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Abstract: Sirtuins are a family of lysine deacetylases that regulate cellular homeostasis and energy
sensing. Regeneration is the process that restores structural and functional homeostasis at the cellular,
tissue, organ, and appendage levels. Several cellular processes, such as epithelial–mesenchymal
transition (EMT), proliferation, migration, and differentiation, contribute to restoration after an injury.
This review highlights the role of sirtuins in tissue, organ, and anatomical structure regeneration,
showing how sirtuins modulate signalling pathways by deacetylating targets such as transcription
factors. Furthermore, understanding the role of this protein family could help elucidate the molecular
and cellular mechanisms underlying tissue regeneration, which may hold significant potential for
fields such as regenerative medicine. The review compiles evidence suggesting that sirtuins are
emerging factors in the regeneration of various organs (e.g., skin, liver, heart) and tissues (e.g., bone,
muscle, cornea, spinal cord).
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1. Introduction

Sirtuins are a family of deacetylases that can catalyse lysine deacetylation using NAD+
as a coenzyme [1,2]. In vertebrates, this family is composed of seven protein members,
which participate in different cellular processes and are located in different organelles.
SIRT1 and SIRT2 are found in the nucleus and cytoplasm, where SIRT1 participates in
cellular differentiation [3], promotes autophagy [4,5], increases antioxidant enzyme levels in
the cytoplasm during oxidative stress [6], and reduces apoptosis [7,8] and inflammation [9].
SIRT2 also increases antioxidant enzyme levels to combat oxidative stress [10], modulates
apoptosis [11], regulates the cell cycle [12], and promotes autophagy [13].

SIRT1 and SIRT2 have several protein targets, and they share some of these targets,
for example, p53, MYC, forkhead box O3a (FOXO3a), nuclear factor kappa-light-chain
enhancer of activated B cells (NF-κB), and histones H3-K56Ac and H4-K16Ac [14,15]. It is
reasonable to think that SIRT1 can substitute for SIRT2 (and vice versa) in some functions.
Curiously, the chemical inhibition of SIRT1 does not have any effect on the apoptosis level
of leukaemic B cells, but the chemical inhibition of both SIRT1 and SIRT2 does have a
significant effect [16], suggesting possible evidence of compensation. Nevertheless, in a
study that evaluated the subcellular location of SIRT1 and SIRT2 in embryonic kidney
cells, it was shown that SIRT2 is mainly in the cytoplasm and SIRT1 is in the nucleus and
the cytoplasm [17]. The limited distribution of SIRT2 may reduce redundant functions.
Additionally, sirtuins are differentially expressed in organs. For example, sirt1 and sirt4 are
highly expressed in the heart, while sirt2 and sirt3 are highly expressed in the muscles of
killifish [18]. In zebrafish, sirt1 expression is present in every organ, but sirt2 expression
is absent in the spleen and kidneys [19]. The RNA level of each sirtuin varies, even in
different tissues of the same organ, such as in the rat brain [20]. Indeed, sirtuins present
different gene expression profiles in closed species. For instance, the RNA level of Sirt2 in
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the retina is high in mice, low in rats, and absent in humans; therefore, the redundant or
compensatory capacity of sirtuins is dependent on the species and organ [21].

Mitochondrial sirtuin SIRT3 regulates mitochondrial metabolism [22,23] and mi-
tophagy [24,25]. SIRT4 participates in lipid oxidation [26,27] and mitophagy [28,29]. SIRT5
reduces oxidative stress [30] and regulates mitochondrial metabolism [31] and energy gen-
eration [32]. SIRT6, which is found in the nucleus, participates in DNA repair [33,34] and
genomic [35,36] and telomere stability [33,37,38]. Finally, SIRT7 is found in the nucleolus
and participates in DNA repair [39,40].

The roles of sirtuins in cellular metabolism, oxidative stress, and cellular homeostasis
have been extensively studied, along with their involvement in cellular processes such as
proliferation, cell migration, epithelial–mesenchymal transition (EMT), and differentiation
(Figure 1). These cellular processes are also important for physiological processes such as
tissue and organ regeneration.

