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HIGHLIGHTS GRAPHICAL ABSTRACT

o IPF is promoted by aberrant levels or
activity of  histone  deacetylases
(HDACsS).

e Dysregulated HDACs modify TGF-p sig-
nalling in a fibrotic lung.

e Certain drugs, which target faulty
HDACs and TGF-f signals, mitigate lung
fibrosis.

ARTICLE INFO ABSTRACT
Keywords: Idiopathic pulmonary fibrosis (IPF), a disorder observed mostly in older human beings, is characterised by chronic
Epigenetics and progressive lung scarring leading to an irreversible decline in lung function. This health condition has a

Histone deacetylases
Pulmonary fibrosis

Sirtuin

Smad

Transforming growth factor-p

dismal prognosis and the currently available drugs only delay but fail to reverse the progression of lung damage.
Consequently, it becomes imperative to discover improved therapeutic compounds and their cellular targets to
cure IPF. In this regard, a number of recent studies have targeted the epigenetic regulation by histone deacetylases
(HDAG:s) to develop and categorise antifibrotic drugs for lungs. Therefore, this review focuses on how aberrant
expression or activity of Classes I, II and III HDACs alter TGF-p signalling to promote events such as epithelial-
mesenchymal transition, differentiation of activated fibroblasts into myofibroblasts, and excess deposition of
the extracellular matrix to propel lung fibrosis. Further, this study describes how certain chemical compounds or
dietary changes modulate dysregulated HDACs to attenuate five faulty TGF-p-dependent profibrotic processes,
both in animal models and cell lines replicating IPF, thereby identifying promising means to treat this lung
disorder.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, fibroproliferative,
aggressive and often fatal form of idiopathic interstitial pneumonia prevalent
in older adults [1]. Untreated patients live for an average of 3-5 years after
diagnosis and lead an inferior quality of life [2, 3]. The condition is believed
to arise through successive injuries to the ageing alveolar epithelium, which
initiates a dysregulated wound healing process leading to remodelling of the
lung architecture [4]. Consequently, these reparative events within the lung
replace healthy alveolar tissue with clusters of fibroblasts, myofibroblasts
and excessive deposits of extracellular matrix (ECM) proteins that cause the
stiffening and scarring of lung tissue [5]. As a result, gaseous exchange
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between the alveoli and capillaries surrounding them is severely impaired,
resulting in an inexorable decline in lung function, which ultimately leads to
respiratory failure and death [6].

The alveolar epithelium in the mammalian lung is mainly composed
of alveolar type 1 epithelial cells (AEC1) and alveolar type 2 epithelial
cells (AEC2), where AEC2 can proliferate and develop into AEC1 to
maintain alveolar wall integrity when AEC1 are injured [7]. However,
due to persistent lung injuries, the replacement of damaged epithelia
through differentiation of AEC2 to AEC1 is reduced [8]. Recent studies
have demonstrated that remodelling events by AEC2 after repeated acute
lung injuries (ALI) mainly involve epithelial-mesenchymal transition
(EMT) [polarised epithelial cells functionally transit into becoming
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mesenchymal], fibroblast to myofibroblast differentiation (FMD) [myo-
fibroblasts express a-Smooth muscle actin (a-SMA)] and deposition of
excess collagen (an ECM protein) within the lung parenchyma [9, 10, 11,
12, 13]. Though several profibrotic drivers such as platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF) and connective
tissue growth factor (CTGF) signalling pathways are believed to trigger
these aberrant events; the transforming growth factor-beta 1 (TGF-p1)
signalling cascade has been shown to play a pivotal role at different steps
in the progression of IPF (reviewed in [14]).

1.1. TGF-p signalling and its regulation in IPF

Transforming growth factor-beta (TGF-p) is a potent, multifunctional
and ubiquitously expressed profibrotic cytokine that regulates cell pro-
liferation, differentiation, apoptosis, adhesion, and migration [15]. In a
pathological scenario such as organ fibrosis, TGF- signalling is activated
and upregulated in the injured epithelial cells, fibroblasts and myofi-
broblasts, which are believed to majorly contribute to the pathophysi-
ology of fibrotic disorders [16]. In lung fibrosis, activation of TGF-$1 (an
isoform of TGF-p) is regulated by high levels of proinflammatory cyto-
kines, such as interleukin-1 beta (IL-1p), secreted by injured lung
epithelial cells or macrophages recruited during the inflammatory phase
of wound healing [15, 17, 18]. IL-1p then triggers the alpha-v beta-8
(avp8) integrin-mediated conversion of latent form of TGF-B1 to its active
version in the fibroblasts. The activated form of TGF-p1 secreted by these
fibroblasts increases the profibrogenic differentiation of adjacent fibro-
blasts to myofibroblasts and promotes the remodelling of lung epithelia
leading to fibrosis [19]. Furthermore, a recent study using lung fibro-
blasts obtained from IPF patients (IPF-HLFs) revealed that these affected
cells secrete interleukin-6 (IL-6), another proinflammatory cytokine to
activate the IL-6/Signal transducer and activator of transcription 3
(STAT3)-dependent TGF-f signalling pathways in adjacent normal
human lung fibroblasts (NHLFs) in a paracrine fashion, which is thought
to drive fibrosis in the later stages of IPF [20].

There is a considerable amount of evidence that the canonical TGF-§
signalling mediated by activated TGF-pl cytokine, TGF-p receptors,
phosphorylated SMAD2/3 complex and SMAD4 play a significant role in
the progression of fibrosis of organs, including lungs [21, 22]. Activated
TGF-f signalling upregulates the expression of various profibrotic genes,
including ACTA2, CCN2 (also known as CTGF encoding gene), COL1A1,
COL1A2 and FN1 in the fibroblasts and myofibroblasts of the lung, which
contributes to IPF [22, 23, 24, 25, 26, 27]. In addition, the non-canonical
pathways, such as MAPK (ERK, JNK, p38), PI3K/AKT, c-ABL, JAK2/-
STAT3, SMURF1/2 and ROCKs mediate the TGF-§ signalling in the
fibroblasts/myofibroblasts through their respective phosphorylated

—
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forms and other proteins, some of which translocate into the nucleus to
activate genes involved in increased myofibroblast generation, as well as
in ECM and CTGF production [27, 28, 29, 30, 31, 32, 33, 34, 35, 36].
Again, recently Lin et al have revealed that Chemokine (C-X-C motif)
ligand 12 [CXCL12] activates the Mitogen-activated protein kinase ki-
nase kinase 1 (MEKK1)/c-Jun N-terminal kinase (JNK) signalling
pathway to trigger SMAD3 phosphorylation and translocation of phos-
phorylated SMAD3 into the nuclei to induce CTGF expression in human
lung fibroblasts (HLFs), suggesting a cross-talk between the canonical
and non-canonical TGF-p signalling cascades [33]. Further, an earlier
study had reported that p38 is necessary for TGF-p1-dependent activation
of PI3K/AKT, which attenuates the apoptosis of lung fibroblasts induced
by FS-7 cell line associated surface antigen (FAS/Fas)-Cysteine-depend-
ent aspartate-directed proteases (Caspase) cascade [37]. Figure 1 gives
an overview of the involvement of TGF-p signalling pathways in fibro-
blasts/myofibroblasts, which are linked to lung fibrosis. Therefore, it is
reasonable to conclude that dysregulated TGF-§ signalling in the effector
cells is central to the progression of IPF [38, 39]. For knowing the names
of proteins encoded by the profibrotic genes, which have been mentioned
earlier in this paragraph, and the expanded names of members of both
canonical and non-canonical TGF-p signalling pathways, please refer to
the legend of Figure 1.

On a different note, although several genetic mutations and faulty
signalling pathways have been implicated in IPF, about one-fifth of the
total reported cases of this lung disorder are familial, whose prevalence is
much lower than sporadic ones [40, 41, 42]. Moreover, not all in-
dividuals with the common genetic mutations associated with IPF
develop this disease, suggesting that certain factors beyond genetic
modifications, such as epigenetics, environmental insults (for example,
smoking) and ageing, could influence the pathological outcome of IPF
[43, 44]. Since the development of lung fibrosis is linked to a combina-
tion of environmental and genetic factors, epigenetic mechanisms might
mediate the effects of both genes and the environment on this fatal dis-
order [43]. Epigenetic regulation, which involves changes in gene
expression without altering the deoxyribonucleic acid (DNA) sequence
and affects cellular processes, indeed gets modified in a number of the
diseased states of the lung, including IPF [43, 45]. In this regard, there is
insurmountable evidence on the altered roles of epigenetic factors like
histone deacetylases (HDACs), which are known to modulate TGF-§
signalling pathway mediated events in IPF [43]. Numerous independent
studies have shown that TGF-f signalling and HDACs together control the
expression of profibrotic as well as antifibrotic genes in alveolar
epithelial cells (AECs), fibroblasts and myofibroblasts, which are among
the key effector cell types involved in driving IPF [46, 47, 48, 49, 50, 51,
52, 53].

-

Figure 1. A simple illustration of TGF-p signalling pathways in lung (myo)fibroblasts leading to the increased expression of profibrotic genes in these cell
types. In the extracellular matrix (top), IL-1p, a proinflammatory cytokine triggers the integrin avf8-mediated conversion of latent TGF-p1 protein to its active form.
On the cell membrane, activated form of TGF-f1 homodimers (green star) bind to transmembrane and dimeric TGF-p receptor type II (TPRII) and leads to the
recruitment of dimeric TGF-p receptor type I (TBRI) inducing the formation of a heterotetrameric receptor complex. Subsequently, this ligand binding triggers the
phosphorylation and activation of TPRI by TBRII (small curved brown arrows). On the cytoplasmic side, the activated TPRI then binds and phosphorylates SMAD2 and
SMAD3, also known as receptor regulated SMADs (R-SMADs), to drive the TGF-f} canonical signalling pathway. These two SMADs get transported into the nucleus as a
complex with SMAD4 (curved green arrow), where they interact with other transcription factors to upregulate the expression of various profibrotic genes, including
ACTA2, CCN2, COL1A1, COLIA2 and FN1 in the fibroblasts and myofibroblasts of lung. The inhibitory SMADs, namely SMAD6/7, bind with TPRI to prevent
recruitment and phosphorylation of the R-SMADs, which dampen TGF-f signalling thereby blocking the transcription of genes encoding profibrotic factors. In addition,
the activated TGF-p1 ligand bound to its receptors can signal through various non-canonical pathways, including ones involving MAPKs (ERK, JNK, p38), PI3K/AKT, c-
ABL, JAK2/STAT3, SMURF1/2 and ROCKs. Some of these mediatory signalling cascades can act either directly (single curved red arrow), or in association with SMAD
proteins, to regulate gene expression and have pathophysiological roles in fibrotic disorders, such as IPF.

The abbreviation of SMAD/Smad is expanded as follows: Acronym from the fusion of Caenorhabditis elegans SMA ("small" worm phenotype) and MAD ("Mothers against
Decapentaplegic") proteins in Drosophila melanogaster.

