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Abstract
BACKGROUND 
Genetic and epigenetic alterations are related to metabolic dysfunction-associated 
steatotic liver disease (MASLD) pathogenesis.
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AIM 
To evaluate micro (mi)RNAs and lipophagy markers in an experimental model of metabolic dysfunction-associated 
steatohepatitis (MASH).

METHODS 
Adult male Sprague Dawley rats were randomized into two groups: Control group (n = 10) fed a standard diet; 
and intervention group (n = 10) fed a high-fat-choline-deficient diet for 16 weeks. Molecular evaluation of li-
pophagy markers in liver tissue [sirtuin-1, p62/sequestosome-1, transcription factor-EB, perilipin-2 (Plin2), Plin3, 
Plin5, lysosome-associated membrane proteins-2, rubicon, and Cd36], and serum miRNAs were performed.

RESULTS 
Animals in the intervention group developed MASH and showed a significant decrease in sirtuin-1 (P = 0.020) and 
p62/sequestosome-1 (P < 0.001); the opposite was reported for transcription factor-EB (P = 0.020), Plin2 (P = 0.003), 
Plin3 (P = 0.031), and Plin5 (P = 0.005) compared to the control group. There was no significant difference between 
groups for lysosome-associated membrane proteins-2 (P = 0.715), rubicon (P = 0.166), and Cd36 (P = 0.312). The 
intervention group showed a significant increase in miR-34a (P = 0.005) and miR-21 (P = 0.043) compared to the 
control. There was no significant difference between groups for miR-375 (P = 0.905), miR-26b (P = 0.698), and miR-
155 (P = 0.688).

CONCLUSION 
Animals with MASH presented expression changes in markers related to lysosomal stress and autophagy as well 
as in miRNAs related to inflammation and fibrogenesis, processes that promote MASLD progression.

Key Words: Animal model; Epigenetic; Lipophagy; MicroRNAs; Metabolic dysfunction-associated steatotic liver disease; 
Metabolic dysfunction-associated steatohepatitis

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The model of metabolic dysfunction-associated steatohepatitis (MASH) can evaluate pathophysiological 
mechanisms and therapeutic targets for metabolic dysfunction-associated steatotic liver disease (MASLD). Animals with 
MASH showed increased expression of miR-34a and miR-21, which contribute to the inflammatory process and fibrogenesis 
of the disease. Additionally, the lipophagy process was reduced due to increased perilipin gene expression and decreased 
sirtuin-1. Lysosomal stress and autophagic activity increased in MASH through increased expression of transcription factor-
EB and decreased levels of p62/sequestosome-1. Alterations in the expression of these genes are related to the inflammatory 
process and fibrogenesis, which promote the progression of MASLD.

Citation: Schütz F, Longo L, Keingeski MB, Filippi-Chiela E, Uribe-Cruz C, Álvares-da-Silva MR. Lipophagy and epigenetic 
alterations are related to metabolic dysfunction-associated steatotic liver disease progression in an experimental model. World J 
Hepatol 2024; 16(12): 1468-1479
URL: https://www.wjgnet.com/1948-5182/full/v16/i12/1468.htm
DOI: https://dx.doi.org/10.4254/wjh.v16.i12.1468

INTRODUCTION
Metabolic dysfunction-associated steatotic liver disease (MASLD) is a multifactorial pathology involving genetic, metabo-
lic, and environmental factors and is closely related with metabolic syndrome, obesity, and type 2 diabetes[1]. MASLD 
encompasses a spectrum of diseases from isolated steatosis to metabolic dysfunction-associated steatohepatitis (MASH), 
which can progress to fibrosis, cirrhosis, and hepatocellular carcinoma[1]. The incidence and prevalence of MASLD are 
rapidly rising worldwide[2]. Its global prevalence is approximately 25%, with the highest rates being present in the 
Middle East and South America[3,4]. Additionally, some studies predict that the prevalence of MASH will increase by up 
to 56% in the coming years, which will lead to an augmentation in cirrhosis case numbers, end-stage liver disease, and 
liver transplant in addition to a significant economic impact[2,4].

