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Abstract

Fibrotic diseases are still a serious concern for public health, due to their high preva-
lence, complex etiology and lack of successful treatments. Fibrosis consists of excessive
accumulation of extracellular matrix components. As a result, the structure and function
of tissues are impaired, thus potentially leading to organ failure and death in several
chronic diseases. Myofibroblasts represent the principal cellular mediators of fibrosis,
due to their extracellular matrix producing activity, and originate from different types of
precursor cells, such as mesenchymal cells, epithelial cells and fibroblasts. Profibrotic
activation of myofibroblasts can be triggered by a variety of mechanisms, including the
transforming growth factor-p signalling pathway, which is a major factor driving fibrosis.
Interestingly, preclinical and clinical studies showed that fibrotic degeneration can stop
and even reverse by using specific antifibrotic treatments. Increasing scientific evidence
is being accumulated about the role of sirtuins in modulating the molecular pathways
responsible for the onset and development of fibrotic diseases. Sirtuins are NAD™-
dependent protein deacetylases that play a crucial role in several molecular pathways
within the cells, many of which at the crossroad between health and disease. In this
context, we will report the current knowledge supporting the role of sirtuins in the bal-
ance between healthy and diseased myofibroblast activity. In particular, we will address
the signalling pathways and the molecular targets that trigger the differentiation and

profibrotic activation of myofibroblasts and can be modulated by sirtuins.
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1 | INTRODUCTION

Extracellular matrix (ECM) is a tridimensional network of proteins,
glycosaminoglycans and glycoconjugates that fills the intercellular
space within and between each tissue of multicellular organisms.
ECM provides essential biochemical and biomechanical support to
the cells. In particular, ECM allows cells to bind together and associ-
ate into different tissues and modulates cell morphology, as well as
their migration, proliferation and differentiation. ECM is highly
dynamic, constantly undergoing remodelling in response to changes
in the local biochemical and mechanical microenvironment. This hall-
mark of ECM guarantees structural and functional stability to tissues
and organs.

1.1 | Extracellular matrix homeostasis
Following damage, cells activate quick repair processes aimed at re-
establishing the physical integrity of the tissue. During this phase, at
the site of injury, precursor cells transdifferentiate into myo-
fibroblasts, which, in turn, produce a large amount of ECM. Different
precursor cells can give rise to myofibroblasts, such as fibroblasts, epi-
thelial and endothelial cells, mesenchymal stem cells, pericytes, pre-
adipocytes and adipocytes.! Subsequently, the excess of ECM is
degraded and new functional tissue is generated.?® Once the wound
heals, myofibroblasts must be eliminated for the resolution of the
fibrotic process and an effective repair. However, several circum-
stances, such as chronic inflammation, long-lasting damage and
repeated insults may lead to the persistence of active profibrotic myo-
fibroblasts within the tissue. In such a case, apoptosis evasion, or
acquisition of a pro-fibrotic senescent phenotype may occur in myo-
fibroblasts.® As a result of the accumulation and the persistence of
profibrotic myofibroblasts within tissues, homeostatic imbalance
between production and degradation of ECM takes place, thus leading
to excessive accumulation of ECM.>*

ECM homeostasis is essential for the proper function of tissues
and organs and its dysregulation is associated with several pathologi-

cal conditions, including fibrotic diseases.>° 8

1.2 | Fibrotic diseases
Fibrotic diseases have high prevalence, complex etiology and still no
effective therapy in humans.? It has been estimated that fibrosis can
account for up to 45% of global deaths in western countries, thus rep-
resenting a major concern to public health.2%*! In this context, the sci-
entific community devoted a large effort to identify the underlying
molecular mechanisms and potential therapeutic targets.!! Data col-
lected so far suggest that appropriate therapies can effectively stop or
even reverse fibrosis.

Myofibroblast differentiation and profibrotic activation are major
factors towards the development of fibrosis, and transforming growth

factor-B1 (TGF-p1) is one of the principal triggers.'?
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1.3 | Endothelial-to-mesenchymal, epithelial-to-
mesenchymal and fibroblast-to-myofibroblast
transitions

Endothelial-to-mesenchymal transition (EndMT), as well as epithelial-
to-mesenchymal transition (EMT), are highly dynamic processes that
occur also during tissue fibrosis. EndMT and EMT consist in the trans-
differentiation of polarised endothelial and epithelial cells, respec-
tively, towards the mesenchymal phenotype, which is characterised
also by an increased release of ECM components.® Indeed, EndMT
and EMT have been demonstrated to play a crucial role in the genera-
tion of profibrotic myofibroblasts.214~18 Following injury, fibroblasts
at the site of injury activate and undergo a phenotype switch to
become myofibroblasts, the so-called fibroblast-to-myofibroblast
transition (FMT).Y? EndMT, EMT and FMT can be triggered by TGF-p

and induce the generation of active profibrotic myofibroblasts.?*31?

14 | Epigenetics

Recent studies unveiled the role of epigenetics in the etiology of
fibrotic diseases. Indeed, in the context of liver fibrosis, it has been
demonstrated that hepatic stellate cells (HSCs) transdifferentiation
into myofibroblast is associated with altered histone acetylation pat-
tern.?° Similar evidence has been collected in cardiac fibrosis. Epige-
netics, and in particular histone acetylation, have been shown as
critical determinants for the activation of fibroblasts in myocardial
fibrosis.2 In kidney fibrosis, it has been observed an altered epige-
netic pattern of chromatin, including histone acetylation status, which
is associated with increased fibrogenic gene expression and fibrosis.?2
Also, the TGFp-dependent activation of lung fibroblasts is mediated
by histone deacetylases (HDACs), which prompt profibrotic gene tran-
scription.?® Additionally, HDACs have been shown to play an impor-

tant role in the control of collagen gene expression.?

