
cell characterized by cell swelling, cell membrane rupture, cell lysis,
and a pronounced pro-inflammatory response (Wu et al., 2021).
Some studies have demonstrated that pyroptosis can result in the
formation of pores in the cell membrane, compromising the
integrity of the intestinal barrier (Liu et al., 2021; Zhou and Fang,
2019). In response to toxin treatment or pathogen infection, mul-
tiple inflammasome complexes are formed, leading to the activa-
tion of various cysteinyl aspartate specific proteinases (caspases),
including caspase-1, -4, -5, -11, and —12 (Shi et al.,, 2015). In
mammals, the typical pyroptosis pathway results in the creation of
cell membrane pores, allowing ion exchange, under the influence of
caspase-1 and the activation of gasdermin-E (GSDME) (Gaul et al.,
2021). Meanwhile, the maturation of interleukin-1f (IL-1f8) and
interleukin-18 (IL-18) is initiated by cleaved caspase-1, ultimately
leading to pyroptosis (Wei et al., 2019). However, recent research
has revealed that the fish genome lacks GSDMD and that GSDME
functions in fish similarly to mammals, both playing pivotal roles in
pyroptosis (Li et al., 2020; Wang et al., 2022). In mammals, NOD-
like receptor (NLR) family pyrin domain-containing (NLRP) 1,
NLRP3, NLRP12, and NLR family caspase activation and recruitment
domain-containing 4 (NLRC4) are key sensory molecules in
inflammasomes (Franchi et al., 2009; Zhang et al., 2021). Moreover,
in teleosts, NLRP1 and NLRP3 from zebrafish and NLRP3 from the
Japan flounder were identified only as inflammasome-forming
NLRs (Li et al, 2018, 2020). Among all vertebrates, with the
exception of cyprinid fish, pro-caspase-1 is self-proteolyzed into
the active-form caspase-1 after binding with pyridinoline and a C-
terminal caspase-recruitment domain (ASC) containing apoptosis-
associated speck-like protein, mutually catalyzing other pro-
caspase-1 (Kersse et al., 2011; Srinivasula et al., 2002). A recent
study has highlighted the critical role of NLRP3-related pyroptosis
in intestinal diseases, particularly those induced by a HFD intake
(Zhang et al., 2021). However, published literature on the mecha-
nism of pyroptosis in fish-related intestinal injuries is lacking.

High mobility group box 1 (HMGB1) is abundantly expressed in
various cell nuclei and plays a significant role in gene transcription
across various diseases (Sims et al., 2010). HMGB1 is a widely
distributed, non-sequence-specific nuclear transcription factor in
eukaryotic cells that binds to DNA in a minor groove. Numerous
studies have demonstrated the significant role of HMGBI1 in tran-
scription, DNA integration, and modulation (Yamada, 2004). It is
well-established that HMGB1 release in mammals is an active
process regulated by ROS (Han et al., 2015; Li et al., 2019; Min et al.,
2017; Tsung et al., 2007). HMGB1 is considered to be a typical
damage-associated molecular pattern (DAMP) molecule. It can
cause cell death and tissue damage by acting on receptors (Bianchi
et al., 2017). Passive release and active release are the two main
pathways of HMGBI1 release (Li et al., 2019). The involvement of
HMGBT1 in the inflammatory process is mediated through receptor
for advanced glycation end-products (RAGE). Ultimately, this
binding activates the NLRP3 cascade response and triggers the
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production of relevant pro-inflammatory cytokines (Arab et al.,
2021; Geng et al., 2015). RAGE binds HMGB1 to the lysosomes
and induces the activation and release of pepsin B from the lyso-
somes, and activation of the NLRP3 inflammasome by binding to
NLRs (Jia et al., 2019). These findings suggest that HMGB1 regulates
inflammation caused by NLRP3.

Glycyrrhetinic acid (GA) is a pentacyclic triterpene derivative
obtained from the hydrolysis of B-amyrin-type licorice (Roman
Paduch, 2014). It stands out as the most significant bioactive
component of licorice root, exerting a wide range of biological ac-
tivities, including anti-inflammatory, antiviral, anti-oxidative, and
anti-cancer effects (Fiore et al., 2008; Han et al., 2015). Several
studies have demonstrated that the triterpene structure of GA can
bind to HMGB1, thereby altering the pro-inflammatory properties
of the protein (Mollica et al., 2007; Yamaguchi et al., 2012). These
findings suggest that GA can reduce the production of ROS (Cai
et al., 2018). The objectives of our study were to investigate the
effects of dietary GA on growth performance and the alleviating
effect on largemouth bass intestinal injury under HFD.

2. Materials and methods
2.1. Animal ethics statement

This animal experiment complied with the ARRIVE guidelines
(https://arriveguidelines.org/). The study was conducted in strict
compliance with the Experimental and Ethics Animal Committee of
Sichuan Agricultural University, Ya'an, China (Permit No. DKY-
$20210416).

2.2. Experimental diets

Table 1 presents the feed formulation and nutritional compo-
sition of the experimental diets. The dietary protein sources
included fish meal, chicken powder, gluten meal and fermented
soybean meal, with soybean oil serving as a lipid source. Fish were
divided into five groups as follows: control (48.23% crude protein,
9.05% crude lipid); HFD (46.50 % crude protein, 16.29 % crude lipid);
HFD supplemented with GA at 0.5 mg/kg (HFD + GA 0.5; 47.48%
crude protein, 16.25% crude lipid); HFD supplemented with GA at
1.0 mg/kg (HFD + GA 1.0; 47.48% crude protein, 16.44% crude lipid);
HFD supplemented with GA at 1.5 mg/kg (HFD + GA 1.5; 47.55%
crude protein, 16.44% crude lipid) for 77 d. All dry ingredients were
crushed in a mill. Diets were processed into puffed feed using a
machine (TPE62S, Tianjin Plastic Extruder Co., Ltd., China) and a
vacuum coater (KDVM1, KERUNDE, China). The floating extruded
pellets were air-dried and stored at 4 °C in plastic bags until being
used.

