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Abstract: We aimed to explore the function of a newly gene Leucine-rich repeat-containing 58a (Lrrc58a) 

and investigated beberine (BBR) regulate cell physiology by altering Lrrc58a expression in zebrafish 

hepatocytes (ZFL). Using small interfering RNA (siRNA) interference, the effect of Lrrc58a knockdown 

on lipid accumulation, oxidative stress, cell apoptosis, and autophagy in ZFL were investigated. Then, four 

groups, control (CON), a sodium palmitate (SP) treatment group, a beberine (BBR) treatment group, and 

a sodium palmitate/berberine (SP+BBR) treatment group, were set. The results revealed that Lrrc58a-

knockdown cells had increased lipid accumulation, ROS content, cell apoptosis, and autophagy. Compared 

with the control group, SP treatment suppressed Lrrc58a mRNA expression accompanied by a similar phe-

notype with the si-Lrrc58a group, while BBR treatment enhanced Lrrc58a mRNA expression and reversed 

the process. Mechanistically, Lrrc58a knockdown increased lipid accumulation by inhibiting extracellular 

signal-regulated kinase (ERK), enhanced ROS accumulation by activating c-Jun N-terminal kinase (JNK), 
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and led to cell apoptosis and autophagy by inhibiting the mammalian target of rapamycin (mTOR). In 

conclusion, berberine may affect physiological processes such as intracellular lipid accumulation, oxidative 

stress, cell apoptosis, and autophagy by altering Lrrc58a gene-level changes. 

 

Keywords: Berberine; Lrrc58a; cellular physiology and metabolism 

 

1. Introduction 

It is well documented that fat excess deposition in non-adipose tissues (such as liver, heart, skeleton 

muscle, and pancreas tissue) initiates tissue damage, thus leading to the increase of the risk of metabolic 

syndrome and, in turn, enhancing liver steatosis and causing other syndromes [1,2]. Exogenous nutrient 

manipulation can reverse the process. Traditional Chinese medicine has exhibited multiple pharmacologi-

cal activities, including reducing liver lipid excess deposition, improving antioxidant capacity, and associ-

ated diseases in mammals [3]. BBR, a critical natural isoquinoline alkaloid extract from Chinese herbal 

medicine, has exhibited effects on reducing liver damage [4], lipid metabolism [5], ameliorating body in-

flammation [6], and cell apoptosis [7,8] over the past two decades. Similarly, our previous studies revealed 

that BBR addition inhibited lipid excess deposition and the progression of oxidative stress, reduced apop-

tosis, and enhanced the immunity of fish fed a high-fat diet in vivo and in vitro [9–11]. However, the process 

by which BBR regulates the improvement of physiological state is poorly understood. To elucidate this 

process, m6A Methylation and transcriptome Merip-Seq sequencing on zebrafish hepatocyte treated with 

BBR or/and SP (sodium palmitate) was carried out. The result showed that BBR could change cellular 

m6A RNA methylation level, and a new gene, Lrrc58a (LRR containing 58a), was screened out from dif-

ferentially expressed genes (p＜0.05, Fc≥2) (Table S1, [12]).  

Leucine-rich repeat (LRR), a widespread and conserved domain in proteins associated with innate 

immunity, has been found in proteins of all life forms, ranging from viruses to eukaryotes [13]. LRRs are 

20–29 residue sequence motifs, and domains containing tandems of two or more LRRs form the continu-

ously expanding LRR superfamily [14,15]. The structure of LRR proteins and domains provides a common 

structural framework for protein–protein interactions [15]. LRR-containing proteins in intracellular, extra-

cellular, and membrane attachment sites have shown extensive functional diversity, involving enzyme in-

hibition, RNA processing, cell growth, cell adhesion, signal transduction, and innate immunity [14,16,17]. 

The biological function of LRR in immunity is gradually emerging [13,18,19], but limited research has 

been undertaken on its role in lipid metabolism. 