Although there has been progress in understanding the underlying factors related to the pathogenesis of the disease, 
its mechanisms are not fully elucidated[5,6]. In recent years, epigenetics, which explores the mechanisms by which 
phenotypes are altered through non-DNA sequence variation, has become the target of studies[7]. Also, micro (mi)RNAs
[7] and dysregulated autophagy[8] can influence progression. Several miRNAs, such as miR-34a, miR-375, miR-26b, miR-
21, and miR-155, are involved in the modulation of autophagy and can influence the expression or suppression of genes 
responsible for worsening liver damage through de novo lipogenesis, inflammatory processes, proapoptotic mechanisms, 
and cell death, leading to the progression of liver injury to hepatocellular carcinoma[9-12]. However, the relationship 
between miRNAs and autophagy in MASLD remains unclear[12].

https://www.wjgnet.com/1948-5182/full/v16/i12/1468.htm
https://dx.doi.org/10.4254/wjh.v16.i12.1468


Schütz F et al. Epigenetics/lipophagy in an experimental model

WJH https://www.wjgnet.com 1470 December 27, 2024 Volume 16 Issue 12

Lipophagy, a specific form of autophagy in which lipid droplets are first engulfed by autophagosomes and next 
degraded in lysosomes, specifically aims to eliminate excess lipids in the liver and maintain lipid homeostasis in cells[5,
8]. It is known that the blockage of lipophagy promotes the accumulation of hepatocellular lipids, and its activation 
causes the clearance of hepatocellular lipid droplets[8]. However, these mechanisms are not fully understood, and 
promoting lipophagy may be an effective strategy in preventing or delaying MASLD progression[5,8,13].

There is currently no fully approved therapy for MASH by any regulatory agency. However, several clinical protocols 
are being implemented directing the treatment to specific liver targets, such as hepatocyte dysregulation and inflam-
mation pathways associated with fibrosis in addition to extrahepatic targets, which include the gut-liver signaling axis[1,
14]. Therefore, experimental models play a fundamental role in the evaluation of the pathophysiological mechanisms 
related with the evolution of MASLD and in the evaluation of possible therapeutic targets[15,16]. Therefore, this study 
aimed to evaluate epigenetic alterations and the mechanisms of autophagy involved in the lipophagy process in an 
experimental model of MASH mimicking metabolic abnormalities found in humans.

MATERIALS AND METHODS
Animals and ethical procedures
Twenty adult (60-day-old) male Sprague Dawley rats weighing 280-350 g were included in this MASLD experimental 
study. Rats were maintained on a standard 12-h light-dark cycle in a temperature-controlled environment (22 ± 2 °C). The 
animals were housed in polypropylene cages with sawdust-lined flooring. The Institutional Ethics Committee approved 
all experiments and procedures for the use of animals (protocol number: 2022-0117). The procedures for the use of 
scientific animals were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (8th ed, 2011) 
and law No. 11.794 (Brazil, 2008).

Study design and experimental diet
After becoming accustomed to the laboratory, the animals were randomized by weight into two groups, as described in a 
previous publication[15]: A control group (n = 10) received standard diet (Nuvilab CR-1; Quimtia SA, Colombo, Brazil); 
and an intervention group (n = 10) received a high-fat and choline-deficient (HFCD) diet, consisting of 31.5% total fat and 
enriched with 54.0% trans fatty acids (Rhoster Ltda, Sao Paulo, Brazil) for MASH induction. Both groups received water 
and food ad libitum during the experiment (Figure 1). The rats were subjected to anesthesia with isoflurane and eutha-
nized by cardiac exsanguination after 16 weeks. Blood samples were collected, centrifuged, and the resulting serum was 
stored at -80 °C until the analyses were performed. Subsequently, liver fragments were aseptically collected, frozen in 
liquid nitrogen, and stored at -80 °C until the experimental procedures were carried out.