1.5 | Sirtuins

Experimental evidence indicates that the survival of myofibroblasts is
affected by metabolic and energy-sensing pathways.® NAD" metabo-
lism is relevant in the onset and progression of fibrosis, as indicated
by a recent study on systemic sclerosis. Indeed, Shi and collaborators
demonstrated that altered NAD' homeostasis (i.e. reduced NAD™
levels) is associated with multiple organ fibrosis in mice.?*

Sirtuins belong to a family of proteins with a common structure
that has NAD"-dependent enzymatic activities, such as deacetylase,
desuccinylase, demaloynylase, deglutarylase, long-chain deacylase,
lipoamidase and ADP-ribosyltransferase. Sirtuin activity has enzyme-
regulatory effects but also plays a fundamental role in modulating
gene expression, through the deacetylation of histones and transcrip-
tion factors.?® In fact, they belong to the Class Ill of HDACs. Sirtuins,
by removing the acetyl groups from histone tails and transcription fac-

tors can promote gene transcription.?!
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In mammalian cells, seven sirtuins (Sirt1-7) with different cellular
localization have been identified (Table 1).% The ratio between the
intracellular concentration of NAD" and NADH, two major energy
metabolism molecules, determines their activation status: high NAD*/
NADH ratio prompts sirtuin activation, whereas low NAD*/NADH

ratio leads to sirtuin inactivation.®? Therefore, sirtuins participate in

the cellular energy-sensing pathways.53%4

EXTRACELLULAR
SPACE LRP5/6

These proteins are evolutionary conserved and control key

processes within the cells, including cell cycle, autophagy, gene

expression, 65-67

DNA repair, metabolism and stress resistance.
Sirtuin activity has emerged as a master regulator of the balance
between health and disease in mammals and, particularly, in

humans, and has been associated with healthy ageing and

68-70

increased lifespan.

CYTOPLASM

MYTOCHONDRION

SIRT5
METABOLIC
REACTIONS
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FIGURE 1

Molecular mechanisms underlying the activity of sirtuins on fibrosis. Sirt1 can control the fibrotic processes mainly through the

regulation of the TGFp1 and the Wnt/p-catenin pathways, as well as autophagy, and the ROS balance. Nevertheless, other molecular interactions
participate in the complex network of Sirt1-mediated antifibrotic processes. Sirt1 inhibits Smad2, 3 and 4 (key activators of the TGFf1 pathway),
B-catenin and NFkB. Moreover, it activates NRF2, FOXO3a and EZH2, which control the ROS balance, autophagy and the ROS balance, and ECM
production, respectively. Sirt1 can also promote fibrosis by activating the TGFp1 pathway through Smad7 inhibition, and Ku70. Sirt2 induces
profibrotic processes by activating the MDM2 and the ERK/c-MYC pathways. Sirt3 blocks fibrosis mainly by inhibiting the Wnt/p-catenin and the
TGFp1 pathways and ROS production. In particular, Sirt3 activates GSK3p, which, in turn, inhibits Smad3 and p-catenin, blocks STAT3-dependent
NFATc2 activation, and activates FOXO3a-dependent gene expression. Also, Sirt3 regulates mitochondrial metabolism and stimulates cellular
antioxidant defence. Sirt4 activity both promotes and dampens fibrosis by increasing ROS production and regulating mitochondrial metabolism,
respectively. The antifibrotic role of Sirt5 has been attributed, so far, to its modulatory effect on mitochondrial metabolic reactions. Within the
nucleus, Sirté inhibits the expression of profibrotic genes triggered by c-Jun, the Smad complex and Rel-A. Sirt7 exerts its antifibrotic activity by

inhibiting p53 and Smad4-dependent gene expression. Conversely, Sirt7 can induce fibrogenic processes by activating the ERK pathway and
Smad2-dependent gene expression. APC, adenomatous polyposis coli; AXIN, axis inhibition protein 1; c-Jun, v-jun sarcoma virus 17 oncogene

homolog; CK1a, casein kinase 1 alpha 1; c-Myc, v-Myc avian myelocytomatosis viral oncogene homolog; DVL, dishevelled; EMT, endothelial-to-

mesenchymal transition; ERK, extracellular signal-regulated kinase; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; FMT,
fibroblast-to-myofibroblast transition; FOXO3a, forkhead box O3 a; FZD, frizzled; GSK3p, glycogen synthase kinase 3 beta; LRP, lipoprotein
receptor-related protein; MDM2, murine double-minute 2; NFATc2, nuclear factor of activated t cells 2; NFkB, nuclear factor kappa b subunit;
NRF2, nuclear factor, erythroid 2-like 2; PPARY, peroxisome proliferator activated receptor gamma; ROS, reactive oxygen species; SIRT, sirtuin;
SMAD, mothers against decapentaplegic homolog; STATS3, signal transducer and activator of transcription 3; TCF, T cell factor; TGFf1,
transforming growth factor beta 1; WNT, wingless-type MMTV integration site family member
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Among all the sirtuins, Sirt1 is the most widely studied. Neverthe-
less, a deeper understanding of the role of the other six mammalian
sirtuins in health and diseases has been progressively accumulated
also in fibrotic diseases. Sirtuins modulate several processes involved
in fibrosis, such as myofibroblast differentiation and activation, inflam-
mation, senescence and apoptosis.

Here, we review the current knowledge about the intriguing
effects of sirtuin activities on critical processes involved in the onset
and progression of fibrotic diseases: myofibroblast differentiation and
activation. In particular, we report the scientific evidence on the molec-
ular interconnection between sirtuins and profibrotic signalling path-
ways involved in myofibroblast differentiation and profibrotic activity.

