
 

Abstract 
Background/Aim: Metabolic dysfunction–associated steatotic liver disease (MASLD) is a serious global public health 
concern. Long non‑coding RNAs (lncRNAs) have been identified as key contributors to MASLD pathogenesis. Zebrafish 
can be utilized to study the relationship between MASLD and lncRNAs because of their similarity to human genes. 
Oil Red O staining is a traditional method for confirming liver fatty changes; however, it has several limitations. This 
study aimed to evaluate the efficacy of boron‑dipyrromethene (BODIPY) in detecting fatty changes in the liver.  
Materials and Methods: Liver tissues were collected from 30 zebrafish that were fed a BODIPY‑containing high‑cholesterol 
diet. Oil Red O and BODIPY staining were evaluated by two pathologists, and next‑generation sequencing (NGS) was performed 
using liver tissues categorized into high fatty change (six liver tissues) and low fatty change (six liver tissues) groups. 
Results: BODIPY and Oil Red O staining of zebrafish liver sections correlated significantly (p=0.009). NGS identified 
eight differentially expressed lncRNAs with over a 10‑fold difference between the high‑ and low‑fatty acid change 
groups. Of these, three showed lncRNA‑mRNA interaction networks linked to human disorders. 
Conclusion: BODIPY staining is a reliable alternative to Oil Red O staining for assessing fatty changes in MASLD 
zebrafish models, particularly when examining frozen liver sections. 
 
Keywords: Metabolic dysfunction–associated steatotic liver disease (MASLD), Boron‑dipyrromethene (BODIPY), 
long non‑coding RNA (lncRNA), zebrafish.
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Introduction 
 
Metabolic dysfunction–associated steatotic liver disease 
(MASLD), previously named nonalcoholic fatty liver 
disease (NAFLD), refers to a group of related liver 
disorders, including metabolic dysfunction‑associated 
steatohepatitis (MASH), cirrhosis, and hepatocellular 
carcinoma (1, 2). MASLD is the most common cause of 
chronic liver disease, with a 25% global prevalence, and is 
the leading cause of liver‑related morbidity and mortality. 
Thus, a deep understanding of the pathophysiological 
mechanisms driving MASLD is essential for developing 
targeted therapies (3). Owing to its nature as a multisystem 
disease that is associated with insulin resistance, oxidative 
stress, the cell death pathway, and adipocytokines, 
elucidating the pathophysiological mechanisms of MASLD 
remains challenging (4). 

Non‑coding RNAs, particularly long non‑coding RNA 
(lncRNAs; non‑coding transcripts of over 200 nucleotides), 
are associated with various metabolic disorders (5). In 
addition, lncRNAs are involved in various physiological 
processes, including cell differentiation and developmental 
regulation, cytokine expression, endotoxic shock, 
inflammatory and neuropathic pain, cholesterol biosynthesis 
and homeostasis, glucose metabolism, cell signaling, and 
transport pathways (6). lncRNAs are important genetic 
factors involved in MASLD‑associated fibrosis (7). 

Zebrafish are freshwater fish belonging to the minnow 
family. In the 1930s, zebrafish were first used as a research 
model, owing to their short reproduction period (three to 
four months) (8). In addition, because of their genetic 
similarity to humans, transparent embryos, and 
applicability in large‑scale screening, zebrafish have 
emerged as a valuable model organism in biomedical 
research (9). The zebrafish has emerged as a useful model 
for investigating MASLD for the following reasons: 
zebrafish genes can be easily manipulated; the zebrafish 
MASLD model is physiologically similar to MASLD in 
humans; and fatty liver and lipid absorption processes are 
easily observable in tissues using oil red O staining and 
fluorescently labeled fatty acid analogs, respectively (10). 