Expanded names of members of the non-canonical TGF-p pathways: AKT/Akt, Ak (mouse strain) transforming. Originally identified as an oncogene in the transforming
retrovirus. It is also known as Protein kinase B; c-ABL, A tyrosine kinase encoded by Abelson murine leukaemia viral oncogene homologue 1 in human beings; ERK,
Extracellular receptor kinase; JAK2, Janus kinase 2; JNK, c-Jun N-terminal kinase; MAPK(s), Mitogen-activated protein kinase(s); p38, p38 mitogen-activated protein
kinase; PI3K, Phosphatidylinositol 3-kinase; ROCKs, Rho-associated coiled-coil containing protein kinases; SMURF1/2, SMAD ubiquitination regulatory factor 1/2;
STATS3, Signal transducer and activator of transcription 3.

Names of proteins encoded by the profibrotic genes: ACTA2, encodes Actin alpha 2, smooth muscle in humans; CCN2, encodes Cellular communication network factor
2; COL1A1, encodes Collagen type 1 alpha 1 chain; COLIAZ2, encodes Collagen type 1 alpha 2 chain; FN1, encodes Fibronectin 1.

3



Zinc-dependent Histone Deacetylases

0 32 p3YaS ‘W

( A4 N/ N[ )
Class | Class IIA Class 1IB Class IV
Composed of entirely conserved deacetylase domains, show IiEwe mEglElte deeezkivg ECviy 6 el ev, e, iy & e A characteristic long extra extension Shares a catalytic domain with
ubiquitous tissue distribution and predominantly located in signal transducers characterised by the presence in their regulatory at the C-terminus known as a tail class | and class Il HDACs.
the nucleus, where they present strong deacetylase activity N-termlnal domains of two or three cqnserved serine residues subject th domain is observed. Mainly local-
toward histones. reversible phosphorylation and recruit other enzymes to regulate their ised in the cytoplasm.
target genes' transcription. Shuttle between the cytoplasm and nucleus. HDAC11
HDAC1 & HDAC2 HDAC6
_ ; ; HDAC4 HDACS5 Downregulates the transcription
gtﬁgcjrhaer;dal::)ﬁ)%i;cz;mah\?::i;yagg ;ﬁ:ﬁ;?g;g:rzo‘grr::sg; Acts as a potent NMDA receptor-dependent Binds to the promoter of FGF2 and Contains two deacetylase domains and of IL-10 in APCs.
. ipti i - Slit i - C-terminal zinc fi biquitin-bind-
complexes like Sin3, NURD, CoREST. and MIDAG. trar]scnpthnlal repressor for reglljlatlng syn S_//t2 genes to regu_late angiogene a C-terminal zinc finger ubiquitin-bin Plays a role in immune activation
aptic plasticity, and microRNAs tightly regu- sis, and promotes inflammation by ing domain. It deacetylates non-histone i =
] ) - ins i g i . and immune tolerance.
HDACH1 plays a significant role in ageing, cellular senescence, late the expression of this deacetylase. activating NF-kB. proteins like Hsp90, a-tubulin, E:ortacm,
N L Ny Ku70, RIG-I, and B-catenin.
adult neurogenesis, and myelination, whereas HDAC?2 is known Remtes muslesr sssistien and
oL genes |nvo_|\_/ed n syqaptlc pestctladoaicoaey Regulates the proliferation of satellite cells, transcriptional activity of STAT3. Associates with microtubules, and is
in cognition, learning, and memory. X -~ . . . . q
muscle regeneration, and lipid accumulation. involved in the misfolded protein accu-
mulation-induced stress response.
HDAC3 HDAC8 HDAC7 HDAC9 p
Interacts with N-CoR to form a Binds with o-SMA and Represses the activity of transcriptional fac- Binds to MEF2 proteins and HDAC10
complex, which increases HDAC3 SMMHC to promote cell tors like MEF2A, C and D during myogene- forms corepressor complexes
enzymatic activity. contractility in sis. Associates with HDAC3 and corepres- with them, suppressing their A polyamine deacetylase, which con-
vascular smooth muscle cells. sors SMRT & N-CoR in specific nuclear transcriptional activity thereby tains an active deacetylase domain
Regulates proliferation and death punctae. Modulates endothelial cell migra- negatively regulating gene ex- and a catalytically inactive leu-
of cells. Plays a critical role in spindle tion and angiogenesis by controlling pression in muscles. cine-rich domain.
assembly and chromosome PDGF-B/ PDGFR-B gene expression.
alignment to maintain the Promotes cell survival by controlling
euploidy during meiosis in Deacetylates STAT3, thereby inhibits its acti- autophagy.
ation to promote tumours in mouse lungs.
\ mouse oocytes. y LV I p umours | use lung J \U J \U y

NAD*-dependent Histone Deacetylases

Predominantly localised in the

nucleus, and deacetylates a vari-

ety of transcription factors like
p53, FOXO, and NF-kB.

Regulates anti-inflammatory and
antifibrotic activity in the liver,
kidney and skin.

Class Il

The deoxyhypusine synthase-like NAD/FAD-binding domain is a distinct characteristic among these HDACs.

Detected in the cytoplasm, regu-

lates actin polymerization and

cell migration through deacetyla-

tion and degradation of HSP90,

and is known to regulate meta-
bolic pathways.

It is located in the mitochon-
drial matrix.

Located in the mitochondria
where its primary function is ribo-
sylation of ADP.

Targets for SIRT3 include
components of oxidative phos-
phorylation, fatty acid oxida-
tion, and the TCA cycle.

Regulates insulin secretion, mito-

chondrial ATP balance, redox ho-

meostasis and ROS production,

and also controls the balance be-

tween fat oxidation and fat syn-
thesis.

Regulates apoptosis, protein
folding, and oxidative stress in
cells.

SIR
Resides primarily in the mito-
chondrial matrix. Carries out

reactions like protein desucci-
nylation, demalonylation, and de-
glutarylation.

Plays a role in metabolic path-
ways like glycolysis, TCA cycle,
fatty acid oxidation, cellular anti-
oxidant defence pathway, and
cell death pathway as well.

Located within the nucleus. Pri-
marily functions as a H3K9 and
H3K56 HDAC that decreases
chromatin accessibility for tran-
scription factors such as NF-kB,
c-JUN, HIF-1a, and SREBP.

Activated by long chain fatty
acids, and mediates ADP ribo-
sylation for DNA repair.

Opposes pro-ageing processes
like NF-kB signaling and activa-
tion of RTE. Regulates telomere
maintenance, glucose homeo-
stasis, ribosome biogenesis, and
tumour suppression.

Primarily localised in the nucleus.

dsDNA, rRNA and tRNA are

potent activators of SIRT7 in

vitro. Upon RNA activation,

SIRT7 shows robust defatty-acy-
lase activity.

Maintains genomic integrity, reg-

ulates ribosome biogenesis and

protein translation, and also par-

ticipates in mitochondrial unfold-
ed protein response.

Regulates cellular stress, metab-
olism, ageing, and senescence.

J

(caption on next page)

£4£602 (220Z) 8 uofiaH



M. Sehgal et al.

1.2. An overview of HDACs

HDAGCs are enzymes that induce the formation of transcriptionally
repressed chromatin by deacetylating particular histone and non-histone
proteins at specific locations [54]. Noteworthy, another group of enzymes
known as histone acetyltransferases (HATs) acetylate conserved lysine
amino acids on histone proteins by transferring an acetyl group from
acetyl coenzyme A (acetyl-CoA) to form e-N-acetyl-lysine, which binds to
the positively charged residues of histone lysine and increases hydro-
phobicity [54, 55]. This results in the formation of a loose chromatin
structure that facilitates the transcription of the uncoiled DNA [56]. On
the other hand, during deacetylation, HDACs promote the removal of the
acetyl group from acetyl-lysine and restores positive charge on histone
proteins [54]. These steps result in the formation of dense chromatin
structure, blocking gene transcription sites and are critical in regulating
gene expression [57]. It may be noted that the balance between histone
acetylation and deacetylation for genetic regulation is controlled by the
antagonistic actions of HATs and HDACs [58].

HDAGCs are divided into four classes, namely, Class I, II, IV HDACs,
which require zinc (Zn*") ions for substrate deacetylation, whereas Class
III HDACs (also known as Sirtuins) are nicotinamide adenine dinucleo-
tide (NAD™)- dependent deacetylases [54, 59, 60]. Figure 2 provides a
description of some of the prominent characteristics and functions of
HDAG s, namely Class I comprising HDAC1, 2, 3 and 8 [56, 60, 61, 62, 63,
64, 65, 66, 671, Class Ila consisting of HDAC4, 5, 7, 9 [68, 69, 70, 71, 72,
73, 74,75, 76, 77, 78, 79] and Class IIb, which comprises HDAC6 and
HDAC10 [56, 80, 81, 82, 83]. The typical features and roles of various
Class III HDACs, namely SIRT1-7 [84, 85, 86, 87, 88, 89, 90, 91, 92,[243]
93, 94, 95, 96, 97, 98, 99, 100] and Class IV HDAC, which has HDAC11 as
its lone newly discovered member [101,102], have also been described
in this figure.

1.3. Recent advances in treating IPF

Some of the recent studies have focused on novel drug discoveries,
their targets and mechanisms of drug action to understand how they
ameliorate specific events linked to IPF (reviewed in [12, 103, 104]).
Among the clinically approved and orally consumed drugs, namely
Pirfenidone (Esbriet®) and Nintedanib (Ofev®) have been specifically
used to treat IPF [6, 103]. Although the precise mechanism of action of
Pirfenidone, a pyridone, and its specific molecular targets have not
been adequately elucidated, the molecule has demonstrated anti-
fibrotic, anti-inflammatory, and antioxidant activity [105, 106, 107].
This drug suppresses the transcription of genes encoding procollagen
and profibrotic factors, namely PDGF and TGF-f1, and inhibits the
production of reactive oxygen species (ROS), all of which are
involved in promoting fibrogenesis and ECM production. On the other
hand, this drug prevented the lowering of interferon-gamma (IFN-y),
an antifibrotic cytokine, in a bleomycin (BLM)-induced mouse model
of lung fibrosis (that mimicked IPF characteristics) [108, 109]. The
other drug, Nintedanib, acts as a potent inhibitor of the
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proangiogenic receptor tyrosine kinases, namely platelet-derived
growth factor receptor, fibroblast growth factor receptor and
vascular endothelial growth factor receptor, all of which are
upregulated in specific cell types in the lung of IPF patients [110,
111]. It also blocks excessive fibroblast proliferation, differentiation
and laying down of the extracellular matrix [112]. Overall, though
both the drugs prevent the rapid deterioration of lung architecture
and improve pulmonary function in IPF patients to prolong their
lives by 8-10 years, they do not cure, halt or reverse the disease
progression in IPF [4, 103, 113]. It is also worth noting that
patients treated with these two drugs experience mild to moderate
adverse effects such as an increase in gastrointestinal events
(nausea, dyspepsia, vomiting and anorexia) and skin disorders (rash
and photosensitivity) without any long-term sequelae and are usu-
ally well-tolerated [114, 115]. In those cases where drugs become less
effective and the health conditions worsen, transplanting the diseased
lung with a healthy one from a tissue-typed donor is recommended,
though this strategy is complex and fraught with some significant
health risks such as chronic rejection and infection [116]. Hence, it
becomes imperative to search for new therapeutic targets and novel
compounds that could reverse the pathological features in the
affected lungs, have the potential to be used in combination therapy,
show less adverse effects, significantly improve the quality of life in
patients and prevent mortality due to IPF.

