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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic, relentlessly progressive interstitial lung disease with limit-
ed treatment options and poor survival. Existing antifibrotic agents slow functional decline but do not halt or reverse 
established fibrosis, highlighting the need for IPF specific mechanistic understanding and new therapeutic targets. 
This review summarizes epigenetic regulatory mechanisms that are implicated in IPF, including DNA methylation, 
histone modifications, non-coding RNAs, and RNA modifications. These mechanisms can be viewed as interacting 
networks that reprogramme gene expression in alveolar epithelial cells, macrophages and fibroblasts, leading to 
impaired epithelial repair, profibrotic immune activation and maintenance of a chronically activated myofibroblast 
state. The contribution of cell type specific epigenetic signatures to chronic inflammation, disordered tissue re-
modelling and progressive extracellular matrix accumulation in IPF is underscored. Recent work that translates 
epigenetic insights into applications for IPF is also reviewed, with a focus on epigenetic marks and regulators as 
biomarkers for diagnosis, prognosis and treatment response, and as targets for small molecule drugs, nucleic acid 
based therapies and epigenome editing strategies. Overall the evidence assembled here provides a framework that 
focuses on IPF epigenetic regulation and can inform experimental design and support the development of more 
precise therapeutic approaches for patients with IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a severe 
progressive interstitial lung disease character-
ized by repeated injury and ineffective repair of 
the alveolar epithelium, abnormal accumula-
tion of fibroblasts and myofibroblasts, and ex- 
cessive extracellular matrix (ECM) deposition, 
which together drive honeycomb remodelling of 
the lung parenchyma and eventually result in 
respiratory failure [1]. Although the etiology of 
IPF has not been fully elucidated, important 
clues have emerged from clinical studies. 
Extensive evidence indicates that a range of 
environmental and occupational exposures, 
including cigarette smoke, air pollution, sulfur 
dioxide, wood dust and metal particles, can 
damage the alveolar epithelial-mesenchymal 
barrier, disturb lung tissue homeostasis and 
activate chronic inflammatory and oxidative 
stress pathways, thereby promoting pulmonary 

inflammation and fibrogenesis in genetically 
susceptible individuals [2-5]. Pirfenidone and 
nintedanib are approved to attenuate the loss 
of lung function, yet they are unable to reverse 
established fibrosis [6]. As a result, current 
therapeutic strategies offer limited benefit for 
long term survival and fail to address the pro-
nounced heterogeneity of IPF, which underlines 
the need for further progress in both basic 
research and clinical practice.

Accumulating evidence suggests that epigene-
tic dysregulation plays a major part in the in- 
itiation and progression of IPF. In individuals 
with genetic susceptibility, environmental in- 
sults appear to act through DNA methylation 
and histone and RNA modifications to repro-
gram gene expression in pulmonary epithelial 
cells, fibroblasts and immune cells, disrupt the 
normal balance of injury and repair and pro-
mote fibrotic remodelling. Genome-wide stud-
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ies of IPF lung tissue have identified extensive 
changes in DNA methylation that correlate with 
altered transcription of genes involved in extra-
cellular matrix turnover, TGF-β signalling and 
cell cycle control. Notably, methylation at the 
c8orf4 locus has been linked to reduced COX-2 
expression, while epigenetic silencing of SOD2 
has been associated with enhanced oxidative 
stress [7-9]. In addition, methylation programs 
differ between epithelial and myeloid compart-
ments; loss of Dnmt3b in myeloid lineages 
exacerbates fibrotic lesions and promotes a 
profibrotic macrophage phenotype [10-12]. In 
the context of histone modification, inhibition 
of HDAC6 or HDAC8 reduces the expression of 
fibrotic markers, whereas reduced H4K16 acet-
ylation in lung tissue is associated with a profi-
brotic transcriptional program. EZH2 and G9a 
repress CXCL10, whereas KMT2A enhances 
fibroblast-related transcription via PU.1 [13-
16]. Immune metabolism is closely linked to 
epigenetic enzyme activity, with mitochondrial 
fission and reactive oxygen species accumu- 
lation being promoted by lactate signaling, 
macrophage polarization being shaped by the 
NAMPT/NAD+ axis, and antifibrotic effects be- 
ing associated with activation of Nrf2 [17-20]. 
Together, these findings outline a mechanistic 
framework that can guide future studies and 
refine therapeutic strategies in IPF [6, 21-23].

Although epigenetic control of cellular pheno-
type in IPF is well documented, it remains 
unclear how the different layers of epigenetic 
regulation act together to shape disease spe-
cific cellular states. This review assembles cur-
rent knowledge on DNA methylation, histone 
modifications, non-coding RNAs and RNA modi-
fications, and this body of work is used to pro-
pose an integrated model of epigenetic control 
of cell function. In this model, distinct epigene-
tic processes are shown to converge on tran-
scriptional reprogramming in alveolar epithe- 
lial cells, macrophages and fibroblasts, which  
is thought to sustain progression of fibrotic 
pathology. By providing a more coherent and 
comprehensive overview of epigenetic regula-
tion in IPF, this review aims to connect mecha-
nistic insight with clinical relevance and to sug-
gest new directions for future research on IPF 
epigenetic mechanisms and their translational 
potential.

Epigenetic regulatory mechanisms

In recent years, the significance of epigenetic 
mechanisms in the pathogenesis of IPF has 
become increasingly evident [24]. Epigenetic 
dysregulation contributes to IPF by converging 
on three interlinked cellular programs: impair- 
ed alveolar epithelial repair, profibrotic immune 
polarization, and persistent fibroblast/myofi-
broblast activation with excessive ECM deposi-
tion. DNA methylation, histone modifications, 
ncRNAs and RNA modifications form an inter-
acting network that reshapes transcriptional 
programs across epithelial, immune and stro-
mal compartments (Figure 1; Table 1). In the 
following sections, we focus on regulator-spe-
cific evidence and highlight the most consis-
tently supported mechanisms.

DNA methylation modifications

DNA methylation (5-mC), written by DNMTs and 
erased by TET enzymes, regulates cell type 
specific transcriptional programs in IPF. Here, 
we highlight the most consistently supported 
methylation regulators/loci and their mecha-
nistic links to oxidative stress control, macro-
phage polarization and fibroblast phenotypes, 
without reiterating general IPF pathobiology 
described above [25].

DNMTs and TET demethylases play key regula-
tory roles in the onset and progression of IPF. 
Studies have shown that the loss of DNMT3A 
induces hypermethylation of the SOD2 promot-
er in lung fibroblasts, leading to downregulation 
of SOD2 expression [26]. Conversely, loss of 
DNMT3B in myeloid cells promotes DNA hypo-
methylation at the Arg1 promoter and favours 
macrophage polarization toward a profibrotic 
phenotype [11]. In parallel, in vitro and in vivo 
experiments show that miR-30a targets TET1, 
suppresses hydroxymethylation of the Drp1 
promoter in type II alveolar epithelial cells 
(AEC2s), and thereby reduces Drp1 expression 
[27]. However, another study reported that 
TET2 deficiency in AEC2s did not affect IPF  
progression through an epigenetic mechanism 
[10].

However, evidence for TET family enzymes in 
fibrotic progression is not fully consistent.  
While the miR-30a/TET1-Drp1 axis supports a 
hydroxymethylation-linked mechanism in AEC2 
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Figure 1. Overview of epigenetic regulatory mechanisms.

Table 1. Summary of epigenetic regulatory mechanisms in IPF

Category Key molecules/ 
enzymes Major cell types Core pathways/mechanisms

DNA  
methylation

DNMT1/3A/3B, 
TET1/2/3, MeCP2, 
MBD2

Fibroblasts, AEC2s, 
Macrophages

Promoter methylation leads to SOD2 decrease, Drp1 decrease; TGF-
β-Smad3-MBD2 loop; Arg1 hypomethylation leads to M2 polarization

Histone 
modification

HATs (p300/CBP), 
HDACs, SIRT1/8

Fibroblasts H4K16Ac increases leads to pro-fibrotic genes decrease; SIRT1-
NAD+-AMPK axis; HDAC inhibition leads to α-SMA/COL1A1 decreases

NcRNA 
regulation

miR-29; miR-30a; 
circHIPK3; lncITPF; 
LINC00941; TUG1

Fibroblasts; AEC2s miR-29 decreases COL1A1 and COL3A1; miR-30a reduces TET1 
and Drp1 expression; circHIPK3 competes with miR-30a lead-
ing to FOXK2-mediated glycolysis enhancement; lncITPF-hnRNP-L 
increases α-SMA and ECM; LINC00941-HuR decreases autophagy 
and promotes myofibroblast transition; TUG1 activates PI3K/Akt/
mTOR signaling

RNA  
modification

METTL3/14; WTAP; 
YTHDF1/2/3; 
NSUN2/3/5; DNMT2

Fibroblasts;  
Mesenchymal cells;  
Immune cells

METTL3-YTHDF1 enhances KCNH6 translation and fibroblast activa-
tion; METTL14 stabilizes DDIT4 and promotes aging-related fibrosis; 
m5C regulators reshape immune infiltration patterns and serve as 
diagnostic and prognostic signatures

injury models, TET2 deletion in AEC2s did not 
alter bleomycin-induced fibrosis in another 
study [28, 29]. These findings likely reflect dif-
ferences in experimental systems, the cell pop-
ulations interrogated, and the timing of pertur-
bation relative to injury and repair phases, and 
they underscore the need for validation in 

human AEC2 subsets and in chronic, spatially 
heterogeneous disease settings [17, 18]. In- 
hibition of lactate production or its downstream 
pathways can partially restore these abnor- 
malities [30, 31]. Meanwhile, activation of the 
Nrf2 antioxidant pathway and mitochondrial 
protective mechanisms can indirectly preserve 
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the redox environment required for TET enzy-
matic activity [19, 32, 33], thereby influencing 
the progression of IPF.

