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A B S T R A C T

Fibrosis is a fundamental pathological process driving heart failure progression by promoting extracellular 
matrix deposition and impairing myocardial compliance. In recent years, the sirtuin family of NAD⁺-dependent 
deacetylases, traditionally linked to aging and metabolism, has emerged as a key regulator of cardiac fibrotic 
remodeling. This review investigates the roles of sirtuins in mitigating cardiac fibrosis, with emphasis on 
mechanisms such as mitochondrial preservation and the therapeutic potential of their modulation. Sirtuin 
signaling attenuates fibrosis by regulating intracellular pathways that control fibroblast activation. In particular, 
sirtuin-mediated deacetylation modulates pro-fibrotic mediators, including the TGF-β/Smad pathway, thereby 
reducing collagen synthesis and fibrotic gene expression. However, their effects are isoform- and context- 
dependent: SIRT1, SIRT3, SIRT6, and SIRT7 generally exert protective roles, whereas SIRT2 and SIRT5 may 
display neutral or even pro-fibrotic actions depending on the cell type, disease stage, and experimental context. 
Recognizing this complexity is essential to evaluate their therapeutic relevance. Building on these mechanistic 
insights, the review explores the preclinical development of sirtuin-targeted therapies. Strategies include NAD⁺ 
precursors, natural compounds, novel small-molecule activators with enhanced specificity, and agents that 
indirectly stimulate sirtuins through metabolic modulation. Such approaches highlight the potential of phar
macologically enhancing sirtuin activity to counteract maladaptive cardiac remodeling and improve outcomes in 
heart failure. By integrating molecular insights with advances in pharmacology, this review synthesizes the most 
recent mechanistic findings from the past three years with a dedicated focus on the translational challenges and 
opportunities of pharmacologically targeting sirtuins for anti-fibrotic therapy.

1. Introduction

1.1. Cellular dynamics in cardiac fibrosis

Cardiac fibrosis, a hallmark of adverse myocardial remodeling, is 
characterized by excessive deposition of extracellular matrix (ECM) 

components, predominantly collagens, within the cardiac interstitium 
[1]. While representing a fundamental reparative process aimed at 
preserving myocardial structural integrity following injury (such as 
myocardial infarction, pressure or volume overload, inflammation, or 
metabolic disturbances [2]), persistent fibrotic remodeling contributes 
to increased myocardial stiffness, impaired ventricular compliance, 
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electrical conduction abnormalities, and progressive cardiac dysfunc
tion leading to heart failure [3].

The pathogenesis of cardiac fibrosis involves intricate intercellular 
signaling, primarily driven by cardiac fibroblasts. Under physiological 
conditions, fibroblasts maintain ECM homeostasis through tightly 
regulated synthesis and degradation of matrix components. In response 
to injury, these cells undergo phenotypic activation into myofibroblasts, 
a hypersecretory, contractile, and apoptosis-resistant phenotype char
acterized by high α-smooth muscle actin (α-SMA) expression [4]. This 
differentiation is orchestrated by multiple pro-fibrotic mediators, 
including transforming growth factor-β (TGF-β), angiotensin II (Ang II), 
endothelin-1, and a broad array of inflammatory cytokines [5], which 
converge on signaling pathways such as Smad-dependent cascades, 
mitogen-activated protein kinases (MAPKs), and nuclear factor-κB 
(NF-κB) [6].

Cardiac fibrosis manifests in two principal forms: reactive interstitial 
fibrosis, which occurs without overt cardiomyocyte loss, and replace
ment fibrosis, which follows massive cardiomyocyte death and functions 
to preserve structural continuity. Lineage-tracing studies have identified 
resident fibroblasts as the predominant source of myofibroblasts in both 
pressure overload and ischemic injury models. Nevertheless, additional 
cellular contributors, such as those arising from epithelial-to- 
mesenchymal and endothelial-to-mesenchymal transitions, as well as 
circulating bone marrow-derived fibrocytes, have also been implicated 
[7,8].

Regardless of their origin, once they become activated fibroblasts 
and myofibroblasts, these cells secrete ECM proteins, including colla
gens type I and III, fibronectin, and proteoglycans, progressively 
replacing healthy myocardium with fibrotic tissue [9]. This process is 
further exacerbated by an imbalance between matrix metalloproteinases 
(MMPs) and their endogenous tissue inhibitors (TIMPs), resulting in the 
accumulation of cross-linked, degradation-resistant collagen fibers that 
eventually intensify myocardial rigidity and dysfunction [10]. In addi
tion, ECM remodeling is modulated by matricellular proteins, such as 
thrombospondins, osteopontin, and connective tissue growth factor 
(CTGF), which facilitate fibroblast adhesion, migration, and cell-matrix 
signaling [11]. Altered ECM biomechanics, particularly increased stiff
ness, activate mechanosensitive pathways such as YAP/TAZ and integ
rins, which in turn sustain the myofibroblast phenotype [12–14].

Despite advances in cardiovascular therapies, most approaches 
remain focused primarily on slowing down disease progression and 
managing symptoms, only partly addressing the underlying causes. 
Consequently, heart failure prevalence remains high, and novel effica
cious anti-fibrotic treatments are lacking. A comprehensive under
standing of the cellular and molecular mechanisms underpinning 
cardiac fibrosis is therefore critical for the development of targeted, 
disease-modifying interventions [15].

1.2. A brief overview of pro-fibrotic signaling pathways

1.2.1. TGF-β/Smad signaling
TGF-β is the archetypal pro-fibrotic cytokine and a central orches

trator of cardiac fibrosis. Upon receptor engagement, TGF-β initiates 
canonical Smad signaling via phosphorylation of Smad2/3. These 
phosphorylated proteins complex with Smad4 and translocate to the 
nucleus to regulate the transcription of fibrogenic genes including those 
encoding collagens, fibronectin, and α-SMA [5]. In parallel, TGF-β ac
tivates non-canonical pathways such as MAPKs (p38, ERK, JNK), 
PI3K/Akt, and small GTPases, which synergize with Smad-dependent 
signaling to enhance myofibroblast differentiation and ECM synthesis

This pathway is tightly regulated by inhibitory Smad7, which an
tagonizes Smad2/3 phosphorylation, and by various co-activators and 
co-repressors that refine Smad-mediated transcriptional responses [16]. 
Dysregulation of these control mechanisms leads to sustained TGF-β 
activity, perpetuating fibrosis in a variety of cardiovascular conditions 
[17].

1.2.2. Renin-angiotensin-aldosterone system (RAAS)
The RAAS is a major contributor to cardiac fibrosis through its effects 

on fibroblast proliferation, myofibroblast differentiation, and ECM 
production. Ang II, primarily through AT1 receptor activation, stimu
lates NADPH oxidase–dependent reactive oxygen species (ROS) gener
ation, which promotes fibroblast activation and collagen synthesis [18]. 
Moreover, Ang II enhances TGF-β expression and activates NF-κB and 
MAPK pathways, fostering a pro-inflammatory, pro-fibrotic environ
ment [19,20].

Aldosterone, acting via the mineralocorticoid receptor, exerts addi
tional pro-fibrotic effects through mechanisms involving oxidative 
stress, inflammation, and direct fibroblast stimulation [21]. The com
bined actions of Ang II and aldosterone amplify fibrotic signaling, 
contributing to the structural cardiac remodeling observed for example 
in hypertension, heart failure, and diabetic cardiomyopathy [22].

1.2.3. Inflammatory signaling
Inflammation is a key driver of fibrogenesis, particularly in the 

context of myocardial injury. Infiltrating immune cells, including mac
rophages, T cells, and mast cells, secrete a spectrum of pro-fibrotic cy
tokines such as IL-1β, IL-6, TNF-α, and IL-13, which directly and 
indirectly activate fibroblasts, and stimulate ECM deposition through 
paracrine mechanisms [23–25].

Among inflammatory pathways, NF-κB plays a pivotal role by 
regulating the expression of cytokines, chemokines, adhesion molecules, 
and growth factors involved in fibrosis [26]. Crosstalk between in
flammatory and pro-fibrotic pathways, notably TGF-β/Smad and RAAS, 
creates self-reinforcing loops that perpetuate fibroblast activation and 
ECM accumulation [17].

1.2.4. Oxidative Stress and metabolic dysregulation
Oxidative stress contributes significantly to cardiac fibrosis by 

directly stimulating fibroblasts and enhancing other pro-fibrotic 
signaling cascades. ROS are generated by NADPH oxidases, the mito
chondrial electron transport chain, and xanthine oxidase; they damage 
cellular components and promote cell death, exacerbating fibrotic 
remodeling [27]. These ROS also activate redox-sensitive transcription 
factors such as NF-κB and AP-1, which drive the expression of fibrogenic 
genes [28].