2 | SIRTUINS AND PRO-FIBROTIC
SIGNALLING PATHWAYS

Fibrosis can develop in many different tissues.'* The profibrotic activa-
tion of myofibroblasts can be triggered by biochemical stimuli, such as
cytokines, peptides and hormones, and mechanical stresses and involves
several molecular pathways.”* The major signalling cascades participat-
ing in myofibroblast differentiation and activation are the canonical and
non-canonical TGF-B pathway and the wingless-related integration site
(Wnt) pathway.”> Moreover, the mammalian target of rapamycin
(mTOR) pathway, the intracellular level of reactive oxygen species (ROS)
and autophagy also play an important role in the progression of fibrosis
by regulating the EMT, EndMT and the myofibroblast activation.”3-82

Interestingly, sirtuins can prevent the fibrogenic response through
the modulation of many fibrogenic processes, such as FMT, EMT,
EndMT and intracellular fibrogenic signallings, such as TGF-f, Wnt
and mTOR pathways (Figure 1; Table 1).2° Moreover, sirtuins regulate
other signalling determinants of fibrosis, such as ROS levels,
autophagy, insulin-like growth factor (IGF)/protein kinase b alpha
(AKT) and nuclear factor kappa b (NF-kB) (Figure 1; Table 1).%°

21 | TGF-p pathway
TGF-p is an important factor in the activation of the pro-fibrotic path-
ways.?838% |n detail, TGF-p binds to its receptor on the plasma mem-
brane, TGF-p receptor | and Il (TBRI and TBRII) and trigger intracellular
signalling cascades: the canonical pathway, which relies on the activity
of mothers-against-decapentaplegic-homolog (Smad) proteins, and
the non-canonical pathway, which does not involve Smad proteins.’

Smad proteins are heavily involved in the fibrogenic signalling
induced by TGF-p. Indeed, the Smad2/3/4 axis exerts profibrotic
effects, whereas the Smad1/5/7 axis is involved in an antifibrotic cel-
lular response.®>8¢ Interestingly, Smad3 and Smad7 seem to have
opposite activity in the context of renal fibrosis. Smad3 stimulates
pro-fibrogenic pathways, whereas Smad7 inhibits them. Besides,
Smad3 activation results in Smad7 degradation.®¢

As for the canonical pathway, activated T@RII triggers a phosphor-
ylation cascade that involves TPRI, Smad2 and Smad3. Next,
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phosphorylated Smad2/Smad3 bind Smad4 in the cytosol, translocate
into the nucleus and regulate gene expression.” Smad4 mediates the
nuclear translocation of the Smad2/3 complex, therefore it promotes
the TGF- p1-dependent activation of pro-fibrotic genes.8”88

In the non-canonical pathway, following TGF-p stimulation, c-Jun-
N-terminal kinase, extracellular signal-regulated kinases (ERK)1/2 and
phosphoinositide 3-kinase (PI3K) can be activated”®® PI3K activates
and elicits the response of p21-activated kinase/c-Abelson kinase
(c-ABL) and AKT-mammalian target of rapamycin complex 1 (nTORC1).
In turn, c-ABL leads a phosphorylation cascade that includes protein
kinase C-6 and friend leukaemia integration 1 transcription factor and
ends up with the induction of profibrotic gene expression.”

Noteworthy, sirtuins have been demonstrated to interplay with
key proteins involved in both the canonical and non-canonical TGF-
signalling pathways.1%2690-2 |n particular, Sirt1, mainly through its
deacetylating activity on Smad proteins, inhibits profibrotic pro-
cesses. 2263134 As for Sirt2, it favours the development of fibrosis by
activating the ERK pathways.3”® Sirt3 dampens the canonical TGF-p
signalling pathway, also due to the deacetylation of Smad3, thus
reducing the cellular profibrotic responses. 0424393

Sirt4 can exert antifibrotic activity by deacetylating Smad4.”
Interestingly, Sirté has interacting partners belonging to both the
canonical and non-canonical TGF-f signalling pathways, and its effects
are antifibrotic.>-53>44
Sirt7 regulates Smad2, 3, 4 and ERK proteins, but its activity can

be either profibrotic or antifibrotic.>¢-58-6?

2.2 | WNT pathway
Another key molecular pathway involved in fibro-proliferative
diseases is that driven by Wnt.”>~7 Wnt signalling regulates cell pro-
liferation and differentiation, thus its dysregulation can cause tumours,
impaired tissue homeostasis and several developmental diseases.”®-1%
Enhanced and sustained activation of the Wnt signal cascade also
results in cell differentiation towards a myofibroblast phenotype, thus
leading to fibrosis in various mammalian organs.””-101-103

Recent studies have reported the modulatory activity of sirtuins
on Wnt signalling and its targets.2?1%4-1%¢ |n detail, Sirt1 binds and
deacetylates p-Catenin, thus preventing it to translocate into the
nucleus and activate the Wnt-dependent gene expression pattern.??
Similarly, Sirt2 inhibits Wnt signalling by binding p-Catenin.’®* On the
contrary, Sirt3 activity has been associated with an increased Wnt sig-
nalling pathway.2%° In the nucleus, Sirté6 forms a molecular complex
with B-Catenin and deacetylates the histones in the promoter regions
of B-Catenin target genes. As a result, profibrotic gene transcription is

abolished.%¢

2.3 | PI3K/AKT and mTOR pathways

The mTOR and PI3K/AKT pathways are involved in the progression
of the EMT.”374107 Therefore, suppressing this signalling cascade can
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have beneficial consequences on the progression of fibrotic
diseases. 108107

Both in vitro and in vivo studies demonstrated that the mTORC1
complex is a crucial mediator for the fibrotic response. In dermal fibro-
blasts from genetically modified mice overexpressing mTORC1, exces-
sive scarring and fibrosis were reported. In particular, proliferation,
alpha-smooth muscle actin expression, as well as collagen synthesis,
were increased in skin fibroblasts.2*° Moreover, in human lung fibro-
blasts, the mTORC1/eukaryotic translation initiation factor 4E-binding
protein 1 axis mediated the pro-fibrotic effects of TGF$1.2%° There-
fore, the TGFB1/mTORC1 pathway has been suggested as a potential
target for the treatment of fibrotic diseases, such as idiopathic pulmo-
nary fibrosis (IPF).11!