In addition, methyl-CpG binding proteins such 
as MeCP2 and MBD2 participate in the regula-
tion of DNA methylation in IPF. TGF-β1 can acti-
vate a TβRI-Smad3-MBD2 positive feedback 
loop to induce hypermethylation of the Erdr1- 
promoter CpG islands, leading to transcription-
al repression of Erdr1 [34]. Silencing of MeCP2 
has been shown to suppress TGF-β1-induced 
α-SMA expression in fibroblasts [35, 36], and 
also inhibit M2 macrophage polarization by 
downregulating interferon regulatory factor 4 
(IRF4) [36].

At the level of CpG site regulation, transcrip- 
tional regulator C8orf4 hypermethylation medi-
ates the downregulation of COX-2 in lung fibro-
blasts [9]. Conversely, inhibition of DNA meth-
ylation can induce demethylation of the PPAR-γ 
promoter, thereby enhancing PPAR-γ expres-
sion [37]. A recent retrospective study further 
revealed that exposure to PM2.5 was signifi-
cantly associated with the methylation status 
of CRTAP (an extracellular matrix remodeling 
enzyme) and TLN2 (a fibroblast migration-relat-
ed gene), which were directly correlated with 
clinical prognosis in IPF patients [38].

Histone modifications

Histone acetylation and methylation regulate 
chromatin accessibility and transcription th- 
rough reversible enzymatic writing/erasing of 
specific histone marks. In IPF, dysregulated ac- 
tivity of these enzymes reshapes profibrotic 
transcriptional programs. This section focuses 
on acetylation and methylation, because they 
have the most developed evidence base in IPF 
[14].

Histone acetylation: Histone acetylation is a 
crucial post-translational modification of his-
tones, primarily occurring at the ε-amino gr- 
oups of specific lysine residues on histone tails 
(particularly those of H3 and H4). The dynamic 
balance of this modification is maintained  
by the opposing activities of histone acetyl-
transferases (HATs) and histone deacetylases 
(HDACs). Multiple studies have consistently 
reported that chromatin remodeling associat- 
ed with cellular senescence in IPF is closely 
linked to the dysregulated activity and expres-

sion of the sirtuin (SIRT) family of deacetylas- 
es. Evidence also indicates that HDAC depen-
dent chromatin regulation is altered in IPF. 
Pharmacologic inhibition of HDAC8 attenuates 
experimental pulmonary fibrosis, supporting 
HDAC8 as a tractable target. Separately, in- 
creasing H4K16 acetylation is associated with 
lower expression of profibrotic genes and im- 
proved fibrosis phenotypes. These findings sug-
gest that changes in selected histone marks 
and loci do not necessarily reflect global acety-
lation states [13, 15, 39-41].

Studies have shown that specific deletion of 
SIRT1 in fibroblasts directly impairs their anti-
apoptotic capacity [42]. Small-molecule block-
ade of the SIRT1-associated deacetylation axis 
not only induces fibroblast apoptosis but also 
mitigates fibrotic progression [43]. NAD+ serves 
as an essential cofactor for SIRT1, and its intra-
cellular concentration is a major determinant of 
SIRT1 deacetylase activity [44]. In fibroblasts, 
increased NAMPT expression has been de- 
monstrated to raise NAD+ availability, strength-
en SIRT1-mediated deacetylation, and pro- 
mote AMPK phosphorylation, ultimately corre-
lating with lower transcription of fibrosis related 
genes and reduced collagen accumulation [20].

Histone methylation: Histone methylation also 
contributes to transcriptional control in IPF.  
In fibroblasts, EZH2 and G9a act together to 
deposit the repressive marks H3K27me3 and 
H3K9me2 at the CXCL10 regulatory region, 
thereby increasing local repressive methylation 
and suppressing CXCL10 transcription [45]. By 
contrast, KMT2A, through the KMT2A-WDR5-
mediated H3K4me3 activation pathway, induc-
es an increase in H3K4me3 levels at the PU.1 
promoter region in fibroblasts, further promot-
ing the expression of PU.1 and subsequent 
upregulation of pro-fibrotic genes [16]. More- 
over, the CREBBP/EP300 acetyltransferase 
complex exerts its effects through activating 
the enhancer H3K27ac pathway, inducing an 
increase in global histone acetylation levels in 
fibroblasts, which in turn promotes the upregu-
lation of collagen VI (COL6A) expression and 
aggravates fibrotic progression [46]. In addi-
tion, combined inhibition of EP300 and DDR1 
can by suppressing p300 HAT activity and 
blocking DDR1 signaling in fibroblasts, reduce 
ECM expression, decrease α-SMA levels, and 
alleviate the fibrosis burden both in vitro and in 
vivo [47].
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HDAC, HAT, KMT and KDM focused interven-
tions show antifibrotic activity in several mod-
els, but many studies use broad inhibitors with 
pleiotropic effects, and the direction and spe- 
cificity of responses vary across experimental 
settings. The acute bleomycin model also fails 
to capture key features of progressive, hetero-
geneous human IPF, which limits conclusions 
about long term efficacy. It is still unclear which 
cell compartments offer the best therapeutic 
window for targets such as EZH2, G9a, KMT2A 
and EP300 or CBP. It is also unclear which 
pharmacodynamic biomarkers best reflect on 
target chromatin engagement in vivo. Addre- 
ssing these gaps will strengthen translational 
interpretation.

Non-coding RNA regulation

Non-coding RNAs (ncRNAs) modulate fibrotic 
gene programs in IPF, with effects that vary 
across cell types and disease contexts. Seve- 
ral miRNAs/lncRNAs/circRNAs have reproduc-
ible effects on ECM gene expression, fibro- 
blast activation and epithelial/immune signal-
ing, and we summarize the most representative 
axes below [48].

microRNAs and circRNAs: Lung-targeted miR-
29 mimics have been reported to downregulate 
pro-fibrotic genes (e.g., COL1A1 and COL3A1) 
in pulmonary fibroblasts by regulating their tar-
get mRNAs [49]. For miR-30a, targeting TET1, 
reduces the hydroxymethylation level of the 
Drp-1 promoter in fibrosis-related cells, result-
ing in the downregulated expression of both 
TET1 and Drp-1 [27]. On the other hand, circH-
IPK3 acts as a competing endogenous RNA 
(ceRNA) for miR-30a-3p: it competitively binds 
to miR-30a-3p in fibroblasts, reducing the lat-
ter’s binding to FOXK2 mRNA, which in turn 
upregulates FOXK2. This further enhances the 
expression of glycolysis-related genes and in- 
creases the glycolytic activity of fibroblasts; in 
mouse models, inhibition of circHIPK3 leads to 
decreased fibrosis markers [50].

Long non-coding RNAs: In IPF, multiple lncRNA-
mediated signaling pathways have been impli-
cated in ECM metabolism and myofibroblast 
differentiation. LncITPF not only correlates with 
its host gene ITGBL1 but also forms a function-
al complex with the RNA-binding protein hnRNP-
L. In human lung fibroblasts, upregulation of 
lncITPF significantly promotes the expression 
of myofibroblast differentiation markers (e.g., 

α-SMA and COL1A1) and other ECM-related 
genes, whereas disruption of the lncITPF- 
hnRNP-L complex reverses such overexpres-
sion [51]. In a bleomycin-induced mouse mo- 
del of fibrosis, the small-molecule compound 
MOBT-targeting the lncITPF-hnRNP-L complex-
markedly reduces lung hydroxyproline content, 
collagen deposition, and histological fibrosis 
scores, highlighting the in vivo therapeutic trac-
tability of this complex [52]. Collectively, these 
studies define the core role of lncITPF in re- 
gulating fibrosis-related genes and ECM de- 
position.

