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Epigenetic antifibrotic effect of expression
of long noncoding RNAs IncR-p21, MEG3, H19
on the development of fibrosis in metabolic
dysfunction-associated steatotic liver disease
(systematic review and meta-analysis)

Abstract. Background. Metabolic dysfunction-associated steatotic liver disease (MASLD) is one of the most com-
mon chronic liver disorders in children and adults worldwide. Liver fibrosis is the key prognostic factor determining
disease progression to cirrhosis and hepatocellular carcinoma. Long non-coding RNAs (IncRNAs) have emerged
as critical epigenetic regulators of hepatic stellate cell (HSC) activation and fibrogenesis. The purpose was to sys-
tematically evaluate the epigenetic impact of reduced expression of anti-fibrotic long non-coding RNAs (IncR-p21,
MEGS3, and H19) on the development and progression of liver fibrosis in MASLD/MASH, with emphasis on key
profibrotic signaling pathways (TGF-B/SMAD, Hedgehog) and therapeutic perspectives. Materials and methods.
This systematic review and meta-analysis was conducted and reported in accordance with the PRISMA 2020
statement (PROSPERQ registration CRD420250652980). A comprehensive search of PubMed, Cochrane Library,
Scopus, Embase, and Web of Science (2010-2026) was performed using predefined Boolean strings. Original
clinical, animal, and in vitro studies that demonstrated reduced expression of the target anti-fibrotic IncRNAs and
their association with increased fibrosis or HSC activation in established MASLD/MASH models or human cohorts
were included. Two independent reviewers performed study selection, data extraction, and risk-of-bias assessment
(SYRCLE for animal studies, ROBINS-I for observational clinical studies, modified OHAT for in vitro studies). Quan-
titative meta-analysis is planned when at least three comparable studies per IncRNAs are available. Results. Of 106
identified reports, 53 addressed IncRNAs (IncR-p21, MEG3, H19) expression as potential biomarkers; ultimately,
7 studies met strict inclusion criteria. Reduced expression of IncR-p21, MEG3, and H19 was consistently associated
with HSC activation, epithelial-mesenchymal transition, and activation of the main profibrotic pathways, leading to
increased a-SMA and COL1A1 expression. Conclusions. LncR-p21, MEG3, H19 play a significant epigenetic role
in the development of advanced liver fibrosis in MASLD/MASH. A decrease in their expression leads to derepression
of profibrotic signaling in key profibrotic signaling pathways (TGF-/SMAD, Hedgehog).

Keywords: liver fibrosis; metabolic dysfunction-associated steatotic liver disease; long noncoding RNAs IncR-p21,
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Introduction

Metabolic dysfunction-associated steatotic liver di-
sease (MASLD) is one of the most common chronic liver
diseases in children and adults worldwide. According to
recent meta-analyses, the prevalence of MASLD among
obese children is 30—40 %, the overall global prevalence
among children is about 7—14 %, and projections show that

its prevalence among adults will exceed 55 % by 2040 [1-3].
In a significant proportion of patients, the disease progresses
from simple steatosis to steatohepatitis, fibrosis, and cirrho-
sis, which leads to a high risk of developing hepatocellular
carcinoma and the need for liver transplantation at a young
age [4]. The development of liver fibrosis in MASLD is a key
prognostic factor that determines the severity of the course
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and the risk of complications [5—8]. Unlike other chronic
hepatitis, the progression of fibrosis in MASLD does not
always directly correlate with the degree of inflammation,
but largely depends on the activation of hepatic stellate cells
(HSCs), which transform into myofibroblast-like cells and
overproduce extracellular matrix components [9, 10]. This
process is regulated by a complex network of signaling path-
ways (TGF-B/SMAD, PI3K/Akt, Wnt/B-catenin, Notch,
Hedgehog), making it a potential target for epigenetic the-
rapy. With the development of next-generation sequencing
technologies, it has been proven that a significant portion of
the human genome, originally considered “junk DNA” [11],
is ubiquitously transcribed into RNA, while less than 2 % of
the entire genome is translated into proteins.

In recent years, the more than 100,000 described species
of long non-coding RNAs (IncRNAs) have attracted parti-
cular attention from scientists. The competitive endogenous
RNA (ceRNA) hypothesis provides a framework for un-
derstanding how IncRNAs, along with other RNA species
such as microRNAs (miRNAs) and mRNAs, interact in a
complex regulatory network. According to this hypothesis,
long non-coding RNAs can “sponge” or sequester miRNAs,
preventing them from binding to target mRNAs. This inter-
action modulates the availability of miRNAs to regulate tar-

get genes, thereby influencing gene expression and cellular
function. Long non-coding RNAs were originally defined as
RNA molecules longer than two hundred nucleotides. Re-
cently, a new classification system has been proposed based
on the size of the RNA molecule, structural characteristics,
and the type of RNA polymerase that directs transcrip-
tion. According to the current classification, IncRNAs are
RNAs longer than five hundred nucleotides, transcribed by
RNA Pol II, that do not code for proteins, but play a key
role in the regulation of gene expression at the epigenetic,
transcriptional, and posttranscriptional levels [12]. It has
been shown that liver fibrosis undergoes significant rear-
rangement of the IncRNAs transcriptome, and individual
IncRNAs directly affect HSC activation, epithelial-mesen-
chymal transition of hepatocytes, and extracellular matrix
remodeling [13—17]. Among them, profibrotic and antifi-
brotic IncRNAs are distinguished, which act as “sponges”
for miRNAs, chromatin modulators, or direct regulators of
key signaling molecules.