Analysis of mRNAs
The serum circulating miRNAs were extracted through miRNeasy serum/plasma kit (Qiagen, Hilden, Germany), and the 
procedures were described elsewhere[17]. The sequences and codes of the assessed miRNAs are described in Supple-
mentary Table 1. Values were calculated by the formula 2-(ΔΔCt).

Assessment of the gene expression of hepatic lipophagy
The total RNA was extracted from fragments of liver tissue using the RNeasy mini kit (Qiagen) following the manu-
facturer's instructions. The cDNA conversion from 2 μg of RNA was performed using the High-capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Waltham, MA, United States). qRT-PCR with TaqMan assay (Applied Biosystems) 
was used to assess the gene expression of sirtuin-1 (Sirt1), lysosome-associated membrane proteins-2 (Lamp2), p62/
sequestosome-1 (p62/Sqstm1), transcription factor-EB (Tfeb), rubicon, Cd36, perilipin-2 (Plin2), Plin3, and Plin5 in liver 
tissue. The evaluation of Actb gene expression was performed to normalize the expression of the other markers assessed. 
The probes used are described in Supplementary Table 1. Values were calculated with the formula 2-(ΔΔCt).

Statistical analysis
Sample size estimation was performed using the WINPEPI 11.20 program (Brixton Health, Israel) based on a published 
study by our research group that demonstrated the development of liver damage in an experimental model of MASH
[15]. Normality was verified for all variables using Shapiro-Wilk test and histograms. Student t and Mann-Whitney U 
tests were performed. Quantitative variables were expressed as mean ± standard deviation or median and interquartile 
ranges (25th-75th). Pearson correlation coefficient was performed with a moderate (0.3 < r < 0.6), strong (0.6 < r < 0.9), or 
very strong (0.9 < r < 1.0) correlation were adopted. We also performed a correlation analysis between all variables to 
integrate all gene expression data. P ≤ 0.05 was considered statistically significant. Data were analyzed using the 
Statistical Package for Social Sciences (SPSS version 28.0; IBM Corp., Armonk, NY, United States).

RESULTS
General characteristics of the experimental model
In previous studies, we demonstrated that animals in the intervention group developed MASH after ingestion of HFCD 

https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c8711cd-de89-47a8-b50f-141d52d5a42e/96462-supplementary-material.pdf


Schütz F et al. Epigenetics/lipophagy in an experimental model

WJH https://www.wjgnet.com 1471 December 27, 2024 Volume 16 Issue 12

Figure 1 Study design. Animals received a standard or high-fat and choline-deficient diet, together with water (ad libitum) during the 16 weeks of the experiment. 
All animals were euthanized at the end. HFCD: High-fat and choline-deficient.

for 16 weeks[15,18]. In this experimental model, there was a substantial deposition of body fat, changes in miRNAs levels, 
receptors, mediators, and inflammatory cytokines that contributed to the development and progression of liver damage, 
in addition to increasing the risk of developing cardiovascular disease. Regarding the histopathological evaluation, we 
demonstrated that these animals developed MASH with inflammation, ballooning, and intense deposition of collagen 
fibers in the hepatic tissue[15,18]. The same animal tissues were used in the present study.

Gene expression of the circulating miRNAs
The results obtained from the gene expression of circulating miRNAs are reported in Figure 2. We reported a significant 
increase in miR-34a (P = 0.005) and miR-21 (P = 0.043) gene expression in the intervention group compared to the control 
group. We did not observe a significant difference between the experimental groups for the gene expression of miR-375 (
P = 0.905), miR-26b (P = 0.698), and miR-155 (P = 0.688).