Another key lncRNA, LINC00941 (also known 
as lncIAPF), is tightly associated with autopha-
gy regulation and myofibroblast differentiation. 
The transcription factor ATF3 directly activates 
LINC00941 transcription; in human lung fibro-
blasts, LINC00941 binds to ELAVL1 (HuR) to 
suppress autophagic flux and upregulate α- 
SMA and ECM-related genes. Under transfor- 
ming growth factor-β (TGF-β) stimulation, this 
cascade promotes fibroblast-to-myofibroblast 
transition, an effect further confirmed by in vivo 
experiments showing that silencing LINC00941 
substantially alleviates fibrotic pathology [53].

Additionally, upregulation of lncRNA TUG1 cor-
relates with CDC27 expression and activation 
of the phosphatidylinositol 3-kinase/protein 
kinase B/mammalian target of rapamycin 
(PI3K/Akt/mTOR) pathway. In cellular and ani-
mal fibrotic models, elevated TUG1 expression 
enhances collagen production and exacerbat- 
es histological fibrosis, suggesting that certain 
lncRNAs may modulate fibrosis phenotypes by 
regulating cell cycle and growth signaling cas-
cades [54].

Many ncRNA studies describe differential ex- 
pression in IPF, but results vary with sampling 
region, disease stage, and analytical methods. 
Some ncRNAs may be biomarkers rather than 
causal drivers. Mechanistic work often relies 
on overexpression or knockdown in vitro, where 
off target effects and nonphysiologic RNA  
levels can affect interpretation. For trans- 
lation, major uncertainties include delivery to 
the relevant cell populations, durability of 
effect, innate immune activation, and safety 
with repeated dosing. Clinical relevance will  
be stronger when ncRNAs are supported  
by convergent human evidence, validated in 
vivo, and paired with clear pharmacodynamic 
readouts.
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RNA modifications

RNA modifications regulate gene expression 
after transcription and may contribute to fibrot-
ic remodeling. In IPF, studies have most consis-
tently implicated m6A and m5C, and we there-
fore emphasize these modifications in this 
section [55-57].

m6A modification: The most well-characterized 
modification, N6-methyladenosine (m6A), is cat-
alyzed by the “writer” complex (with METTL3/
METTL14 as the core) to covalently add a me- 
thyl group to the nitrogen-6 position of adenos-
ine (A) in RNA molecules. The functional imple-
mentation of m6A modification relies on its  
recognition by specific “reader” proteins (e.g., 
YTHDF1/2/3, YTHDC1), thereby precisely regu-
lating the entire lifecycle of the target mRNA, 
including pre-mRNA splicing, nuclear export of 
mature mRNA, translation efficiency, as well as 
mRNA stability and degradation. Its regulatory 
network is closely associated with the fibrotic 
progression, immune microenvironment, and 
epithelial-mesenchymal transition (EMT) in IPF. 
The METTL3-YTHDF1 axis enhances m6A-de- 
pendent translation of KCNH6 mRNA, induc- 
ing epigenetic phenotypic changes in fibro-
blasts, which leads to upregulated expression 
of α-SMA and COL1, accelerated fibroblast-to-
myofibroblast transition (FMT), and subsequent 
exacerbation of pulmonary fibrotic phenotyp- 
es [58]. H3K18 lactylation acts through the 
YTHDF1/m6A/NREP pathway to induce epigen-
etic phenotypic changes in lung tissue/mesen-
chymal cells (involving m6A reader-mediated 
lactylation-RNA modification coupling), result-
ing in the upregulation of pro-fibrotic transcrip-
tional programs and disease progression [59]. 
As one of the m6A “writers”, ZC3H13 regulates 
Bax expression to induce epigenetic phenotyp-
ic changes in lung tissue/fibroblasts, triggering 
the upregulation of pro-apoptotic programs  
and thereby alleviating pulmonary fibrosis [60]. 
METTL14-mediated m6A modification of DDIT4 
enhances DDIT4 mRNA stability, leading to epi-
genetic phenotypic alterations in aging-related 
mesenchymal cells, upregulated DDIT4 expres-
sion, and promotion of fibrotic progression in 
an age related manner [61].

Multi-cohort bioinformatics and model studies 
have shown that the m6A regulatory network 
modulates immune cell infiltration and subset 
characteristics, inducing epigenetic phenoty- 
pic changes in macrophages, though further  

in vitro and in vivo experimental validation  
is required [62]. Meanwhile, the m6A reader 
YTHDC1 regulates DNA damage responses and 
delays tissue aging in an m6A-independent 
manner, suggesting its regulatory role in the 
fibrotic microenvironment [63].

m5C modification: 5-methylcytosine (m5C) is an 
RNA modification installed by methyltransfer-
ases such as DNMT2 and NSUN family pro-
teins. It has been linked to RNA export, transla-
tion, stability, and turnover. This modification 
regulates nuclear export of RNA, enhances its 
translation efficiency, maintains its structural 
stability, and modulates its degradation [64]. 
Multi-omics analyses report altered expression 
of multiple m5C regulators in IPF and cryptogen-
ic organizing pneumonia compared with con-
trols. These regulators can stratify samples 
into subtypes with distinct immune infiltration 
patterns, suggesting an association between 
m5C related programs and the immune micro-
environment. A signature score based on these 
patterns can distinguish IPF from cryptogenic 
organizing pneumonia and has been proposed 
for early identification and prognostic assess-
ment [65].

Evidence for RNA modifications in IPF is still 
emerging when compared with DNA methyla-
tion and histone modifications, and most stud-
ies focus on m6A. Many reports infer regulator 
function from expression changes or computa-
tional signatures. Site resolved mapping and 
direct links to phenotype remain limited. In 
addition, some regulators can influence gene 
expression through mechanisms that do not 
require the modification itself, which compli-
cates target selection and biomarker interpre-
tation. Future work should combine site level 
profiling with cell resolved functional experi-
ments. It should also separate acute injury 
responses from progressive human IPF.

Translational applications and therapeutic 
strategies

Currently available drugs for IPF provide only 
partial benefit, and more effective therapies 
that modify disease biology are in urgent need 
[23, 66]. We provide an overview of key signal-
ing targets in Table 2, and subsequently dis-
cuss epigenetic based therapeutic approaches 
and delivery strategies (Figure 2) [19, 20, 22, 
23, 33, 41, 66-71].
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Table 2. Signaling pathways and therapeutic targets in IPF
Category Target/Intervention Mechanism of Action
Cytokine-Receptor 
Signaling & JAK/STAT 
Pathway

Ruxolitinib Alleviates pulmonary fibrosis and downregulate macrophage 
polarization-related transcripts in bleomycin-induced mouse mod-
els of lung fibrosis [67]

Tacrolimus Mitigates fibrosis and downregulates M2 macrophage markers by 
inhibiting the JAK2/STAT3 pathway [70] 

Chemokine Receptors CCR2-targeted 
nucleic acid drugs

Reduce macrophage-associated inflammation and collagen 
deposition [33]

CCR2/CCR5 Druggable targets for regulating monocyte/macrophage recruit-
ment [22, 23, 66] 

Upstream Cytokine-
Receptor Pathway

IL20RB Upregulation associated with enhanced function of bone marrow-
derived pro-fibrotic macrophages and increased fibrosis [69]

Immune Receptors TREM2 Downregulation inhibits M2 macrophage polarization and miti-
gates pulmonary fibrosis in mice [70]

Metabolic Pathways NAMPT Upregulation enhances M2 polarization and aggravates fibrosis, 
indicating regulatory potential of NAD+ biosynthesis pathway [71]

Redox & Inflammasome Elamipretide  
(SS-31)

Suppresses Nrf2-dependent NLRP3 inflammasome activation in 
macrophages, alleviating pulmonary fibrosis [19]

Amifostine Improves mitochondrial function, enhances antioxidant capacity, 
remodels NAD+/SIRT1/AMPK signaling axis, and reduce pulmo-
nary fibrosis in animal models [20]

Metabolic-Epigenetic 
Crosstalk

Butyrate (short-
chain fatty acid)

As an endogenous HDAC inhibitor, suppresses TGF-β1-induced 
myofibroblast differentiation, and regulates energy metabolism 
reprogramming [41]

DNA methylation regulation

Accumulating data show that changes in DNA 
methylation are closely associated with tran-
scriptional regulation of genes that drive fibrot-
ic responses. Aberrant DNA methylation pro-
files reshape the expression of fibrosis related 
genes in pulmonary cells, thereby promoting 
both disease initiation and progression in pul-
monary fibrosis. In IPF, alveolar macrophages 
are found to have pronounced DNA methyla- 
tion abnormalities at genes that regulate lipid 
and glucose metabolism, including LPCAT1 and 
PFKFB3, which indicates that macrophage  
specific methylation programmes contribute to 
disease pathogenesis and may be amenable  
to therapeutic intervention [12]. In preclinical 
models of pulmonary fibrosis, the DNA demeth-
ylating agent 5-azacytidine (5-aza) has been 
reported to restore PPARγ expression, reduce 
collagen deposition and epithelial to mesen-
chymal transition, and produce a consistent 
antifibrotic response [37]. Demethylating ag- 
ents such as 5 azacytidine have genome wide 
effects and can cause dose limiting systemic 
toxicity, which makes systemic treatment diffi-
cult in IPF. Lung directed delivery may help 

address this limitation, and more selective 
strategies, including targeted epigenome edit-
ing, may also be needed.