In parallel, metabolic dysfunction, particularly in the context of 
diabetes and obesity, further aggravates fibrosis. Alterations in glucose 
handling, fatty acid oxidation, and mitochondrial function impair 
cellular energetics and redox homeostasis, creating a metabolic envi
ronment conducive to fibroblast activation and matrix overproduction 
[29,30].

1.3. Integration of pro-fibrotic pathways and epigenetic regulation

The pro-fibrotic signaling pathways discussed above are inter
connected and collectively contribute to the fibrotic response. For 
example, TGF-β upregulates Ang II expression, while Ang II reinforces 
TGF-β signaling; similarly, inflammatory cytokines stimulate ROS pro
duction, which in turn amplifies inflammatory and fibrotic signaling 
[31]. This interdependence establishes a self-sustaining fibrotic loop, 
hampering single-target-based therapeutic strategies.

Recent evidence underscores the emerging role of epigenetic mech
anisms in regulating pathological processes such cardiac fibrosis, 
including DNA methylation, histone modifications, and non-coding 
RNAs [32,33]. Epigenetic modifiers can translate environmental and 
pathological stimuli into sustained gene expression changes, contrib
uting to the chronic and progressive nature of cardiac fibrosis [34].

From a therapeutic perspective, epigenetic interventions have been 
extensively developed in cancer treatment, where epigenetic dysregu
lation is recognized as a hallmark of malignancy and has become a target 
for novel therapies [35]. These well-established strategies already vali
dated in cancer may offer a compelling conceptual framework for 
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addressing many other disease mechanisms, including cardiac fibrosis.
Recent studies have highlighted the critical role of histone modifi

cations, such as methylation and acetylation, in orchestrating fibrotic 
responses [15]. For instance, Wang et al. demonstrated that lysine 
demethylase 5B (KDM5B), a histone H3K4me2/3 demethylase, is 
upregulated in CFs under pathological stress [36]. Mechanistically, 
KDM5B demethylates H3K4me2/3 at the promoter region of activating 
transcription factor 3 (Atf3), leading to its transcriptional repression. 
Since Atf3 is recognized as an anti-fibrotic regulator [37], its suppres
sion facilitates TGF-β signaling and fibrotic activation. Inhibition of 
KDM5B, both in vitro and in vivo, was shown to prevent 
fibroblast-to-myofibroblast transition, positioning KDM5B as a prom
ising therapeutic target to mitigate cardiac fibrosis and adverse 
remodeling [36].

Another major epigenetic mechanism involves histone acetylation 
and deacetylation, which respectively enhance or restrict chromatin 
accessibility to transcription factors. Small-molecule histone deacetylase 
(HDAC) inhibitors have been shown to attenuate cardiac remodeling 
and fibrosis [38]. Nural-Guvener et al. employed selective inhibition of 
class I HDACs using mocetinostat in CD90 + CFs, observing reduced 
expression of fibrosis-associated markers such as collagen III and α-SMA. 
In vivo, class I HDAC inhibition reduced fibrotic burden in a congestive 
heart failure model, also improving cardiac function and reversing 
interstitial fibrosis post-myocardial infarction [39].

Additionally, a class of epigenetic “reader” proteins, the bromodo
main and extra-terminal domain (BET) family, has been implicated in 
the regulation of pathological fibrosis [40]. RNA sequencing analysis by 
Stratton, Bagchi et al. identified bromodomain-containing protein 4 
(BRD4) as a key driver of CF activation, promoting the transition of 
quiescent fibroblasts into Periostin (Postn)-positive myofibroblasts. 
Treatment with the BET inhibitor JQ1 attenuated this fibrotic activation 
in vitro, reducing α-SMA expression in TGF-β–stimulated rat ventricular 
fibroblasts. Furthermore, JQ1 treatment in a transverse aortic constric
tion (TAC) mouse model led to significant downregulation of Postn 
expression in isolated CFs, reinforcing BRD4 as a potential epigenetic 
target for anti-fibrotic therapy [41].

A deeper understanding of these integrative molecular frameworks 
has unveiled numerous therapeutic targets. However, due to the 
redundancy and compensatory capacity of these signaling networks, 
monotherapies targeting a single pathway often yield limited efficacy. 
Consequently, there is growing interest in multifaceted therapeutic ap
proaches that simultaneously modulate several key regulatory nodes.

In this context, the sirtuins family of NAD⁺-dependent histone 
deacetylases has gained attention as important players in this complex 
scenario. Their dual roles as epigenetic regulators and modulators of 
cellular stress responses position them uniquely to influence multiple 
fibrotic pathways. The following sections will explore the emerging role 
of sirtuins in the regulation of cardiac fibrosis and their potential as 
targets for novel anti-fibrotic therapies.

2. Sirtuin-mediated regulation of cardiac fibrosis: isoform- 
specific mechanisms

Sirtuins, a highly conserved family of NAD⁺-dependent protein 
deacetylases, have emerged as critical regulators of diverse cellular 
processes including metabolism, stress response, DNA repair, and aging 
[42]. In mammals, seven sirtuin isoforms (SIRT1–7) have been identi
fied, exhibiting distinct subcellular localizations and functions: SIRT1, 
SIRT6, and SIRT7 are predominantly nuclear; SIRT3, SIRT4, and SIRT5 
are mitochondrial; SIRT2 is primarily cytoplasmic [43]. As an overall 
perspective on the sirtuins studied so far in the context of cardiac 
fibrosis, SIRT1, SIRT3, SIRT6, and SIRT7 generally exert protective, 
anti-fibrotic effects, whereas SIRT2 and SIRT5 may act in a 
context-dependent or opposing manner [44] (Table 1). Their enzymatic 
activity is intrinsically linked to cellular NAD⁺ levels, allowing sirtuins to 
function as metabolic sensors that coordinate cellular responses to 

Table 1 
Sirtuin isoforms and their roles in the regulation of cardiac fibrosis. 
Overview of the different sirtuin isoforms, including their cellular localization, 
enzymatic activity, and the molecular mechanisms or signaling pathways 
through which they modulate cardiac fibrosis.

Isoform Localization Enzimatic 
function

Molecular 
mechanism/ 
pathways

References

SIRT1 Nucleus NAD⁺-dependent 
deacetylase

↓ TGF-β/Smad2/3 
signaling

[51]

↓ ER stress [52]
↓ ROS 
accumulation

[53]

↓ Glycolysis and 
O-GlcNAc 
signaling

[57]

↓ Notch1 
signaling

[59]

↓ HIF− 1α activity [60]
↓ TGF-β1 and 
IL− 6

[60]

↑ Nrf2/Keap1 
pathway

[93]

↑ AMPK pathway [55]
↑ AKT/GSK3β 
pathway

[58]

SIRT2 Cytoplasm NAD⁺-dependent 
deacetylase

↓ TLR4–p53 
apoptotic 
signaling

[64]

↑ AMPK (via LKB1 
deacetylation)

[63]

SIRT3 Mitochondria Mitochondrial 
decetylase

↓ ROS [65]
↓ TGF-β1 
signaling

[65]

↓ Collagen 
synthesis; 
↓ α-SMA

[65]

↓ DRP1-mediated 
mitochondrial 
fragmentation

[65]

↓ lipid 
peroxidation

[68]

↓ GPX4 [68]
↓ p53 acetylation [68]
↓ Ferroptosis 
(via 
Ferrostatin− 1)

[69]

↑ AMPK (via 
FOXO3)

[66]

↑ Mitochondrial 
biogenesis and 
mitophagy (via 
MnSOD, IDH2, 
PGC− 1α)

[67]

SIRT5 Mitochondria NAD⁺-dependent 
mitochondrial 
desuccinylase

↑ IDH2 
desuccinylation

[70]

↑ Mitochondrial 
antioxidant 
defenses

[70]

SIRT6 Nucleus Nuclear 
NAD⁺-dependent 
deacetylase and 
ADP- 
ribosyltransferase

↓ TGF‑β/Smad 
signaling

[72]

↓ CTGF, COL1A1, 
α‑SMA

[71]

↓ NF‑κB signaling [77]
↓ CTGF, FKN, 
TGF-β1

[78]

↑ AMPK–FOXO3a 
axis

[71]

↑ Mitochondrial 
biogenesis and 
mitophagy (via 
PGC‑1α, NRF1, 
TFAM, PINK1/ 
Parkin)

[71]

↑ Epigenetic 
silencing (H3K9, 

[72]

(continued on next page)
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nutritional and environmental cues [45]. Sirtuins have emerged as 
critical regulators of cardiac fibrosis as well, through their ability to 
modulate multiple cellular processes implicated in fibrotic remodeling 
[46–48]. The NAD⁺-dependent deacetylase activity of sirtuins enables 
post-translational modification of histones and non-histone proteins, 
thereby influencing gene expression, protein function, and cellular 
signaling pathways that govern, among others, fibroblast activation and 
ECM homeostasis [39,40]. Importantly, sirtuins play a pivotal role in 
regulating cellular senescence, a key driver of age-related cardiac 
fibrosis, thereby indirectly mitigating fibrotic remodeling. By promoting 
genomic stability, modulating oxidative stress responses, and main
taining mitochondrial function, sirtuins (particularly SIRT1, SIRT2, and 
SIRT6) can delay the onset of senescence in cardiac fibroblasts [49]. This 
anti-senescent activity not only maintains the longevity and functional 
integrity of cardiac stromal cells, but also contributes to preserving a 
more youthful and regenerative myocardial environment [50].