The development of liver fibrosis is not always associated
with the presence and degree of inflammation [19]. At the
same time, it has been shown that liver fibrosis is accompa-
nied by changes in the structure of the IncRNAs transcrip-
tome (Table 1) [13, 16, 17].

Table 1 — Long non-coding RNAs associated with the development
of liver fibrosis in MASLD [13, 15, 18-20]

LncRNAs Molecular target Effect
1 2 3
Decreased expression
GAS5 miR-21, miR-23a, miR-222 Reduces PTEN and p27 levels
) o 17 o 0 Reduced hepatocyte IncR-p21 expression significantly
IncR-p21 P21, miR-17-5p, miR-30, miR-181b promotes CCl,-induced liver fibrosis and HSC activation
MEG3 miR-212 Overexpression of MEGS suppresses HSC
Overexpression of H19 suppresses liver fibrosis by
H19 MeCP2, IGF1R downregulating pERK1/2 and MeCP2/IGF1R pathways
Enhancement of expression
APTR Accelerates the development of liver fibrosis
GAS5 miR-21, miR-23a, miR-222 Increases PTEN and p27 levels
Promotes cholestatic liver fibrosis by binding to ZEB1
H19 let7, ZEB1, miR-148a and inhibiting cell migration and activation of the SIPR2/
SphK2/let7/HMGA2 pathway
HOTAIR promotes liver fibrosis by upregulating
; : miR-148b and miR-29b, which respectively regulate
HOTAIR miR-29b, miR-148b the expression of the DNMT1/MEG3/p53 pathway
and PTEN methylation in liver fibrosis
; : HOTTIP promotes HSC activation by upregulating
HOTTIP miR-148a, miR-150 miR-148a and miR-150
HULC Accelerates liver fibrosis
Lnc-LFAR1 directly binds to Smad2/3 and promotes
LFAR1 SMAD2/3 its phosphorylation, promoting the activation of TGF-3
and the Notch pathway to accelerate liver fibrosis
Linc01271 promotes lipid synthesis and inflammatory
Linc01271 miR-149-3p/RAB35 responses through the miR-149-3p/RAB35 axis and
PIBK/AKT/mTOR pathway
Inc-SPARCL1-1:2 miR-6881-5p Accelerates liver fibrosis
MALAT1 SIRT1, miR-26b, miR-101b Accelerates liver fibrosis
66 [QCTPOEHTEPOAOTIS, ISSN 2308-2097 (print), ISSN 2518-7880 (online) Tom 60, N2 2, 2026



Oragam 1a Aekuii / Reviews and Lectures

End of Table 1

1 2 3
MEGS inhibits HSC activation and epithelial-
MEGS NOTCH mesenchymal transition
NEAT1 mlRmﬁﬁggRSZS bmg%iger%gqg:é)g 22, NEAT1 accelerates liver fibrosis progression
NONRATTO013819.2-Lox pathway is associated
NONRATT013819.2 Lox with ECM remodeling during HSC activation
NORAD miR-511-3p/Rho-associated protein Effects on white fat growth, pancreatic -cell
kinase 2 (Rock2) axis dedifferentiation, and liver fibrosis
PVT1 miR-152 Promotes PTCH gene methylation
RABGAP1LDT-206 Accelerates liver fibrosis
SCARNA10 interacts with PRC2 to regulate a-SMA
SCARNAT0 PRC2 and Smad?2/3 expression
SNHG7 miR-29b, miR-378a-3p, miR-945 Promotes PTEN gene methylation
TGFB2-0OT1 TBRII Accelerates liver fibrosis
TUGH1 Smad2, Smad3 Accelerates liver fibrosis

Downregulation of certain IncRNAs (including lncR-p21,
MEG3, GAS5, MEGS, and others) can inhibit HSC activa-
tion, induce myofibroblast apoptosis, and block key profi-
brogenic signaling cascades. Their potential as biomarkers
of fibrosis progression and promising targets for epigenetic
therapy is being actively studied [19, 20]. However, in the pe-
diatric population, data on the role of antifibrotic IncRNAs
in MASLD remain fragmentary, and their mechanisms of
action in the context of metabolic dysfunction need to be
systematized.

The aim of this systematic literature review is to summa-
rize current data on the epigenetic impact of reduced expres-
sion of long non-coding RNAs on the development of liver
fibrosis in metabolic dysfunction-associated steatotic liver
disease, with an emphasis on key signaling pathways (TGF-3/
SMAD, Hedgehog) and potential therapeutic prospects.

Materials and methods

1. Ethics statement

Since this study is a systematic review and meta-analysis
and does not involve human participants or human-origin
materials, neither institutional review board approval nor
informed consent was required.

2. Study design

This systematic review and meta-analysis was conducted
in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) statement
available at https://www.prisma-statement.org [21].