Expression of genes involved in hepatic lipophagy
The results obtained for the expression of genes involved in hepatic lipophagy are demonstrated in Figure 3. There was a 
significant decrease in gene expression of Sirt1 (P = 0.020) and p62/Sqstm1 (P < 0.001) in the intervention group compared 
to the control group. The intervention group showed a significant increase in the gene expression of Tfeb (P = 0.020), Plin2 
(P = 0.003), Plin3 (P = 0.031), and Plin5 (P = 0.005) compared to the control group. We did not observe a significant 
difference between the experimental groups for the expression of Lamp2 (P = 0.715), rubicon (P = 0.166), and Cd36 (P = 
0.312).

Relationship between histopathological and molecular markers
We then evaluated the relationship between histopathological and molecular markers. We divided the intervention group 
according to each histopathological variable into ‘present’ or ‘absent’ (e.g., with hepatic inflammation vs no hepatic 
inflammation; with hepatic fibrosis vs no hepatic fibrosis). After that, we compared the averages of genes and miRNA 
expression between groups. The results are demonstrated in Figure 4. We observed higher levels of miR-34a (P = 0.033), 
miR-375 (P = 0.029), Tfeb (P = 0.018), and Plin2 (P = 0.033) in animals with inflammation in tissue. We also found higher 
levels of Tfeb (P = 0.020) in the group of animals with fibrosis and higher levels of miR-34a (P = 0.011) in animals with 
MASLD compared to the group without MASLD. Finally, looking for potential cross-regulation between genes and 
miRNAs, we did a correlation analysis between circulating miRNAs and gene expression. The results are shown in 
Figure 5. We found a statistically significant correlation between Sirt1 and p62/Sqstm1 (P = 0.81; P = 0.000), between Sirt1 
and rubicon (P = 0.91; P = 0.000), and between miR-26b and miR-21 (P = 0.96; P = 0.000). All other correlations are shown 
in the Table 1. Altogether, these integrative analyses suggest potential relations between histopathological and molecular 
markers in MASLD. Furthermore, correlation analysis suggests potential crosstalk and interplay between genes 
controlling autophagy, lipophagy, and lysosomal function.

DISCUSSION
In this study, conducted in a nutritional experimental model, we reported a significant decrease in the gene expression of 
Sirt1 and p62/Sqstm1 in animals with MASH compared to controls. It is known that p62/SQSTM1 serves as a necessary 
receptor for selective macroautophagy, and its reduction indicates an impairment of the autophagic flux[19,20]. Fur-
thermore, there are studies suggesting that sirtuins may play a protective role against the development of MASLD[21]. 
Additionally, in our study, we observed an increase in the gene expression of Tfeb, Plin2, Plin3, and Plin5 as well as an 
elevation in circulating levels of miR-34a and miR-21 in the intervention group when compared to the healthy group. 
These findings will be further explored here. It is known that genetic and epigenetic factors, occurring in response to 
environmental factors such as diet and physical activity, interact and modulate individual risk for the development and 
progression of MASLD. The mechanisms underlying the pathophysiology of MASLD caused by epigenetic processes 
have not yet been elucidated, making preclinical studies essential[22,23].
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Table 1 Correlations between circulating microRNAs and gene expression of hepatic lipophagy

mRNAs Gene expression of hepatic lipophagy
Variables

miR-375 miR-21 miR-26b miR-155 p62/Sqstm1 Rubicon Cd36 Tfeb Plin2 Plin3 Plin5 Lamp2 Sirt1

miR-34a 0.245 0.573a 0.303 -0.105 -0.389 -0.002 0.480a 0.470a 0.455 0.159 0.317 0.075 -0.397

miR-375 0.111 0.220 0.196 0.040 0.086 -0.091 -0.008 -0.107 -0.087 -0.246 -0.444 -0.144

miR-21 0.9622,b 0.579b -0.389 -0.273 -0.035 0.227 0.099 -0.173 0.501a -0.040 -0.376