With this premise, this section examines in detail the diverse 
mechanisms through which different sirtuin isoforms modulate cardiac 
fibrosis, highlighting their potential as therapeutic targets for fibrotic 
cardiovascular diseases.

2.1. SIRT1: a central node in anti-fibrotic signaling

Sirtuin 1 (SIRT1) plays a multifaceted role in regulating cardiac 
fibrosis by targeting both oxidative stress and profibrotic gene expres
sion. SIRT1 inhibits cardiac fibroblast-to-myofibroblast differentiation 
by deacetylating Smad2/3, thereby reducing transcription of fibrotic 
markers such as α-SMA and collagen I/III [51]. This antifibrotic mech
anism is reinforced by its ability to suppress ER stress and ROS accu
mulation [44,45]. Moreover, SIRT1 plays a protective role in 
DOX-induced cardiotoxicity by mediating ferroptosis reduction via the 
Nrf2/Keap1 pathway [54].

SIRT1 also mediates the cardioprotective effects of exercise-induced 
myokines. Resistance exercise upregulates FNDC5/irisin, which acti
vates the AMPK-SIRT1 axis, thereby inhibiting TGF-β1-Smad2/3 
signaling and reducing fibrosis post-myocardial infarction [55]. Simi
larly, irisin-mediated SIRT1 activation has been linked to reduced 
fibrosis and improved cardiac structure in diabetic models [56]. In 
aging-related cardiac dysfunction models, SIRT1 activation via 
increased glycolytic flux and O-GlcNAc signaling, triggered by adipo
kine Isthmin-1, was shown to attenuate insulin resistance, reduce 
inflammation, and improve diastolic function [57].

Post-translational modifications enhance SIRT1 stability and activ
ity. Epicatechin-induced SUMOylation of SIRT1 inhibits cardiac fibro
blast activation via the AKT/GSK3β pathway [58]. Furthermore, the 
traditional Chinese medicine “Bushen Huoxue Yiqi Formula” alleviates 
fibrosis through a SIRT1/Notch1-dependent suppression of 

endothelial-to-mesenchymal transition [59]. SIRT1 suppresses HIF-1α 
activity by deacetylating it under hypoxic conditions, thereby limiting 
the expression of pro-fibrotic and pro-inflammatory genes such as 
TGF-β1 and IL-6. This mechanism has been shown to attenuate adipose 
tissue fibrosis and inflammation [60], with likely parallels in cardiac 
fibroblast behavior. Downregulation of SIRT1 was reported in atrial 
fibrosis in a porcine atrioventricular block model, associated with 
reduced expression of GADD45G, highlighting its transcriptional role in 
suppressing maladaptive ECM remodeling [61].

Additionally, SIRT1 exerts its antifibrotic effects not only by deace
tylating transcription factors like FOXO3a and p53, but also by remod
eling chromatin structure to suppress the expression of pro-fibrotic and 
inflammatory genes. In a recent study using in vivo models of myocar
dial fibrosis induced by TAC in mice, SIRT1 was shown to inhibit tran
scription of TGF-β1, collagen I, and inflammatory cytokines by reducing 
histone acetylation at their promoters. This epigenetic silencing un
derscores SIRT1 role as a transcriptional repressor that limits fibroblast 
activation and ECM deposition [62].

Taken together, these findings point to SIRT1 as a pivotal regulator of 
cardiac fibrosis, acting through transcriptional repression, redox ho
meostasis, and post-translational modification of key signaling proteins. 
By modulating key transduction proteins, such as Smad2/3, FOXO3a, 
HIF-1α, and p53, and by remodeling chromatin to silence pro-fibrotic 
and inflammatory genes, SIRT1 orchestrates an epigenetic and meta
bolic program that counteracts fibroblast activation and ECM deposition 
in various pathological settings and models of cardiomyopathy.

2.2. SIRT2: regulation of stress responses via LKB1-AMPK and p53

SIRT2 exerts cardioprotective effects predominantly by modulating 
energy metabolism and oxidative stress. SIRT2 deacetylates liver kinase 
B1 (LKB1), thereby activating AMPK, a key regulator of cellular energy 
balance. In models of aging and Ang II-induced hypertrophy, SIRT2 
deficiency exacerbated fibrosis, impaired ejection fraction, and blunted 
the cardioprotective effects of metformin. Conversely, cardiac-specific 
SIRT2 overexpression preserved cardiac structure and function [63].

Mechanistically, SIRT2 also deacetylates p53 to regulate apoptosis in 
inflammatory contexts such as TLR4 activation, linking immune 
signaling to fibrosis progression via mitochondrial dysfunction [64]. In 
the cardiac context, such SIRT2-mediated control of p53 may help limit 
fibroblast apoptosis and oxidative stress, thereby modulating fibrosis 
under inflammatory stress.

Overall, SIRT2 plays some roles in cardiac fibrosis containment, 
albeit studies not being as abundant on heart pathology as for other 
members of the sirtuin family.

2.3. SIRT3: Mitochondrial checkpoint in fibroblast ferroptosis and 
oxidative stress control

SIRT3, a mitochondrial deacetylase, protects against cardiac fibrosis 
by attenuating ROS production and inhibiting TGF-β1 signaling. In Ang 
II-treated fibroblasts and in fibrosis models induced by TAC, treatment 
with the antioxidant molecule hydrogen sulfide (H₂S) upregulated 
SIRT3, suppressing collagen synthesis, α-SMA expression, and DRP1- 
mediated mitochondrial fragmentation. These protective effects were 
absent in SIRT3 knockout mice, highlighting its essential role in anti
fibrotic defense, indeed showing that H₂S exerts its protective effects 
through oxidative stress inhibition, at least in part, via a SIRT3- 
dependent manner [65].

In addition, the role of SIRT3 in diabetic myocardial fibrosis is 
further supported by evidence that miR-200a-3p suppresses the SIRT3/ 
AMPK signaling axis, aggravating cardiac injury and fibrosis. In a dia
betic cardiomyopathy model, overexpression of miR-200a-3p led to 
reduced SIRT3 and AMPK activity via repression of the upstream regu
lator FOXO3, highlighting a post-transcriptional regulatory mechanism 
that undermines SIRT3-mediated antifibrotic protection [66].

Table 1 (continued )

Isoform Localization Enzimatic 
function 

Molecular 
mechanism/ 
pathways 

References

H3K56 
deacetylation)
↑ Telomere 
integrity 
(TERT, TRF1)

[74]

↑ Nrf2–FUNDC1 
axis

[75]

↑ Stabilization 
through USP10

[76]

↑ AMPK–ACE2 
pathway

[70]

SIRT7 Nucleus Nuclear 
NAD⁺-dependent 
deacetylase

↓ GATA4 
acetylation

[80]

↓ mitochondrial 
biogenesis

[81]
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SIRT3 also supports mitochondrial biogenesis and mitophagy by 
deacetylating metabolic enzymes such as MnSOD, isocitrate dehydro
genase 2 (IDH2), and PGC-1α. It preserves NAD⁺-dependent deacetyla
tion cascades critical for mitochondrial function.

SIRT3 also interacts with energy sensors like AMPK and transcrip
tional regulators such as PPARγ, enhancing cardiolipin biosynthesis and 
oxidative phosphorylation integrity [67]. In fact, SIRT3 plays a critical 
role in maintaining redox homeostasis and suppressing cardiac fibrosis 
through regulation of ferroptosis. Knockout models demonstrate exac
erbated cardiac dysfunction with increased mitochondrial lipid peroxi
dation, decreased GPX4, and heightened p53 acetylation [68]. 
Restoration of mitochondrial aconitase activity and iron-sulfur clusters 
via ferroptosis inhibition by ferrostatin-1 rescues these phenotypes, 
confirming the role of SIRT3 in preventing iron-dependent fibroblast 
death and fibrotic remodeling [69].