2.3. Fish management and feeding

A total of 750 Largemouth bass fish with an average weight of
17.39 + 0.09 g were obtained from the New Hope Feed Research and
Development base in Sichuan, China. Fish were allowed to acclimate
to their environment for two weeks before the commencement of
the experiment. Fifteen concrete tanks (200 cm x 100 cm x 105 cm)
were used, housing 50 fish in each experimental tank. Each group
contained three replicates. The fish were manually fed twice a day
(07:30 and 18:00) for 77 d under natural photoperiod condition,
ensuring they reached a satiated state with each feeding. Any un-
eaten feed was collected 30 min after each feeding session and
subsequently dried in an oven at 65 °C to determine the feed intake
(FI). Initial body weight (IBW) and Final body weight (FBW) were
measured and survival rate (SR), percent weight gain (PWG), specific
growth rate (SGR) and feeding efficiency (FE) were calculated.
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Table 1

Formulation and proximate composition of the experimental diets (% DM basis).".
Item Control HFD HFD + GA 0.5 HFD + GA 1.0 HFD + GA 1.5
Ingredients
Soybean oil 6.00 12.00 12.00 12.00 12.00
Bentonite 7.00 1.00 0.00 0.00 0.00
Fish meal 43.00 43.00 43.00 43.00 43.00
Chicken powder 16.00 16.00 16.00 16.00 16.00
Gluten meal 7.00 7.00 7.00 7.00 7.00
Fermented soybean meal 5.00 5.00 5.00 5.00 5.00
Whole meal flour 6.00 6.00 6.00 6.00 6.00
Cassava starch 5.70 5.70 5.70 5.70 5.70
Lysine 0.20 0.20 0.20 0.20 0.20
Methionine 0.20 0.20 0.20 0.20 0.20
Calcium biphosphate 1.00 1.00 1.00 1.00 1.00
GA Premix 0.00 0.00 1.00 1.00 1.00
Choline chloride 0.40 0.40 0.40 0.40 0.40
Premix> 2.50 2.50 2.50 2.50 2.50
Nutrient levels*
Crude protein 48.23 46.50 47.48 47.48 47.55
Crude lipid 9.05 16.29 16.25 16.44 16.44
Crude ash 11.64 11.88 11.69 11.52 11.40
Moisture 5.61 5.52 5.60 5.49 5.50

1 Fish were fed five different diets, including control diet, high fat diet (HFD), and HFD, diet supplemented with glycyrrhetinic acid (GA) at 0.5, 1.0, or 1.5 mg/kg for 11 weeks.

2 Glycyrrhetinic acid premix (Jiang Xi Revere Biotechnology Co., Ltd., China) was mixed with bentonite.

3 Premix contain the following minerals (mg/kg premix) and vitamins (mg/kg premix): FeSO4eH,0, 100.00; MgS0,4eH,0, 625.00; CuSO4e5H20, 20; ZnSO4eH,0, 115.94;
MnSO4eH-0, 37.74; CoCl,e6H-0, 81.97; Ca(103),, 61.35; Na,SeOs, 200; KCl, 95.60; NaCl, 76.26, vitamin A, 133.33; vitamin E, 220.00; vitamin B;2, 100.00; vitamin D5, 2.40; folic
acid, 2.00; biotin, 50.00; Inositol, 408.16; vitamin By, 21.00; vitamin B, 43.75; vitamin Bg, 22.00; vitamin Ks, 23.23; acid regurgitation, 37.76; vitamin C, 157.89.

4 Crude protein, crude lipid, moisture, and crude ash were measured values.

After the culture experiment, the fish were anesthetized with a
tricaine methanesulfonate (MS-222; 1%, Sigma, USA) solution after
a 24-h fasting period. The total number and weight of the fish were
measured and recorded after they were removed from each tank.
Three fish were selected randomly from each tank and stored
at —20 °C to determine their body composition. The fish were
immediately dissected using a sterile scalpel, and intestinal sam-
ples were taken. Twelve fish from each tank were removed, frozen
in liquid nitrogen, and stored at —80 °C for later RNA extraction and
Western blot analysis.

2.4. Biochemical analysis

The dry matter content of the diets and fish were analyzed ac-
cording to the method 934.01 (AOAC, 1990). The samples were
desiccated at a temperature of 104 °C until constant weight for the
analysis of dry matter. The total nitrogen (N) was determined ac-
cording to the method 968.0 (AOAC, 1990) after acid digestion was
performed. The crude protein (CP) was obtained by multiplying the
total N content by 6.25. The moisture was determined according to
the method 935.29 (AOAC, 1990). The crude lipid (EE) was analyzed
using the Soxhlet extraction method 983.15 (AOAC, 1990), and the
ash contents were examined in the muffle furnace at 550 °C for 4 h
according to the method 942.05 (AOAC, 1990).

2.5. Histological analysis

After thorough rinsing of tissues in 70% ethanol, the samples
were dehydrated in a graded ethanol series and embedded in
Paraplast (Leica Microsystem, Wetzlar, Germany). Transverse sec-
tions (5 um) were cut using a microtome (Typ 1400; Leitz, Wetzlar,
Germany), collected on poly-L-lysine-coated glass slides, and
stained using the hematoxylin-eosin (H&E) staining protocol
(Buzete et al., 2019). The slides were observed under a microscope
(DIAPLAN; Ernst Leitz GmbH, Wetzlar, Germany), and the kidney
sections were photographed.
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2.6. Transmission electron microscopy

The intestines were sliced into approximately 1 mm thickness
and fixed in 3% glutaraldehyde in pH 7.4 cacodylate buffer for 24 h
at room temperature. Then the intestines were washed three times
in phosphate-buffered saline (PBS) and soaked in 1% osmic acid for
1.5 h. The samples were dehydrated in resin. Cross-oriented ultra-
thin sections were sliced into ultrathin sections using an ultrami-
crotome and images were acquired on a transmission electron
microscope (HT7800, Hitachi High-Tech Corporation, Japan) (De
et al,, 1991).

2.7. Biochemical index assays

Malonic dialdehyde (MDA) is a crucial byproduct of membrane
lipid peroxidation, and its production can exacerbate membrane
damage. Adenosine triphosphate (ATP) indicates mitochondrial
damage, while lactate dehydrogenase (LDH) indicates the extent of
cell damage. The activities of MDA, ATP and LDH were tested using
a commercial kit (Nanjing Jiancheng Corporation, China) according
to the manufacturer's instructions.