Lrrc58a belongs to the LRR superfamily and is a 39.7-kD LRR-containing protein that is highly con-

served. It encodes an expressed 351-amino-acid protein that contains eight leucine-rich repeats (LRRs) in 

its C-terminal domain, which has 58.4% similarity to gene Lrrc58 (Homo sapiens) (Figure S1). However, 

few researchers have reported the function and the mechanism of Lrrc58a; thus, the study was performed 

to explore the gene function. Lrrc58a was knocked down by si-RNA to understand the role of Lrrc58a in 

the cellular physiological and metabolic process. Then, we detected Lrrc58a knockdown-induced intracel-

lular lipid accumulation, oxidative stress, autophagy, and apoptosis and verified that nutrient intervention 

could affect these physiological processes by altering Lrrc58a expression. 

 

 

https://www.sciencedirect.com/topics/neuroscience/rna-methylation
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2. Materials and methods 

2.1. Cell line culture 

The ZFL cell line (ATCC® CRL-2643) was purchased from the American Tissue Culture Collection 

(ATCC, Manassas, VA, USA). The complete growth medium used for cell culture was made from 20% 

DMEM medium, 30% DMEM/F12 medium, 50% Leibovitz's L-15 medium, the mixture containing 5% 

fetal bovine serum, 50 ng/ml epidermal growth factor, 10 μg/ml insulin, and 1% penicillin–streptomycin 

antibiotics purchased from Gibco. The flasks were maintained at 28°C in a cell incubator with 5% CO2. 

Cells were passaged at a ratio of 1:2 when hepatocytes were grown to 70–80% confluence. 

2.2. N6-methyladenosine (m6A) level detection  

m6A modifications on Lrrc58a genes were determined using Genseq® MeRIP m6A Kit (Cat#GS-ET-

001)) following the manufacturer’s instructions. RNA samples were fragmented (~200 nt), and 1–3ug frag-

mented RNA was saved as an input sample. Then, immunoprecipitation magnetic beads were prepared, 

and the immunoprecipitated reaction was performed. The obtained RNA samples were eluted with LB 

Buffer and HS Buffer, respectively. Thereafter, the eluted RNA samples were purified twice with RLT 

Buffer and 75% ethanol. Finally, The MeRIP RNA was analyzed with the corresponding input RNA by 

quantitative RT-PCR. 

2.3. Total RNA extraction, reverse transcription, and Real-time PCR 

Total cellular RNA was extracted, reverse transcribed, and the expression level of genes was detected 

by real-time fluorescence quantitative PCR as described previously [12]. Total RNA was extracted using 

an RNA Kit (Omega, United States) following the manufacturer's instructions under required aseptic con-

ditions. Each RNA sample's quality, integrity, and concentration were determined by 1% agarose gel elec-

trophoresis and a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, United States). Then, 

the reaction solution was prepared on ice and mixed thoroughly. The configured mixture was divided into 

reaction tubes (25 uL reaction system). Next, the qPCR was carried out on a CFX96 Real-Time PCR de-

tection system (Bio-Rad), and the specific reaction conditions were performed. Quantification of the target 

gene transcripts in each sample was normalized with β-actin expression calculated by the 2-△△Ct method. 

Normalized gene expression for the control group was set at 1. The primers of all the genes were synthe-

sized by Personal Gene Technology Co., Ltd. (Shanghai, China) and are listed in Table S1. 

2.4. Transfection and cell treatment 

siRNAs for Lrrc58a or negative control (mimic--NC) duplex were designed and provided by 

GenePharma (Shanghai, China). The siRNA sequences were as follows: siRNA-Lrrc58a, sense: 5'-

CGGCCAAUCUGAUCUAUUATT-3', antisense: 5'-UAAUAGCAUCAGAUUGGCCGTT-3'; siRNA 

was transfected with Lipofectamine TM 2000 transfection kit (Thermo Fisher) according to the manufac-

turer's protocol and transfected when the cells met at 70% confluent in six-well plates. Transfection was 

repeated three times. Sodium Palmitate or/and Berberine treatment were used to regulate mRNA 

Lrrc58a expression.  
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Then four groups were designed: control (CON), a sodium palmitate (SP) treatment group, beberine 

(BBR) treatment group, and sodium palmitate/berberine (SP+BBR) treatment group. CON group cells 

were culture with complete growth medium. For the SP group, the cells were exposed to complete work 

media containing 0.25 mM SP for 24 hours. For BBR group, the cells were treated with 25 µM BBR 

working solution (solvent 0.1% DMSO) for 6h. For SP +BBR group, the cells were exposed to 0.25 mM 

SP working solution for 24 hours and the changed BBR working solution (25 µM) for 6h [12]. 