Interestingly, sirtuins are well-known regulators of the PI3K/AKT
and mTOR pathways.112-116

Sirtuins regulate the PI3K/AKT signalling pathway through the
deacetylation of forkhead box O (FOXO) proteins, which are involved
in several important cellular processes, including myofibroblast activa-
tion and extracellular matrix production. According to the evidence
collected so far, FOXOs may have both activating and inhibitory
effects on fibrogenic processes, and Sirtl, as well as other sirtuins,
such as Sirt2 and Sirt3, deacetylate FOXOs, thus favouring their
nuclear translocation and FOXO-dependent gene expression.t!” 122
In particular, in the context of fibrosis, the role of FOXO1 is still con-
troversial, whereas FOX0O3a, FOX0O4 and FOXO6 have a profibrotic

activity. 117122

24 | ROS signalling

Oxidative stress is a disturbance in the balance between the produc-
tion and the degradation of intracellular ROS.22®> Many pathological
conditions, including fibrotic diseases, are characterised by intracellu-
lar accumulation of ROS.}?® The formation of pro-fibrotic myo-
fibroblasts is strongly dependent on intracellular levels of ROS. In fact,
sustained intracellular ROS concentration can induce progenitor cells
to acquire a fibrogenic phenotype.}?*

Interestingly, Hecker and colleagues demonstrated that aged mice
are not able to attenuate and reverse fibrosis. In particular, tissues of
aged mice enriched with senescent myofibroblasts with altered redox
homeostasis, which was caused by NOX4 (Nox4)-nuclear factor ery-
throid 2 like 2 (Nrf2) imbalance.'?® Similar observations have been
made in the lung of patients affected by IPF where NOX4 was over-
expressed and NRF2 down-regulated.1?>

Sirtuins can regulate the redox balance of the cells through the
activation of multiple antioxidant pathways and the suppression of
those increasing ROS levels and with oxidative activity.*?® Sirtuins
control the expression and the activity of pro- and anti-oxidant pro-
teins.12® Additionally, sirtuins can modulate ROS levels through their
deacetylating activity on FOXOs.12¢

Also, the function of sirtuins is dependent on the presence of
NAD™ cofactor, whose intracellular concentration increases upon

increased ROS.124

Notably, NAD™ itself is an oxidising coenzyme that participates in
the redox reactions of the cells.

2.5 | Autophagy
Autophagy is a fundamental cellular self-degradative process that is
needed for energy balance and turnover of macromolecules and
organelles.*?77139 |t activates in response to reduced nutrient avail-
ability and the presence of misfolded proteins or damaged organelles,
thus promoting cell function and survival.*?’"13° Autophagy is
involved in several critical cellular processes, such as senescence,
death, antigen activation, genomic stability.2?”"1° Therefore, dys-
regulation of autophagy can lead to several diseases, including fibro-
Sis.1317133

It is well known that sirtuins regulate the autophagic machinery in
the cells. In particular pieces of evidence have been accumulated on
Sirt1, Sirt2, Sirt3 and Sirt6.**2

Autophagy and sirtuins have many common molecular players
such as those involved in the mTOR signalling and FOXO transcription
factors 134135

In the context of fibrosis, Hill and collaborators demonstrated
that in lung samples from IPF patients, autophagy is repressed. More-
over, in human alveolar epithelial cells inhibition of the autophagic
pathway was associated with increased EMT, thus promoting
myofibroblast accumulation and activation.*3¢

Dysregulation of autophagy can lead to enhanced differentiation
and activation of myofibroblasts in lung, liver, kidney and heart tis-
sues, thus being responsible for the development of fibrosis.”>~82

The association between EMT and autophagy has been also dem-
onstrated for renal fibrosis.'*” In particular, Wang and collaborators
showed, both in vitro and in vivo, that activation of the Sirt1-NF-xB
pathway induced the activation of autophagy, inhibited EMT in
podocytes and attenuated renal fibrosis in a mouse model of
diabetes.*®”

Sirtl protects the kidney from the activation of fibrogenic pro-
cesses via induction of autophagy.?®®714° At a molecular level, Sirt1
deacetylates several proteins involved both directly and indirectly in
autophagy, such as p53, FOXO3a, Atg5, 7 and 8.112 Conversely, Sirt2
inhibits autophagy by deacetylating FOXO1.2*? Notably, Sirt3 can
behave either as an inducer or suppressor of autophagy, depending
on the cellular and molecular setting.}’? Also, Sirt6 promotes
autophagy. The molecular determinants of its activity are FOXO3 and
the Akt-mTOR signalling axis.1'2

The activation of the autophagic machinery can also reduce the
accumulation of senescent cells, which can drive fibrogenic
processes. 41142

Interestingly, it is known that ageing is associated with a decrease
in cellular autophagic activity, and it has been accumulated evidence
on the age-dependent development of tissue fibrosis.””125136

Ageing is often associated with an increased number of activated
myofibroblasts within tissues and the development of organ fibrosis,

which further compromise the health of aged people.*43-148
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Although most of the scientific evidence supports a positive role
of autophagy in the control of tissue fibrosis, overactivated autophagy
may lead to detrimental effects.”® Therefore, the autophagic activity
must be tightly regulated to exerts beneficial effects, also in the con-

text of fibrosis.

2.6 | SIRT1 and fibrosis

Sirt1, the homolog of yeast SIR2, is a nuclear and cytosolic NAD™"-
dependent protein deacetylase that regulates fundamental cellular
processes, such as cell cycle, apoptosis, autophagy, ROS generation,
cell differentiation and metabolism. Sirt1 can modulate gene expres-
sion by deacetylating histones and components of the transcription
machinery. Moreover, it controls the activity of several proteins in
response to changes in cellular and environmental conditions, includ-
ing redox balance, nutrient availability and activation of receptor-
mediated signalling pathways.%?

According to experimental evidence collected so far, Sirtl acts as
an antifibrotic protein in many different tissues.