Histone modification regulation

Research on histone acetylation and deacety-
lation clarifies critical pathogenic pathways in 
pulmonary fibrosis and points to potential ther-
apeutic targets, and inhibition of HDAC8 in 
mouse models of bleomycin induced pulmo-
nary fibrosis is consistently reported to attenu-
ate lung fibrosis [13]. In fibroblasts derived 
from patients with IPF, the pan-HDAC inhibitor 
panobinostat markedly downregulates the tran-
scriptional and protein expression of multiple 
ECM genes, exhibiting stronger inhibitory ef- 
fects than pirfenidone which is a clinically 
approved drug. However, its translational fea- 
sibility and safety remain to be validated [14, 
72]. Studies on HDAC6 have shown that selec-
tive HDAC6 inhibitors exert both anti-fibrotic 
and anti-inflammatory effects in vitro and in 
vivo [14, 73]. Research targeting acetylation 
sites indicates that increasing H4K16 acety- 
lation levels reduces pro-fibrotic gene expres-
sion and mitigates fibrotic severity in aged 
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Figure 2. Epigenetic and signaling based therapeutic strategies in IPF.

mouse models of pulmonary fibrosis [15]. Addi- 
tionally, the SIRT1 pathway regulates fibroblast 
survival: in vitro, compounds targeting SIRT1-
Ku70 deacetylation promote apoptosis of IPF-
derived fibroblasts and suppress experimental 
pulmonary fibrosis [43]; genetic studies have 
demonstrated that fibroblast-specific deletion 
of Sirt1 is significantly associated with fibrosis 
resolution [42]. At the transcriptional regulatory 
level, the HDAC inhibitor SAHA prevents TGF- 
β1-induced downregulation of COX-2 in human 
pulmonary fibroblasts, suggesting that deacet-
ylation pathways are involved in the signaling 
regulation of inflammatory and anti-fibrotic me- 
diators [74]. Overall, HDAC and HDAC-like path-
ways have demonstrated anti-fibrotic effects 
across cellular and animal models; however, 
the selectivity of different inhibitors, in vivo 
delivery methods, and long-term safety remain 
core directions for subsequent translational 
research [14, 72].

Histone methylation and enhancer acetylation-
related targets also provide actionable clues 
for pulmonary fibrosis intervention. Regarding 
repressive methylation, the histone methyl-
transferases EZH2 and G9a synergistically 

downregulate the expression of the chemokine 
CXCL10, supporting their involvement in the 
epigenetic repression of immune-related genes 
[45]. In pulmonary fibroblasts, the activating 
methyltransferase KMT2A promotes pro-fibrot-
ic gene transcription by regulating the tran-
scription factor PU.1, and inhibition of this pa- 
thway alleviates pulmonary fibrosis [16]. At  
the enhancer level, the EP300/CBP complex 
has been confirmed to regulate the expression 
of ECM genes such as collagen VI, and is clo- 
sely associated with the fibrotic phenotype 
[46]. In alveolar type II epithelial cells, the deu-
biquitinase UCHL3 stabilizes p300 (encoded by 
EP300), enhances its mediated enhancer acet-
ylation activity, and upregulates the transcrip-
tion of chemotactic and inflammatory genes 
[75]. Consistent with this mechanism, strate-
gies combining inhibition of EP300 activity with 
DDR1 blockade have been shown to reduce 
ECM expression and collagen deposition both 
in vitro and in vivo [47].

Non-coding RNA regulation

Nucleic acid based strategies for IPF are in- 
creasingly supported by preclinical data, with 
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particular emphasis on lung directed delivery 
platforms. Small interfering RNAs formulated  
in liposomal or nanoassembled systems ach- 
ieve preferential accumulation in the lung and 
enable modulation of macrophage activation 
states and extracellular matrix turnover. Sart1 
specific siRNA encapsulated in liposomes re- 
duces fibrotic burden and adjusts macrophage 
polarization markers in experimental models 
[76]. MeCP2 siRNA, when delivered by macro-
phage targeted systems, diminishes collagen 
deposition and improves histological fibrosis 
scores in vivo [36]. Interventions aimed at mac-
rophage fibroblast crosstalk show similar prom-
ise: Bcar3 siRNA nanoassemblies suppress 
fibrosis related markers [77], and plekhf1 tar-
geted siRNA in liposomal formulations amelio-
rates histopathological changes of pulmonary 
fibrosis after local pulmonary administration 
[78]. For immune chemotaxis, tetrahedral DNA 
nanostructures carrying siCCR2 inhibit proin-
flammatory macrophage phenotypes and at- 
tenuate pulmonary fibrosis [33]. Moreover, lung 
specific administration of miR-29 mimics re- 
duces ECM gene expression and improves 
fibrotic histology, illustrating the translational 
potential of microRNA based pulmonary thera-
pies [49].

RNA modification regulation

Although RNA modifying drugs for IPF are not 
yet approved, regulation of RNA modification, 
particularly m6A methylation, plays a critical 
role in disease pathogenesis. Preclinical stud-
ies that manipulate m6A regulators such as 
METTL3, YTHDF1 and WTAP often report an- 
tifibrotic effects. METTL3 is reported to con- 
trol m6A modification of Foxo1 mRNA and to 
support endothelial glycolytic function, where-
as loss of METTL3 favours the emergence of 
Pfkfb3 positive, RhoJ positive endothelial sub-
sets with profibrotic properties, pointing to a 
therapeutically relevant link between METTL3 
and Foxo1 [79]. In mouse models of arsenic 
related IPF, silencing of YTHDF1 reduces NREP 
protein abundance, limits activation of the TGF 
β1 pathway, decreases collagen accumulation 
in the lung and improves respiratory function, 
which supports YTHDF1 as a candidate target 
for intervention [59]. Transcriptomic analyses 
of IPF lung tissue further identify 26 m6A regu-
lators with altered expression, including WTAP. 
On this basis, an IPF prediction model that 

incorporates WTAP is established, and struc-
ture informed virtual screening conducted in 
parallel identifies five WTAP binding small mol-
ecules that provide an initial pool of candidates 
for drug development [80].

Conclusion

Epigenetic dysregulation provides a unifying 
framework for IPF. It helps explain how gene- 
tic susceptibility and environmental exposures 
translate into persistent epithelial injury, mal-
adaptive immune activation, and a stable profi-
brotic fibroblast state. Epigenetic mechanisms 
can convert injury signals into durable tran-
scriptional change. For example, TGF β1 induc-
es UHRF1, which methylates the Beclin 1 pro-
moter, suppresses autophagy, and promotes 
fibroblast to myofibroblast transition. METTL3 
mediated m6A modification can also promote 
myofibroblast differentiation of mesenchymal 
stem cells through the miRNA 21/PTEN path-
way. Together, these observations illustrate 
how epigenetic regulation can sustain fibrotic 
remodeling [81].

Epigenetic regulators and signatures are also 
being explored for diagnosis, risk stratification, 
and target discovery. Models based on differ-
entially expressed m6A regulators highlight 
WTAP as a candidate biomarker. Structure in- 
formed screening has further identified WTAP 
binding small molecules as starting points for 
drug development [80]. Early evidence also 
suggests that epigenetic interventions may 
enhance the effects of approved antifibrotic 
drugs, which supports combination strategies 
guided by mechanism [6]. 