2.5. Cell viability assay 

According to the manufacturer's instructions, the ZFL cell viability was detected by cell counting kit-

8 assay (Dojindo). ZFL were seeded in 96-well plates (1 × 104 cells/well) for 24h. After treatment, CCK8 

reagent was added to each well and incubated for 2 h. Then, a microplate reader (Synergy H1; BioTek) was 

used to assess cell viability (at 450 nm), and the errors caused by the differences in the cell numbers in each 

group in the fluorescence intensity assay were corrected versus the CCK-8 signal. 

2.6. Oil red O staining 

Intracellular lipid droplets were detected by oil red O (Sigma-Aldrich). ZFL were seeded in 6-well 

plates (3 × 105 cells/well) for 24h. After treatment, cells were washed with DPBS twice and fixed with 4% 

formaldehyde at 4℃ for 1h, followed by 0.5% oil red O staining for 45 minutes at 28℃. Once the staining 

finished, cells were washed with DPBS to remove the residual dye. Then, cells were observed through an 

inverted microscope, and pictures were taken (TE2000--E; Nikon). 

2.7. Cellular biochemical parameters assay 

After treatment, the original cell culture medium was discarded, followed by rinsing with DPBS. Then, 

100 µL cell lysis solution was added to lyse the cells fully. For lipid accumulation, intracellular TG and TC 

content were measured using commercial kits (Nanjing, Jiangsu, China) at 510 nm (Synergy H1; BioTek).  

2.8. ROS content 

DCFH-DA probe (Beyotime Biotechnology) was used to detect intracellular reactive oxygen species 

(ROS) content. After treatment, cells were rinsed with DPBS three times, incubated with DCFH-DA probe 

for 30 min, and rinsed with DPBS. Then, a microplate reader was used to determine the fluorescence in-

tensity at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. ROS fluorescence 

photographs were also taken. 

2.9. Oxidative stress assay 

For oxidative stress indicators, after treatment, the supernatant of cell lysis was measured for total 

antioxidant capacity (T-AOC), superoxide dismutase (SOD) activity, and glutathione (GSH) content. The 

contents and enzyme activities were presented as the ratio of values to protein concentration. The content 

of protein in each sample was determined by a BCA Protein Assay Kit. These biochemical parameters were 

measured using commercial kits (Nanjing, Jiangsu, China) according to the manufacturers' instructions. 
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2.10. Cell apoptosis 

Annexin V-Fluorescein isothiocyanate (FITC)/ propidium iodide (PI.) apoptosis assay kit (Beyotime 

Biotechnology) was used to quantify the percentage of cells undergoing apoptosis. Cells were collected at 

1× 105 cells per tube after centrifugation (×1000g, 5min) and then washed twice with ice-cold DPBS. Next, 

cells were resuspended in 195 uL Annexin V -FITC binding buffer followed by 5 uL Annexin V-FITC and 

10 uL of PI. After incubation for 15 min at room temperature in the dark, cell apoptosis was detected by 

flow cytometry within 1h. The upper left quadrant represented a mechanically injured cell, and the upper 

right quadrant was a late apoptotic cell. The lower left quadrant was a normal cell, and the lower right 

quadrant was an early apoptotic cell. In this experiment, the proportion of the upper right quadrant(Q2) + 

the lower right quadrant (Q4) was used as the percentage of apoptotic cells. The data were analyzed using 

FlowJo software version 7.6.1.  

Apoptosis rate (%) = number of apoptotic cells/total number of cells × 100%. 