2.8. Fluorescence staining assay

A ROS assay was used to determine ROS accumulation in the
intestinal cell suspension. Cells were stained with 4’,6-diamidino-
2’-phenylindole (DAPI) and co-cultured  with 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) (ThermoFisher,
USA) for 30 min at 37 °C. The levels of ROS accumulation were
detected using a fluorescence spectrophotometer and a light mi-
croscope (BX53, Olympus, Japan).

A commercial assay kit with a lipophilic cation JC-1 probe
(Beyotime Institute of Biotechnology, Haimen, China) was used to
detect changes in mitochondrial membrane potential. As per the
manufacturer's instructions, a cell suspension was prepared from
intestinal tissue. The treated cells were incubated with 1 mL JC-1
staining working solution for 30 min at 37 °C and washed twice
using JC-1 staining buffer. Finally, red and green fluorescence was
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determined using a light microscope (BX53, Olympus, Japan) and a
fluorescence spectrophotometer.

2.9. Real-time quantitative PCR

RNA was extracted from the intestine using the RNAiso Plus Kit
(TaKaRa, Dalian, Liaoning, China), followed by DNase I treatment.
The RNA's integrity and purity were assessed by spectrophoto-
metric (the ratio of the absorbance values of 260 nm vs 280 nm)
analysis and agarose gel (1%) electrophoresis. The total RNA con-
centration was diluted to 500 ng/uL, and reverse transcription was
performed using the Prime Script RT reagent kit with gDNA Eraser
(Vazyme, Nanjing, Jiangsu, China). Specific primers of genes were
designed based on published sequences of largemouth bass
(Table 2). Real-time PCR detection was performed in a CFX96 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The
concentration of the target gene's mRNA was normalized to the
mRNA concentration of the reference genes B-actin and 18S rRNA.
The following program included a denaturation step at 95 °C for
1 min, followed by 40 amplification cycles of 5 s of denaturation at
95 °C, 15 s of annealing at 60 °C, and 20 s of extension at 72 °C. A
melt-curve analysis was performed, followed by storage at 4 °C. The
results were calculated using the 2788t method after verification.
The 18S and B-Actin were referred as reference genes.

2.10. Western blot analysis

The protein levels of the pyroptosis pathway and tight junction-
related genes were assessed following a previously established
protocol (Huo et al., 2021). The BCA kit (Beyotime, China) was used
to calculate protein concentrations according to the manufacturer's
instructions. Equal amounts of proteins (20 nug) were subjected to
SDS-PAGE gel and transferred onto a polyvinylidene difluoride
(PVDF) membrane. After blocking in 5% nonfat milk powder for
1.5 h, the membranes were incubated with primary antibodies,
including anti-B-actin (dilution 1:5000, ABclonal, China), anti-
HMGB1 (dilution 1:1000, ABclonal, China), anti-RAGE (dilution
1:1000, ABclonal, China), anti-NLRP3 (dilution 1:1000, ABclonal,
China), anti-ASC (dilution 1:1500, ABclonal, China), anti-GSDME
(dilution 1:3500, ABclonal, China), anti-IL-1p (dilution 1:1000,
ABclonal, China), anti-ZO-1 (dilution 1:1000, ABclonal, China), anti-
occludin (dilution 1:1000, ABclonal, China), and anti-claudin-1
(dilution 1:1000, ABclonal, China) overnight at 4 °C with shaking.
The membranes were then washed five times (5 min/wash) with
1 x TBST, and the anti-rabbit IgG-HRP (1:2000) was added. The
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membranes were incubated for 1.5 h with shaking and then washed
five times (5 min/wash) with 1 x TBST. The protein bands were
visualized using ECL reagents (Beyotime, China), and the protein
content was assessed using Image-] software.

2.11. Immunohistochemistry

For immunohistochemistry of HMGB1, ZO-1, and caspase-1,
sections were dewaxed (Histochoice Clearing Agent, Sigma-
Aldrich), hydrated through a descending series of ethanol baths
(from 100% to 50%), and rinsed in PBS (pH 7.4; Bio-Rad Laboratories,
USA). Slides were then immersed for 10 min in 0.02% Tween 20 and
150 mmol/L NaCl in PBS, pH 7.3. After incubation in 5% bovine
serum albumin (BSA) in PBS for 20 min, the slides were rinsed three
times with PBS. Primary labeling was performed for 2 h at room
temperature in a humidity chamber placed on a shaker using the
following antibodies: mouse monoclonal antibody raised against
rabbit anti-HMGB]1, ZO-1 in 0.5% BSA in PBS. Control slides without
the primary antibodies were also prepared. After three washes in
PBS to remove unbound antibody, the sections were incubated for
1 h with a secondary antibody at 10 pg/mL (goat anti-mouse Alexa
Fluor 594, Invitrogen Life Technologies, Switzerland, and donkey
anti-rabbit Alexa Fluor 488, Thermo Fisher Scientific, USA).

After washing, nuclei were counterstained with DAPI for 2 min,
and the sections were thoroughly washed in PBS. They were then
mounted in an anti-bleaching mounting medium (Immunohisto-
mount, Santa Cruz Biotechnology, USA) for observation using a
Leica DM6B microscope (DIAPLAN; Ernst Leitz GmbH, Wetzlar,
Germany) equipped with a special filter set for fluorescence and
coupled to a Leica DMC 2900 digital camera (DIAPLAN; Ernst Leitz
GmbH, Wetzlar, Germany). Posterior kidney sections were photo-
graphed using objectives with magnifications of 4x and 10x .