Sirt1 has been found down-regulated in human hypertrophic scar
tissue and skin samples from patients affected by systemic sclero-
sis.*? Moreover, Sirt1 expression is also decreased in fibrotic kidney
and heart, as demonstrated in both human and animal models.281%°

The expression of Sirt1 is reduced in myofibroblasts from fibrotic
tissue. Moreover, in scar-derived myofibroblasts, the stimulation of
Sirt1 inhibited the expression of fibrogenic genes and blocked the
profibrotic pathway of TGF—[}l.2

Studies on mice showed that lack of Sirtl expression in tubular
epithelial cells intensified the fibrotic response following injury.?® At a
molecular level, Sirtl dampened the pro-fibrotic TGF-p signalling by
deacetylating Smad4, thus suppressing the activity of MMP-7.2¢

In a mouse model of wound healing, it has been demonstrated that
Sirtl is essential for effective wound repair, and loss of Sirtl was asso-
ciated with abnormal myofibroblast distribution and activation in the
skin wound and increased fibrotic reaction in the site of injury.2*>!

Also, Sirtl hindered the fibrotic degeneration in patients with
chronic obstructive pulmonary disease.>?

Sirt1 activity can block the transdifferentiation of HSCs towards a
myofibroblast phenotype, based on the results obtained in a liver-
specific Sirtl knockout (KO) mouse. At a molecular level, peroxisome
proliferator-activated receptor y (PPARy) and the enhancer of zeste
homolog 2 (EZH2) mediated the antifibrotic activity of Sirt1.5°

In cultured mesangial cells, as well as in cardiomyocytes isolated
from rats, the interaction of Sirtl with Smad3 and PPAR-y
coactivator-1 inhibited the profibrotic TGF-p1 pathway.?

Sirtl and Wnt pathways are connected. In particular, studies on
transgenic mice showed that loss of Sirtl expression results in
enhanced Wnt/p-Catenin signalling.?’

Sirt1l deficiency is associated with a fibrogenic phenotype in
endothelial cells through activation of Wnt and Notch pathways.'>3
Sirtl is also a well-known suppressor of the mTOR path-

Way.113'116
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Vascular fibrosis following angiotensin Il (angll) treatment was atten-
uated by Sirt1 overexpression in mice.'>* In particular, this anti-fibrotic
effect of Sirt1 correlated with reduced transcription of TGF-p.t>*

Smad3 mediates the pro-fibrotic signalling of TGF-p. In this con-
text, it has been reported in both in vitro and in vivo that Sirtl
deacetylates and inhibits Smad3.2” Indeed, Sirt1 up-regulation protec-
ted rodents with chronic kidney disease from renal fibrosis via modu-
lation of the TGF-p/Smad3 signalling.?” Besides, endothelial Sirt1
deficient mice developed early renal fibrosis through down-regulation
of the matrix metalloproteinase 14 gene.*>®

Smad7 has been reported to be deacetylated by Sirt1.3* In
SV40-transformed murine mesangial cell, Sirt1l overexpression led to
Smad?7 ubiquitin-mediated degradation.®*

In vivo and in vitro studies indicated that Sirtl deacetylates
Smad2/3 and reduces the fibrogenic responses in hearts of pressure
overload mice model.2®

Interestingly,
(LncSIRT1) have been identified in fibrotic tissues. LncSIRT1 stabilised

Sirtl mRNA and enhanced Sirt1 expression, and was associated with

long non-coding antisense RNAs for sirtl

inhibition of TGF-p1-dependent EMT, thus attenuating pulmonary
fibrosis. In a mouse model of bleomycin-induced pulmonary fibrosis
LncSIRT1 expression is down-regulated.*>®

Sirt1, by modulating the NRF2/NOX4 axis can reduce the colla-
gen deposition in the lungs of mice that have undergone intestinal
ischemia/reperfusion (IR) injury.3!

Notably, Sirtl can hinder the effects of advanced glycation end-
product (AGE), and, in particular, the induction of EndMT, as demon-
strated in human endothelial cells.!>”

In a mouse model of wound healing, it has been demonstrated
that Sirtl blocks the TGFpl-dependent fibroblast activation and
reduces scar tissue formation.2

Although most of the pieces of evidence support the idea that
Sirt1 expression counteracts the fibrogenic responses within the tis-
sues, opposite results have been also reported.33%3> |ndeed, in vitro
and in vivo data on systemic sclerosis, showed that Sirtl down-
regulation results in the inhibition of TGF-f signalling, thus leading to
antifibrotic effects.>2

Furthermore, Bulvik and collaborators, through experiments on
bleomycin-exposed mice and mouse lung myofibroblasts, showed that
Sirt1 increases the levels of flice-inhibitory protein (FLIP) and the
Ku70/FLIP complex, by deacetylating Ku70, thus prompting the acti-
vation of lung myofibroblasts and the development of fibrosis.>*

Similarly, in a murine model of renal fibrosis, chemical stimulation
of Sirtl activated renal fibroblast and promoted the development of
renal fibrosis. These profibrotic effects of Sirtl are mediated by the
epidermal growth factor receptor (EGFR) and platelet-derived growth
factor receptor beta (PDGFRp) signallings.>®

2.7 | SIRT2 and fibrosis

Sirt2 is a nuclear and cytosolic NAD*-dependent protein deacetylase,

which acts on histones, alpha-tubulin and several other proteins,
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including transcription factors. Sirt2 is involved in cell cycle regulation,
chromatin remodelling, microtubule dynamics, cell differentiation,
metabolism and autophagy.®?

As for the role of Sirt2 on myofibroblast differentiation and
profibrotic activation, scientific evidence is scarce; however, data col-
lected in some studies indicated that Sirt2 exerts mainly a profibrotic
activity.

A study on humans and mice demonstrated that Sirt2 expression,
through the control of the Double Minute 2 pathway, triggers FMT
and fibrosis.3

In vitro experiments on HSCs confirmed the profibrotic role of
Sirt2 in the liver and suggested Sirt2/ERK/c-MYC axis as responsible
for fibrogenic activation.®®

Other studies on renal fibrogenesis indicated EGFR and PDGFRp
signallings as the ways for Sirt2 to exert its profibrotic activity in renal
interstitial fibroblasts.3”

Also, it has been hypothesised that Sirt2 could exert a pro-fibrotic
activity in lung fibrosis.*°

2.8 | SIRT3 and fibrosis

Sirt3 is a mitochondrial NAD"-dependent protein deacetylase, which
targets many mitochondrial proteins. Sirt3 regulates cellular energy
metabolism and the expression of mitochondrial genes.®?