Despite these advances, several limitations 
still constrain interpretation and translation. 
Many datasets lack spatial and temporal reso-
lution, which restricts causal inference, and 
concordance across species is often weak. 
Immunometabolic findings, such as those in- 
volving lactate metabolism and mitochondrial 
fission, can also vary across studies [82].  
Much of the current literature relies on whole 
lung tissue, simplified in vitro systems, and 
rodent models. This makes it difficult to define 
cell type specific and spatially localized epigen-
etic programs. Reproducibility of methylation 
and transcription correlations across cohorts  
is also affected by differences in inclusion cri- 
teria, clinical features, and assay platforms. 
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These issues complicate translation into reli-
able biomarkers or therapeutic targets [7, 8, 
83]. Several pathways remain incompletely re- 
solved, including the epithelial miR 30a, TET1, 
Drp1 axis and the effects of myeloid Dnmt3b 
deletion across species [10-12, 27]. Methyla- 
tion readers such as MBD2 and MeCP2 also 
lack comprehensive binding maps and down-
stream programs in relevant cell states. Time 
dependent effects of mechanical stress and 
inflammatory signals on chromatin organiza-
tion remain poorly defined without longitudinal 
single cell and spatial datasets [84-86]. 

Building on the evidence summarized above, 
future therapeutic development in IPF can fol-
low a practical sequence, moving from target 
nomination to intervention design and then to 
rigorous validation of clinical benefit. At the 
level of epigenetic modulation, selective inhibi-
tion of HDAC6 and HDAC8 and modulation of 
the SIRT1 axis have demonstrated antifibrotic 
activity in experimental systems, but target 
specificity, therapeutic window, and compatibil-
ity with approved antifibrotic agents require 
confirmation in human derived samples [13-15, 
43]. For histone methylation and enhancer reg-
ulation, the EZH2 and G9a, KMT2A and PU.1, 
and EP300 and UCHL3 pathways are support-
ed by mechanistic and transcriptional data, 
and priority should be given to defining phar- 
macodynamic biomarkers and a clear risk ben-
efit profile in patient derived material and early 
phase studies [16, 45-47]. In parallel, metabo-
lism related networks and signaling focused 
targets may be evaluated in combination strat-
egies to optimize dose selection and test addi-
tive or synergistic effects [17, 18, 20, 30, 71]. 
For small molecules and delivery platforms, 
lung directed delivery of miR-29 mimics, inhal- 
ed nano or microcapsules, and DNA nanostru- 
cture based siRNA carriers has shown early 
feasibility. Phase I studies should include phar-
macokinetic assessment, long term safety fol-
low up, and pharmacodynamic measures that 
reflect target engagement and mechanism [33, 
49, 87]. Overall, this review delineates candi-
date therapeutic strategies and targetable pa- 
thways that warrant systematic investigation 
and provides a conceptual basis for advancing 
precision therapy in IPF.

Acknowledgements

This research was supported by the National 
Natural Science Foundation of China (grant 

number: 82470064), and Social Development 
Grant of Jiangsu Province (grant number: 
BE2023724). Figures 1 and 2 were created by 
BioRender (www.biorender.com).

Disclosure of conflict of interest

None.

Abbreviations

IPF, Idiopathic pulmonary fibrosis; ECM, extra-
cellular matrix; ROS, reactive oxygen species; 
5-mC, 5-methylcytosine; DNMTs, DNA methyl-
transferases; AEC2s, type II alveolar epithelial 
cells; AT2, alveolar type II; IRF4, interferon regu-
latory factor 4; HATs, histone acetyltransfe- 
rases; HDACs, histone deacetylases; SIRT, sir-
tuin; ncRNAs, non-coding RNAs; miRNAs, micro 
RNAs; lncRNAs, non-coding RNAs; circRNAs, 
circular RNAs; ceRNA, competing endogenous 
RNA; EMT, epithelial-mesenchymal transition; 
FMT, fibroblast-to-myofibroblast transition; COP, 
cryptogenic organizing pneumonia; NAMPT, ni- 
cotinamide phosphoribosyltransferase; 5-aza, 
5-azacytidine; siRNAs, small interfering RNAs; 
As-IPF, arsenic-induced IPF; FVC, forced vital 
capacity.

Address correspondence to: Xiumin Zhou, Depart- 
ment of Oncology, The First Affiliated Hospital  
of Soochow University, Suzhou 215000, Jiangsu, 
China. Tel: +86-13616212370; E-mail: alice-xm@ 
163.com

References

[1]	 Behr J, Bonella F, Frye BC, Günther A, Hagmey-
er L, Henes J, Klemm P, Koschel D, Kreuter M, 
Leuschner G, Nowak D, Prasse A, Quadder B, 
Sitter H and Costabel U. Pharmacological 
treatment of idiopathic pulmonary fibrosis (up-
date) and progressive pulmonary fibroses: S2k 
guideline of the German respiratory society. 
Respiration 2024; 103: 782-810.

[2]	 Marsit CJ. Influence of environmental exposure 
on human epigenetic regulation. J Exp Biol 
2015; 218: 71-79.

[3]	 Gandhi SA, Min B, Fazio JC, Johannson KA, 
Steinmaus C, Reynolds CJ and Cummings KJ. 
The impact of occupational exposures on the 
risk of idiopathic pulmonary fibrosis: a system-
atic review and meta-analysis. Ann Am Thorac 
Soc 2024; 21: 486-498.

[4]	 Sack C, Wojdyla DM, MacMurdo MG, Gassett 
A, Kaufman JD, Raghu G, Redlich CA, Li P, Ol-
son AL, Leonard TB, Todd JL, Neely ML, Snyder 
LD and Gulati M; IPF-PRO Registry investiga-

mailto:alice-xm@163.com
mailto:alice-xm@163.com


Epigenetic regulation and therapeutic prospects in IPF

24	 Am J Clin Exp Immunol 2026;15(1):14-27

tors. Long-term air pollution exposure and se-
verity of idiopathic pulmonary fibrosis: data 
from the idiopathic pulmonary fibrosis pro-
spective outcomes (IPF-PRO) registry. Ann Am 
Thorac Soc 2025; 22: 378-386.

[5]	 Cattani-Cavalieri I, Ostrom KF, Margolis J, Os-
trom RS and Schmidt M. Air pollution and dis-
eases: signaling, G protein-coupled and Toll 
like receptors. Pharmacol Ther 2025; 275: 
108920.

[6]	 Aribindi K, Liu GY and Albertson TE. Emerging 
pharmacological options in the treatment of 
idiopathic pulmonary fibrosis (IPF). Expert Rev 
Clin Pharmacol 2024; 17: 817-835.

[7]	 Yang IV, Pedersen BS, Rabinovich E, Hennessy 
CE, Davidson EJ, Murphy E, Guardela BJ, Ted-
row JR, Zhang Y, Singh MK, Correll M, Schwarz 
MI, Geraci M, Sciurba FC, Quackenbush J, Spi-
ra A, Kaminski N and Schwartz DA. Relation-
ship of DNA methylation and gene expression 
in idiopathic pulmonary fibrosis. Am J Respir 
Crit Care Med 2014; 190: 1263-1272.

[8]	 Konigsberg IR, Borie R, Walts AD, Cardwell J, 
Rojas M, Metzger F, Hauck SM, Fingerlin TE, 
Yang IV and Schwartz DA. Molecular signa-
tures of idiopathic pulmonary fibrosis. Am J 
Respir Cell Mol Biol 2021; 65: 430-441.

[9]	 Evans IC, Barnes JL, Garner IM, Pearce DR, 
Maher TM, Shiwen X, Renzoni EA, Wells AU, 
Denton CP, Laurent GJ, Abraham DJ and 
McAnulty RJ. Epigenetic regulation of cyclooxy-
genase-2 by methylation of c8orf4 in pulmo-
nary fibrosis. Clin Sci (Lond) 2016; 130: 575-
586.

[10]	 Qin W, Crestani B, Spek CA, Scicluna BP, van 
der Poll T and Duitman J. Alveolar epithelial 
TET2 is not involved in the development of 
bleomycin-induced pulmonary fibrosis. FASEB 
J 2021; 35: e21599.

[11]	 Qin W, Spek CA, Scicluna BP, van der Poll T and 
Duitman J. Myeloid DNA methyltransferase3b 
deficiency aggravates pulmonary fibrosis by 
enhancing profibrotic macrophage activation. 
Respir Res 2022; 23: 162.

[12]	 McErlean P, Bell CG, Hewitt RJ, Busharat Z, Og-
ger PP, Ghai P, Albers GJ, Calamita E, Kingston 
S, Molyneaux PL, Beck S, Lloyd CM, Maher TM 
and Byrne AJ. DNA methylome alterations are 
associated with airway macrophage differenti-
ation and phenotype during lung fibrosis. Am J 
Respir Crit Care Med 2021; 204: 954-966.