 
Figure 1. Sirtuins regulate cell migration, proliferation, and differentiation. SIRT1 negatively (red
grid) or positively (green grid) modulates cell migration. Deacetylation by SIRT1 activates or inhibits
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the functions of proteins, while SIRT1 inhibits SMAD and YY1 and activates beclin 1 through
deacetylation. SIRT1 modulates cell proliferation through the JAK/STAT and WNT pathways, and
the deacetylation of STAT3 permits its phosphorylation and (subsequent) activation. Similarly, the
deacetylation of p21 permits its ubiquitination and (subsequent) degradation. SIRT1 deacetylates
and activates FOXO3a, and FOXO3a binds to the FOXO response element (FRE) in the runx2 (an
osteogenesis factor) promoter and enhances its expression. SIRT1 also indirectly participates in
osteogenesis through the inhibition of osteogenesis inhibitors such as NF-κB and p65. In general,
sirtuins promote osteogenesis and chondrogenesis and impair adipogenesis, except SIRT4, which
increases adipogenesis. Abbreviations: ACSL1, acyl CoA synthetase long-chain family member 1;
ACTA2, actin alpha 2; ALP, alkaline phosphatase; BSP, bone sialoprotein; C/EBP α, CCAAT/enhancer-
binding protein α; CDK, cyclin-dependent kinase; COL, collagen; ECM, extracellular matrix; EMT,
epithelial–mesenchymal transition; FABP4, fatty acid-binding protein 4; FAS, fatty acid synthase;
FN, fibronectin; FRE, FOXO response element; FOXO3a, forkhead box O3a; IWP2, inhibitor of
Wnt production 2; KLF5, Krüppel-like factor 5; MMP, matrix metalloproteinase; NF-κB, nuclear
factor kappa-light-chain enhancer of activated B cells; OC, osteocalcin; OPN, osteopontin; OSX,
osterix; PPARγ2, peroxisome proliferator-activated receptor gamma 2; PRDM16, positive regulatory
domain zinc finger region protein 16; RUNX2, runt-related transcription factor 2; SMAD4, small
mothers against decapentaplegic 4; STAT, signal transducer and activator of transcription; WNT,
wingless-related integration; YY1, Yin Yang 1; α-SMA, alpha smooth muscle actin.

Regeneration is a process where a tissue, organ, or appendage (limb or tail) that has
been lost or damaged is restored or rebuilt. In 2006, Bruce Carlson classified regeneration in
a masterful book titled Principles of Regenerative Biology, where regeneration is grouped
into (1) morphallaxis, (2) physiological regeneration, (3) hypertrophic regeneration, and
(4) reparative regeneration [41]. Morphallaxis is a type of regeneration in which there is
no cell proliferation. Instead, after an injury, the remaining tissue is redistributed to form
the lost structure. Physiological regeneration is the term for the daily cell turnover that
occurs unrelated to damage. During hypertrophic regeneration, the function regenerates,
but the damaged structure does not. Through cell proliferation, the damaged organ’s mass
increases to restore function without restoring the original anatomy of the organ. Finally,
reparative regeneration is the functional and structural restoration of a body part that has
been lost or damaged. Reparative regeneration is subdivided into cellular regeneration,
tissue regeneration, and epimorphic regeneration, also called epimorphosis (the latter
regulates the restoration of complex anatomical structures such as the limbs, tail, or head).

However, to the best of our knowledge, no articles have reviewed the connections
between sirtuins and regeneration. In this review, we present the relationships between
sirtuins and different types of regeneration. We also summarise the participation of sirtuins
in proliferation, migration, EMT, and differentiation during organ and tissue regeneration.