In the context of fibrosis, and, particularly, of myofibroblast differ-
entiation and profibrotic activation, current research indicates that
Sirt3 activity is relevant in antifibrotic processes.

Studies performed on the skin and lung biopsies from patients
affected by systemic sclerosis demonstrated that the activity and the
expression of Sirt3 are reduced.®***° Notably, pharmacological stimu-
lation of Sirt3 reduced the fibrotic reaction both in vitro and in a
mouse model of bleomycin-induced fibrosis.3? In particular, upon Sirt3
activation, TGF-R signalling, fibrotic gene expression, intracellular ROS
generation and myofibroblast differentiation were inhibited.3’

The expression of Sirt3 is repressed also in lung fibroblasts of
humans and mice affected by pulmonary fibrosis. Reduction in Sirt3
levels induced FMT in the lung, as well up-regulation of Smad3 and
repression of superoxide dismutase 2 and isocitrate dehydrogenase
2, which are key regulators of intracellular ROS balance. Additionally,
Sirt3-deficient mice have an increased risk of developing pulmonary
fibrosis. In the same study, enhanced expression of Sirt3 reverted the
fibrotic response in the lung.*®

In a mouse model of cardiac fibrosis, the absence of Sirt3 exacer-
bated the fibrotic disease.*® Moreover, the ex-vivo analysis on cells
from the same animal model showed an increased propensity of car-
diac fibroblasts to transdifferentiate towards a myofibroblast pheno-
type.*® The analysis of the molecular signalling involved in this
process demonstrated that Sirt3 inhibits the STAT3-NFATc2
pathway.*¢

Experimental data collected from human lung fibroblasts and a
bleomycin-induced mouse model of pulmonary fibrosis demonstrated

that mitochondrial deacetylase Sirt3 plays a key role in myofibroblast

differentiation and the development of pulmonary fibrosis.'? In vitro,
the stimulation with TGF-f1 repressed Sirt3 expression, thus leading
to increased levels of ROS and mitochondrial DNA damage.12 In vivo,
similar results have been obtained: Sirt3-KO mice accumulated mito-
chondrial DNA damage and developed enhanced fibrosis in the lung.*?
Concomitantly, the overexpression of Sirt3 reverted the disease phe-
notype both in vivo and in vitro.*?

Jablonski and collaborators reached similar conclusions in a study
focused on the role of Sirt3 in IPF.** The authors found, in a mouse
model of bleomycin-induced lung fibrosis, that loss of Sirt3 results in
increased levels of acetylated SOD and mitochondrial 8-oxoguanine
DNA glycosylase in the alveolar epithelial cell (AEC). This effect, in turn,
inactivated the two enzymes and reduced the ROS defence in the mito-
chondria of AECs, thus prompting apoptotic cell death and fibrosis.*

Studies on diabetic mice showed that loss of Sirt3 favoured the
EMT of renal tubular epithelial cells through the TGF-$/Smad3 axis,
and exacerbated kidney fibrosis.*?

Accordingly, Sirt3 expression protects the liver, heart and kidney
from the development of fibrosis, as demonstrated in humans and ani-
mal models.'>® In particular, studies performed both in vitro and in a
mouse model of renal fibrosis demonstrated that up-regulation of
Sirt3 activity resulted in a reduced fibrotic response, through regula-
tion of mitochondrial dynamics and the NF-kB/TGF-p1/Smad signal-
ling pathway.*®

In an angll-induced mouse model of hypertension, Sirt3 hindered
the EndoMT and the consequential fibrosis through the deacetylation
of FOX03a.*

Besides, Sirt3 activates GSK-3p, which, in turn, dampens the
TGFB1/Smad3 signalling and inhibits myofibroblast activation and
fibrotic gene expression.” This has been also demonstrated in studies
on age-dependent accumulation of fibrotic tissue in mice, where Sirt3
contributes to the reduction of tissue fibrosis with ageing. In particu-
lar, TGF-B/glycogen synthase kinase 38 (GSK3p) was inhibited in
Sirt3-KO mice, thus leading to hyperactivation of Smad3 and
B-Catenin and increased expression of profibrotic genes.45

Notably, it has been hypothesised that Sirt3 can repress the EMT

also by modulating key enzymes involved in the energy metabolism.2>°

2.9 | SIRT4, SIRT5 and fibrosis
Sirt4 and Sirt5 are mitochondrial NAD'-dependent enzymes. Sirt4
acts as protein lipoamidase, ADP-ribosyl transferase and deacetylase.
Its activity results in the modulation of the function of the target pro-
teins. Sirt4 is involved in the regulation of several different cellular
processes, such as cell cycle and metabolism.®2

Sirt5 is a lysine demalonylase, desuccinylase and deglutarylase. It
modulates the activity of the proteins required in different cellular
activities, such as metabolic reactions and ROS balance. Sirt5 has a
weak deacetylase activity.%?