miR-26b 0.7091,b -0.071 -0.14 -0.072 0.023 -0.157 -0.290 0.366 -0.099 -0.245

miRNAs

miR-155 0.177 0.141 -0.007 -0.209 -0.318 -0.004 0.098 -0.347 0.002

p62/Sqstm1 0.7761,b 0.313 -0.165 -0.283 -0.250 -0.334 0.065 0.8061,b

Rubicon 0.488a 0.357 0.043 -0.107 -0.194 0.104 0.9092,b

Cd36 0.6241,b 0.488a 0.553a 0.289 0.460a 0.339

Tfeb 0.7881,b 0.266 0.6791,b 0.428 0.275

Plin2 0.466 0.6551,b 0.199 -0.024

Plin3 0.378 0.138 -0.142

Plin5 0.256 -0.066

Gene expression of hepatic 
lipophagy

Lamp2 0.192

1Variables represent Pearson's correlation coefficient, strong (0.6 < r < 0.9).
2Variables represent Pearson's correlation coefficient, very strong (0.9 < r < 1.0).
aP < 0.005, correlation is significant.
bP < 0.001, correlation is significant.
Variables was represented for Pearson's correlation coefficient, moderate (0.3 < r < 0.6), strong (0.6 < r < 0.9) or very strong (0.9 < r <1.0). Lamp2: Lysosome-associated membrane proteins-2; mi: Micro; Plin: Perilipin; p62/Sqstm1: 
P62/sequestosome-1; Sirt1: Sirtuin; Tfeb: Transcription factor EB.

It is important to contextualize the animal model used to develop this study, as demonstrated in previous manuscripts
[15,18]. In the studies using the same model, we showed that after 16 weeks of unrestricted access to an HFCD diet, the 
model resulted in significant fat accumulation in both the body and liver and activation of miRNAs, receptors, mediators, 
and inflammatory cytokines[15]. Additionally, we observed alterations in gut microbiota composition accompanied by an 
increase in the gene expression of markers related to intestinal permeability[15,18]. This model induced histopathological 
changes akin to those seen in human MASH, including significant collagen fiber deposition in liver tissue[15]. Fur-
thermore, it highlighted associations between MASLD and elevated cardiovascular risk factors, such as atherogenic 
dyslipidemia, systemic inflammation, and endothelial dysfunction[18]. The previously described results were replicated 
using different molecular and histopathological techniques, which emphasizes the reliability of the data[15,18]. Although 
a limitation of the study is that the analyses were conducted solely through the gene expression of certain autophagy and 
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Figure 2 Gene expression of circulating microRNAs. A: Micro (mi)R-34a; B: MiR-21; C: MiR-375; D: MiR-26b; E: MiR-155 (P = 0.688). Mann-Whitney U 
test, aP < 0.05 considered significant. Variables are described as median (25th-75th percentiles).

epigenetic markers using TaqMan probes, the findings strengthen the conclusions of this manuscript, demonstrating the 
interaction between epigenetic and autophagy markers in the progression of liver disease.

MiRNAs are extremely stable and act in inflammatory mechanisms and hepatic fibrogenesis culminating in the 
progression of MASLD[24]. In our experiment, we demonstrated a significant increase in miR-34a gene expression in 
animals with MASH compared with healthy controls. Also, we observed higher levels of miR-34a in animals from the 
intervention group showing hepatic inflammation. Consistent with this result, increased miR-34a gene expression is 
associated with more advanced stages of MASLD, and therefore its mechanism of action is an attractive target for future 
intervention in addition to its function as a biomarker for diagnosing and monitoring the progression of MASLD[25-27].

Furthermore, in our study, we revealed a decrease in Sirt1 gene expression in animals with MASH compared with the 
no intervention group. It was already demonstrated that adipose triglyceride lipase promotes lipophagy via SIRT1[28]. 
Also consistent with our finding, a previous study reported that the increase in miR-34 family expression contributed to 
the suppression of SIRT1 and peroxisome proliferator-activated receptor-α expression, both regulators of the storage 
pathways of lipid metabolism that contribute to the exacerbation of hepatic steatosis[29].