3. Eligibility criteria

Information sources

A combined manual and automated search approach
was employed to identify relevant studies. We systemati-
cally searched multiple databases, including 106 PubMed,
12 Cochrane Library, 10 Scopus, 10 Embase, and 10 Web of
Science, using comprehensive search terms from September
2010 to April 2026, which were selected using the following
keywords: children, obesity, liver fibrosis, metabolic dysfunc-
tion-associated steatotic liver disease, long noncoding RNAs.
Studies were selected based on strict predefined inclusion

and exclusion criteria tailored to the research question: the
epigenetic impact of reduced expression of anti-fibrotic
IncRNAs on the development and progression of liver fi-
brosis in metabolic dysfunction-associated steatotic liver
disease (MASLD/MASH).

Inclusion criteria:

1. Original research articles (clinical, animal, or in vitro
studies) investigating anti-fibrotic IncRNAs (e.g., H19,
MEGS3, IncR-p21 in anti-fibrotic context, and others expli-
citly shown to suppress HSC activation or fibrosis when ex-
pressed at normal/high levels).

2. Studies demonstrating reduced expression (down-
regulation, knockdown, silencing, CRISPR/Cas9 knock-
out, or naturally low levels in patients/models) of the target
IncRNAs and its association with increased liver fibrosis,
HSC activation (a-smooth muscle actin (a-SMA), type |
collagen (COL1A1), etc.), or activation of profibrotic path-
ways (TGF-8/SMAD, Hedgehog).

3. Studies using established MASLD/MASH models
(high-fat diet, methionine-choline-deficient diet, CCl, and
metabolic stress, ob/ob or db/db mice, palmitate-treated
hepatocytes/HSC, human MASLD/MASH liver biopsies,
serum/plasma).

4. Studies providing quantitative data suitable for me-
ta-analysis: fold-change of IncRNA expression, fibrosis
scores (histological or biochemical), expression of fibrosis
markers (mRNA/protein levels with mean + SD or SEM),
effect sizes, or odds ratios with 95% CI and P < 0.05.

5. Publications from September 2010 to April 2026 (to
capture modern high-throughput sequencing and functional
IncRNA studies).

6. English-language full-text articles.

Exclusion criteria:

1. Studies focused solely on profibrotic IncRNAs (e.g.,
MALATI, NEAT1, HULC, HOTAIR, LFARI when only up-
regulation is reported without comparison to anti-fibrotic
effects).

2. Studies without clear evidence of reduced IncRNAs
expression or without linking it to fibrosis progression.
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3. Reviews, meta-analyses, systematic reviews, case re-
ports, letters, editorials, conference abstracts, or duplicate
publications.

4. Studies without appropriate controls (negative con-
trols, sham-operated, wild-type, or scramble siRNA).

5. Small sample sizes (< 10 independent biological repli-
cates per group in animal/in vitro studies or < 10 patients in
human cohorts).

6. Studies lacking statistical validation (P > 0.05 for primary
outcomes) or without sufficient quantitative data for pooling.

7. Non-English publications and studies without full-text
availability.

4. Search strategy

The search terms used in PubMed, Cochrane Library,
Scopus, Embase, and Web of Science are presented below
(identical Boolean strings were applied across all databases
with database-specific syntax adjustments): (“long non-co-
ding RNA” OR “IncRNA” OR “long noncoding RNA” OR
“lincRNA”) AND (“liver fibrosis” OR “hepatic fibrosis”
OR “liver fibrogenesis” OR “hepatic stellate cell activation™)
AND (“MASLD” OR “MASH” OR “metabolic dysfunc-
tion-associated steatotic liver disease” OR “metabolic-asso-
ciated steatotic liver disease” OR “NAFLD” OR “NASH”
OR “steatotic liver disease”) AND (“reduced expression”
OR downregulation OR knockdown OR silencing OR inhi-
bition OR “anti-fibrotic” OR “antifibrotic”).

No language or publication-type filters were applied
during the initial search; limits were imposed manually
during screening.

5. Selection process

A systematic screening process was implemented to en-
sure the inclusion of high-quality studies, thereby reducing
bias and enhancing the robustness of the analysis. Two inde-
pendent reviewers (Aleksandr Abaturov and Anna Nikulina)
screened titles and abstracts using Rayyan QCRI software.
Full-text articles were retrieved for potentially eligible studies
and assessed against the inclusion/exclusion criteria. Disag-
reements were resolved by consensus or consultation with
a third reviewer if necessary. To maintain uniformity and
clarity, only publications in the English language were con-
sidered. The PRISMA 2020 flow diagram will illustrate the
study selection process (Fig. 1).

6. Data collection process

Data extraction was independently performed by 2 in-
vestigators (Aleksandr Abaturov and Anna Nikulina) using

a standardized, piloted data extraction form. Any inconsis-
tencies or missing data were addressed through consensus
among the investigators.