2.12. Statistical analysis

The data were analyzed using the PROC MIXED procedure of SAS
9.3 (SAS Inst. Inc., Cary, NC, USA) using the model:

Yijr = w + Ti + Pj + Sk + Cli) + T x Sik + eijka,
where Yjj refers to the dependent variable; u, the overall mean; T;,
the fixed treatment effect; P;, the random period effect; Sy, the
random square effect; C(x);, the random effect of the Ith steer within
the kth square; T x Sj, the interaction between the jth treatment
and the kth square; and e;jjy, the error residual. The linear and
quadratic effects of increasing levels of GA were evaluated using the
CONTRAST procedure of SAS 9.3. The Kenward-Roger option was

Table 2
Primer sequences of genes selected for real-time quantitative PCR.
Item Sequence (5’ to 3') Product size, bp Accession number
Caspase-1 F: CCTTGTCTGCTCTGCTGCTATTC 138 XM_038694367.1
R: GGGTGAGGAGTAAGTTTGTGGA
IL-18 F: TGGACAGAACAACGGGACTACT 161 XM_038733429.1
R: CGACCGCAGTAAGAAAGACATC
IL-18 F: GGTAAGTGTCCTCATCCCAATCTG 146 XM_038692744.1
R: GGAACTGTCCACCGCATCTC
Z0-1 F: ATCTCAGCAGGGATTCGACG 208 XM_038706143.1
R: CTTTTGCGGTGGCGTTGG
Occludin F: TGGGTAGGCGTTGTAATCACTC 91 XM_038715418.1
R: CTACAGTCCTCCTTTCACCTCG
Cludin1 F: GCCATTTGTAGAAGTGCTGCG 148 XM_038718401.1
R: GTCTACAGTCCTCCTTTCACCTCG
B-Actin F: CCCCATCCACCATGAAGA 120 AF253319.1
R: CCTGCTTGCTGATCCACAT
18S F: TGAATACCGCAGCTAGGAATAATG 201 MHO018569.1

R: CCTCCGACTTTCGTTCTTGATT

Caspase-1 =cysteinyl aspartate specific proteinase 1; IL = interleukin; ZO = zonula occludens; 18S = 18 ribosomal RNA.
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Table 3

Growth performance of Micropterus salmoides fed diets with graded glycyrrhetinic acid (GA) levels .
Item Groups SEM P-value

Control HFD HFD-+GA 0.5 HFD+GA 1.0 HFD-+GA 1.5 ANOVA Linear Quadratic

IBW, g/fish 17.60 17.44 17.41 17.31 17.35 0.557 0.926 0.985 0.533
FBW, g/fish 102.48%" 95.66° 111.42° 108.50° 96.93* 2.069 <0.001 0.032 <0.001
SR?, % 99.33 98.67 100.00 98.00 98.00 0.008 0.627 0.331 0.703
PWG, % 480.93" 448.472 542.01¢ 526.79°¢ 458.522 21.791 0.041 0.200 0.023
SGR*, %/d 2.28° 2.20° 2.41° 2.38° 223° 0.049 0.049 0.212 0.025
FI°, g/fish 81.29%° 74.74 82.15% 84.88° 79.23% 1.265 <0.001 0.044 <0.001
FES, % 104.99% 105.712 115.08P 107.09° 100.732 2.106 0.002 <0.001 0.097

HFD = high fat diet; IBW = initial body weight; FBW = final body weight; SR = survival rate; PWG = percent weight gain; SGR = specific growth rate; FI = feed intake; FE =

feed efficiency.

a°¢ Different superscript letters within a row indicate significant differences (P < 0.05).
! HFD+GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD+GA 1.0, HFD diet supplemented with 1.0 mg/kg GA; HFD+GA 1.5, HFD diet supplemented with 1.5 mg/kg

GA.
2 Survival rate (%) = 100 x final number of fish/initial number of fish.
Percent weight gain (%) = 100 x (FBW - IBW)/IBW.

SSpecific growth rate (%/d) = 100 x (In FBW - In IBW)/days.

-G BN

Feed efficiency (%) = 100 x (FBW - IBW)/FL

used to calculate the degrees of freedom. Differences among the
means of different treatments were tested using Duncan's test.
Effects were considered significant at P < 0.05.

3. Result
3.1. Growth performance and somatic parameters

Growth performance in Largemouth bass was evaluated after 11
weeks of feeding trial (Table 3). The results indicated that the final
body weight (FBW), percent weight gain (PWG), specific growth
rate (SGR), and FI of the HFD + GA 0.5 and HFD + GA 1.0 groups
were higher than those of the HFD and HFD + GA 1.5 groups
(P < 0.05). The HFD + GA 0.5 group exhibited the highest feed ef-
ficiency (FE) compared to the other groups while the control and
HFD + GA 1.5 groups had the lowest (P = 0.002). Survival rates (SR)
did not show significant differences between any of the groups.

As presented in Table 4, viscera weight (VW) was considerably
affected by the HFD and the addition of 0.5 and 1.0 mg/kg GA
groups (P < 0.001). The groups fed the HFD, HFD + GA 0.5, and

Feed intake (g/fish) = (feed offered as DM basis - uneaten feed as DM basis)/number of fish.

HFD + GA 1.0 diets displayed higher values than the NC and
HFD + GA 1.5 groups. The visceral somatic index (VSI) was highest
in the HFD group compared to the other groups (P < 0.001).
Compared to the control group, HFD group fish had higher intes-
tinal weight (IW). However, fish morphology was not affected by
the addition of GA to the feed. There were no significant differences
in somatic index (ISI), intestinal length (IL), or relative gut length
(RGL) among the groups.

3.2. Whole body proximate composition

Table 5 displays the results of whole-body composition of fish.
The moisture and lipid content had no difference among the
groups. Diets with different GA additions had no effect on the crude
protein and crude ash content of fish. HFD + GA 0.5 group showed a
higher ash production value (APV) value than the HFD + GA 1.5
group (P = 0.008). The protein production value (PPV) exhibited a
similar expression trend to the APV (P = 0.049). Compared to the
other three groups, the expression of lipid production value (LPV)
was higher in the HFD and HFD + GA 0.5 groups (P = 0.001).

Table 4

Biometric parameters of Micropterus salmoides fed diets with graded glycyrrhetinic acid (GA) levels .
Item Groups SEM P value

Control HFD HFD+GA 0.5 HFD-+GA 1.0 HFD+GA 1.5 ANOVA Linear Quadratic

VW, g/fish 9.10° 11.39° 10.77° 10.85° 9.72? 0.348 <0.001 0.113 0.877
VSIZ, % 8.947 11.07¢ 10.01° 9.66%° 10.06° 2.069 <0.001 0.032 <0.001
LW, g/fish 2.46 3.10 3.39 3.39 3.37 0.008 0.627 0331 0.703
HSE, % 244 3.01° 3.14° 3.01° 3.48¢ 21.791 0.041 0.200 0.023
W, g/fish 0.70° 0.73% 0.78? 0.84° 0.76 0.049 0.049 0.212 0.025
ISI4, % 0.69% 0.72% 0.72%® 0.74% 0.78° 0.165 <0.001 0.044 <0.001
IL, cm/fish 11.90% 12.47% 12.75° 12.27% 11.672 2.106 0.002 <0.001 0.097
RGL®, % 71.98% 76.04° 76.50° 71472 70.382 1.716 0.041 0.012 0.764

HFD = high fat diet; VW = viscera weight; VSI = viscerosomatic index; LW = liver weight; HSI = Hepatosomatic index; IW = intestinal weight; ISI = intestosomatic index; IL =

intestinal length; RGL = relative gut length.