The intervention group also showed an increase in miR-21 expression, which was induced by unsaturated fatty acids 
and acts on lipid accumulation, inflammation, and liver fibrosis[30,31]. In a previous study conducted in the same experi-
mental model, we reported hepatic and systemic inflammation and an increased risk of developing cardiovascular 
disease in animals with MASH. These findings were consistent with what was observed in this study regarding the 
mechanism of action of miR-21[15,18]. Moreover, experimental studies report that knockdown or deletion of miR-21 in 
mice fed a high-fat diet can reduce lipogenesis and hepatic steatosis by modulating the expression of transcription factors 
involved in fatty acid uptake, de novo lipogenesis, gluconeogenesis, and glucose production[32,33]. However, expression 
of miR-21 as an early diagnostic biomarker for MASLD provides mixed results, and further studies are needed before we 
can translate bedside observations to the clinical setting[30].

In this study, when comparing the experimental groups, no significant difference was found in the gene expression of 
miR-375, miR-26b, and miR-155. Nevertheless, it is worth noting that we observed higher levels of miR-375 in rats from 
the intervention group, which also showed hepatic inflammation. Interestingly, we found a strong correlation between 
miR-26b and miR-21. This correlation was already reported before in a very different model that analyzed the miRNAs in 
human saliva in response to stress[34].

It is worth remembering that the gene expression of miR-375, miR-26b, and miR-155 has been associated with inflam-
matory cell recruitment, modulation of autophagy, and tumorigenesis by acting on regulators of cell differentiation in 
hepatocellular carcinoma[12,35,36]. In this study, gene expression of these miRNAs was examined in animals with initial 
liver injury, i.e. without cirrhosis and/or hepatocellular carcinoma, which may explain the lack of significant differences 
between experimental groups. Finally, it is known that the variability and heterogeneity in the expression of these 
miRNAs is dependent on the liver disease and its developmental stage, which requires further studies to elucidate these 
mechanisms.

Impairments in hepatic autophagy play a critical role in the evolution of MASLD by promoting the storage of trigly-
cerides in lipid droplets[37]. Autophagy refers to the degradation of nonspecific cytoplasmic proteins as an adaptive 
response to extracellular and intracellular stress, i.e. a mechanism regulating cell death[37,38]. The autophagy process is 
regulated by several markers, including p62/SQSTM1 and Beclin-1, which are differentially expressed depending on the 
organ and the developmental stage of the lesion[39]. Our experiment showed a significant decrease in p62/Sqstm1 gene 
expression in animals with MASH compared with healthy controls. The lack of autophagy leads to the accumulation of 
p62, a process detrimental to liver cells that can contribute to the progression of MASLD and liver fibrosis[19,38]. In 
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Figure 3 Hepatic gene expression of lipophagy markers. A: Sirtuin-1; B: Lysosome-associated membrane protein-2; C: P62/sequestosome-1; D: 
Transcription factor EB; E: Rubicon; F: Cd36; G: Perilipin 2 (Plin2); H: Plin3; I: Plin5. aP < 0.05 considered significant, Mann-Whitney U test. Variables are described 
as median (25th-75th percentiles). Lamp2: Lysosome-associated membrane protein-2; Plin: Perilipin; p62/Sqstm1: P62/sequestosome-1; Sirt1: Sirtuin-1; Tfeb: 
Transcription factor EB.

addition, deletion of p62/SQSTM1 has been shown to promote hyperphagia-induced obesity due to abnormal leptin 
signaling as well as insulin resistance, impaired glucose tolerance, and hepatic steatosis[40].