In a bid to discover novel therapeutic targets, a number of studies
have found that compounds targeting and restoring the altered TGF-$
signalling to be quite promising because faulty signals mediated by this
fibrotic cytokine have been linked to the development of several char-
acteristic features associated with lung fibrosis (reviewed in [22, 117]).
However, inhibiting TGF-p signalling, as a whole, can have potentially
unwanted adverse effects, primarily because this signalling is known to
limit cell proliferation, and the global loss of TGF-f signals could trigger
carcinogenesis in epithelial cells [15]. Furthermore, TGF-p signals are
also crucial for the differentiation of regulatory T-lymphocytes (Tregs),
which confer immunological tolerance, limit and resolve inflammation,
and therefore blocking TGF-p globally can have potentially deleterious
effects because of its essential role in the development and functioning of
the immune system [118, 119].

However, context-dependent control of TGF-p signalling (or its
associated proteins) by regulation of specific HDACs is relatively a
safer approach than the traditional strategy of global TGF-§ suppres-
sion [118]. Targeting the expression and/or activity of some of the
HDACs, which could modulate TGF-f} signalling at specific steps or its
associated proteins in IPF, would help limit the interventions to
localised areas and minimise possible adverse effects to a great extent
[53]. If the expression of HDACs and TGF-f signalling are restored to
normal levels using certain compounds, they can effectively reprogram
AECs, fibroblasts and myofibroblasts to function normally and prevent
the formation of fibrotic foci, all the while reducing extracellular
matrix deposition [53, 120, 121, 122]. Hence, HDACs hold excellent
promise as novel next-generation therapeutic targets to control or

-
-

Figure 2. A schematic showing the classification, prominent characteristics and functions of HDACs.

Abbreviations and their expansions: a-SMA, alpha-Smooth muscle actin; ADP, Adenosine diphosphate; APC, Antigen presenting cell; ATP, Adenosine triphosphate; c-
JUN, Cellular-JUN, encoded in humans by the c-JUN proto-oncogene. The protein is a subunit of activator protein-1 (AP-1) transcription factor; COREST, Corepressor
to REST (repressor element-1 silencing transcription factor); DNA, Deoxyribonucleic acid; dsDNA, Double stranded deoxyribonucleic acid; FAD, Flavin adenine
dinucleotide; FGF2, a gene encoding Fibroblast growth factor 2; Forkhead box O; H3K9, H3 family of histones, Lysine at position 9 (counting from the N-terminus);
H3K56, H3 family of histones, Lysine at position 56 (counting from the N-terminus); HDAC, Histone deacetylase; HIF-1a, Hypoxia-inducible factor-1 alpha; HSP90/
Hsp90, Heat shock protein 90; IL-10, Interleukin-10; Ku70, Lupus Ku autoantigen protein p70; LRR, Leucine-rich repeat; MEF2, Myocyte enhancer factor-2; MiDAC,
Mitotic deacetylase complex; NAD, Nicotinamide adenine dinucleotide; N-CoR, Nuclear receptor corepressor; NF-kB, Nuclear factor kappa B; NMDA, N-methyl-D-
aspartate; NuRD, Nucleosome remodelling and deacetylase complex; p53, Cellular tumour antigen p53. p53 protein is a phosphoprotein with a molecular mass of 53
kilodalton; PDGF-B, a gene encoding Platelet-derived growth factor subunit B; PDGFR-f, a gene encoding Platelet-derived growth factor receptor beta; RIG-I, Retinoic
acid-inducible gene I; ROS, Reactive oxygen species; RNA, ribonucleic acid; rRNA, Ribosomal ribonucleic acid; RTE, Retrotransposon; Sin3, Switch (Swi)-independent
3; SIRT, Sirtuin (Silent mating type information regulation 2 homologue); Slit2, a gene that encodes Slit guidance ligand 2, a member of Slit family of secreted
glycoproteins; SMMHC, Smooth muscle myosin heavy chain; SMRT, Silencing mediator for retinoid and thyroid hormone receptors; SREBP, Sterol-regulatory element
binding protein; STAT3, Signal transducer and activator of transcription 3; TCA,Tricarboxylic acid; tRNA, Transfer ribonucleic acid.
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Figure 3. The structural features of HDACs. The three-dimensional structures of HDACs show alpha-helices in green colour, beta-sheets in yellow, loops as green
wires and green spheres representing Zn>" ions. These structures have been obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank

(RCSB PDB). PDB ID = PDB Identification code.

reverse the major faulty events that lead to IPF [49, 52, 120, 123].
Here, we provide a comprehensive review focusing on the potential
HDAGs that can be effectively targeted using specific inhibitory com-
pounds to mitigate the pathogenic events in IPF, which may be directly
influenced by TGF-§ signalling. Further, we also discuss the specific
compounds or drugs that might be effective in simultaneously target-
ing cellular defects in the lung quite early on or could be used to treat
later stages of IPF as well.

2. Events in IPF, HDACs, TGF-f signalling and therapeutics

Although some research groups have outlined a chain of events that
occur in IPF, which ultimately lead to an irreversible decline in lung
function, the staging of IPF is contentious with differing viewpoints [12].
These events are not mutually exclusive; instead, one event leads to the
next; nonetheless, the succession of these events is not always linear, and
some events may occur concurrently with others. Furthermore, it may be
noted that certain events occur relatively sooner in IPF, whilst others are
prominently seen at later stages of the disorder [124]. Proper staging of a
progressive disorder, such as IPF, warrants the discovery of suitable
biomarkers that could be correlated with the clinical and therapeutic
outcome at a particular stage in the disorder [125, 126].

In the following section, we have described how faulty regulation of
specific HDACs and activated TGF-p signalling propel some of the indi-
vidual events described so far in IPF. Further, we have also discussed how
certain compounds modulate the expression or activity of those aberrant
HDAC:s or their associated proteins to restore the TGF-B-induced damage
in cells, at least in some cases and have shown immense therapeutic
potential. To appreciate their chemical properties, the structures of some
of the prominent HDACs and HDAC modulators have been depicted in
Figure 3 and Table 1, respectively.

2.1. Lung injury and abnormal repair

Though the cause of IPF still remains elusive, most scientists have
accepted that repetitive micro-injuries to the lung alveolar epithelium
alters its homoeostatic microenvironment resulting in a series of

pathological responses contributing to fibrosis [7, 127]. Under normal
circumstances, the injuries are repaired without excessive scarring,
whereas a deregulated injury response involves activated TGF-§ cyto-
kine, released from injured AECs as well as the inflammatory cells,
which are recruited in response to the cellular injury [128]. Thus, this
prototypic cytokine along with other growth factors like Tumour Ne-
crosis Factor (TNF) and PDGF, could subsequently trigger an excessive
deposition of ECM, increased rate of EMT, invasion, epithelial
apoptosis, the persistence of fibroblasts and increased FMD leading to
fibrosis in lungs [129, 130]. Though none of the studies so far have
pointed out the roles of HDACs specifically in aggravating chronic in-
juries in the lung, it remains to be discovered if the process of repetitive
injury and abnormal repair is linked to alterations in levels of HDACs or
their activity.

2.2. Epithelial cell death

Apoptosis, a kind of regulated cell death, has been reported as a
potential pathogenic mechanism in the development of pulmonary
fibrosis [131]. In this context, an increased number of apoptotic hy-
perplastic cells have been reported in alveolar and bronchial epithelia
of IPF patients [132]. Studies using both cultured bronchiolar
epithelial cells, which were treated with bronchoalveolar lavage fluid
derived from IPF patients, and Fas-mediated lung injury model in mice
revealed that TGF-p1 increases caspase-3-activated apoptosis of bron-
chiolar and AECs after lung injury [133]. As the disease progresses,
immune cells like macrophages and neutrophils as well as activated
myofibroblasts, release TGF-p cytokine to drive both epithelial cell
apoptosis and deposition of ECM continuously [134, 135]. An earlier
study using the mouse model of BLM-induced pulmonary fibrosis
demonstrated that inhibiting Fas ligand-mediated epithelial cell death
slows down the progression of this lung disorder [136]. Furthermore,
a recent study using transgenic mice overexpressing lung epithelia
specific-TGF-pl demonstrated that inhibition of TGF-f1-mediated
apoptosis could be a potential therapeutic strategy in treating
ALI-based disorders [137]. However, the role of HDACs in epithelial
cell death has not been studied extensively so far and future research



M. Sehgal et al. Heliyon 8 (2022) e09773

Table 1. The list of HDAC modulators and their chemical structures.

Serial No. PubChem CID Name of the HDAC Modulator Chemical Formula 2D Structure of the HDAC modulators
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Table 1 (continued)

Serial No. PubChem CID Name of the HDAC Modulator Chemical Formula 2D Structure of the HDAC modulators
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Table 1 (continued)
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Serial No. PubChem CID Name of the HDAC Modulator Chemical Formula 2D Structure of the HDAC modulators
15. 444732 Trichostatin A (TSA) C17H25N203 E
|
16. 6675804 Tubacin C41H43N307S
17. 49850262 Tubastatin CooH21N30,
L
18. 3121 Valproic acid CgH1602

Note: The chemical structures and information have been sourced from PubChem. Data on NCC170 is not available on PubChem. So far the names of specific EP300
inhibitors, AKT inhibitors and SMAPs are not available in the published literature. For information on (+)-4-((3,3-Dimethyl-2-(pyridin-3-yl)indolin-1-yl)methyl)-N-

hydroxybenzamide (inhibitor named ‘6h’), please refer to [271].

could test if specific histone deacetylase inhibitor(s) [HDACi(s)] are
effective in preventing TGF-p-mediated apoptosis in the affected lung
epithelia. It is worth mentioning here that recently Kim et al have
reported that inhibiting HDACs or cyclin-dependent kinases (CDKs)
can exert their antifibrotic and antiapoptotic effects on AECs and also
attenuate their senescence. Interestingly, inhibiting HDACs bring
about cell cycle arrest by inducing cyclin-dependent kinase inhibitor
1A (CDKN1A, CDK antagonist also known as p21) or by inhibiting
CDKs, suggesting that preventing apoptosis of AECs using HDACi(s)
hold great promise in treating this progressive lung disorder [138].