2. Sirtuins Regulate Different Cellular Processes
2.1. Epithelial–Mesenchymal Transition and Cellular Migration

Epithelial–mesenchymal transition (EMT) is a cellular process in which epithelial
cells acquire the characteristics of mesenchymal cells, such as an irregular shape, the
absence of ECM attachment, apical–basal polarity, and high motility. During regeneration,
epithelial cells near a wound become mesenchymal-like cells; thus, they can migrate
to cover the injured surface and the epithelial continuity is restored [41]. During EMT,
epithelial biomarkers decrease (for instance, E-cadherin and β-catenin) and mesenchymal
biomarkers increase (for instance, vimentin, FN, N-cadherin, Twist1, Snail1, Snail2, α-SMA,
and MMPs) [42].

EMT is regulated by several pathways, such as the EGF, WNT, interleukin, Notch, and
TGF-β pathways. TGF-β can bind to transmembrane receptor TGFR and activate signal
transduction [43]. After transduction, the transcription factor SMAD4 is acetylated [44],
and when it is activated, it translocates to the nucleus [45]. In the nucleus, SMAD4 induces
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the transcription of Mmp7 [46], Egfr, Twist1, and Snail1 [47]. Interestingly, the specific
knockout of Sirt1 increased the acetylation level of SMAD4 and the mRNA level of Mmp7
in mouse kidneys [46], indicating that SIRT1 indirectly participates in ECM homeostasis.
In in vitro models of retinal epithelial cells, resveratrol-activated SIRT1 has been shown to
deacetylate SMAD4, which is correlated with an increase in E-cadherin and a reduction in
α-SMA protein and mRNA levels [44].

Further studies have shown that resveratrol-induced SIRT1 deacetylates and inac-
tivates Yin Yang 1 (YY1), a transcription factor and transcription repressor [48]. This
inactivation decreases vimentin, Twist, Snail, and α-SMA, but increases the E-cadherin
protein levels. However, YY1 was able to be reactivated using Sirt1-interfering RNA in
kidney epithelial cells and in mouse kidneys [49]. Importantly, YY1 regulated skeletal
muscle regeneration by controlling the metabolic reprogramming of satellite cells in a
murine model [50]. These studies show that SIRT1 activation by resveratrol reduces the
protein and mRNA levels of most EMT biomarkers, and the usage of interfering RNA
reverses this effect, indicating that SIRT1 can diminish EMT.

A further study determined that knockdown of Sirt1 using siRNA decreased endothe-
lial cell migration in a primary culture of murine vascular endothelial cells. In the same
study, an endothelial-specific knockout of Sirt1 using the Cre-Lox system in mice showed
mitigated retinal revascularization and endothelial cell migration. In both models, a reduc-
tion in endothelial cell migration was correlated with a reduction in the mRNA and protein
levels of the angiogenic factors MMP14 and VEGF [51].

EMT and cell migration are biological processes that are dysregulated during the
tumorigenic process, which some sirtuins have been reported to influence [52]. In human
glioma cells, knockdown of SIRT1 using siRNA increased the protein levels of E-cadherin
and β-catenin and reduced MMP9, Twist1, Snail1, and FN protein levels [53]. Moreover,
this knockdown reduced migration and cellular viability. In another study, the inhibition of
SIRT1 reduced EMT in melanoma cells. This reduction occurred because SIRT1 deacetylated
and activated the autophagic factor beclin 1 and induced the degradation of E-cadherin in
the autophagosomes of human melanoma cells [54]. Similarly, SIRT6 mediated the degra-
dation of E-cadherin in lysosomes in juvenile mice [55]. In vivo models in a tumorigenic
context showed that transplanted melanoma cells in NAM-treated mice metastasised less,
suggesting that SIRT1 inhibition reduces cancer cell migration in vivo [52]. As can be seen
above, SIRT1 directly participates in the regulation of EMT and cellular migration through
the deacetylation of transcription factors such as SMAD4 and YY1 and indirectly through
the modulation of the mRNA levels of genes, including Mmp7, Mmp9, Mmp14, Vimentin, Fn,
Twist, Snail, and Acta2 (the gene of the α-SMA protein). Consequently, given the importance
of these cellular events in regeneration, these sirtuins are potential candidates for regulating
the regenerative response.