Oil Red O staining is frequently used to visualize fat 
droplets; however, it is associated with several limitations. 
For example, it forms precipitates and red crystals that affect 
the interpretation of the results (11). Fluorescence imaging 
is a convenient method for visualizing the dynamics of lipid 
droplets in a cellular environment. Boron–dipyrromethene 
(BODIPY) is a fluorescent dye with high specificity and 
sensitivity, more accurately representing fatty acid 
accumulation and distribution (12). Liver tissue BODIPY 
staining and hepatic steatosis assessment have been 
successfully conducted in a rat model using fluorescent‑
stained lipid droplet analysis (13). In addition, Miyares et al. 
showed that BODIPY‑labeled fatty acids can be delivered to 
zebrafish yolks to visualize lipid and lipoprotein dynamics 
and measure fatty acid metabolism (14).  

In this study, we hypothesized that immunofluorescence 
microscopy with BODIPY dye is superior to optical 
microscopy with Oil Red O staining in evaluating fatty acid 
accumulation and distribution in the livers of zebrafish fed 
a high‑cholesterol diet. Therefore, in this study, we aimed 
to determine the sensitivity and specificity of immuno‑
fluorescence microscopy with BODIPY dye in evaluating 
fatty acid accumulation and distribution in the livers of 
zebrafish fed a high‑cholesterol diet and compare it with 
that of optical microscopy with Oil Red O staining. In 
addition, we aimed to identify lncRNAs involved in the 
development of MASLD in the zebrafish model using next‑
generation sequencing (NGS). 
 
Materials and Methods  
 
The high cholesterol diet fed adult zebrafish model. Thirty 
wild‑type AB line adult zebrafish (3 months post‑
fertilization) were included in the experiment. The zebrafish 
were kept in a water tank that was maintained at 28˚C. A 
high‑cholesterol diet was prepared as previously described 
by Kan Chen et al. (15) using gemma micro (ZF 300, 
Skretting, Tooele, UT, USA) as the basic food. Cholesteryl 
BODIPY 542/563 C11 was dissolved in chloroform and 
mixed with the food. Following complete chloroform 
evaporation, the food contained the fluorescent probe 
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[1/100,000 (w/w)]. All 30 zebrafish were fed the resulting 
food [a high‑cholesterol diet (1.5 g per day)] for eight weeks. 

Eight weeks later, the zebrafish were anesthetized with 
10 g of ethyl3‑aminobenzoate methanesulfonate (#E10521, 
Sigma, Burlington, MA, USA) for 3‑5 min and euthanized. 
This study was approved by the Institutional Animal Care 
and Use Committee of the Gyeongsang National University 
(GNU‑240710‑E0140). All experiments involving live 
animals were performed in accordance with the relevant 
guidelines and regulations and are reported in accordance 
with the ARRIVE guidelines.  
 
Evaluation of fatty changes in the liver. For staining, the 
frozen tissues of each zebrafish were cut longitudinally 
into 4‑µm thick sections. Eight or more frozen liver 
sections were obtained from each zebrafish; six or more 
were stained with Oil Red O as described in our previous 
study (16), one was stained with hematoxylin and eosin 
(H&E), and the remaining one was used for fluorescence 
microscopy examination.  

Propylene glycol (80%) was added for 2 min, and Oil 
Red O staining was performed for 35 min. After washing 
the stained slides twice with distilled water, microscopic 
washing was performed to prevent overstaining. This 
method was identical to that used in our previous study 
(16). The proportion of fatty changes on each slide stained 
with Oil Red O was blindly evaluated by two pathologists. 
The value of the section with the highest true signal 
proportion after oil red O staining was used as the 
representative value. BODIPY liver samples were observed 
by immunofluorescence microscopy using a fluorescein 
isothiocyanate (FITC) filter (UV light intensity, ND4 filter, 
and exposure time of 300 ms). BODIPY staining was 
categorized into three classes (1+, 2+, and 3+) according 
to the immunofluorescence reading criteria on human 
kidney biopsy and was interpreted by two pathologists. 