2.3. Epithelial-mesenchymal transition

EMT is a process in which epithelial characteristics such as contact
adhesion and apicobasal polarity are lost, and cells begin to acquire
mesenchymal characteristics like migratory abilities and overexpression
of ECM proteins [9]. Numerous studies have recognised EMT as an
essential contributor in the formation of fibrotic foci in lungs [13, 139,
140, 141]. During reparative fibrosis, EMT (also referred to as EMT type
2 in some literature) is reported to occur during the healing process
after mild and acute injury in tissues causing the accumulation of fi-
broblasts [142, 143]. The EMT in fibrosing lung epithelial cells has been
marked by the loss of epithelial markers such as E-cadherin and

cytokeratins, as well as an increase in the expression of mesenchymal
markers such as N-cadherin, Vimentin and a-SMA [13, 144, 145]. It has
also been revealed that EMT is a complex cellular process regulated by
various intracellular enzymes like SMADs and HDACs, and extracellular
factors such as TGF-f [146, 147]. Notably, Sirtuins (Class III HDACs)
have been implicated in the regulation of both EMT and FMD, which are
among the prominent events observed in IPF [122]. Based on recent
studies using specific cell lines, it has become evident that reversing
EMT can allay the progression of IPF. In this regard, the overexpression
of Sirtl in TGF-pl-induced RLE-6TN (Rat lung epithelial-T-antigen
negative cell line derived from AEC2) cell lines showed an increase in
the levels of an epithelial marker E-cadherin and decreased levels of
profibrotic proteins/mesenchymal markers like a-SMA, collagen type 1
and fibronectin 1, indicating a reversal of EMT. Additionally, it was
demonstrated in the same study that Sirtl employs Sirtl1 AS (natural
antisense long non-coding transcript of Sirt1) to bind with Sirtl mRNA,
enhancing its stability thereby upregulating the expression of Sirtl
protein, which suppresses EMT in alveolar cells [148]. Earlier studies by
this group using rats, which showed BLM-induced pulmonary fibrosis,
revealed that Astragaloside IV (AS-1V), a compound extracted from the
Astragalus root, attenuates fibrosis in lungs by inhibiting TGF-$1-de-
pendent EMT [149]. The study carried out by Qian et al. also identified
a Sirtl AS/Sirtl/Forkhead box O-3 (FOXO03) axis as the target of the
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antifibrotic effects of AS-IV in IPF [148]. In another study with A549
cells, which is a human adenocarcinoma cell line with features of type II
alveolar epithelium, it was demonstrated that Andrographolide (Andro),
a diterpenoid derived from Andrographis paniculata (Chinese medicinal
herb), activates SIRT1/FOXO03 antioxidative stress pathway, which re-
sults in increased expression of superoxide dismutase 2 (SOD2) [an
antioxidative enzyme] and inhibits EMT by decreasing extracellular
signal-regulated protein kinase (ERK) 1/2 phosphorylation [150].
Therefore, AS-IV and Andro can be used as potential therapeutic com-
pounds to reverse EMT and possibly ameliorate IPF.

As stated earlier, the canonical TGF-f signalling pathway (also known
as the SMAD-dependent signalling pathway) is believed to be one of the
major drivers activated in EMT linked to lung fibrosis (reviewed in [151,
152]). The TGF-f cytokine is rapidly induced upon a tissue injury to re-
cruit more macrophages and fibroblasts to the injured area. These cells,
in turn, secrete more of this cytokine to sustain a TGF-p signal-induced
profibrotic environment for activating a fibrogenic phenotype in lung
epithelial cells, either directly by promoting EMT and subsequent FMD,
or indirectly by stimulating secretion of fibroblast-activating mediators
[153]. SMAD2, 3 and 4, which are major intracellular transducers of the
TGF-p signals, translocate into the nucleus to activate the expression of
transcription factors like SNAIL1, SLUG, TWIST, Zinc finger E-box
binding homeobox 1 (ZEB1) and Zinc finger E-box binding homeobox 2
(ZEB2), and trigger the process of EMT [154] (reviewed in [155]).

A number of compounds can alleviate EMT either by decreasing the
phosphorylation of SMADs or by decreasing their translocation into the
nucleus. For instance, experiments conducted using A549 cells reveal that
Andro reduces the phosphorylation at specific serine residues of Smad2
(Ser465/Ser467) and Smad3 (Ser423/Ser425). As a consequence, the
transport of Smad4 into the nucleus is blocked, thereby impeding TGF-
B-mediated expression of EMT-related transcription factors [150]. Eluci-
dating the involvement of Sirtuins in the canonical SMAD-dependent sig-
nalling pathway, a recent study using A549 cells, which was transfected
with an adenovirus vector encoding SIRT6, revealed that overexpression of
this Sirtuin in these cells mitigated EMT. Thus, an increase in SIRT6 levels
in these cells reduces the production of TGF-1, inhibits the expression of
SMAD3 and also diminishes the expression of EMT-related transcription
factors [156, 157].

In the context of involvement of other classes of HDACs, a study by
Shan et al. has suggested a strong link between the HDAC6-influenced
changes in microtubule dynamics and their implications on EMT in
lung fibrosis [46]. Acetylated a-tubulins, which are components of stable
microtubules (MTs), undergo TGF-p-induced HDAC6-dependent deace-
tylation in human lung epithelial cells and concurrently these cells ex-
press EMT markers [46, 80]. Interestingly, a separate study investigating
the role of a-tubulin in TGF-p-induced and HDAC6-activated EMT using
mammary epithelial cells revealed that deacetylated a-tubulin decreases
microtubule stability, thus increasing the mesenchymal nature of the cells
[158]. Though Shan et al. noted that HDAC6 co-immunoprecipitated
with SIRT2, additional studies would be needed to unravel the com-
bined role of HDAC6 and SIRT2 in the deacetylation of a-tubulin and
consequently in EMT, which is thought to be one of the driving forces in
IPF. Tubacin, a known HDAC6i, was able to restore the expression of
acetylated a-tubulin by inhibiting HDAC6 in TGF-p1-treated A549 cells.
Additionally, this compound elevated E-cadherin expression and
decreased Vimentin levels to restore the epithelial nature of these cells
and abrogated TGF-B-induced increase in PDGF, CTGF, which are among
the other profibrogenic cytokines linked to IPF [46]. Similarly, when
IPF-HLFs were treated with another pan-HDACi named Panobinostat
[also called LBH589, a United States Food and Drug Administration
(USFDA) approved drug to treat multiple myelomal, significant tubulin
acetylation was observed in the fibroblasts from affected individuals
when compared to the 0.25% dimethyl sulphoxide (vehicle) treated fi-
broblasts. Evidently, Panobinostat was able to efficiently inhibit HDAC6
activity in these cell types [49, 159]. Noteworthy, HDAC6 deacetylated
SMAD3 to regulate nuclear localisation of the latter and controlled
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TGF-p-mediated phosphorylation of SMAD3 to trigger the expression of
EMT-related genes in lung epithelial cells [46]. The molecular mecha-
nisms governing HDAC6-mediated regulation of SMAD signalling in EMT
requires more investigations, especially because inhibition of SMAD3
activity does not entirely abolish TGF-f1-induced EMT, indicating the
roles of non-canonical TGF-f} signalling cascades in these events [46].

In another study, IPF-HLFs, NHLFs and a BLM-induced mouse model
of pulmonary fibrosis were treated with TGF-p1 and another inhibitor of
HDACS6 activity named Tubastatin. Consequently, the human lung fi-
broblasts and lungs from the BLM-induced mouse model showed a
repression in TGF-p1-induced collagen type 1 expression (this is linked to
attenuation of EMT) by targeting the TGFf-PI3K-AKT pathway [46, 160].
Therefore, it can be concluded that lowering HDACS6 activity can inhibit
EMT, a critical step involved in the progression of IPF. As a result,
compounds such as Tubacin, Tubastatin and Panobinostat could emerge
as effective and promising treatments for IPF.

2.4. Vascular leak and extravascular coagulation

Injured epithelial and endothelial cells of capillaries surrounding the
alveolus release inflammatory mediators and prompts an antifibrinolytic
coagulation cascade, which helps in the formation of a clot of platelets
entangled in fibrin to plug injured vessels and ensure minimal loss of
blood [161, 162]. Excessive activation of coagulation cascade has been
linked to lung inflammation, and consequent interstitial and alveolar
fibrosis. In the lungs of patients with pulmonary fibrosis, intra-alveolar
fibrin build-up occurs due to a combination of inherited and acquired
clotting defects, which can progress to widespread fibrotic lesions due to
fast fibroproliferation and matrix formation [161, 162, 163, 164].
Platelet aggregation and subsequent degranulation cause blood vessel
dilatation and enhanced permeability, allowing inflammatory cells to
enter the bloodstream [12, 162]. Additionally, an imbalance of pro- and
antiangiogenic CXCs (chemokines with two cysteine residues near the
N-terminal, X represents any amino acid) as well as TGF-p leads to
aberrant neoangiogenesis and accumulation of circulating fibrocytes in
IPF lungs, which is critical for disease development [127, 165]. Though
TGF-B contributes to increased vascular permeability, abnormal angio-
genesis and extravascular coagulation in the fibrotic lung, aberrant
HDAC activity has not been linked to these events yet, and further studies
are needed in this regard [12, 166, 167].

2.5. Activation of the immune system

Cells from the innate and adaptive immune systems, like mesen-
chymal stem/stromal cells (MSCs), Tregs, regulatory B cells, macro-
phages, dendritic cells, myeloid-derived suppressor cells and T-follicular
helper cells have been associated with the pathogenesis of IPF, though
the research in the area has often yielded conflicting results [168, 169,
170, 171, 172]. Even though IPF has been characterised as a fibrotic
disease involving epithelial cell activation, as stated before,
proinflammatory mediators like IL-1f, interleukin-6 (IL-6) and tumour
necrosis factor-alpha (TNF-a) are involved in the onset as well as the
progression of pulmonary fibrosis [173, 174, 175]. Dilated and perme-
able blood vessels near the alveoli allow entry of inflammatory cells like
neutrophils in the bloodstream, followed by macrophages, which secrete
a number of inflammatory cytokines and chemokines known to stimulate
fibroblast proliferation and recruitment [176]. Further, macrophages
have been identified as one of the major sources of TGF-p overproduction
during fibrosis [177] (reviewed in [17]). So far, none of the HDAGCs is
known to regulate the TGF-p linked immune mechanisms in IPF and
needs to be worked out.

2.6. Formation of reactive oxygen species

Free radicals and reactive molecules generated by the partial reduc-
tion of molecular oxygen in cells, such as superoxide anion (O3),
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hydrogen peroxide (H203), and hydroxyl radical (HOe), are known as
cellular ROS. In the process of mitochondrial oxidative phosphorylation,
ROS are produced endogenously, or they may arise from interactions
with primary exogenous sources like cigarette smoke and environmental
pollution [178]. Mitochondria play a major role in regulating the ROS
levels in the cell since it possesses enzymes like manganese superoxide
dismutase (MnSOD2), peroxidase (MnGPx) and peroxiredoxin 3
(MnPrx3), which are required for detoxification of O;” and HyOs,
respectively [178, 179]. Excess ROS accumulation in cells can have se-
vere implications like increase in oxidative stress, mitophagy (selective
removal of damaged mitochondria by autophagy) and mitochondrial
DNA damage, which may lead to impaired tissue function, cell death,
tissue inflammation and injury [180]. It has been established earlier that
cooperative actions of oxidative stress and TGF-f} are important drivers of
fibrosis in a variety of organs, including the lungs, and thus reducing the
levels of excess cellular ROS could be a strategy to prevent the progres-
sion of fibrotic disorders [181, 182, 183]. Active TGF-p1 signalling
reprogrammes AECs to contribute to excessive fibrosis by stimulating
ROS production in many ways such as activating cell
membrane-associated oxidase, decreasing activity of complex IV (part of
mitochondrial respiratory chain complexes) and activating nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase-4 (NOX4) [184, 185].
Interestingly, studies with asbestos-induced A549 as well as mink lung
epithelial cell lines revealed that excess ROS oxidises the amino acids of
latent-associated peptide (LAP), which normally forms a complex with
the latent TGF-B1. The oxidation of LAP causes it to dissociate from this
complex leading to the production of an activated TGF-$1 cytokine,
which could reciprocate with the deleterious ROS to regulate each
other’s production and promote lung fibrosis [186, 187, 188]. In addition
to triggering the production of ROS, this profibrotic cytokine down-
regulated the expression of SIRT3, which is a deacetylase that regulates
the antioxidant response and homeostasis in mitochondria. In this re-
gard, recently, Sosulski et al. demonstrated that pre-exposing C57BL/6
(“C57 Black 6” inbred strain) young mice, as well as NHLFs to active
TGF-B1, significantly reduces the expression of SIRT3 in the lungs [189].
Consequently, reduced levels of SIRT3 deacetylase inactivates the
MnSOD2 and isocitrate dehydrogenase 2, which are the regulators of
major oxidative stress responses in cells [179, 189, 190]. In normal cells,
SIRTS3 is responsible for deacetylating two critical lysine residues (K53
and K89) of MnSOD?2, thereby promoting its antioxidative activity [179].
Increased TGF-p signalling decreases SIRT3 levels, resulting in increased
levels of acetylated SOD2 followed by a rise in oxidative stress that is
favourable for FMD [179, 189].