2.2. Cellular Proliferation and Cell Cycle

Cellular proliferation is the growth and division of cells to create new cells. It is crucial
for regeneration, as proliferating cells are the source of cells that will replace damaged or
injured ones [41]. After wound healing, progenitor cells proliferate to increase the cell mass.
Later, these proliferating cells differentiate into organ-specific specialised cells.

Evidence from several studies supports the idea that sirtuins regulate cell proliferation.
Reduction in SIRT1 levels due to knockdown using microRNA or siRNA reduces the cellular
proliferation in lens epithelial cells [56], HUVECs [57], cutaneous carcinoma cells [58], and
glioblastoma cells [59].

SIRT1 deacetylases the p21 tumour suppressor, enabling its ubiquitination and poste-
rior degradation in cardiomyocytes [60]. SIRT1 also deacetylases [61] and stabilises [62]
CDK2 activity, and CDK2 phosphorylates the p27 tumour suppressor [63]. It was observed
that SIRT1 activation indirectly increased p27 phosphorylation and that Cdk2 overexpres-
sion induced p27 ubiquitination and degradation [61]. This indicates that SIRT1 enhances
proliferation through the degradation of p27 via CKD2.
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Cellular proliferation is regulated by various signalling pathways, including β-catenin/
WNT and JAK/STAT, and SIRT1 is able to influence these pathways. The chemical activa-
tion of SIRT1 using SRT2104 both increased cell proliferation and migration and augmented
WNT5A and β-catenin protein levels. These effects were opposite when using the SIRT1
inhibitor selisistat in mouse endothelial progenitor cells [64]. In the same study, it was
observed that the WNT inhibitor IWP-2 reduced cell proliferation and migration and de-
creased the mRNA levels of Sirt1 in mouse endothelial progenitor cells [64]. This suggests
that SIRT1 and WNT could have a positive interaction that modulates cell proliferation
and migration. Another signalling pathway, SIRT1, deacetylases the transcription factor
STAT3 [57], which is necessary for proliferation. This deacetylation triggers the phos-
phorylation (and activation) of STAT3 [65], indicating that SIRT1 positively modulates
proliferation through the activation of STAT3. Interestingly, previous studies have shown
that STAT3 is required to regulate proliferation [66], including during muscle regeneration
in a murine model [67] and the regeneration of hair cells [68] and heart tissue in a zebrafish
model [69].

In summary, SIRT1 regulates cellular proliferation via the activation/inhibition of
tumour suppressors and CDK. Additionally, SIRT1 participates in the regulation of the
β-catenin/WNT and JAK/STAT pathways during proliferation.

2.3. Osteogenic Chondrogenic and Adipogenic Differentiation

Differentiation is defined as the acquisition of more specified cell characteristics [70],
and is regulated by both classical well-known pathways (e.g., Hedgehog, WNT, Notch) and
emergent pathways such as mTOR and Ras [71]. Cellular differentiation is an indispensable
process in the regeneration of tissues and organs. After injury, progenitor cells proliferate
and differentiate into a cell type or different cell types depending on the tissue/organ
model. These new cells replace the function of lost cells [41].

The relationship between sirtuins and cellular differentiation has recently been studied,
particularly for three types of differentiation: osteogenic, chondrogenic, and adipogenic.
Studies have found that increasing SIRT1 activity via gene overexpression or chemical
activation (with resveratrol or SRT17205) promotes osteogenic differentiation in mesenchy-
mal stem cells (MSCs) [72], bone marrow mesenchymal stromal cells (BMSCs) [73,74],
periodontal ligament stem cells [75], and primary cell cultures of BMSCs [76]. Furthermore,
decreasing SIRT1 activity using microRNA reduces osteogenic differentiation in mouse
MSCs [77,78], BMSCs [79–83], and osteoblasts [84]. In previous studies, using microRNA
against Sirt1 produced a reduction in the mRNA levels of osteogenic biomarkers such as
Alp, Runx2, Oc, and Opn, ALP enzymatic activity, and mineralization staining level. SIRT1
deacetylases and activates FOXO3a (a classical target of SIRT1) [78]. FOXO3a then binds to
the RUNX2 promoter and activates RUNX2 gene expression [85].