2.11. Transmission electron microscopy analysis 

For transmission electron microscopy (TEM) analysis, ZFL were seeded in a 10cm petri dish (3 × 106 

cells/dish) for 24h. After treatment, cells were scraped off directly, and the cell suspension was transferred 

to the centrifuge tube. Cells were fixed with 2.5% glutaraldehyde fixative for 6–8 h and then washed with 

DPBS. Then, the cells were postfixed with 1 % osmium tetroxide for 2h and progressively alcohol--dehy-

drated, embedded, and polymerized for 48 hours at 60℃. Next, representative sections (60–70 nm) were 

prepared and double-stained with 3% uranyl acetate and lead citrate. Imaging of sections was completed 

with a transmission electron microscope (Talo L120C G2; Thermo). 

2.12. Western blot 

After treatment, the cells were washed with ice-cold DPBS and then lysed for 30 min with RIPA cell 

lysis solution. The total protein concentration was determined by the BCA method. The equal quantities of 

protein (30 ug) were separated by 10% SDS-PAGE and transferred to the PVDF membranes (200 mA 2 

h). Antibodies to LC3B, ATG7, Beclin1, ERK, p-ERK, PI3K, p-PI3K, m-TOR, p-m-TOR, JNK, p-JNK 

(1:1000), and α-tubulin (1:2000) were incubated with blots overnight at 4℃ in the buffer recommended 

and then washed with TBST. Next, the membranes were incubated with HRP-conjugated secondary anti-

body (1:2000) for 2h at room temperature and then washed with TBST. The protein bands were then visu-

alized using ECL reagents according to the manufacturer's protocol. Image J software was used to analyze 

the fold-changes of protein levels. The protein bands were normalized to those of α-tubulin.  

2.13. Statistical analysis  

Statistical differences between the groups were analyzed using One-way analysis of variance 

(ANOVA) and checked for normality and homogeneity of variance before analysis. Duncan's multiple 

range test was applied when a significant difference was observed between groups. All results were pre-

sented as mean ± standard error (X ± SEM) from at least three independent experiments. p < 0.05 indicated 

a statistically significant difference.  



    40 

AIMS Animal Science                                                 Volume 2, Issue 1, 35–52. 

3. Results 

3.1. Biological Function of the Lrrc58a Assay  

As a newly discovered gene, the literature has reported the function of Lrrc58a. Initially, Lrrc58a was 

assayed to validate the DEG data (Figure 1A.B). Then, the function of the gene was explored using siRNA 

(si-Lrrc58a) in ZFL, and its transfection efficiency was verified by qRT-PCR. The results showed that the 

Lrrc58a knockdown efficiency (P < 0.05) reached >50% at 36h after transfection (Figure 1C). 

3.1.1. Intracellular lipid accumulation and oxidative stress 

We first explored the intracellular lipid contents to investigate the relationship between lipid accumu-

lation and Lrrc58a expression. As visualized by ORO staining, TG, and TC contents, Lrrc58a knockdown 

remarkably (P < 0.05) aggravated lipid accumulation in vitro compared to the control group (Figure 1D-

F). Compared with the control group, lipolysis-related gene PPARα and ATGL of the si-Lrrc58a group 

were significantly (P < 0.05) decreased. No difference was observed in the FAS and ACC genes (Figure 

1G). As seen in Figure 1, compared with the control group, the intracellular ROS content of the si-Lrrc58a 

group was significantly (P < 0.05) increased, indicating apparent oxidative stress occurred (Figure 1H.I). 

Additionally, major antioxidant indicators, T-AOC and GSH contents, were significantly (P < 0.05) de-

creased. SOD activity of the si-Lrrc58a group was slightly increased (Figure 1G-L).  

3.1.2. Cell apoptosis and autophagy 

A growing amount of evidence shows that LRR superfamily proteins affect cell proliferation and 

apoptosis. Therefore, the relationship between Lrrc58a and cell apoptosis was next performed. As dis-

played in Figure 2, compared with the control group, cell apoptosis rate determined by flow cytometry 

(Figure 2A.B) and relative mRNA Bax expression determined by qRT-PCR (Figure 2D) in the si-Lrrc58a 

group were significantly (P < 0.05) increased. Moreover, cell viability was significantly decreased (Figure 

2C). The relative mRNA of ATG 7, Beclin1, and LC3B expression were increased (P < 0.05) compared to 

those of the control group (Figure 2E). In addition, western blot analysis showed that the protein expression 

of ATG 7, Beclin1, and LC3B in the different groups was consistent with the mRNA level (Figure 2F.H). 