[13]	 Saito S, Zhuang Y, Suzuki T, Ota Y, Bateman 
ME, Alkhatib AL, Morris GF and Lasky JA. 
HDAC8 inhibition ameliorates pulmonary fibro-
sis. Am J Physiol Lung Cell Mol Physiol 2019; 
316: L175-L186.

[14]	 Korfei M, Mahavadi P and Guenther A. Target-
ing histone deacetylases in idiopathic pulmo-
nary fibrosis: a future therapeutic option. Cells 
2022; 11: 1626.

[15]	 Zhang X, Liu H, Zhou JQ, Krick S, Barnes JW, 
Thannickal VJ and Sanders YY. Modulation of 
H4K16Ac levels reduces pro-fibrotic gene ex-
pression and mitigates lung fibrosis in aged 
mice. Theranostics 2022; 12: 530-541.

[16]	 Lyu W, Wang H, Ji T, Liu L, Chen H, Fan L, Zhong 
G, Wan N, Chen S, Chen J, Cai H, Xu H, Wang D 
and Dai J. Histone methyltransferase KMT2A 
promotes pulmonary fibrogenesis via targeting 
pro-fibrotic factor PU.1 in fibroblasts. Clin 
Transl Med 2025; 15: e70217.

[17]	 Yang L, Gilbertsen A, Xia H, Benyumov A,  
Smith K, Herrera J, Racila E, Bitterman PB and 
Henke CA. Hypoxia enhances IPF mesenchy-
mal progenitor cell fibrogenicity via the lac-
tate/GPR81/HIF1α pathway. JCI Insight 2023; 
8: e163820.

[18]	 Sun Z, Ji Z, Meng H, He W, Li B, Pan X, Zhou Y 
and Yu G. Lactate facilitated mitochondrial fis-
sion-derived ROS to promote pulmonary fibro-
sis via ERK/DRP-1 signaling. J Transl Med 
2024; 22: 479.

[19]	 Nie Y, Li J, Zhai X, Wang Z, Wang J, Wu Y, Zhao 
P and Yan G. Elamipretide(SS-31) attenuat- 
es idiopathic pulmonary fibrosis by inhibiting 
the Nrf2-dependent NLRP3 inflammasome in 
macrophages. Antioxidants (Basel) 2023; 12: 
2022.

[20]	 Guo F, Xu F, Li S, Zhang Y, Lv D, Zheng L, Gan Y, 
Zhou M, Zhao K, Xu S, Wu B, Deng Z and Fu  
P. Amifostine ameliorates bleomycin-induced 
murine pulmonary fibrosis via NAD+/SIRT1/
AMPK pathway-mediated effects on mitochon-
drial function and cellular metabolism. Eur J 
Med Res 2024; 29: 68.

[21]	 Heukels P, Moor CC, von der Thüsen JH, Wi-
jsenbeek MS and Kool M. Inflammation and 
immunity in IPF pathogenesis and treatment. 
Respir Med 2019; 147: 79-91.

[22]	 Bonella F, Spagnolo P and Ryerson C. Current 
and future treatment landscape for idiopathic 
pulmonary fibrosis. Drugs 2023; 83: 1581-
1593.

[23]	 Spagnolo P, Kropski JA, Jones MG, Lee JS, Ros-
si G, Karampitsakos T, Maher TM, Tzouvelekis 
A and Ryerson CJ. Idiopathic pulmonary fibro-
sis: disease mechanisms and drug develop-
ment. Pharmacol Ther 2021; 222: 107798.

[24]	 Moss BJ, Ryter SW and Rosas IO. Pathogenic 
mechanisms underlying idiopathic pulmonary 
fibrosis. Annu Rev Pathol 2022; 17: 515-546.

[25]	 Ren L, Chang YF, Jiang SH, Li XH and Cheng HP. 
DNA methylation modification in Idiopathic pul-
monary fibrosis. Front Cell Dev Biol 2024; 12: 
1416325.

[26]	 Wang XC, Zhang YS, Ling H, You JB, Cheng J, 
Liu ZY, Liu ZY, Lin LC, Mao S, Liu P, Lu D, Sha 
JM and Tao H. Epigenetic silencing of SOD2 ex-
acerbates mitochondrial oxidative stress and 



Epigenetic regulation and therapeutic prospects in IPF

25	 Am J Clin Exp Immunol 2026;15(1):14-27

promotes pulmonary fibrosis. Free Radic Biol 
Med 2025; 235: 176-189.

[27]	 Zhang S, Liu H, Liu Y, Zhang J, Li H, Liu W, Cao 
G, Xv P, Zhang J, Lv C and Song X. miR-30a  
as potential therapeutics by targeting TET1 
through regulation of Drp-1 promoter hydroxy-
methylation in idiopathic pulmonary fibrosis. 
Int J Mol Sci 2017; 18: 633.

[28]	 Newton DA, Lottes RG, Ryan RM, Spyropoulos 
DD and Baatz JE. Dysfunctional lactate metab-
olism in human alveolar type II cells from idio-
pathic pulmonary fibrosis lung explant tissue. 
Respir Res 2021; 22: 278.

[29]	 Nho RS, Rice C, Prasad J, Bone H, Farkas L, 
Rojas M and Horowitz JC. Persistent hypoxia 
promotes myofibroblast differentiation via 
GPR-81 and differential regulation of LDH iso-
enzymes in normal and idiopathic pulmonary 
fibrosis fibroblasts. Physiol Rep 2023; 11: 
e15759.

[30]	 Judge JL, Nagel DJ, Owens KM, Rackow A, 
Phipps RP, Sime PJ and Kottmann RM. Preven-
tion and treatment of bleomycin-induced pul-
monary fibrosis with the lactate dehydroge-
nase inhibitor gossypol. PLoS One 2018; 13: 
e0197936.

[31]	 Yan P, Yang K, Xu M, Zhu M, Duan Y, Li W, Liu L, 
Liang C, Li Z, Pan X, Wang L and Yu G. CCT6A 
alleviates pulmonary fibrosis by inhibiting HIF-
1α-mediated lactate production. J Mol Cell Biol 
2024; 16: mjae021.

[32]	 Hanaka T, Kido T, Noguchi S, Yamada S, Nogu-
chi H, Guo X, Nawata A, Wang KY, Oda K, Taka-
ki T, Izumi H, Ishimoto H, Yatera K and Mukae 
H. The overexpression of peroxiredoxin-4 af-
fects the progression of idiopathic pulmonary 
fibrosis. BMC Pulm Med 2019; 19: 265.

[33]	 Li C, Feng X, Li S, He X, Luo Z, Cheng X, Yao J, 
Xiao J, Wang X, Wen D, Liu D, Li Y, Zhou H, Ma 
L, Lin T, Cai X, Lin Y, Guo L and Yang M. Te- 
trahedral DNA loaded siCCR2 restrains M1 
macrophage polarization to ameliorate pulmo-
nary fibrosis in chemoradiation-induced mu-
rine model. Mol Ther 2024; 32: 766-782.

[34]	 Wang Y, Zhang L, Huang T, Wu GR, Zhou Q, 
Wang FX, Chen LM, Sun F, Lv Y, Xiong F, Zhang 
S, Yu Q, Yang P, Gu W, Xu Y, Zhao J, Zhang H, 
Xiong W and Wang CY. The methyl-CpG-binding 
domain 2 facilitates pulmonary fibrosis by or-
chestrating fibroblast to myofibroblast differen-
tiation. Eur Respir J 2022; 60: 2003697.

[35]	 Xiang Z, Zhou Q, Hu M and Sanders YY. MeCP2 
epigenetically regulates alpha-smooth muscle 
actin in human lung fibroblasts. J Cell Biochem 
2020; 121: 3616-3625.

[36]	 Mou Y, Wu GR, Wang Q, Pan T, Zhang L, Xu Y, 
Xiong W, Zhou Q and Wang Y. Macrophage-tar-
geted delivery of siRNA to silence Mecp2 gene 

expression attenuates pulmonary fibrosis. Bio-
eng Transl Med 2022; 7: e10280.

[37]	 Wei A, Gao Q, Chen F, Zhu X, Chen X, Zhang L, 
Su X, Dai J, Shi Y and Cao W. Inhibition of DNA 
methylation de-represses peroxisome prolifer-
ator-activated receptor-γ and attenuates pul-
monary fibrosis. Br J Pharmacol 2022; 179: 
1304-1318.

[38]	 Goobie GC, Assadinia N, Yang CX, Chu F, Clif-
ford RL, Cooper JD, Fabisiak JP, Gibson KF, Jo-
hannson KA, Kass DJ, Kim SE, Li X, Lindell KO, 
Marinescu DC, Vasilescu DM, Wang V, Carlsten 
C, Nouraie SM, Ryerson CJ, Hackett TL and 
Zhang Y. Epigenome-wide analysis identifies 
pollution-sensitive loci in fibrotic interstitial 
lung disease. Am J Respir Crit Care Med 2025; 
211: 1835-1845.