SIRT1 has also been studied in chondrogenesis and adipogenesis. SIRT1 promotes
chondrogenic differentiation in embryonic stem cells [86], embryonic kidney cells, and
MSCs [87], evaluated using mRNA levels of Sox9, Aggrecan, and Col2a1 (chondrogenesis
gene biomarkers). For adipogenesis, using siRNA to knock down sirt1 increased mRNA
levels of the adipogenic factors Klf5 and Pparg in mouse MSCs [78]. Furthermore, high
levels of SIRT1 reduced lipid droplets and cholesterol esters [73], as well as mRNA levels
of fatty acid synthase (Fas) and fatty acid binding protein 4 (Fabp4) and protein levels of
PPARγ and CCAAT/enhancer-binding protein α (C/EBP α) [76] (biomarkers of adipogenic
differentiation). This indicates that SIRT1 reduces adipogenic differentiation in vitro.

Mitochondrial sirtuins also participate in cellular differentiation. Knockdown of Sirt3
reduces mRNA levels of osteogenic biomarkers such as Runx2, Osx, Alp, and Bsp, ALP
enzymatic activity, and mineralization of mouse preosteoblasts. In the same study, Sirt3-/-
mice presented reduced RUNX2 and ALP protein levels in femur and bone parameters, i.e.,
bone volume per tissue, connectivity density, and mineral content. This indicates that SIRT3
is necessary for proper osteogenic differentiation and bone development [88]. SIRT3 also
increases protein levels of RUNX2, OSX, and OC and reduces osteolysis in rat femurs [89].
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SIRT4 is another mitochondrial sirtuin. The overexpression of SIRT4 produces an
increase in adipogenic biomarkers such as mRNA levels of Cebpa, Pparg, and acyl CoA
synthetase long-chain family member 1 (Acsl1) along with lipid droplet levels in mouse
preadipocytes [90], indicating that overexpression of SIRT4 induces adipogenesis. Con-
versely, the knockdown of SIRT4 using siRNA reduces adipogenic biomarkers such as
mRNA levels of FABP4, CEBPA, and PPARG in bovine adipocytes [91], supporting the
participation of SIRT4 in adipogenic differentiation. SIRT4 has been referred to as the
‘black sheep’ of the sirtuin family because of its pro-oxidative function in mitochondria [92].
Perhaps SIRT4 also has a contrary function in adipogenesis.

Likewise, the knockdown of mitochondrial Sirt5 using shRNA reduces RNA levels
of adipogenic genes such as Fabp4, Pparg, Cebpa, Cebpb, and positive regulatory domain
zinc finger region protein 16 (Prdm16) (a brown adipocyte-specific gene). This knockdown
also decreased intracellular lipid levels in mouse embryonic mesenchymal cells [93]. In
another study, pharmacological inhibition of SIRT5 augmented mRNA and protein levels
of browning factor peroxisome proliferator-activated receptor γ coactivator 1-α (PCG-1α)
and thermogenesis factor uncoupling protein 1 (UCP1). However, this SIRT5 inhibition
did not affect the protein levels of adipogenic factors such as C/EBP-α or FABP4 in mouse
preadipocytes, suggesting that SIRT5 could participate in the browning of preadipocytes,
but does not modulate adipogenesis [94].