Moreover, ultrastructural analysis by TEM further showed that cells of the si-Lrrc58a group were severely 

vacuolated: Crushed and deformed nucleoli, apparent autophagic vesicles were observed (Figure 2I).  
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Figure 1. Intracellular lipid accumulation and oxidative stress. (A) m6A methylation level anal-

ysis of Lrrc58a, performed by immunomagnetic bead. (B) qRT-PCR analysis of Lrrc58a. 

(C)qRT-PCR analysis of Lrrc58a knockdown efficiency at 36h. (D) ORO staining. (E) TG con-

tent. (F) TC content. (G) qRT-PCR analysis of gene expression of lipogenesis and lipolysis. (H) 

Detection of ROS production with DCFH-DA staining (H, scale bar, 10 μm). (I) The mean in-

tensity of green fluorescence represents the level of ROS in the cells. (J-L) Detection of major 

intracellular antioxidant enzyme activities; J. T-AOC. K. SOD, and (L. GSH. The experiment 

was repeated three times (n = 3), and the different letters indicate a significant difference (P < 

0.05). β-actin is the internal control in qRT-PCR analysis.  
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Figure 2. Cell apoptosis and autophagy. (A,B) Detection of apoptosis in ZFL cells by An-

nexin‑V/PI double‑staining followed by flow cytometric analysis. The upper right (Q2) and 

lower right areas (Q4), which represents the percentage of late apoptosis and early apoptosis, are 

analyzed. (A) Representative cytograms of apoptosis. (B) Quantification of cell apoptosis. (C) 

Detection of cell viability by CCK-8. (D) Relative expression of Bax after treatments. (E-H) 

Detection of qRT-PCR (E) and western blot (F-H) on the expression levels of ATG7 (F), Be-

clin1(G), and LC3B(H) protein. (I) Transmission electron microscope images of ZFL cell after 

treatments. The black arrow is the autophagic vacuole; and the red arrow is swollen mitochondria. 

The experiment was repeated three times (n=3), and the letters indicate a significant difference 

(P < 0.05).  

 

javascript:;
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3.1.3. mTOR/ERK/JNK signaling pathway factors assay 

Studies have demonstrated that PI3K, ERK, JNK, and mTOR signaling pathways are related to regu-

lating lipid accumulation, oxidative stress, cell apoptosis, and autophagy [20–23]. Therefore, the expres-

sion of the above proteins and their phosphorylated proteins were tested. As displayed in Figure 3, the ratio 

of p- ERK/ ERK and p-mTOR/mTOR were significantly (P < 0.05) decreased, and p- JNK/ JNK 

was increased considerably (P < 0.05), while no difference was observed for p-PI3K/ PI3K after 

Lrrc58a knockdown.  

 

Figure 3. Detection of western blot on the expression levels of p-PI3K, PI3K, p-ERK, ERK, p-

JNK, JNK, p-mTOR, and mTOR proteins. The data showed the ratio of p-PI3K/PI3K (A), p-

ERK/ERK (B), p-JNK/JNK (C), and p-mTOR/mTOR (D). The experiment was repeated three 

times (n=3), and the letters indicate a significant difference (P < 0.05).  

3.2. Lipid Accumulation, Oxidative stress, Apoptosis, and Autophagy Assays under SP or BBR treatment  

Figure 1 shows that gene Lrrc58a expression of the SP group was significantly (P < 0.05) decreased 

compared with the control group. Moreover, BBR treatment (BBR and SP+BBR group) significantly (P < 

0.05) enhanced Lrrc58a expression compared with the other two groups (Figure 1B). Comparable results 

were found in the SP group, with increased (P < 0.05) TG/TC content and ROS content and impaired 

antioxidant capacity, indicating severe lipid accumulation and oxidative stress (Figure 4). In contrast, 
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BBR/SP+BBR treatment mitigated lipid accumulation and oxidative stress, exhibiting lower (P < 0.05) 

TG/TC content and ROS content (Figure 4).  