Calorie restriction (CR) diets have proven to be beneficial in
combating disorders such as pulmonary fibrosis, which is linked to
oxidative stress and old age [191, 192]. In order to elucidate the effects of
the CR diet on oxidative stress, Qui et al. fed CR diet to Sirt3 knockout
mice and also to their wild-type counterparts. They found that CR esca-
lates SIRT3 levels increasing the levels of deacetylated SOD2, which
consequently reduces oxidative stress in mouse embryonic fibroblasts.
Therefore, overexpression of SIRT3 promoted by a CR diet could emerge
as a futuristic therapeutic strategy to decrease excess ROS production and
consequently mitigate oxidative stress-induced cellular damage and
fibrosis in an ageing lung [179, 188].

Reduced levels of SIRT3 have also been linked to oxidative stress-
induced damage of AEC mitochondrial DNA (mtDNA) causing
apoptosis of AEC and pulmonary fibrosis [193]. It is well known that
excess cellular ROS oxidises guanine residues and convert them into 7,
8-dihydro-8-oxoguanine (8-0xoG) residues, which when incorporated
during mtDNA replication causes oxidative lesions in the DNA [193, 194,
195]. Consequently, damage to mtDNA leads to a reduction in the
mitochondrial membrane potential, which remains as one of the triggers
of intrinsic apoptosis of AEC and concomitant pulmonary fibrosis [193].
Therefore, normal levels of SIRT3 are required to deacetylate and thereby
stabilise 8-oxoguanine DNA glycosylase (OGG1), a DNA repair enzyme
that hydrolyses 8-0xoG (oxidised guanine) and protects mtDNA from
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oxidative damage [193, 195]. In this regard, when Bindu et al. depleted
SIRT3 in NHLFs by treating them with TGF-p1, they observed FMD as
well as a reduction in OGG1 levels, which signified mtDNA damage
[196]. Conversely, overexpression of SIRT3, both in NHLFs that were
treated with TGF-p1 and in the BLM-induced mouse model of lung
fibrosis, resulted in reduced FMD and oxidized stress-linked mtDNA
damage. Further, a recent study showed that Hexafluoro (a novel fluo-
rinated synthetic honokiol analogue) maintains SIRT3 levels in lung fi-
broblasts treated with TGF-f cytokine, which otherwise leads to a
decrease in SIRT3 levels in these cells. This compound, via stimulation of
SIRT3, partly reduces TGF--induced mitochondrial oxidative stress and
the activation of fibroblasts. In addition, Hexafluoro also decreases the
levels of profibrotic factors like a-SMA and fibronectin, which are known
to promote EMT in lung fibrosis [197]. Another compound named Pro-
bucol, which was originally used as a cholesterol lowering drug has been
shown to ameliorate EMT and reduce ROS levels by restoring SIRT3
expression levels in lung tissues of BLM-treated mice, thereby allaying
the progression of lung fibrosis [198]. To sum up, the antifibrotic effects
of normal SIRT3 expression levels in AECs and fibroblasts have potential
therapeutic applications in lowering the formation of destructive cellular
ROS and hence could be used in the treatment of IPF [193, 196].

2.7. Fibroblast proliferation and persistence

NHLFs, which could differentiate into myofibroblasts, mediate
wound repair and remodelling after lung injury [10]. Once the wound
repair process is complete, these mesenchymal fibroblasts cells do not
persist and undergo apoptosis by a well-known mechanism that is
mediated by FAS (also known as Cluster of differentiation 95 or
Apoptosis Antigen 1 or Tumour necrosis factor receptor superfamily
member 6), a cell death receptor activated by FAS ligand (FASL). Sub-
sequently, activated FAS turns on Caspase-8 (one of the primary enzymes
implicated in apoptosis) followed by activation of the executioner Cas-
pase-3 as well as Caspase-7, triggering apoptosis of fibroblasts (reviewed
in [140]). On the contrary, in IPF lungs, activated fibroblasts persist by
garnering resistance to apoptosis. This, in turn, contributes to increased
production of profibrotic factors, excessive ECM deposition and forma-
tion of fibrotic foci leading to fibrosis and remodelling of the lung. In this
regard, recent studies using lung fibroblasts from BLM-treated mice as
well as IPF patients exhibited low levels of both Fas mRNA and its
encoded receptor. These cells also showed reduced levels of caspase-8
enzyme, indicating that they have acquired resistance to
caspase-mediated apoptosis [199, 200].

Further, it was demonstrated that this downregulation of the synthesis
of Fas mRNA and Fas receptor is caused by the increased deacetylating
activity of HDAC4 and HDAC2, which reduces Histone H3 and Histone H4
acetylation near the promoter of the Fas gene [199]. Hence, it was argued
that prevention of the persistence of fibroblasts by inhibition of HDAC
activity should counter the increased production of profibrotic markers
and the formation of fibrotic foci [123, 199]. To achieve this, non-selec-
tive HDAC inhibitors (HDACis), namely Trichostatin A (TSA) and Sub-
eroylanilide hydroxamic acid (SAHA) were employed to inhibit HDAC4
and HDAC2, respectively, in lung fibroblasts derived from BLM-injured
mice and IPF patients. Thus, Fas expression in these cells was restored
to those levels observed in lung fibroblasts of control mice and NHLFs. As
a consequence, these reprogrammed fibroblasts no longer contributed to
the production of excessive ECM and the formation of fibrotic foci, sug-
gesting that inducing apoptosis in fibroblasts of IPF patients can prove to
be a therapeutic measure [199]. It is worth mentioning here that an
earlier study with rat lung fibroblasts, which were treated with either
IL-1p or TGF-p1 or both revealed that the profibrotic TGF-$1 inhibits
IL-1p-induced apoptosis by suppressing nitric oxide synthase expression,
while preventing IL-1p-induced reduction of a-SMA and thus promoting
FMD. TGF-p1 also prevented the IL-1p-induced decrease in expression of
Bcl2 (B cell lymphoma 2), an antiapoptotic protein, in myofibroblasts
thereby promoting their survival [201].
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Another study using IPF patient-derived myofibroblasts investigated
the mechanism by which Vorinostat (another name for SAHA) manifests
its antifibrotic effects. Vorinostat treatment on IPF patient-derived fi-
broblasts caused an increase in the expression of BAK (a proapoptotic
gene that encodes BCL2 antagonist/killer 1) and reduced the expression
of BCL-XL [an antiapoptotic gene that encodes B-cell lymphoma-extra
large (BCL-XL) protein]. The same study also concluded that Vorino-
stat was able to upregulate proapoptotic genes, BID [encodes BCL-2 ho-
mology 3 (BH3)-interacting-domain death agonist] and BOK (encodes
BCL2/Bcl-2 related ovarian killer protein) in IPF fibroblasts [123].
Thus, Vorinostat modulates BCL-2 family of genes to induce apoptosis in
fibroblasts and inhibit the progression of lung fibrosis. Altogether, it
seems that promoting FAS-mediated apoptosis of fibroblasts by inhibiting
HDAC2 and HDAC4 to reduce its persistence seems to be a promising
strategy in halting the formation of fibrotic foci in the affected lungs.
Clinical trials have been undertaken to test the feasibility of SAHA (the
first USFDA approved HDACI used to treat cutaneous T-cell lymphoma)
as a drug to treat multiple cancers and is also seen as a potential remedy
for various fibrotic disorders [123, 202, 203, 204]. Noteworthy, one of
the previously described non-selective HDACi, named Panobinostat,
when administered in IPF-HLFs, decreases the levels of proliferation
markers phospho-histone H3 and cyclin D1 (CCND1), suggesting a
reduction in the proliferation of these cells [49, 159]. It reduces the levels
of antiapoptotic proteins such as Survivin, BCL-XL, p21 as well as the
expression of a survival gene, namely BIRC5 (encodes baculovirus in-
hibitor of apoptosis repeat (BIR) containing protein 5). On the other
hand, this non-selective HDACi increases the transcription of
proapoptotic genes like CIP1 (encodes cyclin dependent kinase inhibitor
protein 1) and PUMA (encodes p53 upregulated modulator of apoptosis)
and activates proapoptotic proteins such as CCAAT-enhancer-binding
protein homologous protein (CHOP) and Caspase-3. Overall, Panobino-
stat induces apoptosis in activated fibroblasts by inhibiting certain Class I
and Class II HDACs, and prevents the persistence and proliferation of
these cell types. Similar results were also observed when Valproic acid
(VPA), a weak class I HDACi, was administered on IPF-HLFs [49]. Thus,
these drugs could be clinically tested if they prevent fibroblast persis-
tence and thereby halt the build-up of ECM, formation of fibrotic foci and
excessive fibrosis in IPF lungs.

A recent study investigated the antifibrotic effects of CUDC-907, a
one-of-a-kind, dual inhibitor of Class I and Class II HDAC activity and
PI3K/AKT pathway [205, 206]. Cell-counting kit-8 (CCK-8) assay on
human foetal lung fibroblasts stimulated with TGF-p and simultaneously
treated with CUDC-907 revealed that it reduces fibroblast proliferation
more efficiently than TSA at the same dose. Furthermore, it was
discovered that CUDC-907 causes cell cycle arrest at Gap 1 (G1)/DNA
synthesis (S) phase transition and induces apoptosis in lung fibroblasts.
This compound also inhibits the expression of TGF-p-induced fibrotic
proteins such as collagen and attenuates ECM deposition in
bleomycin-induced lung fibrosis in mice [206]. Although the study
focussed more on lung cancer and TGF-f-induced tumour fibrosis,
considering the obvious overlap of mechanisms in IPF and lung cancer,
CUDC-907 could prove to be an efficient therapeutic compound in the
treatment of IPF. Specific and targeted research using IPF-HLFs could
validate these claims in the future.