7. Data items

Extracted data included details about the authors, publi-
cation year, and study location; information regarding sample
type (e.g., liver tissue, serum) and sample size; the specific
anti-fibrotic IncRNAs variants studied; dosage and mode of
administration (for intervention studies); expression patterns
(upregulation or downregulation); and study outcomes, such
as fat accumulation, inflammation, fibrosis stage, hepatic
stellate cell activation markers (a-SMA, COL1A1), signaling
pathway activity (TGF-3/SMAD, Hedgehog), fold-change
data, and statistical significance when available. For me-
ta-analysis, quantitative data on IncRNAs expression levels
(fold change, mean £ SD) and fibrosis-related endpoints
were prioritized. Any inconsistencies or missing data were
addressed through consensus among the investigators, en-
suring a comprehensive and accurate synthesis of the thera-
peutic potential of IncRNAs in MASLD/MASH.

8. Statistical analysis

Meta-analysis was performed when at least three studies
reported comparable quantitative outcomes for the same
IncRNAs or pathway.

For continuous outcomes (e.g., fold-change of IncRNAs
expression, relative mRNA/protein levels of a-SMA,
COLI1AL, fibrosis score), the standardized mean difference
(SMD) with 95% confidence interval (CI) was calculated as
the summary effect measure. When studies reported odds
ratios (OR) or hazard ratios for dichotomous outcomes
(e.g., presence/absence of significant fibrosis), the Man-
tel-Haenszel method was applied.

Heterogeneity was assessed using Cochran’s Q test
(P < 0.10 considered significant) and the I? statistic (I* > 50 %
indicating substantial heterogeneity). Subgroup analyses were
planned a priori according to: type of anti-fibrotic IncRNAs
(H19, MEG3, IncR-p21, etc.); experimental model (in vitro,
animal, human); age group (pediatric vs adult, where data
permitted); type of sample (liver tissue vs serum/plasma).

Sensitivity analysis was conducted by sequentially exclu-
ding one study at a time to assess the robustness of pooled
estimates. Publication bias was evaluated visually using
funnel plots and statistically using Egger’s regression test
(P < 0.1 considered significant). All statistical analyses were
performed using Review Manager software (RevMan 5.4,

Identification
Records identified from databases >
(n = 540) etc.

Records excluded (n = 434):
— not relevant/wrong topic reviews,

Records identified from 106 PubMed,
12 Cochrane Library, 10 Scopus, [<
10 Embase, and 10 Web of Science

Screening
Records screened (n = 106)

Full-text articles excluded (n = 53):

Eligibility
Full-text articles assessed (n = 53)

— profibrotic only;
— insufficient data;
— inappropriate design;

Y

— small sample size

Included
Studies included in qualitative >
synthesis (n = 7)

Excluded at full-text stage (n = 46):
— not meeting inclusion criteria

Figure 1 — PRISMA 2020 flow diagram of study selection process
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The Cochrane Collaboration, Copenhagen, Denmark) and
R version 4.3.2 with the “meta” and “metafor” packages.
A two-tailed P-value < 0.05 was considered statistically sig-
nificant.

9. Assessment of risk of bias

The risk of bias in the included studies was assessed inde-
pendently by two reviewers (Aleksandr Abaturov and Anna
Nikulina) using validated domain-based tools appropriate for
each study design. Disagreements were resolved by discus-
sion or consultation with a third reviewer.

For animal studies (preclinical in vivo models):
SYRCLE’s Risk of Bias tool (SYstematic Review Centre
for Laboratory animal Experimentation) was applied across
10 domains (selection, performance, detection, attrition,
reporting, and other biases).

For human observational/clinical studies: the ROBINS-I
tool (Risk Of Bias In Non-randomized Studies — of Inter-
ventions) was used, evaluating confounding, selection of
participants, classification of interventions, deviations from
intended interventions, missing data, measurement of out-
comes, and selection of the reported result.

For in vitro studies: a modified Office of Health Assess-
ment and Translation (OHAT) risk of bias tool was em-
ployed, focusing on selection bias, performance bias, detec-
tion bias, attrition bias, and selective reporting.

Each domain was judged as green — low risk, yellow —
moderate/some concerns, red — high risk. An overall risk-
of-bias judgment for each study was categorized as low,
moderate, serious, or critical. Results of the risk-of-bias as-
sessment presented graphically (traffic-light plots and sum-
mary plots) (Fig. 2).

10. Protocol registration

PROSPERO CRD420250652980.

Analysis of the literature

Of the 106 reports highlighting the contribution of
IncRNAs to the development of MASLD, we focused on 53
reports related to the expression of IncRNAs as a biomarker
for the development of MASLD. Ultimately, only 7 reports

contained reliable information and met the standardized
study inclusion criteria, namely: 3 (IncR-p21); 3 (MEG3);
1 (H19). Most of the included studies had a low or moderate
risk of bias (Fig. 2). The main concerns related to the per-
formance bias in animal studies and mediocre results in the
single clinical observational study. The quality of the nRCTs
on the contribution of long noncoding RNAs to the deve-
lopment of MASLD is presented in Table 2.

Meta-analysis of the effects of IncCRNAs
on fibrosis markers and HSC activation

A meta-analysis was performed for IncR-p21 and MEG3,
as 3 comparable studies were available for each.

Heterogeneity and subgroup analysis

When assessing overall heterogeneity, high I? values
(> 50 %) were observed for a-SMA markers, suggesting
methodological differences between models (in vitro vs.
in vivo). Subgroup analysis by experimental model type par-
tially explained the heterogeneity, indicating that the effect
of IncR-p21 was more pronounced in LX-2 cell cultures
compared to CCl, rat models.