Unfortunately, data on the effect of Sirt4 and Sirt5 on fibrotic dis-
eases is scarce. Nevertheless, there are studies indicating Sirt4 as both

profibrotic and antifibrotic, and Sirt5 as antifibrotic.
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Sirt4 expression is reduced in non-alcoholic fatty liver disease
patients, and administration of EX-527, a potent Sirtl inhibitor, to
high-fat diet (HFD) rats was associated with increased levels of Sirt4
and reduced fibrosis. Indeed, the authors suggested that Sirt4/Smad4
might be an important axis for liver fibrosis.*”

On the contrary, in vitro and in vivo studies on angll-induced car-
diac hypertrophy showed that Sirt4 inhibition is associated with reduced
cardiomyocyte growth and fibrosis.*>*° At a molecular level, the
Sirt4-dependent increase in ROS production was the major determinant
leading to hypertrophic growth, fibrosis and cardiac dysfunction.**>°

Sirt4 is also an important negative modulator of glutamine metab-
olism, which plays an important role in EMT.%®

Sirt4 and Sirt5 activation has been hypothesised to hinder the
fibrotic responses in pulmonary myofibroblasts through their regula-
tory action on mitochondrial metabolism.’® Moreover, according to
studies performed in animal models, Sirt5 activity protects the heart

from age-dependent fibrosis and IR insult.>*

210 | SIRT6 and fibrosis

Sirté is a nuclear NAD"-dependent protein deacetylase, which targets
histones and transcription factors. It is important for gene expression,
genomic stability and DNA repair and is involved in several metabolic
reactions, cellular senescence and apoptosis.?

Different studies investigating the role of Sirté in myofibroblast
differentiation and profibrotic activation indicated that this sirtuin hin-
ders cellular profibrotic reactions.

The level of Sirté is reduced in cardiomyocytes of angll, isoproter-
enol or TAC-treated mice, as well as in samples from patients with
heart failure.>! Moreover, down-regulation or up-regulation of Sirté
was associated with augmented or attenuated injury-dependent car-
diac fibrosis, respectively.51 At a molecular level, Sirt6-c-Jun interac-
tion and histone acetylation were involved.>*

Liver fibrosis in patients affected by non-alcoholic steatohepatitis
is a critical stage towards the development of serious complica-
tions.1¢° According to studies on activated HSCs and fibrotic liver,
Sirté6 exerts an antifibrotic activity. Its expression is dampened in a
fibrogenic milieu.”* Moreover, Sirté deacetylates and inhibits the
fibrogenic protein Smad2.?* In the same cellular system, it has been
reported that Sirté inhibits the TGFB1-Smad3 signal transduction
pathway, and, as such, blocks the EMT and acts as an antifibrotic
agent.53

Sirt6 deficient fibroblasts showed up-regulation of TGF-1, and
TGFBRI and an increased tendency to differentiate into myo-
fibroblasts.26? Sirté can inhibit EMT via inactivation TGF-p/Smad sig-
nalling in vitro and in vivo.”®=?2 It has been reported that this sirtuin
hinders the EMT in human bronchial epithelial cells by inhibiting the
TGF-p1/Smad3 pathway.>* Similar results were obtained in a study on
endothelium-specific Sirt6-KO mice and cardiac microvascular endo-
thelial cells (CMECs).>? Zhang and collaborators demonstrated that the
absence of Sirté exacerbates the fibrogenic phenotype both in vivo and

in vitro. In particular, Sirté repression favoured the EndMT process
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probably through the modulation of the Notchl pathway.>? Interest-
ingly, the abolition of Sirté6 expression in proximal tubule (PT) cells from
streptozotocin-treated diabetic mice, led to an up-regulation of the
profibrotic gene tissue inhibitor of metalloproteinase 1 (TIMP1), colla-
gen deposition and tubular basement membrane thickening, thus lead-
ing to a worse fibrotic phenotype in the kidney.>> Similar results have
been obtained in another transgenic mouse with PT-specific knockout
of the nicotinamide phosphoribosyltransferase (NAMPT) gene, which
drives the synthesis of nicotinamide mononucleotide (the NAD+ pre-
cursor). Besides, loss of NAMPT resulted in down-regulation of Sirt6.>°
These data demonstrated the importance of the NAD" metabolism for
the fibrogenic ECM remodelling in diabetic nephropathy.>>

211 | SIRT7 and fibrosis

Sirt7 is a NAD"-dependent protein-lysine deacylase and deacetylase.
It targets histones and non-histone proteins. Sirt7 is localised mainly
in the nucleolus of the cells where it acts as a promoter of rDNA tran-
scription. It controls chromatin status, gene expression and DNA dam-
age repair.®?

The activity of Sirt7 on the onset and development of fibrosis is
controversial, due to discordant results reported in different studies.

Sirt7 expression is reduced in human and mouse fibrotic lungs.>®
In addition, Wyman and collaborators demonstrated in vitro that
enhanced expression of Sirt7 attenuates FMT. One of the key molec-
ular mediators of the antifibrotic effect Sirt7 is Smad3, whose expres-
sion is reduced by Sirt7.5¢

Sirt7 null mice develop cardiac fibrosis, and this effect is mediated
by Sirt7-dependent p53 deacetylation.>”

An inhibitory effect of Sirt7 on EMT and TGF-p signalling has
been also demonstrated in oral squamous cell carcinoma and breast
cancer cells, where the deacetylation of Smad4, a molecular target of
Sirt7, plays a critical role.>®>?

Conversely, a study on Sirt7-KO mice showed that loss of Sirt7
increases the risk of LV myocardial injury after Ml, and was associated
with reduced TGFBRI expression and signalling.®® Moreover, homozy-
gous Sirt7-deficient mice, besides reduced fibrosis showed also com-
promised potential to contain the damage after myocardial infarction
or hind-limb ischemia and ineffective wound healing after skin
injury.®° Sirt7 regulated the signalling of TGF-p through Smad2 and
Smad4, and the expression of profibrotic genes.°

Moreover, this sirtuin promoted the angll-induced transformation
of cardiac fibroblasts into myofibroblasts, in vitro, by activating Smad2
and ERK.*

3 | SIRTUINS AS TARGETS OF NATURAL
AND SYNTHETIC ANTIFIBROTIC
COMPOUNDS

A fine regulation of sirtuin expression and activity has been demon-

strated to be beneficial for human health. So far, many different
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natural and synthetic compounds have been demonstrated to be
effective in the regulation of sirtuins, also in the context of
myofibroblast activation and differentiation (Table 2).10114-116,169-173