Altogether, the evidence suggests SIRT3 as a central mitochondrial 
gatekeeper against cardiac fibrosis, coordinating redox balance, mito
chondrial dynamics, and metabolic signaling. Through deacetylation of 
antioxidant enzymes, regulation of mitophagy and ferroptosis, and 
suppression of TGF-β1 and p53 pathways, SIRT3 maintains car
diomyocyte and fibroblast homeostasis, highlighting its potential ther
apeutic relevance in different kinds of heart diseases.

2.4. SIRT5: mitochondrial desuccinylation and antioxidant regulation

SIRT5 has been studied much less in the heart so far, compared to the 
other sirtuins. Nonetheless, it is emerging as a mitochondrial desucci
nylase involved in fine-tuning energy metabolism and antioxidant ca
pacity. The anti-oxidant and anti-inflammatory flavonoid quercetin 
promote IDH2 desuccinylation through SIRT5, enhancing mitochondrial 
antioxidant defenses and suppressing fibrosis in diabetic and pressure 
overload models [70]. More studies are certainly needed to look deeper 
into its mechanisms and interactions related to cardiac fibrosis and 
diseases.

2.5. SIRT6: Epigenetic gatekeeper of fibroblast activation and 
mitochondrial homeostasis

SIRT6, a nuclear sirtuin with deacetylase and mono-ADP- 
ribosyltransferase activity, plays a central role in modulating fibrotic 
signaling, metabolic stress, and fibroblast differentiation during cardiac 
remodeling. Its actions span transcriptional repression, mitochondrial 
protection, and modulation of redox and inflammatory pathways. In 
models of chronic intermittent hypoxia, SIRT6 overexpression markedly 
attenuated myocardial fibrosis and improved mitochondrial integrity 
via the AMPK–FOXO3a axis. Activation of mitochondrial biogenesis and 
mitophagy (via PGC-1α, NRF1, TFAM, and PINK1/Parkin) coincided 
with reduced expression of TGF-β, COL1A1, and α-SMA, confirming 
SIRT6 role in coordinating metabolic and anti-fibrotic responses [71].

SIRT6 exerts antifibrotic effects primarily through transcriptional 
repression of the TGF-β/Smad signaling cascade. Maity et al. demon
strated that SIRT6 binds to promoters of key fibrotic genes and deace
tylates H3K9 and H3K56, thereby silencing Smad3-driven gene 
transcription [72]. Interestingly, aging was associated with reduced 
SIRT6 chromatin binding and increased SMAD3 occupancy, correlating 
with elevated fibrosis in vivo. Sundaresan et al. demonstrated that SIRT6 
acts as a negative regulator of pathological cardiac hypertrophy by 
repressing IGF-Akt signaling through H3K9 deacetylation and inhibition 
of c-Jun. Their findings, based on mouse models and human heart 
samples, underscore the epigenetic role of SIRT6 in heart failure and its 
potential as a therapeutic target [73].

Additional evidence from a TAC model showed that lentiviral SIRT6 
overexpression upregulated TERT and TRF1, preserved telomere integ
rity, and limited cardiac fibrosis and inflammation, correlating with 
improved survival and ventricular function [74]. Moreover, in a 
doxorubicin-induced cardiomyopathy model, SIRT6 restored 

mitochondrial biogenesis and ATP production via the Nrf2–FUNDC1 
axis, reducing necroptosis, oxidative injury, and ECM accumulation 
[75], evidencing a very wide cardioprotective effect.

Mechanistically, SIRT6 interacts with deubiquitinase USP10, which 
stabilizes SIRT6 protein levels. Loss of USP10 led to decreased SIRT6 
abundance, exacerbated hypertrophy, and impaired Akt signaling [76]. 
Furthermore, SIRT6 inhibits myofibroblast differentiation through 
suppression of NF-κB transcriptional activity. Its knockdown increases 
α-SMA and fibronectin levels, while its overexpression reverses Ang 
II-induced fibroblast activation. Consistently, NF-κB inhibition reestab
lishes the antifibrotic phenotype, implicating a SIRT6–NF-κB axis in 
fibrosis regulation [77].

In Ang II-infused hypertensive rats, SIRT6 was found to activate the 
AMPK–ACE2 pathway while repressing CTGF, FKN, TGF-β1, and 
collagen I/III expression, highlighting its role also in RAS modulation 
and redox control [78]. Conversely, inhibition of SIRT6 with 
OSS-128167 aggravated apoptosis, oxidative stress, and fibrosis in dia
betic cardiomyopathy, confirming its protective role in inflammatory 
cardiac remodeling [79]. SIRT6 also contributes to chromatin remod
eling through its activity on histone substrates (H3K9 and H3K56) and 
modulates key transcription factors like FOXO3a, integrating metabolic 
stress with gene silencing programs.

Overall, these findings highlight SIRT6 as a central regulator of 
cardiac homeostasis and damage response, orchestrating the antifibrotic 
and cardioprotective programs through epigenetic modulation, mito
chondrial control, and suppression of pro-fibrotic and inflammatory 
signaling, possibly offering a promising therapeutic target in diverse 
models of pathological cardiac remodeling.

2.6. SIRT7: context-dependent roles in cardiac remodeling

SIRT7 displays context-specific and sometimes opposing roles in 
cardiac remodeling, depending on the metabolic and cellular environ
ment. In cardiomyocyte-specific knockout models, SIRT7 deficiency 
significantly exacerbates pressure overload-induced hypertrophy and 
fibrosis. Mechanistically, SIRT7 interacts with the transcription factor 
GATA4, deacetylating it and thereby repressing the transcription of pro- 
hypertrophic and fibrotic genes. In the absence of SIRT7, hyper
acetylated GATA4 promotes maladaptive gene expression, leading to 
increased ECM deposition and ventricular dysfunction [80].

Conversely, SIRT7 overexpression under pathological conditions 
may also contribute to fibrosis. In a study examining the effects of 
β-hydroxybutyrate (a ketogenic metabolite)-mediated chronic elevation 
of SIRT7 resulted in the suppression of mitochondrial biogenesis and 
enhanced cardiac fibrosis in both rodent models and human atrial tissue. 
This suggests that SIRT7 activation, when dysregulated or sustained in 
certain metabolic contexts, may shift from a protective to a maladaptive 
phenotype [81].

These findings highlight the dual nature of SIRT7 in fibrosis: as a 
repressor of GATA4-mediated transcription in homeostatic settings, as 
well as a potential pro-fibrotic factor when abnormally activated by 
metabolic cues. Therefore, future studies are needed to further elucidate 
the precise conditions under which SIRT7 modulation may be beneficial 
versus harmful in cardiac remodeling.

3. Development of therapeutic strategies targeting sirtuins in 
cardiac fibrosis

3.1. NAD⁺ precursors: enhancing sirtuin activity and antifibrotic 
remodeling

NAD⁺ functions as a critical co-substrate for all sirtuin isoforms and 
plays a pivotal role in maintaining mitochondrial redox balance and 
cellular homeostasis. In the context of cardiac fibrosis, declining NAD⁺ 
levels are commonly observed during aging, metabolic stress, or car
diovascular injury, and lead to impaired sirtuin activity, exacerbated 
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oxidative stress, and maladaptive fibroblast activation. NAD⁺ precursors 
such as nicotinamide mononucleotide (NMN) and nicotinamide riboside 
(NR) have emerged as promising therapeutic agents to restore intra
cellular NAD⁺ pools and reactivate sirtuin-dependent antifibrotic 
mechanisms (Table 2). Seminal studies have provided insights into how 
NAD⁺ depletion compromises sirtuin activity and accelerates cellular 
aging and stress responses. For instance, Belenky et al. [82] and Avalos 
et al. [83] have demonstrated that intracellular NAD⁺ fluctuations 
regulate chromatin silencing and stress resistance via sirtuin activation, 
and these concepts have since been extended to cardiac physiology. 
Recent preclinical studies underscore the therapeutic value of NAD⁺ 
supplementation in cardiac fibrosis models. Diguet et al. [84] demon
strated that long term administration of NR in mice with pressure 
overload-induced heart failure restored cardiac NAD⁺ levels, improved 
mitochondrial respiration, and significantly reduced fibrosis and hy
pertrophy via sirtuins activation. Mechanistically, NAD⁺ replenishment 

promotes the deacetylase activity of sirtuins (particularly SIRT1 and 
SIRT3), leading to downstream effects including suppression of 
pro-fibrotic transcription factors, activation of mitochondrial biogenesis 
(via PGC-1α), and inhibition of myofibroblast activation. In a study by 
Zhang et al. [85], systemic NAD⁺ augmentation through NMN not only 
improved cardiac energetics, but also repressed inflammatory cytokine 
production and ECM gene expression.