Sensitivity analysis and publication bias

Sensitivity analysis by sequential exclusion of studies
did not change the statistical significance of the overall ef-
fect for IncR-p21 and MEG3, confirming the robustness of
the results. Visual analysis of funnel plots and Egger’s test
(P > 0.1) did not reveal any clear evidence of publication
bias, although the small number of studies limits the power
of these tests.

IncR-p21. In three studies (Zheng J. et al., 2015; Yu F.
et al., 2016, 2017), decreased IncR-p21 expression was sta-
tistically significantly associated with increased a-SMA and
COLI1AL1 levels. The mechanism was realized through the
modulation of the p21, miR-181b/PTEN and Wnt/B-catenin
pathways.

1. Effect on a-SMA expression

A meta-analysis showed that downregulation of IncR-p21
expression (or its experimental knockdown) resulted in a
significant increase in a-SMA levels, a key marker of HSC

Zheng, 2015
Yu, 2016
Yu, 2017

He, 2014

Included studies

Yu, 2018
Chen, 2019

Yang, 2018

Performance  Detection

Selection

Risk of bias summary (traffic light plot)

Risk of bias domains

Moderate

Low

Attrition Reporting Other

Figure 2 — Summary of risk of bias assessment for the included studies
Note. Assessment tools — SYRCLE (animal), ROBINS-I (clinical), modified OHAT (in vitro).
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= =238 cessive collagen deposition in liver tissue.

70 [ACTPOEHTEPOAOTIS, ISSN 2308-2097 (print), ISSN 2518-7880 (online) Tom 60, N2 2, 2026



Oragam 1a Aekuii / Reviews and Lectures

H19. Since only one study was included (Yang J.J. et al.,
2018), a quantitative meta-analysis was not performed. How-
ever, the results suggest that decreased H19 due to DNMT1
promoter hypermethylation leads to HSC activation via
p-ERK1/2 (Fig. 3).

Discussion

The role of reduced INCRNAs expression
in the epigenetic influence

on the development of liver fibrosis

1. LncRNAs-mediated regulation of the activity of the
TGF-f-associated signaling pathway in the development of
liver fibrosis

The most important biological factor promoting the de-
velopment of tissue fibrosis, including liver tissue, is the fi-
brogenic cytokine TGF-f3, which promotes HSC activation
through the following profibrotic (APTR, H19, HOTTIP,
LFARI, MALAT1, SCARNAI10, TGFB2-0OT1]) and antifibro-
tic (IncRNA-p21, MEG3, H19) IncRNAs.

IncR-p21. The long intergenic non-coding RNA-p21
(IncR-p21) gene is located upstream of the gene encoding
the critical cell cycle regulator CDKN1A (also known as
p21). The IncR-p21 transcript, by activating p53, induces
cell apoptosis [29, 30]. The direct molecular targets of
IncR-p21 are miR-17-5p and miR-181b-5p, which sup-
press the expression of the Smad7 and phosphatase and
tensin homolog (PTEN) genes, respectively. A decrease
in the expression level of IncR-p21 leads to an increase
in the representation of miR-17-5p, miR-181b-5p and,
consequently, to the activation of HSCs and the develop-
ment of liver fibrosis [23, 31]. Thus, IncR-p21, by seques-
tering miR-17-5p, promotes the expression of the Smad7

gene, which inhibits Smad2/3, which reduces the activity
of liver fibrosis. Sequestration of miR-17-5p also leads to
a decrease in the activity of the fibrinous Wnt/f-catenin
signaling pathway [32, 33].

At the same time, the decrease in IncR-p21 expression
promotes an increase in the representation of miR-17-5p
and miR-181b-5p, which leads to the inhibition of SMAD7
and PTEN and, as a result, to the excitation of TGF-3- and
PI3K/Akt-signaling pathways, respectively, activating HSCs
and fibrosis of liver tissue [23, 34—37].

MEG3. Transcript 3, expressed by the maternal-
ly expressed 3 (MEG3) allele of the imprinted delta-like
non-canonical Notch ligand 1 (DLK1) gene, functions as
a tumor suppressor. Most studies have shown that patients
with MASLD and experimental mice with CCl,-induced
liver fibrosis have a reduced expression level of the IncRNA
MEG3, with lower MEG3 expression levels corresponding
to higher degrees of liver fibrosis [25, 27, 38, 39]. At the
same time, there is evidence that MEG3 expression le-
vels are significantly increased in fibrotic liver tissue in pa-
tients with metabolic dysfunction-associated steatohepatitis
(MASH) [40].

The lack of MEGS3 transcripts results from the recruit-
ment of the MeCP2 protein to the promoter region of the
patched! protein (PTCH1) and RAS protein activator like 1
(RASAL1) genes. The PTCHI1 protein suppresses the activity
of Hedgehog-associated signaling pathway in the develop-
ment of fibrosis, and the RASALI protein suppresses the
proliferation and fibrogenic activity of HSC [25, 41, 42]. An
updated level of MEG?3 expression leads to a decrease in the
activity of liver fibrosis and a decrease in the expression of
the Acta2/a-SMA and COLIA1 genes.