[39]	 Davie JR. Inhibition of histone deacetylase ac-
tivity by butyrate. J Nutr 2003; 133 Suppl: 
2485S-2493S.

[40]	 Li M, van Esch BCAM, Wagenaar GTM, Garssen 
J, Folkerts G and Henricks PAJ. Pro- and anti-
inflammatory effects of short chain fatty acids 
on immune and endothelial cells. Eur J Phar-
macol 2018; 831: 52-59.

[41]	 Lee HY, Nam S, Kim MJ, Kim SJ, Back SH and 
Yoo HJ. Butyrate prevents TGF-β1-induced al-
veolar myofibroblast differentiation and modu-
lates energy metabolism. Metabolites 2021; 
11: 258.

[42]	 Bulvik R, Breuer R, Dvir-Ginzberg M, Reich E, 
Berkman N and Wallach-Dayan SB. SIRT1 defi-
ciency, specifically in fibroblasts, decreases 
apoptosis resistance and is associated with 
resolution of lung-fibrosis. Biomolecules 2020; 
10: 996.

[43]	 Konikov-Rozenman J, Breuer R, Kaminski N 
and Wallach-Dayan SB. CMH-small molecule 
docks into SIRT1, elicits human IPF-lung fibro-
blast cell death, inhibits Ku70-deacetylation, 
FLIP and experimental pulmonary fibrosis.  
Biomolecules 2020; 10: 997.

[44]	 Bai P, Cantó C, Oudart H, Brunyánszki A, Cen Y, 
Thomas C, Yamamoto H, Huber A, Kiss B, Hout-
kooper RH, Schoonjans K, Schreiber V, Sauve 
AA, Menissier-de Murcia J and Auwerx J. PARP-
1 inhibition increases mitochondrial metabo-
lism through SIRT1 activation. Cell Metab 
2011; 13: 461-468.

[45]	 Coward WR, Brand OJ, Pasini A, Jenkins G, 
Knox AJ and Pang L. Interplay between EZH2 
and G9a regulates CXCL10 gene repression in 
idiopathic pulmonary fibrosis. Am J Respir Cell 
Mol Biol 2018; 58: 449-460.

[46]	 Williams LM, McCann FE, Cabrita MA, Layton T, 
Cribbs A, Knezevic B, Fang H, Knight J, Zhang 
M, Fischer R, Bonham S, Steenbeek LM, Yang 
N, Sood M, Bainbridge C, Warwick D, Harry L, 



Epigenetic regulation and therapeutic prospects in IPF

26	 Am J Clin Exp Immunol 2026;15(1):14-27

Davidson D, Xie W, Sundstrӧm M, Feldmann M 
and Nanchahal J. Identifying collagen VI as  
a target of fibrotic diseases regulated by 
CREBBP/EP300. Proc Natl Acad Sci U S A 
2020; 117: 20753-20763.

[47]	 Tao J, Zhang M, Wen Z, Wang B, Zhang L, Ou Y, 
Tang X, Yu X and Jiang Q. Inhibition of EP300 
and DDR1 synergistically alleviates pulmonary 
fibrosis in vitro and in vivo. Biomed Pharmaco-
ther 2018; 106: 1727-1733.

[48]	 Wang H, Sun K, Peng H, Wang Y and Zhang L. 
Emerging roles of noncoding RNAs in idiopath-
ic pulmonary fibrosis. Cell Death Discov 2024; 
10: 443.

[49]	 Chioccioli M, Roy S, Newell R, Pestano L, Dick-
inson B, Rigby K, Herazo-Maya J, Jenkins G, Ian 
S, Saini G, Johnson SR, Braybrooke R, Yu G, 
Sauler M, Ahangari F, Ding S, DeIuliis J, Aure-
lien N, Montgomery RL and Kaminski N. A lung 
targeted miR-29 mimic as a therapy for pulmo-
nary fibrosis. EBioMedicine 2022; 85: 104304.

[50]	 Xu Q, Cheng D, Li G, Liu Y, Li P, Sun W, Ma D 
and Ni C. CircHIPK3 regulates pulmonary fibro-
sis by facilitating glycolysis in miR-30a-3p/
FOXK2-dependent manner. Int J Biol Sci 2021; 
17: 2294-2307.

[51]	 Song X, Xu P, Meng C, Song C, Blackwell TS, Li 
R, Li H, Zhang J and Lv C. lncITPF promotes 
pulmonary fibrosis by targeting hnRNP-L de-
pending on its host gene ITGBL1. Mol Ther 
2019; 27: 380-393.

[52]	 Xu P, Zhang H, Li H, Liu B, Li R, Zhang J, Song 
X, Lv C, Li H and Chen M. MOBT alleviates pul-
monary fibrosis through an lncITPF-hnRNP-l-
complex-mediated signaling pathway. Mole-
cules 2022; 27: 5336.

[53]	 Zhang J, Wang H, Chen H, Li H, Xu P, Liu B, 
Zhang Q, Lv C and Song X. ATF3 -activated  
accelerating effect of LINC00941/lncIAPF on 
fibroblast-to-myofibroblast differentiation by 
blocking autophagy depending on ELAVL1/
HuR in pulmonary fibrosis. Autophagy 2022; 
18: 2636-2655.

[54]	 Qi F, Lv ZD, Huang WD, Wei SC, Liu XM and 
Song WD. LncRNA TUG1 promotes pulmonary 
fibrosis progression via up-regulating CDC27 
and activating PI3K/Akt/mTOR pathway. Epi-
genetics 2023; 18: 2195305.

[55]	 Roundtree IA, Evans ME, Pan T and He C. Dy-
namic RNA modifications in gene expression 
regulation. Cell 2017; 169: 1187-1200.

[56]	 Boccaletto P, Stefaniak F, Ray A, Cappannini A, 
Mukherjee S, Purta E, Kurkowska M, Shirvani-
zadeh N, Destefanis E, Groza P, Avşar G, 
Romitelli A, Pir P, Dassi E, Conticello SG,  
Aguilo F and Bujnicki JM. MODOMICS: a data-
base of RNA modification pathways. 2021 up-
date. Nucleic Acids Res 2022; 50: D231-D235.

[57]	 Zhang L, Wei J, Zou Z and He C. RNA modifica-
tion systems as therapeutic targets. Nat Rev 
Drug Discov 2026; 25: 59-78.

[58]	 Zhang JX, Huang PJ, Wang DP, Yang WY, Lu J, 
Zhu Y, Meng XX, Wu X, Lin QH, Lv H, Xie H and 
Wang RL. m6A modification regulates lung  
fibroblast-to-myofibroblast transition through 
modulating KCNH6 mRNA translation. Mol 
Ther 2021; 29: 3436-3448.

[59]	 Wang P, Xie D, Xiao T, Cheng C, Wang D, Sun J, 
Wu M, Yang Y, Zhang A and Liu Q. H3K18  
lactylation promotes the progression of arse-
nite-related idiopathic pulmonary fibrosis via 
YTHDF1/m6A/NREP. J Hazard Mater 2024; 
461: 132582.

[60]	 Guan J, Yin L, Huang Q, Chen J, Liu H and Li J. 
m6A methyltransferase ZC3H13 improves pul-
monary fibrosis in mice through regulating Bax 
expression. Exp Cell Res 2024; 442: 114255.

[61]	 Li D, Qian L, Du Y, Liu L, Sun Z, Han Y, Guo X, 
Shen C, Zhang Z and Liu X. METTL14-mediated 
m6A modification of DDIT4 promotes its mRNA 
stability in aging-related idiopathic pulmonary 
fibrosis. Epigenetics 2025; 20: 2462898.

[62]	 Huang G, Huang S and Cui H. Effect of M6A 
regulators on diagnosis, subtype classification, 
prognosis and novel therapeutic target devel-
opment of idiopathic pulmonary fibrosis. Front 
Pharmacol 2022; 13: 993567.

[63]	 Zhang C, Chen L, Xie C, Wang F, Wang J, Zhou 
H, Liu Q, Zeng Z, Li N, Huang J, Zhao Y and Liu 
H. YTHDC1 delays cellular senescence and 
pulmonary fibrosis by activating ATR in an 
m6A-independent manner. EMBO J 2024; 43: 
61-86.

[64]	 Shao M, Li C, Li J, Chen R, Wang Y, Su J, Tu Y, 
Zhang F, Zhang X and Ding W. NSUN2 pro-
motes PM2.5-induced epithelial-mesenchymal 
transition through methylating chitinase 3-like-
1 mRNA. J Hazard Mater 2025; 495: 138883.