 

Figure 4. Intracellular lipid accumulation and oxidative stress. (A) ORO staining analysis. (B) 

TG and TC content. (C.D) Detection of ROS production with DCFH-DA staining (C, scale bar, 

10 μm). (D) The mean intensity of green fluorescence represents the cells' ROS level. (E-G) 

Detection of major intracellular antioxidant enzyme activities (E. T-AOC.F. SOD) and antioxi-

dant content (G. GSH). The experiment was repeated three times (n=3), and the letters indicate 

a significant difference (P < 0.05). Control (CON), ZFL without treatment. Sodium palmitate 

treatment (SP), ZFL with 0.25 mM Sodium Palmitate treatment. Berberin treatment (BBR), ZFL 

with 25 µM Berberine treatment. Sodium palmitate/berberine treatment (SP+BBR), ZFL with 

0.25 mM SP and 25 µM BBR treatment. 
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Compared with the control group, cultured cells of the SP group exhibited higher (P < 0.05) cell 

apoptosis and autophagy factor expressions (Figure 5). The results showed that cell apoptosis and relative 

mRNA Bax expression significantly (P < 0.05) declined in the BBR and SP+BBR groups compared to the 

SP group (Figure 5A and D). As a consequence, cell viability was significantly (P < 0.05) enhanced (Figure 

5C). Moreover, major autophagy indicator ATG 7, Beclin1, and LC3B relative mRNA expression were 

significantly (P < 0.05) declined in BBR treatment compared with the SP treatment group (Figure 5E). 

Western blot analysis showed that the protein expression of ATG 7, Beclin1, and LC3B was consistent with 

the mRNA level (Figure 5F-G). p-ERK/ ERK, p- JNK/ JNK, and p-mTOR/mTOR protein expressions 

were determined. Compared with SP, the ratio of p-ERK/ERK or p-mTOR/mTOR in BBR/SP and BBR 

groups were significantly (P < 0.05) enhanced, while p-JNK/JNK ratio was significantly (P < 0.05) de-

clined (Figure 6).  

 

Figure 5. Cell apoptosis and autophagy. (A,B) Detection of apoptosis in ZFL cells by An-

nexin‑V/PI double‑staining followed by flow cytometric analysis. The upper right (Q2) and 

lower right areas(Q4), representing the percentage of late and early apoptosis, are analyzed. (A) 

Representative cytograms of apoptosis. (B) Quantification of cell apoptosis. (C) Detection of 

cell viability by CCK-8. (D) Relative expression of Bax after treatments. (E-G) Detection of 

qRT-PCR (E) and western blot (F-g) on the expression levels of ATG7, Beclin1 and LC3B(G) 

protein. The experiment was repeated three times (n=3), and the letters indicate a significant 

difference (P < 0.05).  
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Figure 6. Signaling pathways assay. A. Representative images of western blot Detection of west-

ern blot on the expression levels of p-ERK, ERK, p-JNK, JNK, p-mTOR, mTOR, and proteins. 

The data show the ratio of (B) p-ERK/ERK, (C) p-JNK/JNK, and (D) p-mTOR/mTOR. The 

experiment was repeated three times (n=3), and the letters indicate a significant difference (P < 

0.05).  

4. Discussion 

In our previous study, we demonstrated that nutrient manipulation regulated total methylation 

level [12], and Lrrc58a was screened out from co-analysis of methylation and transcriptome. In this paper, 

we studied if Lrrc58a is involved in lipid accumulation, oxidative stress, apoptosis, and autophagy pro-

cesses and change related-key factors, such as ERK, JNK, and mTOR in ZFL.  