On one hand, the knock-in of Sirt6 duplicated the ALP activity and mineralization lev-
els in mouse adipocytic MSCs [95], suggesting that SIRT6 could participate in osteogenesis
in vitro. The former idea is supported by a reduction in mRNA levels of osteogenic genes
(Oc, Alp, and Col1a1) using Sirt6 siRNA and Sirt6 microRNA in mouse myoblasts [96]. Sirt6
gene overexpression increased mRNA levels of Oc, Runx2, Bsp, and Alp, ALP activity, and
culture mineralization in rat BMSCs, while knockdown of Sirt6 had the opposite effect [97].
Indeed, SIRT6 modulates osteogenic gene expression by decreasing the phosphorylation
level (activated level) of NF-kB, a protein that negatively regulates osteogenic differentia-
tion [97]. On the other hand, there is evidence that SIRT6 impairs osteogenic differentiation
in human MSCs [98]. In this study, the same biomarkers were evaluated: mRNA levels
of OC, RUNX2, BSP, and ALP, ALP activity, and culture mineralization. However, the
overexpression of SIRT6 decreased their levels. These differences in the results may have
been caused by the usage of cultured cells from different species, and the study of cultured
cells from more species could elucidate this discrepancy. Additionally, genetic ablation
of Sirt6 reduced the mRNA levels of Col2a1 and Col10a1 (chondrogenic gene biomarkers),
but unlike SIRT1, it had no effect on the mRNA levels of Sox9, Sox5, or Sox6 in primary
cell cultures of mouse chondrocytes [99]. This shows that the participation of SIRT6 in
chondrogenesis is not determinant.

Finally, SIRT7 reduced osteogenic differentiation in mouse adipocytic MSCs [100] and
BMSCs [101]. Overexpression of Sirt7 decreased mRNA and protein levels of RUNX2,
ALP, and OSX and the enzymatic activity of ALP. In contrast, knockdown of Sirt7 us-
ing microRNA had the opposite effect [100], indicating that SIRT7 negatively regulates
osteogenic differentiation.

In summary, the majority of evidence supports the enhancement of chondrogenic and
osteogenic differentiation by sirtuins. However, the involvement of sirtuins in neurogenic
and myogenic differentiation remains unclear. Therefore, additional studies are necessary
to elucidate the mechanisms and roles of individual sirtuins in cell differentiation.

2.4. Connection of Regeneration and Cancer

Regeneration and cancer are related. It has even been said that cancer is “the wound
that never heals” [102]. Wong and Whited extensively detailed the similarities between
epimorphosis and cancer (i.e., initial immune infiltration, hypoxic microenvironment, ECM
remodelling, and high proliferation and cell differentiation). The participation of the seven
sirtuins has been studied in several cancer models, and it was found that sirtuin levels can
be high or low [15]. This can be interpreted in one of two ways: first, high sirtuin levels
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may modulate adaptative metabolic changes in cancer cells that increase survival possi-
bilities, and second, the loss of sirtuins may provoke metabolic instability, thus enabling
oncogenesis [103]. Several reviews have examined the relationship between sirtuins and
cancer in depth. For a comprehensive overview, we recommend the review by Zhao and
colleagues, which explores the role of each sirtuin in metastasis and tumorigenesis [104].
Additionally, Yu and colleagues provide an organ-specific analysis of sirtuin expression
across different cancer types, which is highly informative [15].

3. Sirtuins Promote Tissue and Organ Regeneration

Regeneration is a process where a tissue, organ, or appendage (limb or tail) that has
been lost or damaged is restored or rebuilt [41]. It is subdivided into cellular regeneration,
tissue regeneration, organ regeneration, and epimorphic regeneration, which regulates the
restoration of complex anatomical structures such as limbs, a tail, or a head.