2.8. Fibroblast activation and fibroblast to myofibroblast differentiation

The significance of fibroblasts/myofibroblasts in the pathophysiology
of IPF is widely established but their origins and activation mechanism
during fibrotic remodelling in vivo is still unclear. Though these cell types
are believed to originate in the lung in different ways, the TGF-p-induced
EMT seems to be one of the major ways by which AECs are converted into
fibroblasts, which subsequently activate and differentiate into myofi-
broblasts [7, 139, 207]. The activation of fibroblasts [marked by
increased expression of genes Ltbp2 (encodes latent transforming growth
factor beta binding protein 2), Acta2 and Collal in mouse models of
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BLM-induced lung fibroblasts] and FMD (marked by an increase in
a-SMA expression) are extremely critical steps in the progression of
fibrotic disorders like IPF [10, 47, 208]. In fact, myofibroblasts are the
primary source of COLIAI gene expression, promoting excessive ECM
deposition in active fibrotic sites in the lung parenchyma [209]. Certain
cellular processes are responsible for the increased rate of FMD in IPF
lungs. The following studies reveal how modulation of expression of
various HDACs using certain potential drugs could restore alterations in
TGF-f signalling, which otherwise is known to activate fibroblasts and
promote FMD.

1. Akt phosphorylation is crucial for the production of a-SMA, a
characteristic feature observed in mesenchymal HLFs that begin to
differentiate into myofibroblasts (smooth muscle cells) [47].
Western analysis of TGF-p-stimulated NHLFs showed that Akt
phosphorylation (Akt-P) was significantly increased and an
Akt-inhibitor (Akti, a phosphatidylinositol ether analogue) was
able to reduce phosphorylation of Akt, consequently inhibiting the
production of a-SMA and preventing FMD [47]. In the same study,
HDAC4 siRNA was employed to block the expression of HDAC4 in
NHLFs, and it was observed that HDAC4 knockdown was effective
in inhibiting TGF-p1-stimulated a-SMA expression as well as the
phosphorylation of Akt. Co-treatment of NHLFs with TGF-p and
TSA (a pan-HDACI) showed a significant reduction in expression
levels of genes encoding h-collagenl and a-SMA [47]. Thus, Akti
and TSA could be used to inhibit the process of FMD and thereby
emerge as a favourable strategy to treat IPF patients.

2. Another selective Class I HDACi Spiruchostatin A (SpA) shows its
antifibrotic and antiproliferative effects by increasing levels of H3
acetylation in IPF-HLFs and TGF-p-treated NHLFs in a dose-
dependent manner. Thus, this compound reduces proliferation
of fibroblasts, inhibits FMD and significantly diminishes the
intracellular levels of collagen I and III proteins [210]. Though
this decade-old study does not specifically address the faulty
regulation of any of the HDACs involved in IPF, it reveals that
selective inhibition of Class I HDACs by SpA reduced the expres-
sion of mRNAs encoding collagen and a-SMA as well as the levels
of these proteins in both NHLFs stimulated by TGF-p and IPF-HLFs
[210]. While this study also provided a preliminary assessment of
TSA, SAHA (both pan-HDACis) and SpA as antifibrotic com-
pounds, follow-up studies by other research groups have focused
on the potential inhibitory roles of TSA and SAHA in mitigating
FMD in IPF and further evaluation of SpA in this regard has been
found to be wanting.

3. TGF-p activates fibroblasts and stimulates the expression of ECM
proteins required for tissue repair during normal wound healing
[211]. Transient upregulation of TGF-p, as in normal wound
healing, induces expression and activation of nuclear receptor
subfamily 4 group A member 1 (NR4A1), which in turn recruits
a transcription factor complex, namely SP1-SIN3A-CoR
EST-LSD1-HDAC1 to inhibit the transcription of TGF-p target
genes. The expansion of abbreviations used to represent the tran-
scription factor complex are as follows: SP1, Specificity protein 1;
SIN3A, Switch (SWD)-independent 3 [SIN3] transcriptional regu-
lator homologue A; CoREST, Corepressor for REST (repressor
element-1 silencing transcription factor); LSD1, Lysine specific
demethylase 1; HDAC1, Histone deacetylase 1. NR4A1 terminates
transcription of profibrotic genes by a negative feedback loop to
prevent prolonged and uncontrolled activation of fibroblasts.
Therefore, it is a key checkpoint to control TGF-p signalling and
fibroblast activation during normal wound healing [212]. On the
contrary, constitutively active TGF-f, as in fibrotic diseases, leads
to the inactivation of NR4A1l. As a consequence, it is unable to
repress TGF-f signalling, which leads to increased expression of
profibrotic factors. NR4A1 agonists like Cytosporone B (Csn-B) can
reactivate the endogenous feedback regulatory loop to combat the
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excessive levels of TGF-p as in IPF, thereby downregulating its
adverse effects in fibrosis [212, 213].

. In lung fibrosis, activated TGF-3/Smad signalling plays an essential
role by promoting both EMT and FMD. As stated earlier, upon
binding of the TGF-p1 ligand, TGF-B receptor type I (TBRI) trans-
duce signals into the cell by phosphorylating Smad2 and Smad3
[154]. Phosphorylated form of Smad3 acts as a critical intracellular
mediator of TGF-p signalling and promotes fibrosis [154, 214].
Whereas, Smad7 (an inhibitory Smad) can bind TBRI and inhibit
Smad2/3 phosphorylation thereby blocking TGF-f1/Smad signal-
ling [215, 216]. When rats with Paraquat-induced lung fibrosis are
treated with SAHA, it prevents the deacetylation of SMAD7, prob-
ably by inhibiting TGF- f1-induced HDACI activity [217]. This in
turn, increases the stability of this inhibitory Smad allowing it to
decrease the activity of SMAD3, consequently inhibiting TGF-$1
activity [215, 217]. Thereby, SAHA inhibits excessive collagen
formation, its deposition and also TGF-p1-induced FMD [217].

. Conforti et al. used lysyl oxidase (LOX) expression as a profibrotic
marker and saw that it was significantly increased in bron-
choalveolar lavage isolated from IPF patients when compared to
control donors. In this context, Romidepsin (also known as
FK228), a USFDA approved Class I HDAC selective inhibitor for
antifibrotic treatment, potently inhibits fibroblast proliferation,
myofibroblast differentiation and LOX expression [218, 219]. In
mouse models of BLM-induced lung fibrosis, Romidepsin mani-
fests its potent antiproliferative and antifibrotic properties by
reducing the mRNA expression levels of TGF-B-induced profibrotic
genes, namely, Fnl, Collal and Col3al [encodes Collagen type 3
alpha 1 chain (COL3A1)] [219]. This compound also inhibited
collagen production and a-SMA expression in fibroblast cultures,
which were stimulated with TGF-B1 cytokine. Moreover, it was
noted that Romidepsin had no significant effect on the numbers as
well as functions of AEC2 at concentrations that suppress profi-
brotic responses in fibroblasts [219]. Hence, Romidepsin should
be subjected to clinical trials as soon as feasible to evaluate its
potential as a novel therapeutic agent for IPF treatment.

. Quantitative Polymerase Chain Reaction-based analysis of lung
fibroblasts isolated from IPF patients showed reduced levels of all
Sirtuins mRNAs [220]. However, the greatest decrease was
observed in the levels of mRNA of SIRT7 as well as its encoded
protein. Overexpression of SIRT7 in NHLFs resulted in reduced
mRNA expression of COL1A1, COL1A2, COL3A1, a-SMA, and
CTGF genes. This decrease in mRNA levels of fibrosis-related
genes can be attributed to a significant reduction in the levels of
TBRI (mRNA), SMAD3 (mRNA), SMAD2/3 (protein), which are
crucial for myofibroblast differentiation [220]. Therefore,
enhancing the cellular levels of SIRT7 can inhibit FMD, thereby
slowing down the progression of lung fibrosis.

. TGF-p stimulates the production of NOX4, which increases the
production of ROS in NHLFs [50, 221]. These highly unstable
species of oxygen, when reacts with nuclear HDAC4, oxidises its
Cysteine-667 and Cysteine-669 to cause the formation of an
intracellular disulphide bond (S-S), leading to the export of this
deacetylase to the cytoplasm. The nuclear export of HDAC4 results
in the expression of myogenic genes such as ACTA2, whereas
cytoplasmic HDAC4 interacts with a-SMA to facilitate the pro-
duction of functional a-SMA fibres, which are essential for FMD
and cell contractility [50]. Hence, by treating IPF-HLFs with
Leptomycin-B, an inhibitor of the Chromosomal Maintenance 1 or
Exportin 1 (CRM1) protein, Guo et al. observed that the nuclear
export of HDAC4 was prevented. Consequently, the nuclear levels
of this protein increased and the formation of functional a-SMA
fibres in the cytoplasm was prevented to thereby slacken FMD and
slow down fibrosis [50, 222].

. Levels of HDAC8 were significantly elevated in the myofibroblasts
obtained from the lungs of IPF patients, and the inhibition of
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HDACS represses fibroblast contraction by promoting dephos-
phorylation of cofilin, a regulatory actin-binding protein involved
in actin filament dynamics and reorganisation [51]. Additionally,
inhibition of HDACS represses the production of TGF-p1-induced
profibrotic factors like a-SMA, Collagen type 1 (COL1), Fibro-
nectin, CTGF, plasminogen activator inhibitor-1 (PAIl) and
Cellular communication network factor 1 (CCN1) while also
increasing the expression of antifibrotic genes encoding peroxi-
some proliferator-activated receptor gamma (PPAR-y) and CCN3
[51, 223, 224]. PPAR-y inhibits TGF-p1 signalling in fibroblasts by
acting as a corepressor of SMAD-mediated transcription of profi-
brotic factors. Selective inhibition of HDAC8 using a drug named
NCC170 repressed TGF-pl-induced FMD, at least in part, by
upregulating transcription of PPAR-y encoding gene, namely
Pparg [51]. Further, this selective HDACS8i suppressed
TGF-p1-induced fibroblast contraction and expression of a-SMA in
NHLFs cultured in collagen gels. NCC170 also reduced fibro-
genesis in BLM-treated mouse lungs by suppressing the mRNA
expression of Collal and Fnl. Interestingly, HDACS8 inhibition
represses TGF-pl-induced expression of the gene encoding LOX,
an enzyme that promotes covalent cross-linking of collagens and
elastin in organ fibrosis. [51]. To sum up, HDAC8 suppression can
prove to be a powerful attenuator of FMD and concerted research
is required to develop this effective and specific HDACS8i as a
promising drug to treat IPF.

. It has been previously established that SIRT6 protects A549 cells

from undergoing TGF-p1-induced EMT [156]. SIRT6 was also seen
to be upregulated after TGF-p stimulation in human foetal lung fi-
broblasts (HFL1) [225]. Assuming that SIRT6 regulates FMD, Zhang
et al. revealed (by Western blot analysis) that overexpression of
SIRT6 in HFL1 cell line indeed suppresses TGF-Bl-induced
NF-kB-dependent expression of IL-1f, IL-6 and Matrix
Metalloproteinase-9, all of which are known to play important roles
in FMD [225]. Furthermore, it was seen that SIRT6 inhibits the
nuclear localisation of SMAD2 in fibroblasts, which in turn re-
presses the transcription of genes encoding profibrotic factors like
a-SMA and COL1 indicating that increasing SIRT6 levels in fibro-
blasts serves as another promising strategy to inhibit FMD for
treating IPF [225]. On similar lines, a recent study by Maity et al
revealed that the SIRT6-depleted cardiac fibroblasts as well as tis-
sues from heart, kidney, liver and lung of SIRT6-deficient mice
showed an increase in both phosphorylation of SMAD3 and levels of
TPRI. This indicated the activation of TGF-pl signalling in these
tissues and also an upregulation of fibrosis-associated markers, such
as, a-SMA, COL1A, COL3A, and FN1, suggesting that SIRT6 defi-
ciency leads to FMD. Conversely, they found that restoration of
SIRT6 levels in SIRT6-deficient fibroblasts/myofibroblasts attenu-
ated the TGF-p1/SMAD3 signalling and lowered the expression of
the fibrosis-associated markers implying that upregulation of SIRT6
expression levels in myofibroblasts could emerge as an effective
therapeutic option in lung fibrosis [226].