 
RNA extraction and next‐generation sequencing analysis. A 
scalpel was used to obtain liver tissue from the remaining 
frozen specimens. The tissue was immediately crushed in 
10 µl of Trizol (#15596026, Invitrogen, Carlsbad, CA, USA) 

and stored at –70˚C. Based on the fatty change 
measurements of the liver tissue, six zebrafish samples 
were assigned to the low‑ and high‑fatty liver groups. Six 
specimens with a BODIPY score of 1+ and an oil red O score 
of 0% were included in the low group, whereas six 
specimens with BODIPY scores of 3+ or 2+ with a high oil 
red O score (20‑30%) were included the high group. Liver 
specimens of zebrafish numbers 1, 9, 19, 21, 22, and 25 with 
high fatty liver scores based on oil red O staining and 
BODIPY were pooled into a “high” group. Zebrafish 
numbers 3, 4, 6, 10, 15, and 18 were pooled into a “low” 
group. RNA was extracted from the two pooled groups. The 
method of RNA extraction from the tissue is described in 
our previous study (16). Total RNA was depleted of rRNA 
using the Ribo‑zero H/M/R Gold kit (Illumina, San Diego, 
CA, USA), according to the manufacturer’s instructions. 
Library preparation and quality validation were conducted 
prior to NGS. Total RNA integrity was assessed using an 
Agilent Technologies 2100 Bioanalyser (Agilent, Santa 
Clara, CA, USA), ensuring an RNA Integrity Number (RIN) 
of seven or higher. To confirm the size of the PCR‑enriched 
fragments, we evaluated the template size distribution 
using an Agilent Technologies 2100 Bioanalyzer equipped 
with a DNA 1000 chip. Transcriptome sequencing was 
performed on an Illumina platform, and raw sequencing 
data were quantified as fragments per kilobase of exons per 
million fragments mapped (FPKM) for each sample. The 
statistical significance of the fold changes in the transcript 
expression profiles was analyzed using paired t‑tests 
(Macrogen, Seoul, Republic of Korea). 
 
Results 
 
BODIPY was superior to oil red O staining in the liver 
specimens of the zebrafish. The fatty liver change scores of 
30 adult zebrafish after 8 weeks of high‑cholesterol diet 
consumption are summarized in Table I. Eight frozen liver 
sections were obtained from zebrafish 25. The frozen 
section stained with H&E revealed no observable changes 
in fat content. It was difficult to identify the lipid droplets 
because they were dissolved in the organic solvent used 



during the H&E staining process, leaving only an empty 
space (Figure 1A). Another frozen liver section (from  
the same sample, zebrafish 25) was used for 
immunofluorescence microscopy. A diffuse positive signal 
for BODIPY was detected using immunofluorescence 
(Figure 1B). The remaining six frozen sections were used 
for the oil red O staining; partially positive red droplets 
were observed at the center of the image (Figure 1C). The 
highest observed among the six slides was considered 
the representative value. Oil‑red O staining sections were 
difficult to interpret because of tissue detachment during 
washing with distilled water (Figure 1C). A statistically 
significant correlation was observed between the 
BODIPY and Oil Red O scores (p=0.009, linear‑by‑linear 
association). 

 
Identification of long noncoding RNAs associated with 
nonalcoholic fatty liver disease in zebrafish. After library 
preparation and validation quality checks, the high‑ and low‑
fatty liver groups were included in the final RNA sequencing. 
Using NGS, differentially expressed gene (DEG) analyses 
were performed between high and low fatty change groups 
using edgeR; 5065 DEGs (genes that satisfied the |fold 
change| ≥2 and p‐value <0.05 conditions) were identified. 
Among the 5,065 genes, 1,772 were significantly up‑
regulated and, 3,293 were significantly down‑regulated. We 
selected eight lncRNAs (ZFLNCT14973, ZFLNCT11502, 
ZFLNCT03767, ZFLNCT08104, ZFLNCT11854, ZFLNC 
T00315, ZFLNCT18769, and ZFLNCT04118) with greater 
than ten‑fold changes (Table II).  

 
Discovery of human homologs for the eight long noncoding 
RNAs identified in zebrafish. Human homologs of these eight 
lncRNAs according to ZFLNC are ENST00000475761, 
ENST00000474557, NONHSAT075167, NONHSAT188126, 
ENST00000555934, ENST00000415070, ENST000005 
87701, NONHSAT180080, and NONHSAT174445 (Table 
II). We searched for these human loci in the Ensembl (17‑
21) and NONCODE (22‑25) databases to obtain general 
information, sequences, expression profiles in human 
tissues, and exosome expression profiles.  