Forest plot of the effect of incRNA-p21 and MEG3 exprassion on liver fibrosis markers (a-SMA, COL1A1)
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Figure 3 — Forest plot visualizing the results of meta-analysis for IncRNA-p21 and MEG3

Note. The direction of the effect is indicated by arrows as “Favours decreased fibrosis/HSC activation”, which
means that increased expression of IncR-p21 and MEG3 is an antifibrotic factor.
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Overexpression of MEG3 inhibits the proliferation of
HSCs and activates the expression of the p53 protein gene,
which indirectly inhibits cytochrome c to lead to caspase-3-
dependent apoptosis of activated HSCs [43, 44]. The anti-
fibrotic effect of the MEG3 transcript is responsible for the
inhibition of TGF-B1/SMAD signaling in HSCs [45]. Also,
MEGS3, interacting with a representative of the Hedgehog-as-
sociated signaling pathway for the development of liver fibro-
sis, the smoothened, frizzled class receptor (SMO), suppres-
ses the epithelial-mesenchymal transition hepatocytes [44].

H19. The H19gene is an imprinted gene that is normally
expressed from the maternally inherited chromosome and
epigenetically silenced on the paternal chromosome. During
embryonic development, H19 controls genome-wide methy-
lation, directs methylation of the imprinted gene network,
and regulates organ size. The complexity of H19 functions
in the liver is reflected in its interaction with and regula-
tion of an increasing number of proteins, as well as coding
and non-coding RNAs involved in metabolism, profibrotic
gene networks, cell cycle progression, and chromatin re-
gulation [46]. It is noteworthy that liver fibrosis can occur
with decreased expression of the H19 IncRNA in activated
HSCs. The long non-coding RNA H19 is a major regulator
of insulin-like growth factor 1 receptor (IGF1R) gene ex-
pression, which is highly expressed in activated HSCs. Low
expression of IncRNA H19 is associated with high expression
of DNMT1 and hypermethylation of the IncRNA H19 pro-
moter in fibrotic liver tissue. It is believed that the decrease
in expression of IncRNA H 19 promotes the increase in ex-
pression of DNMT1, which hypermethylates the IncRNA
H19 promoter [28, 47]. Overexpression of H19 promotes the
recruitment of methyl-CpG-binding protein 2 (MeCP2) to
the IGFIR gene promoter, which inhibits the expression of
this gene and suppresses HSC activity [48].

The effect of IncRNAs on the TGF-1/SMAD-associa-
ted signaling pathway in the development of liver fibrosis in
MASLD is presented in Fig. 4.

2. LncRNAs-mediated regulation of the activity of the
Hedgehog-associated signaling pathway in the development of
liver fibrosis

The profibrotic IncRNA that regulates the activity of
the Hedgehog-associated signaling pathway is PV'T1, while
MEG3 is an antifibrotic IncRNA.

MEG3. The MEG3 transcript has the ability to sponge
miR-212, which suppresses the activity of SMO expression,
regulating the activity of the Hedgehog-associated signaling
pathway in the development of liver fibrosis [42]. The de-
crease in the expression of the IncRNA MEG3, observed in
liver cirrhosis, leads to an increase in the representation of
the miR-212 pool and SMO expression. The increase in the
amount of miR-212 is accompanied by the suppression of
the expression of the negative regulator of the Hedgehog-as-
sociated signaling pathway, the protein PTCH1. Thus, the
IncRNA MEG3-mediated increase in the level of SMO ex-
pression and the decrease in the level of PTCH1 expression
lead to the activation of target genes of the Hedgehog-asso-
ciated signaling pathway [26].

The influence of IncRNAs on the Hedgehog-associa-
ted signaling pathway in the development of liver fibrosis in
MASLD is presented in Fig. 5.
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Figure 4 — The influence of IncRNAs on the activity
of TGF-B1/SMAD-associated signaling pathway
in the development of liver fibrosis in MASLD

Notes: the main source of TGF-B1 in the develop-
ment of MASH; are Kupffer cells. The TGF-B1 factor,
interacting with the specific receptor TBR-Il, activates
it, which causes the phosphorylation of SMAD2 and
SMAD3 proteins. Then the heterocomplex of phos-
phorylated SMAD2/3 forms a complex with SMADA4,
which translocates into the cell nucleus and together
with SMAD4 regulates the expression of target genes.
The functioning of the SMAD2/3-associated signaling
cascade is negatively regulated by the SMAD? factor.
Activation of the SMAD-associated signaling path-
way causes the transformation of HSCs into fibrosing
myofibroblast-like cells and increased expression of
collagen, a-smooth muscle actin and other ECM com-
ponents genes. Transdifferentiated myofibroblast-like
cells respond significantly to the action of TGF-B1: the
production of collagen, tissue inhibitor of metallopro-
teinase-1 and -2 and plasminogen activator inhibitor 1.
In contrast to HSC, fibrosing myofibroblast-like cells
do not express the transcription factor SMAD7, which
inhibits the Smad-associated signaling pathway, and it
is likely that the absence of SMAD? is one of the rea-
sons for the excessive effects of TGF-B1 during the
progression of liver fibrosis in MASLD [49-51]. Red ar-
rows — activation; blue — inhibition, molecular models
adapted from the Protein data bank.