Lrrc58a, a leucine-rich repeat-containing 58a protein, belongs to the LRR superfamily protein. More-

over, members of the LRR superfamily have been reported to regulate gene expression, cell proliferation, 

and apoptosis, while researchers have investigated the relationship between LRR and lipid metab-

olism [14,17,24]. Our study demonstrated that Lrrc58a knockdown induced severe lipid accumulation; 

similar results were found in the SP group. Therefore, we hypothesized that SP could induces lipid accu-

mulation by inhibiting Lrrc58a expression. After BBR treatment, the TG and TC contents of the BBR and 

SP+BBR groups decreased simultaneously. Further evidence suggested that Lrrc58a knockdown exacer-

bated intracellular lipid accumulation by inhibiting the expression of lipolytic genes. These results may 

point out that the pro-lipolytic effect of BBR may be exerted through Lrrc58a expression changes.  
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The ERK signaling pathway, one of the MAPK pathways, plays a vital role in regulating lipid metab-

olism, such as lipid synthesis, oxidative decomposition, and lipid transport [25–27]. Additionally, it has 

been revealed that ERK induces the expression of lipid metabolism-related genes such as PPAR [23,27]. 

In our study, Lrrc58a knockdown consistently inhibited the expression of p-ERK protein and, consequently, 

the expression of downstream genes PPARα and ATGL. On the other hand, BBR-enhanced Lrrc58a ex-

pression reversed the above phenomenon and curbed lipid accumulation. Taken together, we suggest that 

BBR treatment enhances mRNA Lrrc58a expression by elevating the Lrrc58a methylation level, 

which activates ERK and downstream lipolysis-related gene expression and reduces intracellular 

lipid accumulation.  

In the early stage of intracellular lipid accumulation, cells would accelerate lipid catabolism to main-

tain intracellular homeostasis, and mitochondria produce a small number of ROS through β-oxidation. 

When lipid accumulation continues, continuous activation of mitochondrial β-oxidation generates many 

ROS, damaging mitochondrial function and decreasing ATP production, leading to impaired lipid metabo-

lism and increased lipid accumulation [28,29]. Moreover, there are two major methods for scavenging ROS; 

enzymes such as SOD and non-enzymatic antioxidants such as GSH [30,31]. SOD, the superoxide enzyme, 

catalyzes superoxide anion radicals (O2−) into O2 and H2O2, which plays a vital role in maintaining the 

balance of ROS [30]. Glutathione, a major cellular antioxidant, is recognized as a vital indicator of the 

degree of oxidative stress. The other is to increase antioxidant capacity by supplementing with exogenous 

antioxidants [31]. The action of enzymes and non-enzyme systems simultaneously would lead to a better 

effect in removing ROS and resisting oxidative stress. In this study, under normal conditions, the produc-

tion and scavenging of ROS are in balance and dynamic changes. However, excessive intracellular fat 

accumulation could imbalance the REDOX system and increase intracellular ROS content, which induces 

cellular dysfunction. Therefore, the effect of Lrrc58a knockdown on oxidative stress levels was evaluated. 

ROS was significantly increased, and antioxidant enzyme activity and antioxidant content were signifi-

cantly decreased in the si-Lrrc58a and SP groups, indicating the core role of Lrrc58a in cellular oxidative 

stress. Conversely, BBR treatment effectively mitigated oxidative stress on declined ROS content and in-

creased antioxidant capacity. Herein, increased SOD activity was observed in the BBR group. To our aston-

ishment, SOD activity was also increased in the si-Lrrc58a group, while the GSH level was decreased. The 

reason for this might be that a certain amount of ROS produced after Lrrc58a knockdown preferentially 

consumes antioxidants and reduces the damage of ROS to antioxidant enzymes, which stimulates the ac-

tivity of antioxidant enzymes slightly and leads to a declined total antioxidant capacity. Besides, much 

literature has reported that BBR has a scavenging ability to quench O2− and NO. Furthermore, BBR upreg-

ulated non-enzymatic antioxidant defenses [29,32]. Additionally, researchers have reported that 

BBR treatment activates AMPK phosphorylation to promote the transcription and activity of the 

antioxidant gene SOD in response to oxidative stress [32,33]. Thus, we suppose that BBR treat-

ment may promote AMPK phosphorylation through Lrrc58a activation to deal with oxidative stress, 

which requires further investigation. 