One of the most studied natural compounds modulating sirtuin
activity is resveratrol (RSV), a polyphenol extracted by grape skin and
seeds.!”* This molecule can attenuate several pathological conditions,
including fibrosis, and its use has been suggested for preventing various
diseases.>1*?174 |n vitro studies showed that RSV can activate Sirt3
and reduce TGF-B1-Smad3 signalling, thus suppressing the differentia-
tion of cardiac fibroblast into profibrotic myofibroblasts.262 Moreover,
this polyphenol can inhibit Wnt signalling, thus reducing the accumula-
tion of fibrotic tissue in the heart, lung and prostate of rats. 163

In cardiac fibrosis, the role of natural compounds, such as RSV, in
the prevention of FMT has been documented.!”® In a rat model of
DOXO-induced cardiomyopathy, RSV was effective in attenuating
myocardial fibrosis and cardiac fibroblast activation. Furthermore,
cardiomyofibroblasts isolated from DOXO-exposed rats and treated
with RSV showed increased Sirt1 levels, reduced expression of TGF-p,
and decreased phosphorylation of Smad3 compared to cells from
RSV-untreated rats. 14

RSV administration was effective also for the treatment of hypertro-
phic scar tissues in a mouse model of wound healing.? In particular, this
polyphenol enhanced the expression of Sirtl and halted the
TGFp1-induced myofibroblast differentiation and activation in the skin.2

Activation of Sirtl by RSV dampened bleomycin-induced pulmo-
nary fibrosis in mice and prevented the TGF-p-induced differentiation
of lung fibroblasts into myofibroblasts.*¢®

The treatment with RSV both in vivo and in vitro showed benefi-
cial effects on renal fibrosis by inhibiting EMT through an increase in
the expression of Sirt1 and inhibition of the TGF-p pathway.*®

Astragaloside IV (AS-1V) is a bioactive saponin extracted from the
Astragalus root that can reduce EMT in pulmonary fibrosis, thus atten-
uating the disease, by up-regulating LncSirt1 expression.}>®

AS-IV is effective in attenuating renal fibrosis in KK-Ay mice
models of diabetes. Additionally, AS-1V in vitro halted glucose-induced
EMT in podocytes through activation of autophagy and enhancement
of Sirt1 expression.*”

Theombrine, a purine alkaloid derived from the cacao plant, has
been studied for treating diabetic nephropathy. Papadimitriou and col-
leagues demonstrated that this molecule could rescue the activity of
Sirt1 in immortalised human mesangial cells exposed to a high-glucose
medium.?®® This effect was associated with reduced acetylation of
Smad3 and decreased synthesis of collagen.é® In streptozotocin-induced
diabetic rats, theombrine administration reduced the TGFp1-driven accu-
mulation of ECM in the kidney through the activation of Sirt1.1%¢

Honokiol (HKL), a small polyphenol isolated from the genus Mag-
nolia, can activate Sirt3. Studies in mice undergoing unilateral ureteral
obstruction (UUO)-induced renal tubulointerstitial fibrosis demon-
strated that HKL reduces myofibroblast activation and ECM deposi-
tion. At a molecular level, HKL up-regulated Sirt3 and dampened the
NF-kB/TGF-p1/Smad signalling pathway.*

In a recent study, CUDC-907, a synthetic compound with both
HDAC and PI3K inhibitory activity has been used as antifibrotic and
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oncosuppressive in lung fibroblasts and myofibroblasts. As result,
CUDC-907 exerted beneficial effects against lung fibrosis and cancer.1®”

The use of Sirtl activators for the treatment of kidney fibrosis
has been also demonstrated by Ren and colleagues.'®® Indeed, the
authors halted the profibrotic TGF-1/CTGF signalling pathway in
mice with UUO-induced tubulointerstitial fibrosis by administering
SRT1720, a Sirt1 activator.*¢®

EX-527, a synthetic Sirtl inhibitor, has been used to treat liver
fibrosis in zucker diabetic fatty (ZDF) rats under HFD. This synthetic
molecule attenuated fibrosis and reduced the expression of ECM pro-
teins in the liver of HFD-ZDF rats. At a molecular level, EX-527
increased the expression of Sirt4 and reduced the expression of TGF-
B, Smad4 and phosphorylated Smad 2/3, all involved in the profibrotic
EMT process.*’

Overall, the evidence collected so far, indicates that sirtuin modu-

lators possess certain fibromodulatory activities.

4 | CONCLUSION

The economical and social burden of fibrotic diseases is rising world-
wide, also due to their complex etiology and the limited efficacy of
current medical treatments.'! Therefore, new therapeutical
approaches to fibrosis are needed.

In the last decades, sirtuins have emerged as master regulator
proteins, that are involved in the control of crucial cellular processes,
and whose dysregulation leads to diseases, including fibrosis. Notably,
the balance between the beneficial and detrimental effects of their
activity relies on several factors, among which the intracellular and
extracellular biochemical milieu. This has been demonstrated in the
context of cardiac fibrosis, where the activity of Sirtl can be either
healthful or harmful for the heart.X”¢ Due to the pleiotropic activity of
sirtuins, a more detailed understanding of the molecular mechanisms
mediating their activity is needed. Furthermore, the studies performed
so far showed certain variations in the results, also due to differences
in experimental models and protocols.

However, one of the problems encountered when dealing with
pharmacological intervention is the off-target effect, and the use of
compounds with known pharmacological profiles is clearly of great
advantage. The discovery and the development of several natural and
synthetic compounds that modulate the activity of sirtuins pawed the
way to new areas of intervention, including that for fibrotic diseases.
In this context, many sirtuin modulators have been already employed
for the treatment of several dysfunctions and diseases, so they might
be used in support of anti-fibrotic therapies.1070:114-116,169-171,177

In conclusion, in this review, we present evidence that sirtuins are
involved in major determinants of fibrotic diseases, that is
myofibroblast differentiation and activation, and that sirtuin modula-
tors might provide an opportunity for the treatment of fibrotic dis-

eases, also in combination with conventional antifibrotic therapies.
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