Using the Zebrafish LncRNA Database (26‑28), we 
confirmed that there is a lncRNA‑mRNA (protein‑coding 
gene) interaction network between four of the eight 
lncRNAs in zebrafish, three of which (ZFLNCT11854, 
ZFLNCT00315, and ZFLNCT18769) (LOC100537717, 
b3gat2, dnm1b, nlgn3b, s100a1, trpm4c, and zgc:100864) 
are associated with human diseases, including type 2 
diabetes mellitus, Barrett's esophagus, schizophrenia, 
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Table I. Boron‐dipyrromethene (BODIPY) score compared with oil‐red O 
stain in liver specimen of the zebrafish.  
 
No.                 BODIPY score                  Oil red O stain                 NGS group 
                             in liver                                in liver                                   
 
1                               3+                                         NI                                     H 
2                               1+                                        0%                                       
3                               1+                                        0%                                     L 
4                               1+                                        0%                                     L 
5                               2+                                       10%                                      
6                               1+                                        0%                                     L 
7                               2+                                        5%                                       
8                               1+                                       10%                                      
9                               2+                                       30%                                   H 
10                             1+                                        0%                                     L 
11                             2+                                        5%                                       
12                             1+                                        5%                                       
13                             1+                                        5%                                       
14                             2+                                       10%                                      
15                             1+                                        0%                                     L 
16                             1+                                        2%                                       
17                             2+                                       15%                                      
18                             1+                                        0%                                     L 
19                             2+                                       30%                                   H 
20                             1+                                        5%                                       
21                             2+                                       20%                                   H 
22                             2+                                       20%                                   H 
23                             2+                                       10%                                      
24                             1+                                        2%                                       
25                             3+                                       15%                                   H 
26                             1+                                       15%                                      
27                             1+                                       10%                                      
28                             1+                                       20%                                      
29                             1+                                        5%                                       
30                             1+                                        5%                                       
 
BODIPY liver samples were observed by immunofluorescence 
microscopy using a fluorescein isothiocyanate (FITC) filter (UV light 
intensity, ND4 filter, and exposure time 300 ms), Oil‑Red O staining was 
performed on six or more sections, and the value of the section with 
the highest true signal proportion after staining was taken as the 
representative value. NI: Not informative, due to tissue loss; NGS: next‑
generation sequencing (RNA‑seq); H: high group pooled; L: low group 
pooled (p‑value=0.009 by linear association).



developmental and epileptic encephalopathy, autistic 
disorders, cardiomyopathies, erythrokeratodermia 
variabilis, progressive familial heart block type IB, and 
leukocyte adhesion deficiency type II (Table III). 

ZFLNCT14973 was one of the down‑regulated 
lncRNAs identified in our previous study (16). We 
searched the Ensembl database for human homologs of 

ZFLNCT14973, ENST00000475761, and ENST000 
00405276. Among them, ENST00000405276 is the 
transcript of YWHAZP10‑201, which is a processed 
pseudogene transcribed from ENSG00000217624 
(YWHAZP10) (29). YWHAZP10 is associated with 
hyperammonemia and X‑linked intellectual disability (30). 
In addition, YWHAZP10 is expressed in synovial 
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Figure 1. Microscopic finding of the liver in a zebrafish metabolic 
dysfunction associated steatotic liver disease (MASLD) model. Liver 
specimen of No. 25 zebrafish. A) Fat change is barely noticeable in frozen 
sections stained with hematoxylin and eosin, due to frozen artifacts (HE, 
200×). B) A diffuse positive signal for BODIPY was observed under 
immunofluorescence in frozen sections [fluorescein isothiocyanate (FITC) 
filter, ND4, 300 ms, 200×]. C) A partial red droplet‐positive finding following 
oil red O staining is observed in the center of the photo (oil red O, 200×).



macrophages of patients with remissive rheumatoid 
arthritis and in juvenile idiopathic arthritis patients 
treated with lipopolysaccharide (LPS) (30). Currently, the 
association of this gene with MASLD is unknown; however, 
considering that this gene was down‑regulated in both our 
previous and the present study, we cautiously hypothesize 
that this gene is associated with MASLD. 
 