Conclusions

Evidence on the role of antifibrotic long nonlinear
RNAs remains fragmentary, although the prevalence of
MASLD continues to increase. Decreased expression of
antifibrotic long non-coding RNAs (/ncR-p21, MEG3,
and H19) is one of the key epigenetic mechanisms of liver
fibrosis progression in metabolic dysfunction-associated
steatotic liver disease. Analysis of 53 sources showed that
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Figure 5 — The influence of IncRNAs on the activity

of the Hedgehog-associated signaling pathway in the
development of liver fibrosis in MASLD

Notes: hepatocytes with ballooning dystrophy release
a profibrogenic substance — a protein called Sonic
Hedgehog (SHH). It is assumed that activation of the
SHH-associated signaling pathway in hepatocytes and
cholangiocytes is one of the first pathogenetic reac-
tions in MASLD. SHH expression in the liver is induced
in response to any tissue damage as a component of
the signaling network of liver tissue repair and regene-
ration, however, prolonged expression of the SHH fac-
tor induces the development of liver fibrosis. The SHH
factor is a representative of a group of highly conserved
ligands, which also includes Indian hedgehog (IHH) and
desert hedgehog (DHH), which interact with PTCH1 and
PTCH2 receptors of hedgehog-sensitive cells, in parti-
cular, HSC. Canonical and non-canonical Hedgehog-as-
sociated signaling pathways are distinguished. The
canonical SHH signal transduction pathway consists of
components such as Patched receptor (PTCH1, PTCH2),
12-domain transmembrane receptor, Smoothened re-
ceptor (SMO), 7-domain transmembrane receptor, G
protein-coupled receptor (GPCR), negative regulatory
protein suppressor of fused homolog (SUFU), and the
Glioma-associated oncogene homolog (GLI) family of
transcription factors (GLI1, GLI2, and GLI3). Ligands of
the Hedgehog-associated signaling pathway release in-
hibition of SMO by PTCH. The SMO receptor can activate
GLI to regulate the expression of target genes. Nonca-
nonical SHH signal transduction can be classified into
three types, including: 1) PTCH-mediated, 2) SMO-de-
pendent/GLI-independent, and 3) SMO-independent GLI
activation. The interaction of HH ligands with PTCH1 and
PTCH2 receptors inhibits the SMO receptor, which pre-
vents the action of SUFU. The SUFU protein is a negative
regulator of GLI transcription factors: it directly binds to
the transcription factors GLI1, GLI2, and GLI3 and cau-
ses their ubiquitinylation. Inhibition of the SUFU protein
prevents the proteolysis of GLI transcription factors,
leading to their nuclear import and altered expression
of GLI target genes. The transcription factor GLI3 main-
ly acts as a repressor and suppresses the expression
of genes such as Pax2, Sall1, Cend1 and N-myc during
embryonic development, while the transcription factors
GLI1 and GLI2 function as transcription activators. In li-
ver fibrosis, an increase in the content of the active form
of the transcription factor GLI3 is observed [52, 53]. Red
arrows — activation; blue — inhibition, molecular mo-
dels adapted from the Protein data bank.

these IncRNAs function mainly as competitive endogenous
RNAs (ceRNAs), sequestering profibrotic miRNAs and
suppressing hepatic stellate cell (HSC) activation, epithe-
lial-mesenchymal transition of hepatocytes and extracellu-
lar matrix remodeling.

Downregulation of lncR-p21, MEG3, and H19 sequen-
tially activates major profibrogenic signaling pathways
(TGF-B/SMAD and Hedgehog), which is accompanied by
increased expression of a-SMA, COL1A1 and other fibrosis
markers. In preclinical models (CCl,, HSC cultures) and
clinical cohorts of MASLD/MASH patients, a clear cor-
relation has been observed between the reduced expression
of these IncRNAs and the severity of fibrosis.

Restoration of the expression of anti-fibrotic IncRNAs
(via CRISPR activation, viral vectors, IncRNAs mimics or
inhibitors of the corresponding miRNAs) opens up promi-
sing avenues for epigenetic therapy of MASLD/MASH,
capable of preventing the progression of fibrosis to cirrho-
sis and hepatocellular carcinoma. These molecules may
also serve as reliable non-invasive biomarkers of disease
progression.

Further prospective studies should include large prospec-
tive cohort and randomized clinical trials with quantitative
assessment of IncRNAs expression in serum and liver tissue,
as well as a full meta-analysis to clarify the effect size (SMD)
and heterogeneity (I?). This will allow us to translate the
obtained data into clinical practice and develop personalized
epigenetic strategies for the treatment of liver fibrosis in chil-
dren and adults with metabolic dysfunction.
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AHIMpOBCKN ASPXKABHM MEANYHV YHIBEPCUTET, M. AHINPO, YKpQiHa

EnireHeTMYyHM aHTNDiIBpOTUYHMIN edeKT ekcnpecii AoBrux HekoAaytounx PHK IncR-p21, MEG3, H19
HA PO3BUTOK DiIBPO3Y NPU CTEATOTUYHIN XBOPOOI NEYiHKU, ACOLLIMOBAHIN i3 METABGOAIYHOIO AUCHYHKLIEIO
(CUCTEMATU3OBOHUI OTASA TO METACHAAI3)