¢ Different superscript letters within a row indicate significant differences (P < 0.05).
T HFD+GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD+GA 1.0, HFD diet supplemented with 1.0 mg/kg GA; HFD+GA 1.5, HFD diet supplemented with 1.5 mg/kg

GA.
2 Viscerosomatic index (%) = 100 x wet viscera weight/wet body weight.
3 Hepatosomatic index (%) = 100 x wet liver weight/wet body weight.
4 Intestosomatic index (%) = 100 x wet intestine weight/wet body weight.
5 Relative gut length (%) = 100 x intestine length/body length.
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Table 5

Whole-body (wet-weight basis) of Micropterus salmoides fed diets with graded glycyrrhetinic acid (GA) levels (%)".
Item Groups SEM P-value

Control HFD HFD+GA 0.5 HFD+GA 1.0 HFD+ GA 1.5 ANOVA Linear Quadratic

Moisture 69.28 68.04 67.92 68.41 68.28 0.214 0.376 0.271 0.631
Protein 19.31 19.31 19.56 19.60 19.25 0.184 0.445 0.651 0.125
Lipid 7.40 8.52 8.25 8.01 8.16 0.134 0.085 0.079 0.058
Ash 3.94 3.90 3.99 3.87 3.96 0.057 0.718 0.814 0.979
PPV? 82.26° 89.67° 97.89°¢ 91.31° 80.61° 3.644 0.049 0.015 0.208
LPV3 194.62° 236.18" 240.96" 224.37° 203.10? 5.093 0.001 <0.001 0.867
APV* 74.54% 74.32° 85.19° 76.46% 73142 1.775 0.008 0.014 0.095

PPV = protein production value; LPV = lipid production value; APV = ash production value.
#¢ Different superscript letterswithin a row indicate significant differences (P < 0.05).
1 HFD+GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD+GA 1.0, HFD diet supplemented with 1.0 mg/kg GA; HFD+GA 1.5, HFD diet supplemented with 1.5 mg/kg

GA.

2 Protein production value (%) = 100 x body protein gain weight/protein intake.

3 Lipid production value (%) = 100 x body fat gain weigh/fat intake.
4 Ash production value (%) = 100 x body ash gain weight/ash intake.

3.3. Intestinal morphology

Intestinal morphology is illustrated in Fig. 1. A significant change
was observed in the color of the intestinal tissues in the GA-treated
fish. The intestines of the control group had a tan appearance while
those of the HFD group were red. Glycyrrhetinic acid treatment
mitigated the red color (Fig. 1A).

Intestinal morphological alterations were mitigated by GA
treatment. In Fig. 1B, we observed that the intestinal tissues of fish
in the HFD group exhibited damage, with the height of the intes-
tinal folds being significantly lower in the HFD-fed fish compared to
the other groups (P < 0.05). However, the mucosal thickness, in-
testinal fold width and width of duplicature of fish intestinal tissue
were not significantly affected by the diets of different treatment
groups (P> 0.05). Disturbances in the intestinal villi occurred in the
HFD group, including intestinal villus atrophy, intestinal villus
adhesion, and intestinal villus shedding. Adding GA to the HFD
effectively alleviated intestinal injury (Fig. 1B—C).

Ultrastructural changes of intestinal epithelial cells in the con-
trol, HFD and HFD + GA 1.0 groups were observed by transmission
electron microscopy analysis. There were no discernible differences
between the control group and HFD + GA1.0 group in the structure,
which had an intact membrane, tight junctions, and normal mito-
chondrial morphology (Fig. 1D). However, the HFD group exhibited
the accumulation of intestinal epithelial cell pyroptosis, tight
junction disrupts, and mitochondrial vacuolation. The intestinal
damage in the GA group was considerably alleviated compared to
the HFD group.

3.4. Intestinal mitochondrial injury

Fig. 2Adisplays the intestinal ATP and MDA contents of large-
mouth bass. Adenosine triphosphate content in the intestine of fish
fed HFD were significantly decreased in comparison to the control
group (P < 0.05), and the addition of GA to the HFD significantly
increased it (P < 0.05). The MDA content in fish fed HFD was
significantly higher compared to the control group (P < 0.05), but
the addition of GA to the HFD group significantly alleviated this
phenomenon (P < 0.05). Mitochondrial membrane potential (MMP)
content was lower in the HFD group compared to the control group.
However, it increased with the addition of GA at 1.0 and 1.5 mg/kg.
There was no difference between the HFD and HFD + GA 0.5 groups
(Fig. 2 B). Similar to the MMP results, the content of ROS was
detected using a fluorescence spectrophotometer. Compared with
the control group, feeding HFD significantly increased ROS pro-
duction (P < 0.05) (Fig.2C).
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3.5. Expression of tight junction-related parameters

In Fig. 3, the parameters related to the tight junction of the fish
intestine are presented. The mRNA expression of ZO-1, occludin
and claudin-1 was significantly lower in the HFD group compared
to the control group (P < 0.05). The addition of GA to HFD at all
three levels significantly elevated the mRNA expression of claudin-
1 (P < 0.05), but occludin and ZO-1 expression remained largely
unchanged by the addition of GA 1.5 mg/kg to HFD (Fig. 3). As
illustrated in Fig. 3B, the protein levels of ZO-1, occludin and
claudin-1 were significantly lower in the HFD group compared to
the control group, but different in the HFD + GA 1.5 group
(P < 0.05). However, the levels of ZO-1 and claudin-1 were lower in
the HFD + GA1.5 group compared to the HFD + GA 1.0 group
(P > 0.05). For the immunolabeling of ZO-1, intestinal sections
from 6 animals were used from each group, and sections from
control group without primary antibodies showed no immuno-
labeling. The staining of ZO-1 was weaker in control group than
the other four groups. With the addition of GA, the staining of ZO-1
increased in the HFD + GA 1.0 group as compared to the HFD + GA
0.5 group, while the staining of the HFD + GA 0.5 group decreased
to a level similar to the control group. In conclusion, apical staining
of ZO-1 was observed in enterocytes in all the observed images
(Fig. 3C).