IMR90 (foetal lung fibroblast cell line), when stimulated with TGF-$
(pathologically similar to IPF fibroblasts after stimulation), resulted
in the repression of 2638 antifibrotic genes and upregulation of 505
profibrotic genes. Prominent antifibrotic genes like PGCla (en-
codes PPAR-gamma coactivator-1 alpha), which is protective in
lung fibrosis, and FGF9 (encodes fibroblast growth factor 9), which
is an inhibitor of TGF-p-mediated upregulation of ACTA2 and
COL1A1, were found to be repressed [52, 227, 228]. Simulta-
neously, profibrotic genes like ACTA2, PDGFA (encodes plate-
let-derived growth factor subunit A), TNC (encodes ECM-linked
Tenascin-C), IL6 and IL11 (encodes interleukin 6 and interleukin
11, respectively) were found to be activated in these stimulated cell
lines [52]. In the same study, it was demonstrated that Pracinostat,
an inhibitor of HDAC Classes I, II and IV (also known as a
pan-HDACI, except for HDAC6), rescued the aberrant expression of
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above mentioned antifibrotic and profibrotic genes after this foetal
cell line was stimulated with TGF-p [52]. This pan-HDACi increases
H3-acetylation at the promoter of the antifibrotic genes like PGCla,
whereas it represses the expression of fibrotic factors like fibro-
nectin and collagen. Concomitantly, a reduction in ECM deposition
and fibroblast contractility via its HDAC inhibitory activity was
observed in IMR90. Hence, HDAC-mediated repression of anti-
fibrotic genes is important in fibroblast activation and for the
maintenance of this activated state [52]. It is worth noting here that
there is a widespread redundancy in pathways maintaining the said
activated state of fibroblasts, implying that inhibiting certain
HDACs will be more efficient than specifically inhibiting any of the
pathways keeping them in their activated state [52]. In this regard,
the study by Jones et al also concluded that among all the HDAC
siRNAs tested in IMR90, HDAC7 siRNA was the most effective one
in decreasing transcription levels of profibrotic genes such as NOX4
(encodes NOX4), ACTA2, CTGF and restored levels of expression of
PGCla gene. HDAC7 siRNA also reduced the expression of HDAC2,
HDAC6, HDAC8, HDAC10 but did not affect global histone acety-
lation levels suggesting its specific role in modulation of gene
expression [52] (reviewed in [229]). Thus, it should be noted that a
selective HDAC7i could efficiently mitigate the persistent over-
expression of profibrotic genes while promoting the expression of
antifibrotic genes like PGCla.

Further, SMAD2, 3, and 4 proteins (intracellular modulators of
TGF-f signalling) were found to bind to specific sites enriched on
the PGCla gene promoter, and direct HDAC-mediated deacetyla-
tion of neighbouring histones resulting in gene repression [52].
Similar SMAD binding sites were seen enriched in promoters of
genes that are repressed by TGF-p [230]. This shows how SMADs
direct HDACs to repress transcription of antifibrotic genes, and the
repression of certain HDACs can block TGF-$/SMAD signalling to
help in attenuating the activation of fibroblasts and FMD. There-
fore, certain HDACI like Pracinostat can be utilised as a potential
agent for treatment of IPF [52].

SIRT2, a Class IIl HDAG, is located mainly in the cytoplasm, where
it regulates cytoskeletal dynamics during cell migration, cell cycle
and metabolic pathways [87, 92]. The expression of this Sirtuin
has been found to be upregulated in A549 cells as well as MRC-5
(human embryonic lung fibroblast cells), which were treated with
TGF-p1, thereby increasing the fibrotic signalling in these cell
lines. Therefore, selective inhibition of SIRT2 using AGK2
decreased the levels of fibrotic factors such as a-SMA and fibro-
nectin, both in A549 and MRC-5 cells, demonstrating the anti-
fibrotic effects of AGK2 [231, 232]. Further, Gong et al.
demonstrated that increase in levels of phosphorylated SMAD2/3
in the TGF-pl-induced MRC-5 cells was downregulated when
these cells were treated with AGK2 suggesting that SIRT2 regu-
lates fibroblast activation through TGF-f1 driven SMAD2/3 sig-
nalling pathway [232]. Hence, inhibition of SIRT2 in activated
fibroblasts could emerge as one the potential therapeutic mea-
sures before setting in of an aggressive FMD.

11.

Noteworthy, a significant body of research has unravelled how
restoring the expression or activity of certain HDACs along with TGF-$
signalling could halt the fibroblast activation and FMD, which seems to
be one of the critical junctures contributing to extensive lung damage.
Hence, the drugs/compounds that prevent these two events during lung
fibrosis could play a defining role in clinical drug development for
treating this disorder.

2.9. Matrix accumulation and cross-linking
The ECM is composed of an interlocking mesh of fibrous proteins and

glycosaminoglycans, where the abundant component in most tissues is
collagen and its deposition in the matrix is being seen as a driver of fibrosis
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[11]. The principal collagens enriched in the myofibroblastic core in IPF
are the interstitial types I and III, which form a fibrous network in tissues
[11, 233]. Elevated levels of collagen in the alveolar epithelium, especially
in the regions adjoining the encased meshwork of blood capillaries, leads
to hardening of the epithelial layer, which in turn impairs proper gas ex-
change between the epithelia and capillaries [234]. To prevent the
disruption of normal lung architecture as well as a decline in gas exchange
function, the extracellular accumulation of fibrillar collagen in the lung
parenchyma needs to be halted by regulating the production and turnover
of this important matrix component [11, 235]. Moreover, restoration of
faulty cell signalling, some of them induced by the TGF-p cytokine in fi-
broblasts can reduce the accumulation of ECM proteins in the affected lung
[11, 236, 237]. In this regard, earlier studies have reported that defective
alpha2betal (a2f1) integrin signalling in the fibroblasts in response to
accumulated and polymerised COL1 in the IPF lung matrix causes a
reduction in the activation of Protein phosphatase 2A (PP2A). This enzyme
dephosphorylates HDAC4 and causes it to translocate to the cytoplasm
[238, 239]. This cytoplasmic translocation of HDAC4, in turn, decreases
the levels of nuclear HDAC4 leading to the suppression of a microRNA
named miRNA-29c, a member of the miRNA-29 family that targets COL1A1
and COLIA2 mRNAs [48]. Thus, reduced levels of miRNA-29c result in
increased translation of COL1A1 and COL1A2 mRNAs to synthesise more
COL1 [48, 240]. Hence, it can be inferred that COL1 in the alveolar
cell matrix epigenetically reprograms fibroblasts to produce this collagen
in large amounts and perturbations in the 21 integ-
rin/PP2A/HDAC4/miRNA-29c axis is responsible for such a response [48].
To curb this excessive deposition of COL1, levels of nuclear HDAC4 could
be enhanced by increasing the activity of PP2A in fibroblasts. Therefore,
PP2A can be exploited as a therapeutic target to prevent the excessive
deposition of collagen in the ECM. In the context of activation of PP2A,
another study found that small molecule activators of PP2A (SMAPs)
generated from tricyclic neuroleptics such as phenothiazine and diben-
zazepine, which are direct PP2A activators, can counter endogenous
inactivators of PP2A thereby increasing its activity. Previously, SMAPs
have also been suggested for therapeutic use in lung cancer and chronic
obstructive pulmonary disease [241, 242]. On similar lines, we believe
that by enhancing PP2A activity in lung fibroblasts, SMAPs may prove to
be beneficial for the treatment of IPF.

Among Sirtuins, recent studies have demonstrated that levels of
SIRT1 are reduced in fibrotic lungs, and overexpression of SIRT1 has
ameliorating effects on lung fibrosis [243]. Thus, SIRT1 has emerged as
another potential therapeutic target because selective SIRT1 activators
like Resveratrol have been able to reduce the expression levels of COL1,
FN1 and o-SMA proteins, which reduced ECM accumulation and
inhibited migration of lung fibroblasts as well [243]. Notably, SIRT1 also
exerts its antifibrotic effects by blocking TGF-p/Adenovirus early region
1A (E1A) binding protein P300 (EP300) signalling [244]. Hence, phar-
macological activation of SIRT1 by the aforementioned compounds may
be beneficial in the management of fibrosis and presents novel options
for treating IPF patients.

Another study carried out using IPF-HLFs revealed the involve-
ment of EP300 (also known as P300), HDACs 1 and 2 in IPF. Nuclear
activity of HDAC1 and HDAC2 was decreased in IPF-HLFs, whereas
the cytosolic activity of these two HDACs was increased in IPF-HLFs as
compared to their non-diseased counterparts, namely control fibro-
blasts (F-CTRL) [245]. The decrease in the nuclear activity of HDAC2
can be attributed to the fact that HDAC1 functions upstream of
HDAC2 and inactivation of HDACI results in silencing of HDAC2
[246]. Moreover, when inactive HDAC1 mutant was transfected into
F-CTRL, levels of profibrotic markers, namely FNI, COL1A1 and
ACTA1 increased, while the transfection of a hyperactive HDAC1
mutant into IPF-HLFs reduced the levels of said profibrotic markers to
control levels. Additionally, it was seen that active EP300 in the nu-
cleus inactivates HDAC1 and interferes with HDAC2 activity, whereas
an EP300 inhibitor (EP300inh) reconstitutes nuclear HDAC1 activity
in IPF-HLFs, reduces ECM deposition, decreases transcription of
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ACTA2, COL1A1, FN1 and lowers cell migration and proliferation
[245].

The same study also demonstrated that all the aforementioned pro-
cesses were the consequence of the disruption of a non-coding RNA-
protein complex called MiCEE [expanded as Mirlet7d- C1D nuclear re-
ceptor corepressor (C1D)- Exosome component 10 (EXOSC10)- Enhancer
of Zeste homologue 2 (EZH2)] [245]. This complex is involved in
epigenetic repression of specific profibrotic genes by transcriptional
silencing. The activity and stability of this ribonucleoprotein complex are
crucial for its antifibrotic function [245, 247]. Extensive analysis of the
function and interactions of MiCEE revealed that localisation and activity
of HDAC1, HDAC2 and EP300 significantly affect the formation and
stability of the MiCEE complex. Therefore, it can be concluded that
increasing the nuclear activity of both HDAC1 and HDAC2 by inhibition
of EP300 would reduce the expression of profibrotic factors and ECM
deposition in IPF-HLFs. Thus, blocking of EP300 presents itself as a novel
therapeutic strategy to prevent the expression of profibrotic factors in
IPF-HLFs and consequently arresting the progression of IPF [245].