Pestome. Axmyaavnicmo. Crearotnyna XxBopoba MeYiHKu, acoLli-
iioBaHa 3 MeTabostiuHO0 auchyHKIiew (metabolic dysfunction-
associated steatotic liver disease — MASLD), € onHuM 3 Haiiromm-
PEHIIINX XPOHIYHMX 3aXBOPIOBAHb IMEUiHKU B OiTEl Ta TOPOCIUX
y BcboMy CBiTi. DiOp03 MeviHKu € KIHYOBUM IMPOTrHOCTUYHUM
dakTopom, 1110 BU3HAYAE MTPOrPECYBAHHS 3aXBOPIOBAHHS 10 11~
pO3y Ta remaToleoIspHOl KapimHoMu. [loBri Hekomytodi PHK
(IncRNAS) cTany KpUTUIHUMHU €ITITeHeTUIHUMHU PErYISITOpaMU
akTuBalii Ta (idbporeHe3y 3ipyacTux kJaiTuH nevinku (hepatic
stellate cell — HSC). Mema: cucteMaT30BaHO OLIIHUTH €ITire-
HETUYHUI aHTU(DIOPOTUYHMUIA BIUIMB €KCIPECii TOBIMX HEKOIYIO-
yux PHK (IncR-p21, MEG3, H19) Ha pO3BUTOK i TIpOTrpecyBaHHS
¢ibposy neuinku npu MASLD/MASH 3 akiileHTOM Ha KJIIO4OBi
npodiopornuHi curHanbHi nuisixu (TGF-B/SMAD, Hedgehog) i
TepaneBTUYHI nepcrieKTuBu. Mamepiaau ma memoou. llei cucre-
MaTU30BaHUI1 OIJIsII | MeTaaHaJsIi3 OyJI0 TIPOBEIEHO i TIpeaCcTaBIeHO
BinmoBigHo 1o 3asiBu PRISMA 2020 (peectpauiss PROSPERO
CRD420250652980). BukoHaHO KOMIUTEKCHUI MOMIYK y Ga3zax
PubMed, Cochrane Library, Scopus, Embase Ta Web of Science
(2010—2026) 3 BUKOpPMCTAaHHSIM TIOTIEPEIHBO BU3HAUEHUX JIOTi4-
HUX psaKiB. Byno BKIoYeHO opuriHaabHi KJIiHiYHI, TBApUMHHI i1
TOCTTIIKEHHSI in Vitro, 1Ki TPOJEMOHCTPYBAIU 3HKEHY EKCITPECito

1ipoBUX aHTUGDiIOpo3HUX INcRNAS Ta X 3B’5130K 3i 301IbIIIEHHSIM
(hibpo3sy abo akruparieto HSC y BctaHoBieHux Mozensix MASLD/
MASH a6o nroncbkux Koroprax. JIBa He3alaeXHi pelieH3eHTH BU-
KOHAaJIM Big0Oip JOCTiIKeHb, BUIYyIeHHS JaHWX Ta OLIHKY PU3UKY
cucreMatnyHoi moMuiiku (SYRCLE mist nocimkeHb Ha TBapyuHax,
ROBINS-I myist o6¢cepBalliiHUX KIIHIYHUX AOCHTIIKEHb, MO~
(dikoBanuit OHAT mnst mocninkeHs in vitro). Pesyasmamu. 3i 106
BU3HAUYCHUX 3BITiB Y 53 pO3IIIsiman eKCIpeciio TOBIUX HEKOLYIO-
yux PHK (IncR-p21, MEG3, H19) sx noteHuiitHi aHTU)iIOpoTHUHI
GiomMapKepu; 3pelITolo, 7 TOCiIKeHb BilMOBiIaIi CYBOPUM KpU-
TepisiM BKJIIOYeHHSsI. 3HMKeHa ekcripecist lncR-p21, MEG3, HI19
MOCJIiIOBHO TTOB’s13yBajiacs 3 akTunalieio HSC, emitemianbHo-Me-
3eHXiMaJbHUM IIePEXOI0M i aKTUBALIEI0 OCHOBHUX MTPOGiOpoTHI-
HUX LUISIXiB, 10 TTPU3BOIMJIO 10 30iJblIeHHST ekcnpecii a-SMA
ta COL1AIL. Bucnosxu. LncR-p21, MEG3, H 19 BinirpatoTh 3HaUHY
eIMreHeTUYHY POJIb Y PO3BUTKY BUPaXKEHOTO (PiOpo3y MewiHKU ITpu
MASLD/MASH. 3HuxeHHS iX eKcrpecii Npu3BOAUTD 10 Aepernpe-
cii nmpoidbpoTryHOI cUrHai3allii B KJIIOYOBUX MPodiOpoTUUHUX
curnanpHux nuisgxax (TGF-$/SMAD, Hedgehog).

Kunrouosi ciioBa: $i6bpos neuiHku; crearoTuuHa XBopo0a MeviHKu,
acolriiioBaHa 3 MeTab0IiuHOI0 AUC(HYHKIII€IO; JOBri HEKOAYIOUi
PHK /ncR-p21, MEG3, H19

Tom 60, N2 2, 2026

www.gastro.org.ua, https://gastro-journal.com 75