While human data remain limited, preliminary clinical trials evalu
ating NR and NMN for metabolic and vascular benefits have shown 
favorable safety profiles and bioavailability, supporting their trans
lational potential in cardiovascular settings. Notably, Martens et al. re
ported improved aortic stiffness and reduced inflammatory markers in 
middle-aged and older adults supplemented with NR, suggesting po
tential indirect benefits on cardiac remodeling [86,87].

Taken together, these findings suggest that NAD⁺ precursor supple
mentation may serve as a direct strategy in sirtuin-targeted therapy, 

Table 2 
Classes of compounds targeting sirtuin isoforms as potential therapeutic strategies for cardiac fibrosis. Summary and classification of compounds, targeted 
sirtuins, and their proposed therapeutic effects in the context of cardiac fibrosis.

Classification Compound Sirtuin 
target

Mechanism/Therapeutic effect References

NAD+ -precursors NR (Nicotinamide Riboside) SIRT1, 
SIRT3

Restoration of NAD⁺ levels; mitochondrial respiration enhancement; reduction of 
fibrosis and hypertrophy

[84]

Nicotinamide Mononucleotide 
(NMN)

SIRT1, 
SIRT3

Improvement of cardiac energetics; repression of cytokines and ECM gene expression [85]

Natural 
Compounds

Selenium SIRT1 Antioxidant and antifibrotic activity [97]
Resveratrol SIRT1 Suppression of collagen I/III expression and ventricular function improvement [88]
Astaxanthin SIRT1 Inhibition of collagen synthesis [89]
Phloretin SIRT1 Reduction of inflammation and fibrosis under hyperglycemic stress [90]
Curcumin SIRT1 Suppression of TGF-β1 and collagen I/III expression [91]
Tetrahydrocurcumin (THC) SIRT1, 

SIRT3
Suppression of TGFβ1/Smad3 fibrotic signaling cascade (SIRT1); 
restoration of Nrf2 nuclear translocation and SIRT3 signaling

[92,102]

Puerarin SIRT1 Inhibition of ferroptosis and ROS accumulation; 
limitation of iron overload

[93]

Calotropin SIRT1 Enhancement of calcium handling via FOXD3/SERCA2a; 
Suppression of fibrotic remodeling

[36]

Geniposide SIRT1 Reduction of oxidative stress, inflammation, apoptosis and collagen accumulation; 
inhibition of ER stress

[95,96]

Schisandrin B SIRT1 Inhibition of oxidative stress, inflammation and ferroptosis; upregulation of 
SLC7A11, GPX4, and FTH1

[94]

Colchicine SIRT2 Suppression of NLRP3 activation and improving of overall cardiac function [98]
Pinocembrin SIRT3 Suppression of mitochondrial dysfunction and pyroptosis via SIRT3/Nrf2 pathway [99]
SFYX Granules SIRT3 Enhancement of mitochondrial autophagy and reduction of both oxidative damage 

and apoptosis
[100]

Icariin SIRT6 Suppression of NF-κB signaling and pro-inflammatory gene expression [103]
Ellagic acid SIRT6 Promotion of biogenesis and mitophagy; reduction of inflammation and interstitial 

collagen deposition
[104]

Quercetin and Luteolin SIRT6 Suppression of TGF-β/Smad3 signaling; antioxidant and antifibrotic effects at high 
doses

[105]

Synthetic 
Compounds

LF10 SIRT1 Reduction of oxidative stress, inflammation, hypertrophy, and fibrosis [114]
Z18 SIRT2 Selective inhibition of SIRT2 and downregulation 

of TGF-β1/Smad2/3
[115]

Empagliflozin SIRT3 Promotion of SIRT3-dependent autophagy; 
preservation of both cardiac structure and function

[122]

INO− 1001 SIRT1 Cardioprotection via PGC− 1α activation; loss of effect upon SIRT1 silencing [120]
Shikonin SIRT1 Reduction of fibrosis, apoptosis, inflammation and autophagic dysregulation [121]
Semaglutide 
(semisynthetic)

SIRT3 Anti-inflammatory and antifibrotic activity by SIRT3 restoration [101]

2-APQC SIRT3 Activation of SIRT3 via L-pocket binding; reversal of hypertrophy and fibrosis [116]
SZC− 6 SIRT3 Coumarin-based activation of SIRT3; enhancement of ATP production; oxidative 

stress control
[117]

SKLB− 11A SIRT3 Increase of catalytic efficiency; promotion of mitophagy; protection against 
ischemia/reperfusion injury and doxorubicin cardiotoxicity

[118]

RU.521 SIRT3 Fine-tuning enzymatic activity; improvement of mitochondrial function [119]
Indirect Sirtuin Modulation 

Strategies
Dipeptide IF SIRT1 Activation of AMPK/SIRT1/PGC− 1α pathway; reduction of fibrosis and oxidative 

stress
[125]

Dapagliflozin SIRT1, 
SIRT6

Inhibition of EndMT and HIF− 1α/Notch1 (via SIRT1); reduction of ROS, α-SMA and 
collagen (via SIRT6)

[50,126, 
127]

Empagliflozin SIRT6 Upregulation of SIRT6; suppression of NOX4-driven ROS [127]
Choline SIRT3 Restoration of mitochondrial function; reduction of ROS and fibrosis [128]
Angiotensin-(1− 7) SIRT3 SIRT3-dependent alleviation of cardiac hypertrophy and fibrosis [129]
Hydrogen sulfide (NaHS) SIRT3 Suppression of RIPK1/RIPK3 necroptosis; preservation of mitochondrial dynamics; 

reduction of ECM accumulation
[130]
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especially in fibrotic cardiomyopathies. While human clinical data are 
still emerging, preclinical studies provide strong mechanistic and ther
apeutic justification for further exploration of NAD⁺-boosting regimens 
in patients with fibrotic cardiac diseases.

3.2. Natural compounds activators of sirtuins

Sirtuin-targeted small molecules can be broadly categorized into 

natural and synthetic agents, both capable of modulating key fibrotic 
pathways (Table 2). Natural compounds often derive from dietary or 
plant-based sources, while synthetic molecules are engineered for 
enhanced specificity and potency. These agents exert anti-fibrotic effects 
through direct activation of sirtuins, as well as by modulating upstream 
or downstream metabolic and inflammatory pathways (Figs. 1, 2 and 3).

A wide array of natural products has been identified as potent acti
vators of sirtuins, contributing to the attenuation of cardiac fibrosis 

Fig. 1. Natural and synthetic compounds targeting nuclear SIRT1 and SIRT6, and their associated anti-fibrotic molecular pathways. Various classes of compounds, 
either natural (blue hues) or synthetic (violet hues), are employed to activate SIRT1 (top) and SIRT6 (bottom). These compounds modulate specific molecular 
pathways to suppress pro-fibrotic processes (indicated in red boxes) and promote anti-fibrotic responses (indicated in green boxes). Blue hues: natural compounds 
and the related molecular pathways; violet hues: synthetic compounds and the related molecular pathways; red boxes: down-regulated processes; green boxes: up- 
regulated processes. This figure was created using Biorender.com.
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through antioxidant, anti-inflammatory, and mitochondrial regulatory 
pathways. These compounds, derived from plants, foods, or multi- 
component herbal medicines, primarily target SIRT1 or SIRT3, and 
exert protective effects against pathological remodeling in various pre
clinical models of cardiovascular injury. Hereafter we provide a selected 

list of compounds, grouped by target and chemical nature, with a brief 
overview of their mechanism of action.

3.2.1. Phenolic compounds and flavonoids: SIRT1-mediated transcriptional 
regulation

Among the most extensively studied natural sirtuin activators, 
resveratrol stands as the canonical SIRT1 activator. This plant-derived 
phenolic compound suppresses myocardial fibrosis in rats with dilated 
cardiomyopathy by enhancing SIRT1-mediated deacetylation of Smad3, 
which leads to reduced expression of collagen type I/III and improved 
ventricular function [88]. Similarly, astaxanthin, a xanthophyll carot
enoid, activates SIRT1 and inhibits the acetylation of TGF-β/Smad2/3 
signaling components, thereby suppressing collagen synthesis in 
pressure-overload models [89].

Dietary flavonoids represent another important class of SIRT1 acti
vators with antifibrotic properties. Phloretin, found in apples, directly 
binds to SIRT1 and enhances its expression in cardiomyocytes under 
hyperglycemic stress, leading to reduced inflammation and fibrosis in 
diabetic cardiomyopathy models [90]. Curcumin, extracted from 
turmeric, has demonstrated marked antifibrotic effects in myocardial 
infarction models by upregulating SIRT1, and suppressing TGF-β1 and 
collagen I/III expression. Importantly, these protective effects were 
abolished when SIRT1 was silenced, underscoring the dependency on 
SIRT1 signaling [91]. The bioactive metabolite of curcumin tetrahy
drocurcumin (THC) exhibits distinct cardioprotective effects in different 
pathological contexts. In diabetic cardiomyopathy, THC improves car
diac function, and attenuates myocardial fibrosis and hypertrophy by 
activating the SIRT1 pathway, promoting SOD2 deacetylation, and 
reducing ROS production. These actions suppress the TGF-β1/Smad3 
fibrotic signaling cascade, highlighting THC role in oxidative stress 
regulation and fibrosis inhibition [92].