Discussion 
 
As MASLD worsens, liver fibrosis plays an important role in 
its progression and associated complications and fibrosis 
progression may lead to the development of liver cancer and 
cardiovascular disease (31). MASLD treatment aims to 
improve inflammatory fibrosis of the liver and the treatment 
of concomitant metabolic diseases (obesity, diabetes, 
dyslipidemia, and hypertension) for the purpose of reducing 
the incidence or mortality of cardiovascular disease or 
cirrhotic liver cancer (32). Although new drugs are under 

development for MASLD, resmetirom is currently the only 
FDA‑approved drug, and lifestyle modification remains the 
recommended treatment across all stages of MASH (33). 

Oil‑Red O staining has traditionally been used to 
confirm steatosis in zebrafish (34). However, Oil Red O 
staining is associated with several limitations. For example, 
the use of ethanol or isopropanol in Oil Red O staining often 
results in the destruction and fusion of lipid droplets (35). 
In addition, Oil Red O solution has a limited shelf life, 
requiring fresh powder dissolution and filtration, which 
can lead to inconsistent results (13). In addition, the Oil‑
Red O stains more than lipid droplets, leading to an 
overestimation of steatosis (36). To overcome these 
shortcomings, we quantified the degree of fatty changes in 
the liver using immunofluorescence microscopy with the 
fluorescent dye BODIPY. We then compared the BODIPY 
score, which quantifies the results using BODIPY dye, with 
the proportion of fatty changes determined using oil red O 
staining, and a significant correlation was found. 
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Table II. Eight potential metabolic dysfunction–associated steatotic liver disease‐associated lncRNAs.  
 
NCBI transcript ID              ZFLNC ID                               Human homology by ZFLNC                                    H/L FC                                    H/L p‑Value 
 
XR_002458928               ZFLNCT14973             ENST00000475761; ENST00000405276;          –71.6932546059851          2.42384873032383E‑18 
 
XR_662216                       ZFLNCT11502               ENST00000474557; NONHSAT092278;            –49.3767654066024          4.59696546299878E‑22 
 
XR_001798259,              ZFLNCT03767                                   NONHSAT075167;                                –38.2973723605676          1.22006069675629E‑23 
XR_002458163, 
XR_002458164, 
XR_002458165, 
XR_223487 
 
XR_001798627               ZFLNCT08104                                   NONHSAT188126;                                 –16.307178381604           0.000143700813095602 
 
XR_222135,                      ZFLNCT11854                     ENST00000555934; NR_015358;                 –16.0138370641219          3.22931019466792E‑28 
XR_663270,                                                                                      NONHSAT037289 
XR_663271 
 
NR_015622                      ZFLNCT00315               ENST00000415070; NONHSAT182102;            –12.5048208637977          2.12865617865362E‑47 
 
XR_001798583               ZFLNCT18769               ENST00000587701; NONHSAT180080;            –12.2545386578688           0.00200946384535737 
 
XR_002458426,              ZFLNCT04118                                   NONHSAT174445;                                –11.9948300966469          8.73388143763262E‑18 
XR_661044 
 
Next generation sequencing (RNAseq) results showed 58 lncRNAs that differed by more than 10‑fold between BODIPY low and high groups; eight 
candidates with confirmed human homology in the ZFLNC search. H/L: High group/low group; FC: fold change.



To the best of our knowledge, this is the first study to 
compare immunofluorescence microscopy with BODIPY dye 
and optical microscopy with Oil Red O staining. Consequently, 
it is the first study to confirm that immunofluorescence 
microscopy with BODIPY dye for fatty acid accumulation and 
distribution evaluation in the livers of zebrafish fed a high‑
cholesterol diet was superior to that of optical microscopy 
with Oil Red O staining. NGS technology has the advantage of 
high specificity and sensitivity, so it can detect genes with 
weak expression and can perform analysis on samples 
without a reference genome (37). Therefore, we identified 
DEGs in the high‑fat diet‑fed zebrafish using NGS. Comparing 
the identified DEGs (lncRNAs) to the lncRNAs found in our 
previous study revealed that ZFLNCT14973, which was 
down‑regulated in the high fatty liver group, was also found 
to be down‑regulated in our previous study (16). Although 
the pathophysiological function of this gene in MASLD is 
unknown, the confirmation of results indicates that BODIPY 
staining and Oil Red O staining led to the same finding; thus, 
BODIPY staining serves as an alternative to Oil Red O staining.  