3.6. Intestinal pyroptosis

Figure 4 Ashows the effect of different dietary treatments on the
expression of genes related to the pyroptosis pathway in the gut of
largemouth bass. The mRNA expression of caspase-1, interleukin-1
beta (IL-1(), and interleukin-18 (IL-18) were significantly higher in
the intestines of fish fed HFD as compared to those fed the control
diet. Dietary supplementation of GA in HFD at all three levels
significantly decreased the mRNA expression of caspase-1, IL-18, IL-
18 compared to the HFD group with no GA (P < 0.05).

The protein levels of total HMGB1 were higher in fish fed HFD
diets than those fed HFD diets supplemented with GA at 1.0 and
1.5 mg/kg (P < 0.05). The cytoplasmic protein expression of HMGB1
was higher in the group fed HFD compared to control group. The
addition of GA at all three levels significantly reduced the expres-
sion of HMGB1 compared to the HFD group without GA (P < 0.05)
(Fig. 4B). RAGE, as a receptor for HMGB1, showed significantly
higher protein levels in the HFD group as compared to other groups
(Fig. 4C) (P < 0.05).

We examined the changes in the expression of key proteins in
the pyroptosis signaling pathway using Western blot and found
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Fig. 1. Glycyrrhetinic acid (GA) alleviates intestinal injury in largemouth bass induced by a high-fat diet (HFD). (A) The pictures of fish body and intestine. (B) Intestine histo-
pathological analysis of largemouth bass. (C) The statistical analysis was performed on the intestinal fold height, intestinal fold width, muscular thickness, and width of duplicature.
(D) Transmission electron microscope images of intestines of largemouth bass. The green arrows indicate the intestinal tight junction, and the orange star indicates mitochondrial
damage (scale bar = 2 um). Mean values with different letters indicate significant differences (P < 0.05), whereas those with the same letter or no letter indicate no significant
differences. ns = no significant differences. HFD + GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD + GA 1.0, HFD diet supplemented with 1.0 mg/kg GA; HFD + GA 1.5, HFD

diet supplemented with 1.5 mg/kg GA.

that the protein levels of NLRP3, ASC, GSDME and N-terminal
domain of GSDME (GSDME-N) were significantly higher in the HFD
group compared to the control group (P < 0.05). However, 0.5 and
1.0 mg/kg GA in the HFD group significantly downregulated the
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protein levels compared to the HFD group (P < 0.05). Nevertheless,
a high GA dose increased the protein levels compared to other
groups that added GA to HFD for NRLP3 but not significant for ASC
(Fig. 4C). As demonstrated in Fig. 4D, HFD considerably increased
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Fig. 2. Glycyrrhetinic acid (GA) alleviates mitochondrial damage in the intestine of largemouth bass induced by a high-fat diet (HFD). (A) The contents of adenosine triphosphate
(ATP) and malondialdehyde (MDA) content. (B) The mitochondrial membrane potential (MMP) by JC-1 staining with a fluorescence microscope (scale bar = 100 um) and detected
fluorescence intensities. (C) The intestinal cell suspension was double-stained with 4’,6-diamidino-2’-phenylindole (DAPI) and 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA),
and the fluorescence intensities and morphology change were observed under a fluorescence microscope (scale bar = 100 um), and relative reactive oxygen species (ROS) contents
were shown. Bars with different letters indicate a significant difference (P < 0.05). HFD + GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD + GA 1.0, HFD diet supplemented
with 1.0 mg/kg GA; HFD + GA 1.5, HFD diet supplemented with 1.5 mg/kg GA.

C

DAPI

the protein levels of high mobility group box1 (HMGB1) and 4. Discussion

caspase-1 in the intestine through immunohistochemistry (IHC).

Additionally, dietary GA supplementation considerably decreased 4.1. GA alleviates reduction in growth performance of largemouth
the expression of HMGB1 and caspase-1 compared to HFD without bass caused by HFD

GA (Fig. 4D). Pyroptosis eventually leads to cell lysis and death, and

LDH levels in the serum of largemouth bass fed HFD were signifi- Lipids play a crucial role in growth performance, body compo-
cantly higher compared to other groups (P < 0.05) (Fig. 4E). sition and energy supplementation. Numerous studies have
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Fig. 3. Intestinal tight junction-related gene expression in largemouth bass fed diets with graded glycyrrhetinic acid (GA) levels for 11 weeks. (A) Zonula occluden-1 (ZO-1),
occludin, claudin-1-related mRNA levels expression. (B) The levels of related proteins ZO-1, occludin, and claudin-1. (C) Immunohistochemistry for ZO-1 observed under a fluo-
rescence microscope (scale bar = 100 pm). Bars with different letters indicate a significant difference (P < 0.05). HFD + GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD + GA
1.0, HFD diet supplemented with 1.0 mg/kg GA; HFD + GA 1.5, HFD diet supplemented with 1.5 mg/kg GA.

demonstrated that fish growth performance and health can be
adversely affected by high levels of ROS, oxidative stress and
inflammation resulting from the chronic consumption of HFD (Du
et al., 2006; Xie et al., 2020). This study illustrates that HFD nega-
tively affect the growth performance of largemouth bass. Some
studies have reported an imbalance in energy-to-crude protein
ratio when excess fat is added to the diet and can lead to reduced
feed consumption and decreased nutrient utilization (Ding et al.,
2020). In this study, largemouth bass in the HFD group exhibited
reduced FI compared to the control group. Similar results have been
observed in blunt snout bream (Megalobrama amblycephal) (Jiang
et al., 2018) and Nile tilapia (Oreochromis niloticus) (Zhang et al.,
2020). The suppressed growth performance was further evident
in intestinal histology. In the present study, the HFD group had a
lower intestinal fold height than the other groups. A previous study
suggested that a reduction in the nutrient absorption surface area
of the intestine could negatively impact nutrient absorption in fish
(Xu et al., 2022).