Medicinal compounds have also shown promise as SIRT1 activators. 
Puerarin, an isoflavone derived from Pueraria lobata, activates the 

Fig. 2. Bioactive compounds acting on mitochondrial SIRT3 and SIRT5 and their involvement in anti-fibrotic signaling pathways. Different groups of bioactive 
molecules, either natural (blue hues) or synthetic (violet hues), are used to activate SIRT3 and SIRT5 within mitochondria. These agents influence distinct molecular 
pathways that contribute to the inhibition of pro-fibrotic mechanisms (indicated in red boxes) and the enhancement of anti-fibrotic processes (indicated in green 
boxes). Blue hues: natural compounds and the related molecular pathways; violet hues: synthetic compounds and the related molecular pathways; red boxes: down- 
regulated processes; green boxes: up-regulated processes. This figure was created using Biorender.com.

Fig. 3. Natural and synthetic modulators of cytoplasmic SIRT2 and their in
fluence on fibrotic signaling pathways. SIRT2 activity in the cytoplasm can be 
modulated by a single natural compound (blue hue) and a single synthetic 
compound (violet hue). These agents act on specific molecular pathways that 
contribute to the inhibition of pro-fibrotic mechanisms (highlighted in red 
boxes). Blue hue: natural compound and its associated pathway; violet hue: 
synthetic compound and its associated pathway; red boxes: suppressed pro
cesses. This figure was created with Biorender.com.
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SIRT1/Nrf2 axis and attenuates ferroptosis-driven fibrosis in high-fat 
diet models by limiting ROS accumulation and iron overload [93]. 
Calotropin, a cardenolide compound, promotes cardiac protection in 
ischemic models by activating the SIRT1/FOXD3/SERCA2a axis, 
enhancing calcium handling and suppressing fibrotic remodeling [43]. 
Schisandrin B, extracted from the Chinese plant Schisandra chinensis, 
has been shown to exert cardioprotective effects against Ang II-induced 
atrial fibrosis and atrial fibrillation by inhibiting oxidative stress, 
inflammation, and ferroptosis through activation of SIRT1 both in vivo 
and in vitro. Schisandrin B reduced ROS production, Fe²⁺ accumulation, 
and pro-inflammatory cytokines (IL-1β, TNF-α, IL-6), while increasing 
the expression of SIRT1, SLC7A11, GPX4, and FTH1. These protective 
effects were reversed by EX-527, a SIRT1 inhibitor, indicating a 
SIRT1-dependent mechanism [94]. Geniposide, a glycoside from me
dicinal herbs, represents a particularly versatile SIRT1 activator, alle
viating cardiac fibrosis in heart failure with preserved ejection fraction 
through the MMP2/SIRT1/GSK3β signaling pathway, leading to 
reduced oxidative stress, inflammation, apoptosis, and collagen accu
mulation in the myocardium [95]. Additionally, geniposide combats 
cardiac fibrosis by inhibiting oxidative stress, endoplasmic reticulum 
stress, and acetylated-Smad3 in a SIRT1-dependent manner [96]. 
Finally, selenium, when used in supra-physiological doses, activates the 
SIRT1/AKT/GSK-3β pathway in both pressure overload and 
isoproterenol-induced heart failure models, with its antioxidant and 
antifibrotic effects being completely abolished upon SIRT1 silencing 
[97].

3.2.2. Colchicine: SIRT2-mediated inflammasome suppression
While fewer natural compounds have been identified as specific 

SIRT2 activators, colchicine treatment represents a notable example of 
SIRT2-mediated cardioprotection (Fig. 3). This plant-derived alkaloid 
significantly reduced myocardial fibrosis and neutrophilic infiltration in 
a murine model of doxorubicin-induced dilated cardiomyopathy 
through upregulation of SIRT2, which suppressed NLRP3 inflammasome 
activation and improved overall cardiac function. Pharmacological in
hibition of SIRT2 abolished the protective effects of colchicine, con
firming the direct role of SIRT2 in mediating these benefits [98].

3.2.3. Mitochondrial-targeting bioactives: SIRT3-mediated redox 
homeostasis

Natural compounds targeting SIRT3 primarily focus on mitochon
drial protection and oxidative stress reduction (Fig. 2). Pinocembrin, a 
flavonoid extracted from honeybee propolis and rhizomes of Boe
senbergia pandurate, exerts cardioprotective effects through activation 
of the SIRT3/Nrf2 pathway, thereby suppressing mitochondrial 
dysfunction and pyroptosis in doxorubicin cardiotoxicity models [99]. 
The traditional multi-herbal formulation Shenfuyixin Granules (SFYX) 
activates the SIRT3/FOXO1 axis, instead, enhancing mitochondrial 
autophagy and reducing oxidative damage and apoptosis in myocardial 
infarction models [100]. Additionally, THC demonstrates dual sirtuin 
targeting, as it also preserves mitochondrial integrity and limits oxida
tive stress by restoring Nrf2 nuclear translocation and SIRT3 signaling 
following myocardial infarction [101].

3.2.4. Chromatin-modulating polyphenols: SIRT6-mediated epigenetic 
regulations

A growing body of evidence supports the role of specific polyphenols 
as SIRT6 activators with antifibrotic properties (Fig. 1). Icariin, a 
flavonoid extracted from Epimedium, acts as an indirect activator of 
SIRT6 and has demonstrated antifibrotic effects in aging hearts. In aged 
mice, icariin significantly upregulated SIRT6 expression and enzymatic 
activity, leading to the suppression of NF-κB signaling and its pro- 
inflammatory gene targets, including TNF-α, IL-6, and ICAM-1. This 
SIRT6-mediated inhibition of chronic inflammation was associated with 
an anti-fibrotic phenotype [102].

Ellagic acid, a natural polyphenol found in berries and 

pomegranates, has been identified as a direct activator of SIRT6 and 
shown to protect the myocardium in doxorubicin-induced cardiotoxicity 
models. SIRT6 activation enhanced mitochondrial quality control by 
promoting biogenesis and mitophagy via SGK1 deacetylation, with these 
metabolic improvements being accompanied by reduced inflammation 
and cardiomyocyte death, contributing to decreased interstitial collagen 
deposition [103]. Other polyphenols, including quercetin and luteolin, 
have also been shown to activate SIRT6 at higher concentrations, 
demonstrating antifibrotic effects in pressure-overload models through 
mechanisms involving SIRT6-mediated repression of TGF-β/Smad3 
signaling and oxidative stress reduction [104].

3.2.5. Translational barriers for natural compounds
Despite their potent sirtuins-mediated antifibrotic effects, most nat

ural compounds (e.g. resveratrol, curcumin) exhibit extremely poor 
pharmacokinetics, including low oral absorption, rapid metabolism, and 
short half-lives, which necessitate high dosing and have contributed to 
disappointing outcomes in clinical trials [105]. To address these limi
tations, researchers have explored chemical modification and advanced 
delivery strategies. These include methylated or conjugated derivatives, 
as well as nano-formulations such as liposomes, polymeric micelles, and 
lipid nanoparticles, which enhance solubility, stability, and tissue tar
geting [106]. Preclinical studies consistently demonstrated that such 
approaches markedly improve therapeutic efficacy. For example, 
nano-encapsulated curcumin (liposomal or polymeric “nanocurcumin”) 
achieves substantially higher bioavailability and provides stronger car
dioprotection in myocardial infarction models, reducing infarct size, 
oxidative stress, inflammation, and fibrosis, compared with free curcu
min [107]. Similarly, a β-cyclodextrin inclusion complex of THC (a 
curcumin metabolite) increased aqueous dispersion by 65-fold and 
produced superior antitumor activity in mice [108]. Liposomal resver
atrol also outperformed free resveratrol in reducing 
isoproterenol-induced cardiac injury in rats [109], while nanoparticle or 
conjugate formulations of resveratrol generally enhanced both 
bioavailability and anti-inflammatory potency [110]. Additional ex
amples include polymeric nanoparticles of puerarin, which increased 
relative bioavailability by ~5-fold, with amplified anti-inflammatory 
effects in vivo [111], and nanostructured lipid-carrier astaxanthin, 
which significantly reduced myocardial injury markers and inflamma
tion in a rat myocardial infarction model [112]. Collectively, these 
findings indicate that, although natural sirtuin modulators possess 
intrinsic antifibrotic potential, overcoming their pharmacokinetic bar
riers through structural optimization or nanodelivery platforms is 
essential. Only with such advances can their strong preclinical efficacy 
be effectively translated into clinical benefit.