However, Sahani et al[41] reported that the expression level of p62/Sqstm1 does not always inversely correlate with 
autophagic activity, as this process is influenced by transcriptional alterations, amino acid availability from lysosomes, 
and autophagic degradation[41]. In addition, we speculate that posttranscriptional regulation could explain what is really 
happening. Accordingly, the promoter may be more active and transcribe more, but there may be miRNAs regulating the 
levels of miRNA of p62/SQSTM1.

Some studies show the regulation of p62/SQSTM1 levels by miR-372 and miR-100[42,43]. The decrease in p62/Sqstm1 
gene expression in animals with MASH could be responsible for the accumulation of lipophagosomes since SQSTM1 is 
described as important for lipophagy, at least in an in vitro model with ethanol[44]. We also observed a strong correlation 
between the expression of p62/Sqstm1 and Sirt1. It was already demonstrated that Sirt1 is upregulated to deacetylate and 
stabilize p62/Sqstm1 in hepatocellular carcinoma[45]. It is also worth highlighting that even though we did not find a 
significant difference between the experimental groups for the expression of rubicon, we found a strong correlation 
between the expression of rubicon and Sirt1. It is known that rubicon is a negative regulator of autophagosome-lysosome 
fusion, and an elevation of RUBICON protein in samples taken from patients with nonalcoholic fatty liver disease 
(MASLD former name) was reported[46,47].

At the molecular level, autophagy is essentially controlled by autophagy-related genes (ATGs) and adaptors, especially 
p62/SQSTM1. These genes are responsible for mediating autophagosome formation and component uptake into the 
organelle[48,49]. It is worth mentioning that there are studies demonstrating that polymorphisms in ATG genes, speci-
fically ATG7 and IRGM, are risk factors for severe fatty liver disease[50,51].

In the autophagy process, TFEB has been identified as a promoter of ATGs and consequently as a key regulator of lipid 
metabolism and lysosomal function[8,52,53]. Here we show an increase in Tfeb gene expression in animals with MASH. 
Also, we observed a significant increase in Tfeb gene expression when comparing the presence or absence of inflammation 
and the presence or absence of fibrosis in the intervention group. Nutritional status (starvation and/or caloric restriction) 
and lysosomal stress can promote transcriptional regulation of TFEB, which plays a key role in hepatic lipid metabolism
[8,52,54]. Thus, it is possible to speculate that after ingestion of HFCD for 16 weeks, MASH animals showed an increase in 
Tfeb expression through lysosomal stress. In this sense, TFEB agonists, such as some clinically approved drugs (e.g., 
digoxin or the marine-derived natural product (e.g., ikarugamycin), or other drugs that mirror the cellular effects of 
hunger and/or caloric restriction are promising therapeutic options for common metabolic disorders such as obesity and 
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Figure 4 Inflammation, fibrosis, and metabolic dysfunction-associated fatty liver disease status. A: Results after dividing the intervention group in 
two halves according to their inflammation status; B: Results after dividing the intervention group in two halves according to their fibrosis status; C: Results after 
dividing the intervention group in two halves according to their metabolic dysfunction-associated fatty liver disease status. Plin: Perilipin; Tfeb: Transcription factor EB; 
NAFLD: Non-alcoholic fatty liver disease.

fatty liver as it is a key regulator of lipid metabolism and lysosomal biogenesis and function[54].
Hepatocytes store triacylglycerides (TAG) in lipid droplets due to an overload of free fatty acids[55,56]. Access to the 

surface of lipid droplets is controlled by PLINs that regulate TAG storage and hydrolysis through lipolysis and lipophagy
[55,56]. In our study, animals with MASH showed a significant increase in gene expression of Plin2, Plin3, and Plin5 
compared with healthy animals. In the PLIN protein family, PLIN2 is the most abundant member in steatosis of mice and 
humans, and its expression is strongly correlated with lesion severity, which are results that the data obtained in our 
study corroborate[55-57].