This study demonstrated that GA supplementation has an effect
on the growth performance of largemouth bass, which is consistent
with the studies on blunt snout bream (Jiang et al., 2018) and
channel catfish (Ictalurus punctatus) (Desouky et al., 2020). It is
worth noting that fish fed HFD + GA 0.5 and HFD + GA 1.0 exhibited
higher FBW and FI compared to the HFD group. Additionally, adding
GA increased the intestinal fold height, resulting in an increased
intestinal surface area. These results suggest that the addition of GA
to HFD can mitigate the adverse effects of HFD on fish growth
performance. Glycyrrhetinic acid has been reported to improve
growth in blunt snout bream (Jiang et al., 2018), channel catfish
(Desouky et al., 2020), and mice (Chen et al., 2017) in previous
studies.

Visceral somatic index is an important index that affects the
production and commercial value of fish (Wang et al., 2019).

Previous studies have shown a corresponding increase in VSI in
largemouth bass fed HFD (Guo et al., 2019; Xie et al., 2020). Typi-
cally, VSI is influenced by the dietary fat level (Han et al., 2014).
Excess fat in the gut and other tissues of fish can accumulate due to
a HFD, eventually leading to inflammation (Zhang et al., 2020). The
addition of GA had a significant effect on VSI and IW compared to
the HFD group without GA (Jiang et al., 2018). The reason for the
increase in IW may be attributed to the expanded intestinal ab-
sorption area and increased nutrient absorption. The present study
indicated that GA may have a significant influence on the lipid
metabolism of these tissues. This result is consistent with previous
studies in blunt-nosed sea bream (Jiang et al., 2018). Furthermore,
consistent with the results of previous studies, feeding a HFD would
lead to an increase in lipid metabolism in largemouth bass (Yin
et al., 2021). In the present study, the addition of GA had an effect
on lipid metabolism in largemouth bass. Our results differ from
those of the blunt snout bream (Jiang et al., 2018). Meanwhile, the
HFD decreased the moisture content of largemouth bass, while
adding GA had no effect compared to the normal group. A similar
result was found in largemouth bass (Xie et al., 2020). The differ-
ences in results could be attributed to variations in species and feed
formulations.

4.2. GA alleviates intestinal pyroptosis of largemouth bass induced
by HFD

This study demonstrated the presence of pyroptosis in intestinal
injury caused by a HFD, and GA alleviated the pyroptosis by inter-
acting with HMGB1. The NLRP3 inflammasome, which comprises
NLRP3, caspase-1, and ASC, is associated with endogenous hazard
signals and microbe recognition (Stutz et al., 2017). Inflammasome-
triggered pyroptosis is a canonical process mediated by caspase-1.
The pore-forming effector protein GSDME is cleaved by caspase to
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Fig. 4. Effects of glycyrrhetinic acid (GA) on intestinal pyroptosis-related genes expression induced by high fat diets (HFD). (A) The mRNA expression of intestinal pyroptosis-related
genes including cysteinyl aspartate specific proteinase 1 (caspase-1), interleukin-1f (IL-16), interleukin-18 (IL-18). (B) Protein levels of total HMGB1 and cytoplasm HMGB1.
HMGB1 = high mobility group box1. (C) Related protein levels of intestinal pyroptosis-related genes, including RAGE, NLRP3, ASC, pro-caspase-1, caspase-1, GSDME, GSDME-N.
RAGE = receptor for advanced glycation end products; NLRP3 = NOD-like receptor family and pyrin domain contain 3; ASC = apoptosis-associated speck-like protein contain-
ing a C-terminal caspase recruitment domain; caspase-1 = cysteinyl aspartate specific proteinase 1; GSDME = gasdermin E; GSDME-N=N-terminal domain of GSDME. (D)
Immunohistochemistry for caspase-1 observed under a fluorescence microscope (scale bar = 100 um). (E) Lactate dehydrogenase (LDH) content in the serum. Bars with different
letters indicate a significant difference (P < 0.05). HFD + GA 0.5, HFD diet supplemented with 0.5 mg/kg GA; HFD + GA 1.0, HFD diet supplemented with 1.0 mg/kg GA; HFD + GA 1.5,

HFD diet supplemented with 1.5 mg/kg GA.

release its N-terminal fragment, leading to pyroptosis (Zhou and
Fang, 2019).

Glycyrrhetinic acid is one of the primary bioactive components
of licorice, and it is widely used in traditional Chinese medicine due
to its hepatoprotective, immunomodulatory, anti-inflammatory,
and antiviral properties. In the current study, the increased mRNA
levels of NLRP3, ASC, caspase-1, IL-13, IL-18, and GSDME in large-
mouth bass fed a HFD indicate the activation of the NLRP3
inflammasome and the subsequent caspase-1-dependent pyrop-
tosis signaling pathway. In addition, GA supplementation in HFD
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inhibited the upregulation of NLRP3, ASC, caspase-1, IL-14, IL-18 and
GSDME. Likewise, pyroptosis-related genes were upregulated in
HFD group in terms of protein levels. On the other hand, GA sup-
plementation inhibited the expression of pyroptosis-related genes.
This study demonstrated that GA can effectively ameliorate acute
intestinal inflammation induced by HFD by inhibiting NLRP3
inflammasome-dependent pyroptosis. These results are in line with
previous research conducted in rats, which suggested that pyrop-
tosis induced by HFD is primarily caused by GSDME pore formation
(Zhang et al., 2021), unlike mammalian pyroptosis induced by
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GSDMD (Li et al., 2020; Wang et al., 2020; Zhang et al., 2021). The
present study adds to the evidence that largemouth bass undergoes
pyroptosis through GSDME. Caspase-1 mediates pyroptosis trig-
gered by inflammatory vesicles. The similarity in the expression
patterns of both GSDME and caspase-1 is intriguing and is also
clearly shown in the principal component analysis (PCA) plot rep-
resenting measured variables in the intestine where they group
together. This suggests that NLRP3 may control the expression of
these two genes or that they act together. The immunohisto-
chemistry of caspase-1 showed the same trend as protein levels.
Pyroptosis is an inflammatory form of programmed cell death
accompanied by increased LDH in serum and intestines. Some of
the results are consistent with those reported in previous studies
(Wu et al., 2022; Zhang et al., 2021), suggesting that GA could also
ameliorate HFD-induced acute intestinal inflammation.