More evidence showed that certain ROS levels promote cell proliferation and differentiation. Further-

more, the increased generation and accumulation of ROS exacerbate cellular damage by attacking biofilms, 

membrane systems, DNA, proteins, and other macromolecules [2,34]. The initiation of apoptosis can be 

determined by morphological changes such as nuclear fragmentation, chromatin condensation, cell shrink-

age, and membrane blistering [35,36]. Consistent with this, Annexin V staining and TEM showed that ZFL 

cells of si-Lrrc58a began to show an apoptosis phenotype, with a sharp increase in apoptosis rate and a 

significant rise in pro-apoptotic related genes. After BBR treatment, Lrrc58a expression was enhanced in 
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hepatocytes, pro-apoptotic genes were significantly reduced, and cell apoptosis was effectively weakened, 

indicating that Lrrc58a may be a key factor in apoptosis development.  

Comparable to apoptosis, autophagy is a conserved physiological phenomenon in eukaryotic that de-

grades dysfunctional proteins and organelles to counteract  stress [37]. This process is pivotal for sustain-

ing cellular metabolism, homeostasis, and genomic integrity; thus, its compromise is a key factor in 

the pathogenesis of numerous diseases [22,38]. In recent years, many studies have linked LRRC to autoph-

agy. Kunapuli et al. demonstrated that LGI1, a member of the LRR superfamily gene, significantly inhib-

ited cell proliferation and invasion in cells that do not (T98G glioma cell line) express LGI1 en-

dogenously [39]. Xian et al. found that the LRRC59 gene regulates type I interferon signaling by inhibit-

ing SQSTM1/P62-mediated autophagic degradation of pattern recognition receptors [16]. Consistent with 

these results, we found that Lrrc58a knockdown enhanced the mRNA and protein expression of autophagy 

factors and accelerated the formation of autophagosomes. These results indicated that the cells undergo a 

transition from physiological autophagy to pathological excessive autophagy, which affects the function 

and state of the cells. Moreover, cells of SP treatment-induced low Lrrc58a expression showed excessive 

autophagy. Conversely, BBR treatment combined with high Lrrc58a expression restored physiological au-

tophagy in the cell. In aggregate, Lrrc58a may be a key factor in regulating autophagy.  

JNK, a vital member of the MAPK superfamily, is a crucial regulator of ROS-mediated cell responses 

with various functions to regulate cellular activities and stress responses [40]. Studies have shown that high 

levels of ROS can induce autophagy and apoptosis by activating the JNK signaling pathway in human 

cervical cancer cells and osteosarcoma cells [41]. In addition, the mTOR signaling pathway is a classical 

pathway that regulates cell proliferation, autophagy, and apoptosis. The accumulation of ROS can also 

induce autophagy and apoptosis by regulating the mTOR pathway [21]. In our study, Lrrc58a knockdown, 

intracellular ROS accumulation, JNK and mTOR phosphorylation, apoptosis, and autophagy processes 

were changed. Moreover, BBR treatment increased JNK and mTOR phosphorylation, inhibiting cell au-

tophagy and apoptosis. Additionally, berberine increased cell Lrrc58a gene expression. Moreover, many 

researchers have reported that PI3K/Akt and AMPK, as upstream kinases of mTOR, regulate cell prolifer-

ation, survival, apoptosis, and autophagy by affecting the phosphorylation of the downstream mTOR sig-

nals [42–44]. However, no difference was observed in PI3K phosphorylation levels among groups after the 

Lrrc58a knockdown, indicating that PI3K was not involved in the Lrrc58a-regulated physiological process.  

Therefore, based on the present data, we inferenced that berberine could participate in lipid metabo-

lism, apoptosis, or autophagy through Lrrc58a gene experssion changes. However, in this paper, there was 

no direct evidence to prove this, whice requires further investigation. 

5. Conclusions 

In summary, beberin could affect cell physiology and metabolism, including intracellular lipid accu-

mulation, oxidative stress, and autophagy processes through Lrrc58a gene expresion changes. However, a 

limitation should be acknowledged for this study: It did not provide adequate evidence to support a direct 

link between berberine activity and the regulation of lrrc58a. Further studies about genes operating 

within the same regulatory pathway and additional genes or pathway components related to lrrc58a 

should be investigated. 
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