Experimental models with PLIN2 deficiency have invariably shown a decrease in hepatic TAG, leading to reduced 
liver inflammation and fibrosis, which supports its role as a target for MASH therapy[56-58]. Degradation of PLIN2 and 
PLIN3 by chaperone-mediated autophagy (CMA) is a prerequisite for lipolysis to occur[59,60]. Increased expression of 
Plin2 and Plin3 and/or inactivity of CMA promotes decreased lipophagy and intracellular lipid accumulation, as corrob-
orated by our study[59,60]. In this study high levels of Plin2 gene expression were observed in animals from the 
intervention group showing hepatic inflammation.

Another perilipin, PLIN3 has been shown to be required for the recruitment of proteins involved with lipophagy, and 
stimulation of this mechanism may contribute to liver protection and thus provide a therapeutic strategy for MASLD[59]. 
PLIN5 is expressed in highly oxidative tissues and is an early response to excessive lipid uptake in hepatocytes[53,61]. It 
is key in the regulation of hepatic lipophagy and fatty acid oxidation by SIRT1. PLIN5 translocates to the nucleus and 
promotes transcriptional regulation of SIRT1, which contributes to the increase in expression of downstream target genes 
that control mitochondrial biogenesis, oxidative metabolism, and lipophagy[55,62]. Data that corroborate the results 
obtained in this study reported not only a decrease in the expression of p62/Sqstm1 in animals with MASH but also an 
increase in lipophagy flux[62].

In this study, no significant difference was observed between groups for Lamp2a gene expression; however, the results 
reported in the literature on the activity of this marker in CMA are controversial[63,64]. LAMP2A supports the CMA 
process, which occurs at a late stage of the autophagy process, and therefore we can justify the results obtained in this 
study because the animals showed liver damage at an early stage[63].

Autophagic degradation of lipids or lipophagy was first reported in 2009[65]. The mechanisms associated with this 
process are complex, but the general picture of how abnormal lipophagy causes MASLD has not been elucidated[66,67]. 
Moreover, several epigenetic and lipophagy markers show potential therapeutic effects in nutritional models of MASH[6,
67]. In this study, we evaluated the markers based on gene expression only, which should be considered a limitation. 
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Figure 5 Correlations between circulating microRNAs and gene expression. A: Correlation between Sirtuin-1 (Sirt1) and p62/sequestosome-1; B: 
Correlation between Sirt1 and rubicon; C: Correlation between micro (mi)R26b and miR-21. P62/Sqstm1: Sequestosome-1; Sirt1: Sirtuin-1.

However, we found that animals fed a MASH-inducing diet exhibited an increased expression of miR-34a and miR-21, 
which contribute to the inflammatory process and fibrogenesis of the disease[25,26,30].

The process of lipophagy was also reduced in the face of increased PLIN gene expression and decreased Sirt1. 
Lysosomal stress and autophagic activity increased, as evidenced by an increase in Tfeb and a decrease in p62/Sqstm1 
expression, respectively. Further evaluation by single-cell sequencing, proteomics, and next-generation sequencing will 
allow characterization of the mechanistic details of lipophagy and epigenetic perturbations in metabolic dysfunction-
associated fatty liver disease progression to fully exploit its potential as a target for chemoprevention of lesions[67].

CONCLUSION
We demonstrated in this animal model that p62/SQSTM1 and Sirt1 decreased and Plin2, Plin3, and Plin5 increased in 
MASLD in comparison to controls, suggesting that both autophagy and lipophagy play a role in the disease development. 
In addition, our study highlighted the differential expression of miRNAs, such as the increased expression of miR-34a 
and miR-21, which are associated with hepatic inflammation and lipid metabolism. This observation further supports 
their potential role as biomarkers and therapeutic targets in MASLD progression. The mechanisms underlying the 
pathophysiology of MASLD caused by epigenetic processes have not yet been elucidated. Therefore, further preclinical 
studies are essential to better explain the MASLD metabolic pathway.
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