2.10. Abnormal re-epithelialisation and collapse of alveoli

Severe and repetitive injuries, primarily in AEC2, lead to the loss of
alveolar epithelial integrity in pulmonary fibrosis, simultaneous disrup-
tion of basement membrane integrity and the collapse of the alveolar
structure. Abnormal healing of the injured alveolus begins with the
initiation of AEC2 hypertrophy and hyperplasia, while the number of
AEC1 is decreased. Subsequently, abnormal bronchial epithelial cell
proliferation, and AEC2 hyperproliferation causes aberrant re-
epithelialisation of the alveolus [128, 135, 248]. Furthermore, many of
these AEC2 cells remain trapped between stacked septal walls (composed
of epithelium lining the alveolus, interstitium, and capillary endothe-
lium) fully covered by epithelial basal lamina, showing no visible contact
with airspaces. This indicates the lack of proper gas exchange between
the alveolus and its neighbouring capillaries [234, 249]. Meanwhile,
release of activated TGF-f is promoted by mechanical stretch (by
breathing) of the remodelled and stiffened ECM in the lung tissue of
diseased individuals [250]. Notably, activated TGF-f inhibits expression
of surfactant protein (SP)-A, SP-B, SP-C in the AEC2 to increase alveolar
surface tension rendering the alveoli susceptible to de-recruitment [251].
Overall, these aforementioned processes cause irreversible damage to the
alveolar unit aggravating lung fibrosis [251, 252, 253]. Eventually, these
chronically collapsed alveoli are reabsorbed into the interstitial tissue by
a remodelling process called collapse induration [252, 254]. It would be
worth investigating if re-epithelialisation of alveoli and later their
collapse is linked to the faulty regulation of HDACs as specific HDACi
could be used to halt these aforementioned events, which is known to
contribute to a significant decline in lung function in IPF patients.

3. Exploring the molecular connections of HDACs for treating IPF

Though a number of pre-clinical studies, as described before, have
reported that modulation of dysregulated HDACs hold great potential in
treating IPF, the molecular pathways that could either influence the ac-
tivity and levels of these deacetylases or be regulated by these enzymes
are also being explored. In this regard, recent studies have unravelled
prominent roles of specific subcellular events and associated protein
complexes in driving IPF. Among them, glucose-regulated protein 78
(GRP78)-regulated endoplasmic reticulum stress response, self-DNA
sensing pathways, namely Toll-like receptor 9 (TLR9) and cyclic
guanosine monophosphate (cGMP)-adenosine monophosphate (AMP)
synthase [cGAS]-stimulator of interferon genes (STING) [cGAS-STING],
which mediate cellular inflammation, and NACHT, LRR and PYD do-
mains-containing protein 3 (NLRP3)-Inflammasome-Caspase pathway
are involved in the pathogenesis of IPF, though none of these studies have
elucidated a direct involvement of any of the HDACs with these proteins
or pathways in promoting the profibrotic processes in this lung disorder
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[255, 256, 257, 258]. The expansion of some abbreviations used in the
preceding sentence are as follows: NACHT, An acronym standing for
NAIP (neuronal apoptosis inhibitor protein), C2TA [major histocompat-
ibility complex (MHC) class 2 transcription activator], HET-E (in-
compatibility locus protein from Podospora anserina) and TP1
(telomerase-associated protein); LRR, Leucine-rich repeat; PYD, Pyrin
domain. Nevertheless, unfolding the molecular associations, a recent
study had demonstrated that inhibition of HDAC3 improved the recovery
of experimentally induced brain injury in mice by activating the
cGAS-STING pathway [259]. Similarly, Hwang et al had demonstrated
that HDACS6 directly binds to the ubiquitin binding domain of NLRP3 to
negatively regulate the ubiquitinated NLRP3 in macrophages [260].

On another note, recent studies reveal that AEC2 and MSCs, both
isolated from IPF patients, show increased senescence, which is known to
promote this progressive lung disorder. Further, the senescence shown by
these MSCs could be attenuated by using miR-199a-5p (a microRNA),
which activates the SIRT1/Adenosine monophosphate (AMP)-activated
protein kinase (AMPK) signalling to rejuvenate these stem cells and
enhance their therapeutic efficiency in IPF patients [261, 262]. Thus, the
studies using MSCs have also unravelled a functional role for one of the
HDAGC:s in regulating cellular senescence linked to IPF [262]. Therefore,
future research could be directed to find out the underlying connections
between HDACs and the above-mentioned cellular events/pathways in
lung fibrosis to improve the repertoire and efficiency of therapeutics for
this fatal lung disorder.

4. Novel isoform-selective HDAC inhibitors- a promising strategy
to combat IPF

Classes I, IIb, and IV HDACs, which require a zinc molecule as an
essential cofactor in their active site, could be inhibited by pan-HDACis
such as Vorinostat and TSA. These inhibitors have a Zn?>* binding group
that chelates Zn?" ions to inhibit HDACs and have similar inhibitory ac-
tivity over these classes of HDACs [263, 264]. Though these pan-HDACis
have great potential as therapeutic compounds in fibrotic disorders, such
as IPF, as well as in cancer, kidney disease and neurodegenerative disor-
ders, they could present challenges such as off-target inhibition leading to
adverse effects on health after administration of these compounds
(reviewed in [121, 265, 266, 267]). Furthermore, many of the HDACs
belong to distinct classes, have different subcellular locations and their
dysregulation affects separate profibrotic processes in IPF [49, 53, 268]. For
this reason, quite similar to developing isoform-selective HDACi(s) for
treating cancer and neurological disorders, specific HDAC modulators (in
many cases, HDACis) targeting processes like EMT (linked to increased
HDACS activity), fibroblast activation (due to increased SIRT2 activity) and
FMD (due to increased HDACS activity) in lung fibrosis could be used to
circumvent the modification of non-selective targets. This, in turn, could
reduce the adverse health effects caused by therapeutic application of
HDACiIs [46, 51, 121, 232, 269, 270]. In this regard, Campiani et al.
recently reported that a series of selective HDAC6is were developed by
introducing a bulkier cap-group in these inhibitors to increase the fre-
quency of their interactions with the lipophilic pocket of the HDAC6
enzyme, while significantly reducing the affinities of these compounds with
the catalytic sites of human HDAC1 (hHDAC1) and hHDACS8 isoforms.
Among the isoform-selective inhibitors tested by this group, a compound
referred to as 6h ((£)-4-((3,3-Dimethyl-2-(pyridin-3-yl)indolin-1-yl)
methyl)-N-hydroxybenzamide) favourably showed low toxicity, high po-
tency and high selectivity for modulation of dysregulated HDAC6, which is
known to promote TGF-f driven EMT in IPF [46, 271]. Likewise, Six-
to-Lopez et al. also reported an isoform-selective HDAC6i, named YSL-109
((S)-4-butyl-N-(1-(hydroxyamino)-3-(naphthalen-1-yl)-1-oxopropan-2-yl)
benzamide), which selectively inhibited HDAC6 when compared to
HDACS8 and HDAC1, showing a 4000-fold selectivity for HDAC6 [272].
Noteworthy, various groups have also developed and tested a number of
novel HDAC isoform-selective inhibitors, such as N-hydroxy-4-(2-[(2-hy-
droxyethyl)(phenyl)amino]-2-oxoethyl)benzamide (HPOB) and
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N-hydroxy-4-(2-methoxy-5-(methyl(2-methylquinazolin-4-yl)amino)phe-
noxy)butanamide, both for HDAC6, and PCI34051 for HDACS to treat
different types of cancers (reviewed in [273]). In addition, various research
groups have adopted innovative strategies for development and application
of HDACis such as PROteolysis-TArgeting Chimaeras (PROTACs), poly-
saccharide based-nanoparticle formulations and derivatives of existing
HDACis to combat problems like drug-resistance, low efficacy, short serum
half-life, high toxicity, systemic drug exposure and off-target effects
(reviewed in [267]). Since these new compounds have not been tested for
their ability to restore the altered activity or levels of HDACs during
profibrotic processes, concerted studies are needed to determine their
therapeutic potential in lung fibrosis.

5. Concluding remarks and future prospects

In recent years, a wide range of studies have unravelled that a good
number of HDACs have key roles in regulating TGF-p-mediated signalling
pathways, which show drastically altered activities in IPF. Further, it has
been revealed that certain therapeutic agents can modulate the level of
either HDAGs or their related proteins or both, allowing focused inter-
vention of the negative consequences of TGF-f signalling in IPF without
essentially affecting the role of this cytokine in maintaining tissue or organ
homeostasis [53, 274]. In this context, we came across pan-HDACis like
SAHA, TSA and Pracinostat as well as compounds like Tubacin, Tubastatin
and Csn-B, which selectively target the activity/expression of specific
HDACs or their associated factors. Therefore, these HDACis might be
effective in combating those cellular events in IPF, which seems to be
majorly driven by the activated TGF-f signalling. Although inhibitors of
HDAC7, HDACS8 and EP300 as well as activators of PP2A, SIRT1, SIRT6 and
SIRT7 have shown tremendous potential to halt specific events in IPF,
extensive clinical research is needed to evaluate their efficacy in resisting
the progression of those pathological events in this lung disorder. For
instance, as described before, compounds like AS-IV and Andro, which
inhibit TGF-B-induced EMT by targeting SIRT1, may be employed in early
stages of IPF, whereas Resveratrol, which enhance the activity of the same
HDAC in fibroblasts could be used in inhibiting the excess accumulation of
ECM and their cross-linking mostly during advanced stages of lung fibrosis.
On the other hand, Hexafluoro and CR diets can be employed to alleviate
TGF-p-mediated excess ROS production in lung fibroblasts to reduce
oxidative stress, frequent lung injuries and EMT (all of these are early
events in IPF) while inhibiting the fibroblast proliferation and FMD (both
the events occur relatively later in IPF). This suggests that these in-
terventions may be effective in treating both early and advanced stages of
IPF. Significantly, some of the above-mentioned HDACI(s) and isoform
selective HDACi(s) have already been approved for treating various dis-
eases like cancer [273, 275]. Hence, they could be repurposed, and eval-
uated for their efficacy and adverse effects to quickly develop cost-effective
therapeutic options for IPF and perhaps other fibrotic disorders.

However, there are limitations in implementing the currently dis-
cussed therapeutic strategies without an accurate staging system, which
relies on specific biomarkers. These objective and measurable indicators
can then be correlated with the traditional staging systems in IPF patients
involving forced vital capacity and high-resolution computerised to-
mography of lungs to develop or improve the diagnostic, prognostic and
predictive parameters of the current physiology-based IPF staging
methods [125]. Thus, this type of multidimensional staging would vastly
improve the timing of administering the compounds discussed in this
study and also allow for developing a reliable tailored approach in
treating diseased individuals based on the severity of their condition.

Furthermore, the therapeutic potential of drugs such as Pirfenidone
and Nintedanib could be evaluated when they are used in combination
with other compounds discussed in this study. A combination therapy
involving two or more drugs might be suitable to halt more than one of
the faulty steps that develop in the course of pulmonary fibrosis. This
approach also helps to tackle a large number of redundant cellular
pathways that maintain the fibrotic state of lungs in IPF. It is worth
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noting that drug efficacy biomarkers in IPF might be needed to evaluate if
the compounds being trialled are effective in reducing the pathogenesis
at the expected stages during treatment.

Thus, concerted efforts to clinically test and validate promising
therapeutic compounds, and identifying the correct pathological stages
to administer them, individually or in combination, could be among the
improved strategies to manage and cure IPF in the days to come.
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