3.3. Synthetic compounds and pharmacological agents

While natural compounds provide valuable proof-of-concept for 
sirtuin-targeted therapy, synthetic molecules offer the advantage of 
enhanced selectivity, improved pharmacokinetic properties, and greater 
translational potential (Figs. 1, 2 and 3). The development of synthetic 
sirtuin modulators (Table 2) has focused on addressing the limitations of 
natural compounds, including poor bioavailability, off-target effects, 
and suboptimal potency.

3.3.1. Targeted synthetic modulators
Recent advances have highlighted the therapeutic potential of 

directly activating sirtuins pharmacologically. Several targeted syn
thetic compounds have been specifically designed to modulate sirtuin 
activity with improved selectivity profiles. LF10, a thiazolone-based 
synthetic molecule, demonstrates targeted cardioprotection in diabetic 
cardiomyopathy by restoring SIRT1 expression and inhibiting MAPK 
signaling. This dual mechanism leads to reduced myocardial oxidative 
stress, inflammation, hypertrophy, and fibrosis, positioning LF10 as a 
promising candidate for treating metabolically driven cardiac 
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remodeling [113]. Z18 represents another example of novel approach to 
sirtuin modulation through selective SIRT2 inhibition. This 3-naph
thylthiophene-based compound selectively suppresses cardiac fibro
blast activation and downregulates TGF-β1/Smad2/3 signaling, 
resulting in marked reductions in myocardial fibrosis in both 
isoproterenol-treated and TAC models. Importantly, Z18 exhibits an 
excellent safety profile, supporting its potential for therapeutic devel
opment [114] (Fig. 3). Structure-guided discovery has identified small 
molecules such as 2-APQC, SZC-6, and SKLB-11A to specifically activate 
SIRT3. These compounds bind distinct allosteric pockets of SIRT3 and 
markedly enhance its deacetylase activity. For instance, 2-APQC in
teracts with an “L-pocket” adjacent to the NAD⁺ site, boosting SIRT3 
activity in a dose-dependent manner without altering protein levels, and 
reverses cardiac hypertrophy and fibrosis in rodent models in a strictly 
SIRT3-dependent fashion [115]. Similarly, SZC-6, a coumarin-derived 
agonist, directly binds SIRT3 with micromolar affinity, and improves 
mitochondrial ATP production and oxidative stress control, restoring 
cardiac function in isoproterenol-induced hypertrophy [116]. Most 
recently, SKLB-11A was shown to occupy a unique binding pocket 
around Leu298, inducing conformational changes that amplify catalytic 
efficiency and promote mitophagy, thereby protecting against ische
mia/reperfusion injury and doxorubicin cardiotoxicity [117]. Addi
tionally, another small-molecule SIRT3 activator, RU.521, has been 
characterized; it engages distinct regulatory sites to fine-tune enzymatic 
activity and mitochondrial function, further expanding the repertoire of 
potential cardioprotective therapeutics [118]. These findings provide a 
mechanistic basis for rational drug design targeting SIRT3, moving 
beyond indirect modulators (e.g. resveratrol) toward highly specific 
activators that directly engage its enzymatic machinery (Fig. 2).

3.3.2. Mechanism-Based Synthetic Approaches
Advanced synthetic strategies have focused on targeting upstream 

regulators of sirtuin activity rather than direct enzyme activation 
(Fig. 1). INO-1001, a PARP-1 inhibitor, exerts cardioprotective effects by 
activating SIRT1 and its downstream coactivator PGC-1α, thereby 
attenuating inflammation, oxidative stress, and fibrotic deposition in 
Ang II-induced diabetic hearts. The mechanism is validated by the 
complete abolition of therapeutic benefits upon SIRT1 knockdown 
[119]. Shikonin, instead, is a naphthoquinone derivative, which restores 
SIRT1/PI3K/Akt signaling in cyclophosphamide-induced cardiotoxicity 
models. This restoration is associated with significant reductions in 
fibrosis, IL-6/JAK2/STAT3 signaling, apoptosis, and autophagic dysre
gulation, demonstrating the potential for targeting multiple pathways 
through strategic sirtuin modulation [120].

3.3.3. Drug repurposing approaches for sirtuin modulation
In addition to the development of specifically active compound, the 

repurposing of existing pharmaceutical agents has revealed unexpected 
sirtuin-modulating properties in several clinically approved drugs. 
Empagliflozin, an SGLT2 inhibitor originally developed for diabetes 
management, exerts cardioprotective effects in obesity through pro
motion of SIRT3-dependent autophagy. The compound activates SIRT3 
to trigger autophagosome formation via the AMPK/Beclin1 pathway 
while enhancing membrane elongation through ATG4B/ATG5, ulti
mately preserving cardiac structure and function [121]. Specifically 
concerning cardiac fibroblasts, this is in line with studies showing that 
autophagy boosting promotes a less fibrotic phenotype in cardiac fi
broblasts [122]. Interestingly, semaglutide, although originally devel
oped as a GLP-1 receptor agonist, was found to upregulate SIRT3 and 
inhibit the RKIP/TBK1/NF-κB inflammatory axis (Fig. 2). Restoration of 
SIRT3 was necessary for semaglutide anti-inflammatory effects, high
lighting a SIRT3-dependent regulatory mechanism in diabetic cardio
myopathy [123].

4. Indirect strategies: enhancing sirtuin function through 
metabolic and mitochondrial modulation

Along the direct pharmacological activation, numerous strategies 
have emerged that enhance sirtuin activity through intervention on 
upstream metabolic signaling or by modulating mitochondrial homeo
stasis (Table 2). These strategies often involve energy-sensing pathways, 
such as AMPK, or compounds that alter redox balance and inflamma
tion, acting by restoring the cellular conditions necessary for optimal 
sirtuin function [124]. Therefore, rather than directly binding sirtuins, 
these approaches create permissive intracellular environments that in
crease sirtuin expression or promote NAD⁺ availability, nonetheless 
indirectly exerting antifibrotic effects.

One such example involves AMPK and its co-regulator PGC-1α. Ex
ercise and bioactive dietary peptides, such as the dipeptide IF, have been 
shown to activate SIRT1 and PGC-1α signaling in hypertensive rats. This 
activation led to reduction in myocardial fibrosis and oxidative stress, 
alongside improved mitochondrial biogenesis and function [125].

SGLT2 inhibitors, such as dapagliflozin and empagliflozin, originally 
developed as glucose-lowering agents, have gained attention for their 
ability to also enhance both SIRT1 and SIRT6 activity in the cardiac 
tissue. Dapagliflozin was found to inhibit endothelial-to-mesenchymal 
transition by deacetylating and suppressing pro-fibrotic mediators 
including HIF-1α and Notch1, via SIRT1 activation [126]. More 
recently, SIRT6 upregulation has been also implicated as a critical 
effector in the cardioprotective actions of these agents. In fibroblasts 
stimulated with TGF-β1 or Ang II, empagliflozin and dapagliflozin 
increased SIRT6 levels, resulting in decreased proliferation, α-SMA 
expression, and collagen I/III deposition. These effects were associated 
with suppression of NOX4-driven ROS production and were abolished 
by SIRT6 knockdown, confirming the necessity of SIRT6 in mediating 
this anti-fibrotic response [127].

Additional metabolic regulators such as choline and Ang-(1− 7) have 
also demonstrated sirtuin-dependent antifibrotic effects. Choline sup
plementation protects against Ang II-induced cardiac remodeling by 
restoring mitochondrial function and activating SIRT3, which leads to a 
reduction in ROS production and tissue fibrosis [128]. Similarly, 
Ang-(1− 7), a component of the alternative renin-angiotensin system, 
has been shown to ameliorate cardiac hypertrophy and interstitial 
fibrosis via a SIRT3-dependent mechanism, further illustrating the 
convergence of metabolic and sirtuin-mediated cardioprotection [129].

Gasotransmitters, such as the previously mentioned hydrogen sulfide 
(H₂S), also play a role in these regulatory networks. In models of 
hypoxia-induced cardiac fibrosis, exogenous H₂S administration in the 
form of sodium hydrosulfide (NaHS) upregulated SIRT3, suppressed 
RIPK1/RIPK3-dependent necroptosis, and preserved mitochondrial 
membrane potential and dynamics. These effects culminated in reduced 
fibroblast proliferation and ECM deposition [130].