4.3. Glycyrrhetinic acid alleviates intestinal barrier damage of
largemouth bass caused by HFD

Increasing evidence from human and animal studies suggests
that consumption of HFD results in intestinal inflammatory
response and intestinal barrier damage (Malesza et al., 2021). The
tight intercellular junctions (TJ]) in vertebrates are closely related to
the physical barrier function of the intestine, and TJ are composed
of transmembrane proteins (Wu et al., 2022). Tight intercellular
junction protein not only maintains the physical barrier function of
fish but also limits the permeability of the intestinal barrier and
protects its stability (Suzuki, 2020). Claudin-1, ZO-1, and occludin
play a significant role in intestinal barrier integrity, although they
are present in low amount in the intestine (Wang et al., 2019). The
expression of claudin-1, ZO-1 and occludin mRNA in the intestine of
largemouth bass was significantly inhibited by HFD. These results
confirm that the TJ component is disrupted by an excess of lipids in
the feed. This is supported by the ultrastructural observation of the
intestinal apparatus. Similar results have been reported in previous
studies, suggesting that HFD impairs the intestinal tight junction in
grass carp (Ctenopharyngodon Idella) (Liu et al., 2022), tilapia
(O. niloticus) (Limbu et al., 2019) and mouse (Thomas et al., 2022),
and the intestine is more severely affected. Furthermore, adding GA
at doses of 0.5 and 1.0 mg/kg showed a protective effect against
intestinal barrier damage. The results demonstrated that a certain
dose of GA can alleviate and protect the intestine. This effect might
be due to the prevention of intestinal barrier function damage
caused by pyroptosis, as confirmed by the ultrastructural obser-
vation of the intestinal apparatus (Zhang et al., 2022). A similar
result suggests that pyroptosis-induced small intestinal macro-
phage pyrosis caused by HFD can lead to intestinal barrier damage
(Ye et al., 2022). The results presented in this study also support the
idea that GA can relieve intestinal barrier damage caused by
pyroptosis.

4.4. High-fat diets increased ROS and HMGBI1 release, leading to
pyroptosis

HMGB1 is increasingly recognized as the prototypic alarmin
(Yang et al., 2007), and has been implicated in the inflammatory
process by binding to its cognate receptor RAGE, ultimately trig-
gering the activation of the NLRP3 (Geng et al., 2015). Previous
studies have suggested that HMGB1 is secreted under different
conditions via a ROS-dependent mechanism (Min et al., 2017;
Tsung et al., 2007), which aligns with the finding that a HFD pro-
motes ROS production. Previous studies have demonstrated that
ROS production causes mitochondrial damage, inflammatory re-
sponses, and apoptosis in both fish and mammals as a result of HFD
treatment. To further investigate the reasons for the increase in
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ROS, we assessed the extent of mitochondrial damage. Using the JC-
1 assay, we observed that the HFD group experienced a loss of
mitochondrial membrane potential, which is associated with
increased ROS production by mitochondria. Previous studies have
also reported that ROS production cause mitochondrial damage
(Dang et al., 2022; Easson et al., 2022). On the other hand, we
detected the key enzymes related to mitochondrial damage,
including MDA and ATP. MDA is a product of lipid peroxidation and
is recognized as an important marker of oxidative stress. In this
study, the MDA content in largemouth bass tissues significantly
increased in response to HFD, while ATP showed the opposite
trend. Glycyrrhetinic acid is also known as an antioxidant, capable
of reducing ROS production and enhancing the body's antioxidant
capacity. Supplementation with GA at 0.5 and 1.0 mg/kg could
alleviate mitochondrial damage caused by HFD. In a previous study,
GA was found to inhibit ROS production in gastric cancer SGC-
7901 cells (Cai et al., 2018). This study further supports the idea that
GA can alleviate ROS production in the intestine of largemouth
bass, potentially by mitigating mitochondrial damage caused by
HFD.

When mitochondria become dysfunctional, excess ROS are
produced (Otsuka and Matsui, 2023). A loss of membrane potential
in fish fed HFD is apparent due to the lower formation of J-aggre-
gates when JC-1 enters the mitochondria relative to cationic JC-1
monomers. Moreover, higher formation of J-aggregates due to the
addition of GA can also disrupt mitochondria. Mitochondria-
derived ROS increased in HFD, while the addition of 0.5 and
1.0 mg/kg GA resulted in a decrease in ROS production.

4.5. Excessive GA caused harm to fish body

Glycyrrhetinic acid is a key bioactive compound in licorice,
known for its diverse biological and pharmacological activities
including anti-inflammatory, antiviral, antioxidant properties
(Zhang and Semple-Rowland, 2005). The study demonstrates that
GA supplementation can enhance anti-inflammatory capability and
positively impact the intestinal barrier of largemouth bass fed on
HFD. Glycyrrhetinic acid was found to mitigate proinflammatory
responses and reduce ROS production by down-regulating the
expression of related genes. In addition, previous studies have
suggested that GA interferes with antibody recognition of HMGBI,
indicating direct binding to the protein and inhibition of HMGB1
expression (Cavone et al., 2011; Yamaguchi et al., 2012). This aligns
with our findings that appropriate dietary supplementation of GA
can alleviate intestinal inflammation and damage to the intestinal
barrier caused by a HFD. However, we observed that excessive GA
supplementation can lead to increased intestinal injury. Some
studies have indicated that excessive GA can be cytotoxic, causing
cell damage by increasing the release of LDH in human Caco-2 cells
(Malekinejad et al., 2022). It is worth noting that GA is a derivative
of glycyrrhiza, and excessive glycyrrhiza consumption can result in
hypokalemia (Zhang et al., 1994). The mechanism of the effect of
excessive GA intake on intestinal health needs further study.

5. Conclusion

In conclusion, HFD can negatively impact the intestinal health of
largemouth bass by upregulating the expression of pyroptosis
genes and downregulating the expression of tight junction genes in
the intestine. Nevertheless, dietary supplementation with GA can
enhance the growth performance of largemouth bass and mitigate
the adverse effects caused by the HFD. Glycyrrhetinic acid achieves
this by boosting anti-inflammatory properties and fortifying in-
testinal barrier protection functions. Based on the growth perfor-
mance of largemouth bass fed HFD, the optimal supplemental
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levels of GA are 0.5 and 1.0 mg/kg and the ideal supplemental level
of GA is 1.0 mg/kg as it effectively enhances anti-inflammatory
properties and tight junction structure.
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