In addition, we identified eight lncRNAs whose 
expression levels differed by more than 10‑fold between the 
high‑ and low‑fatty liver groups. Each lncRNA was identified 
using the information provided by ZFLNC (26‑28, 38). 
Among them, four (ZFLNCT03767, ZFLNCT11854, 
ZFLNCT00315, and ZFLNCT18769) had lncRNA‑mRNA 
(protein‑coding gene) interaction networks, and three 

(ZFLNCT11854, ZFLNCT00315, and ZFLNCT18769) were 
associated with human diseases (LOC100537717, b3gat2, 
dnm1b, nlgn3b, s100a1, trpm4c, and zgc:100864) including 
type 2 diabetes mellitus, Barrett's esophagus, schizophrenia, 
developmental and epileptic encepha‑lopathy, autistic 
disorder, cardiomyopathies, erythrokeratodermia variabilis 
et progressive, progressive familial heart block type IB, and 
leukocyte adhesion deficiency, type II. In both our previous 
study and this study, we searched the Ensembl database for 
the human homologue of lncRNA ZFLNCT14973 
(ENST00000475761, ENST00000405276), which was 
down‑regulated in the high‑fatty liver group. Of these, 
ENST00000405276 is the processed pseudogene transcript 
YWHAZP10‑201, which is transcribed from ENSG00000 
217624 (YWHAZP10). Literature search results suggest that 
YWHAZP10 is associated with hyperammonemia, X‑linked 
electronic disability, rheumatoid arthritis, and juvenile 
idiopathic arthritis (30). Although the role of the gene in the 
pathophysiological mechanism of MASLD is unknown, the 
results suggest that YWHAZP10 is strongly associated with 
MASLD, and evaluating its interaction network may 
elucidate its role in MASLD. 

In conclusion, BODIPY staining is effective in evaluating 
the degree of fatty liver changes in a zebrafish MASLD model 
and overcomes the limitations associated with Oil Red O 
staining. In addition, lncRNA data obtained from zebrafish 
samples classified by BODIPY staining are expected to 
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Table III. lncRNA–mRNA (protein‐coding gene) interaction network and related human disorder. 
 
ZFLNC ID                                                               Correlated coding gene                                                                      Related human disorder 
 
ZFLNCT11854                                                             LOC100537717                                                                             Type 2 diabetes mellitus 
                                                                                                 b3gat2                                                                                          Barrett's esophagus  
                                                                                                                                                                                                             Schizophrenia 
                                                                                                 dnm1b                                                             Developmental and epileptic encephalopathy 31A 
                                                                                                                                                                           Developmental and epileptic encephalopathy 31B 
                                                                                                 nlgn3b                                                                                             Autistic disorder 
ZFLNCT00315                                                                     s100a1                                                                                           Cardiomyopathies 
ZFLNCT18769                                                                     trpm4c                                                              Erythrokeratodermia variabilis et progressiva 6  
                                                                                                                                                                                     Progressive familial heart block type IB 
                                                                                            zgc:100864                                                                    Leukocyte adhesion deficiency, type II 
 
(ZFLNCT11854, ZFLNCT00315, and ZFLNCT18769) and (LOC100537717, b3gat2, dnm1b, nlgn3b, s100a1, trpm4c, and zgc:100864) are associated 
with human diseases, including type 2 diabetes mellitus, Barrett's esophagus, schizophrenia, developmental and epileptic encephalopathy, autistic 
disorders, cardiomyopathies, erythrokeratodermia variabilis, progressive familial heart block type IB, and leukocyte adhesion deficiency type II.



increase our understanding of the pathophysiological 
mechanisms of MASLD and contribute to the development 
of treatment strategies.  
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