Finally, lifestyle-based metabolic interventions, such as intermittent 
fasting, have emerged as effective modulators of sirtuin signaling. 
Alternate-day fasting in obese mice was shown to enhance SIRT3 
expression in atrial myocardium, and to activate AMPK and Akt path
ways, while inhibiting HIF-1α signaling. These changes collectively 
attenuated atrial fibrosis, chamber dilation, and arrhythmogenic sub
strate formation, demonstrating that even in the absence of significant 
weight loss, fasting can reprogram cardiac metabolism toward a less 
fibrotic state via sirtuin activation [131].

5. Conclusion and future perspectives

Sirtuins are emerging as potential therapeutic regulators of cardiac 
fibrosis, acting at the crossroads of metabolism, oxidative stress, 
inflammation, and epigenetic remodeling. The pharmacological modu
lation of sirtuins, particularly SIRT1, SIRT3, and SIRT6, offers an 
effective potential approach to attenuate fibrotic signaling through 
mechanisms such as TGF-β/Smad inhibition, mitochondrial protection, 

C. Cozzolino et al.                                                                                                                                                                                                                              Pharmacological Research 221 (2025) 107970 

10 



and redox balance restoration. Natural compounds like resveratrol, 
curcumin, geniposide, and ellagic acid, along with synthetic agents 
including LF10 and INO-1001, have shown robust preclinical efficacy in 
activating specific sirtuins and mitigating fibrosis in diverse pathological 
contexts. Additionally, indirect strategies such as SGLT2 inhibition, 
metabolic reprogramming, and lifestyle interventions (e.g., intermittent 
fasting) have been shown to restore sirtuin function and enhance anti
fibrotic outcomes.

Despite encouraging results, several challenges remain. First, iso
form selectivity is often limited, and the tissue or context-specific effects 
of sirtuins activation are not fully understood, particularly for SIRT2 and 
SIRT7, which show dual or opposing roles depending on disease stage 
and metabolic environment. Furthermore, the translational potential of 
many natural compounds is hindered by poor bioavailability, off-target 
effects, or lack of pharmacokinetic optimization. For synthetic com
pounds, despite promising preclinical results, several challenges remain 
in their development. Isoform selectivity continues to be a major hurdle, 
as many compounds exhibit activity across multiple sirtuin isoforms, 
potentially leading to unintended or off-target consequences. Addi
tionally, the optimization of pharmacokinetic properties, including 
bioavailability, tissue distribution, and metabolic stability, requires 
further refinement for clinical translation. The long-term effects remain 
unknown, and potential environmental factors that may interfere with 
synthetic modulators of sirtuins are still not fully understood. We must 
also consider the partially individual nature of epigenetic mechanisms, 
as well as the intra-individual variability in responses to similar external 
stimuli that regulate sirtuin-mediated pathways. This variability raises 
the important question of whether epigenetic regulation could be 
interpreted (and potentially leveraged) as a target for personalized 
therapy, tailored to an individual specific genomic and epigenomic 
profile. Future synthetic approaches may benefit from structure-based 
drug design strategies that exploit the unique structural features of in
dividual sirtuin isoforms. Integration of computational modeling with 
high-throughput screening could accelerate the identification of highly 
selective compounds with improved therapeutic indices. Furthermore, 
the development of tissue-specific delivery systems, such as cardiac- 
targeted nanoparticles, may enhance the therapeutic efficacy while 
minimizing systemic side effects.

For all these reasons, a major turning point remains the scarcity of 
sirtuin-targeted therapies in human trials. Most evidence are still pre
clinical, with incomplete data on dosing, delivery strategies, and effi
cacy in large-animal or human models of fibrosis. Moreover, fibrotic 
remodeling involves complex, redundant networks, suggesting that sir
tuin activation may be most effective when integrated into combinato
rial approaches, for example with anti-inflammatory or anti-RAAS 
agents, in order to boost their therapeutic effect. Preclinical studies have 
shown that NMN and ACE inhibitors augment SIRT1-mediated deace
tylation of pro-fibrotic transcription factors [132], thereby suggesting 
the potential combination of sirtuin activators with these interventions 
may increase the anti-fibrotic effect. Similarly, the anti-oxidant and 
anti-inflammatory molecules resveratrol and curcumin have been 
shown to suppress TGF-β/Smad signaling and reduce myofibroblast 
differentiation via sirtuin activation [88,133], increasing their benefi
cial effects. Nonetheless, more preclinical studies of combined therapies 
are certainly needed in order to fully understand their translational 
potential.

Future efforts should focus on isoform-specific agonists with 
improved pharmacodynamics, but also on the possible use of biomarkers 
of sirtuin activity in the human myocardium that could allow treatment 
monitoring. Moreover, more studies are needed on the potential of 
combinatorial therapies that may synergistically exploit the central role 
of sirtuins in fibrosis-modulating pathways. With advancing under
standing of their pleiotropic functions, sirtuins are likely poised to 
become central targets in the development of novel, mechanism-based 
therapies for cardiac fibrosis.

Funding information

I.C. and F.P. are supported by grant number 20222KELTS from the 
Italian Ministry of University and Research founded by European Union- 
NextGeneration EU Mission 4 Component C2, CUP: B53D23021040006. 
I.C. is also supported by grant number RF-2021–12375256 from the 
Italian Ministry of Health. E.DF. is supported by grant “Progetto ECS 
0000024 Rome Technopole, CUP: B83C220028220006, PNRR Missione 
4 Componente 2 Investimento 1.5”, funded by the European Union- 
NextGeneration EU program. GF is supported by the European Union- 
NextGeneration EU program through the Italian Ministry of University 
and Research under PNRR-Project PE06-HEAL-ITALIA-SPO
KE1–DSBMC-FINANCIAL.

CRediT authorship contribution statement

Isotta Chimenti: Writing – review & editing, Conceptualization. 
Claudia Cozzolino: Writing – review & editing, Writing – original draft, 
Conceptualization. Erica Floris: Writing – review & editing, Writing – 
original draft, Conceptualization. Francesca Icolaro: Visualization. 
Virginia Pontecorvi: Writing – original draft. Antonella Bordin: 
Writing – original draft. Giacomo Frati: Writing – review & editing. 
Francesca Pagano: Writing – review & editing. Elena De Falco: 
Writing – review & editing. Vittorio Picchio: Writing – review & edit
ing, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

Virginia Pontecorvi was supported by Fondazione Umberto 
Veronesi.

Data availability

No data was used for the research described in the article.

References

[1] N. Farbehi, et al., “Single-cell expression profiling reveals dynamic flux of cardiac 
stromal, vascular and immune cells in health and injury,”, Elife 8 (2019) https:// 
doi.org/10.7554/ELIFE.43882.

[2] N.G. Frangogiannis, J.C. Kovacic, “Extracellular matrix in ischemic heart disease, 
part 4/4: JACC focus Seminar,”, J. Am. Coll. Cardiol. 75 (17) (2020) 2219–2235, 
https://doi.org/10.1016/j.jacc.2020.03.020.

[3] A.V. Shinde, N.G. Frangogiannis, “Fibroblasts in myocardial infarction: a role in 
inflammation and repair,”, J. Mol. Cell Cardiol. 70 (2014) 74–82, https://doi. 
org/10.1016/j.yjmcc.2013.11.015.

[4] V. Picchio, et al., “The dynamic facets of the cardiac stroma: from classical 
markers to omics and translational perspectives,”, Am. J. Transl. Res. 14 (2) 
(2022) 1172. 〈https://pmc.ncbi.nlm.nih.gov/articles/PMC8902528/〉.

[5] N.G. Frangogiannis, “Cardiac fibrosis,”, Cardiovasc Res. 117 (6) (2021) 
1450–1488, https://doi.org/10.1093/CVR/CVAA324.

[6] S. Huang, et al., “Distinct roles of myofibroblast-specific Smad2 and Smad3 
signaling in repair and remodeling of the infarcted heart,”, J. Mol. Cell Cardiol. 
132 (2019) 84–97, https://doi.org/10.1016/j.yjmcc.2019.05.006.

[7] O. Kanisicak, et al., “Genetic lineage tracing defines myofibroblast origin and 
function in the injured heart,”, Nat. Commun. 7 (2016) https://doi.org/10.1038/ 
NCOMMS12260.

[8] I. Chimenti, F. Pagano, C. Cozzolino, F. Icolaro, E. Floris, V. Picchio, “The role of 
cardiac fibroblast heterogeneity in myocardial fibrosis and its novel therapeutic 
potential,”, Int J. Mol. Sci. 26 (12) (2025) https://doi.org/10.3390/ 
IJMS26125882.

[9] G. Gabbiani, “The myofibroblast in wound healing and fibrocontractive 
diseases,”, J. Pathol. 200 (4) (2003) 500–503, https://doi.org/10.1002/ 
PATH.1427.
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