[65]	 Zhou Y, Hu Z, Sun Q and Dong Y. 5-methyl-
adenosine regulators play a crucial role in de-
velopment of chronic hypersensitivity pneu- 
monitis and idiopathic pulmonary fibrosis. Sci 
Rep 2023; 13: 5941.

[66]	 van den Bosch L, Luppi F, Ferrara G and Mura 
M. Immunomodulatory treatment of interstitial 
lung disease. Ther Adv Respir Dis 2022; 16: 
17534666221117002.

[67]	 Yang Z, Li Z, Liu Z, Li W, Jiao R, Liu Y, Chen R, 
Shi Y, Zhang T, Liu J, Meng L, Chai D, Xu Z, Li X, 
Zhou H and Huang H. Ruxolitinib attenuates 
bleomycin-induced pulmonary fibrosis in mice 
by modulating macrophage polarization th- 
rough the JAK/STAT signaling pathway. Int Im-
munopharmacol 2025; 161: 114962.

[68]	 Liu B, Jiang Q, Chen R, Gao S, Xia Q, Zhu J, 
Zhang F, Shao C, Liu X, Li X, Zhou H, Yang C and 
Huang H. Tacrolimus ameliorates bleomycin-



Epigenetic regulation and therapeutic prospects in IPF

27	 Am J Clin Exp Immunol 2026;15(1):14-27

induced pulmonary fibrosis by inhibiting M2 
macrophage polarization via JAK2/STAT3 sig-
naling. Int Immunopharmacol 2022; 113: 
109424.

[69]	 Zhu J, Jiang Q, Gao S, Xia Q, Zhang H, Liu B, 
Zhao R, Jiang H, Li X, Xu A, Zhou H, Xu Z and 
Yang C. IL20Rb aggravates pulmonary fibrosis 
through enhancing bone marrow derived profi-
brotic macrophage activation. Pharmacol Res 
2024; 203: 107178.

[70]	 Luo Q, Deng D, Li Y, Shi H, Zhao J, Qian Q, 
Wang W, Cai J, Yu W and Liu J. TREM2 insuffi-
ciency protects against pulmonary fibrosis by 
inhibiting M2 macrophage polarization. Int Im-
munopharmacol 2023; 118: 110070.

[71]	 Chen Y, Wang T, Liang F, Han J, Lou Z, Yu Y, Li J, 
Zhan T, Gu Y, Dong L, Jiang B, Zhang W, Wu M 
and Lu Y. Nicotinamide phosphoribosyltrans-
ferase prompts bleomycin-induced pulmonary 
fibrosis by driving macrophage M2 polarization 
in mice. Theranostics 2024; 14: 2794-2815.

[72]	 Korfei M, Stelmaszek D, MacKenzie B, 
Skwarna S, Chillappagari S, Bach AC, Ruppert 
C, Saito S, Mahavadi P, Klepetko W, Fink L, 
Seeger W, Lasky JA, Pullamsetti SS, Krämer 
OH and Guenther A. Comparison of the antifi-
brotic effects of the pan-histone deacetylase-
inhibitor panobinostat versus the IPF-drug pir-
fenidone in fibroblasts from patients with 
idiopathic pulmonary fibrosis. PLoS One 2018; 
13: e0207915.

[73]	 Saito S, Zhuang Y, Shan B, Danchuk S, Luo F, 
Korfei M, Guenther A and Lasky JA. Tubastatin 
ameliorates pulmonary fibrosis by targeting 
the TGFβ-PI3K-Akt pathway. PLoS One 2017; 
12: e0186615.

[74]	 Pasini A, Brand OJ, Jenkins G, Knox AJ and 
Pang L. Suberanilohydroxamic acid prevents 
TGF-β1-induced COX-2 repression in human 
lung fibroblasts post-transcriptionally by TIA-1 
downregulation. Biochim Biophys Acta Gene 
Regul Mech 2018; 1861: 463-472.

[75]	 Lee SY, Park SY, Lee SH, Kim H, Kwon JH, Yoo 
JY, Kim K, Park MS, Lee CG, Elias JA, Sohn MH, 
Shim HS and Yoon HG. The deubiquitinase 
UCHL3 mediates p300-dependent chemokine 
signaling in alveolar type II cells to promote 
pulmonary fibrosis. Exp Mol Med 2023; 55: 
1795-1805.

[76]	 Pan T, Zhou Q, Miao K, Zhang L, Wu G, Yu J,  
Xu Y, Xiong W, Li Y and Wang Y. Suppressing 
Sart1 to modulate macrophage polarization by 
siRNA-loaded liposomes: a promising thera-
peutic strategy for pulmonary fibrosis. Ther-
anostics 2021; 11: 1192-1206.

[77]	 Zeng C, Wang Q, Liu X, Wang K, Wang C, Ju X, 
Wang T, Zhou Q, Fu X, Yu J and Wang Y. Local-
ized administration of Bcar3 siRNA via nano-
self-assembly to treat idiopathic pulmonary fi-
brosis by disrupting macrophage-fibroblast 
crosstalk. Int J Nanomedicine 2024; 19: 1827-
1842.

[78]	 Yan L, Hou C, Liu J, Wang Y, Zeng C, Yu J, Zhou 
T, Zhou Q, Duan S and Xiong W. Local adminis-
tration of liposomal-based Plekhf1 gene thera-
py attenuates pulmonary fibrosis by modulat-
ing macrophage polarization. Sci China Life Sci 
2023; 66: 2571-2586.

[79]	 Ma J, Zhang L, Zhang X, Zhang L, Zhang H, Zhu 
Y, Huang X, Zhang T, Tang X, Wang Y, Chen L, 
Pu Q, Yang L, Cao Z and Ding BS. Inhibiting en-
dothelial Rhoj blocks profibrotic vascular intus-
susception and angiocrine factors to sustain 
lung regeneration. Sci Transl Med 2024; 16: 
eado5266.

[80]	 Li GD, Li J, Fan JQ, Li JY, Zhao B and Chen X. 
Predictive models and WTAP targeting for idio-
pathic pulmonary fibrosis (IPF). Sci Rep 2025; 
15: 14622.

[81]	 Huang J, Qin J, Zhu Y and Shen A. The role of 
epigenetics in pulmonary fibrosis: recent ad-
vances in mechanistic insights and therapeu-
tic implications. Front Mol Biosci 2025; 12: 
1647300.

[82]	 Schruf E, Schroeder V, Kuttruff CA, Weigle S, 
Krell M, Benz M, Bretschneider T, Holweg A, 
Schuler M, Frick M, Nicklin P, Garnett JP and 
Sobotta MC. Human lung fibroblast-to-myofi-
broblast transformation is not driven by an 
LDH5-dependent metabolic shift towards aero-
bic glycolysis. Respir Res 2019; 20: 87.

[83]	 Lee JU, Son JH, Shim EY, Cheong HS, Shin SW, 
Shin HD, Baek AR, Ryu S, Park CS, Chang HS 
and Park JS. Global DNA methylation pattern 
of fibroblasts in idiopathic pulmonary fibrosis. 
DNA Cell Biol 2019; 38: 905-914.

[84]	 Parker MW, Rossi D, Peterson M, Smith K, Sik-
ström K, White ES, Connett JE, Henke CA, Lars-
son O and Bitterman PB. Fibrotic extracellular 
matrix activates a profibrotic positive feedback 
loop. J Clin Invest 2014; 124: 1622-1635.

[85]	 Zhao XK, Cheng Y, Liang Cheng M, Yu L, Mu M, 
Li H, Liu Y, Zhang B, Yao Y, Guo H, Wang R and 
Zhang Q. Focal adhesion kinase regulates fi-
broblast migration via integrin beta-1 and 
plays a central role in fibrosis. Sci Rep 2016;  
6: 19276.

[86]	 Bian F, Lan YW, Zhao S, Deng Z, Shukla S, 
Acharya A, Donovan J, Le T, Milewski D, Bac-
chetta M, Hozain AE, Tipograf Y, Chen YW, Xu Y, 
Shi D, Kalinichenko VV and Kalin TV. Lung en-
dothelial cells regulate pulmonary fibrosis 
through FOXF1/R-Ras signaling. Nat Commun 
2023; 14: 2560.

[87]	 Lee WT, Lee H, Kim J, Jung Y, Choi E, Jeong JH, 
Jeong JH, Lee JH and Youn YS. Alveolar macro-
phage phagocytosis-evading inhaled microgels 
incorporating nintedanib-PLGA nanoparticles 
and pirfenidone-liposomes for improved tre- 
atment of pulmonary fibrosis. Bioact Mater 
2023; 33: 262-278.