3.1. Skin Wound Healing

Skin wound closure consists of restoring the continuity of the epidermis and dermis
after a cut or perforation of the skin [105]. Sirtuins promote skin wound closure in vivo.
The activation of SIRT1 with resveratrol or MC2562 accelerates skin wound closure via
nitric oxide production in mice. SIRT1 interacts with endothelial nitric oxide synthase,
improves nitric oxide production, and increases the protein levels of growth factors such as
EGF, FGF-10, and IGF-1 [106]. The activation of SIRT3 with curcumin accelerates wound
closure in mice, and an injection of curcumin-treated BMSCs in punched skin produces
faster closure compared to untreated BMSCs [107]. Curcumin changes the cellular physiol-
ogy of these BMSCs: it reduces apoptosis and increases ATP production, mitochondrial
quantity, and protein levels of antioxidant enzymes (such as SOD2 and PGC-1α) [107]. The
activation of SIRT6 with MDL-800 enhances wound closure in mice: MDL-800 accelerates
the thickening of granulation tissue and angiogenesis, while SIRT6 reduces the activation
of the inflammatory transcription factors IκB and p65, and subsequently mitigates mRNA
levels of the inflammatory cytokines Tnfa and Il6 [108]. Inflammation has negative effects
on skin regeneration [109]; thus, the anti-inflammatory effect of SIRT6 is one of its molecular
mechanisms that acts on skin regeneration. Conversely, the inhibition of SIRT1 with sirtinol
delays wound closure in mice [106,110], highlighting the essential function of sirtuins in
this process.

Sirtuins modulate diverse mechanisms in skin wound closure. For example, SIRT1,
SIRT5, and SIRT6 induce autophagy in diabetic mice [111–113] and angiogenesis in mice
in general [113,114]. Different in vivo models have been used to study skin regeneration,
including epidermis-specific Sirt1-knockout mice using the Cre-Lox system [115], mice
with implanted Sirt3-knockdown MSCs using siRNA [116], and Sirt6-knockdown mice
using siRNA [113]. In these models, there was reduced angiogenesis, fibroblast activation,
and decreased levels of inflammatory factors [113,115,116], such as the NF-κB protein [117].
Additionally, a Sirt1 knockdown delays the rate of wound closure [118] and increases
fibrosis by elevating the mRNA and protein levels of COL1 and COL3 and the number
of mouse myofibroblasts. This phenotype can be reversed by applying resveratrol [119],
suggesting a potential therapeutic role for sirtuin activation during skin regeneration.

SIRT3 increased proliferation and cell migration in mouse wound closure [120]. Sirt3-
/- transgenic mice showed increased oxidative stress and necroptosis and deregulated
mitochondrial membrane potential [121], indicating that SIRT3 is necessary for mitochon-
drial well-being during wound healing in vivo. Furthermore, during wound healing, the
inhibition of SIRT3 reduces cell proliferation and COL deposition [122].

Interestingly, the chemical activation of SIRT6 also increases COL1 and COL3 deposi-
tion and reduces the mRNA levels of inflammatory factors (such as Il6, Tnfa, and Nfkb) [108].
This suggests that sirtuins are necessary for the proper balance of COL deposition, allowing
for ECM remodelling, and avoiding fibrosis in mice.
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In conclusion, sirtuins are emerging as key regulators of skin wound healing and
modulating multiple mechanisms, including the induction of autophagy and angiogenesis
and the prevention of dermal fibrosis. Further research exploring the specific roles of
sirtuins will help to elucidate the mechanisms of sirtuin signalling during skin regenera-
tion, including studying how sirtuins modulate the expression of inflammatory factors or
fibrosis factors, and how they do so in a skin regeneration model. Additionally, studies
have predominantly focused on three out of the seven sirtuins, highlighting the need to
investigate the remaining members to fully appreciate the significance of this protein family.
Finally, sirtuin activators (resveratrol and curcumin) have potential as therapeutic targets
to improve skin regeneration and wound healing after injuries.

3.2. Corneal Re-Epithelialization

The cornea comprises a group of epithelial layers made up of a stratified epithelium
on the outer surface, a stromal region of connective tissue, and a monostratified endothe-
lium on the inner surface, which generates a translucent tissue that covers the eye [123].
Experimental injury to the cornea consists of making a surgical incision in the outer epithe-
lium to interrupt its continuity. After injury, cells in the wound zone undergo apoptosis,
and epithelial cells migrate and proliferate on the exposed stromal surface. Additionally,
epithelial cells release inflammatory factors that induce the differentiation of keratinocytes
to fibroblasts in the stroma, which then remodel the extracellular matrix to recover the
original state. Later, they undergo apoptosis [124].

The overexpression of Sirt1 accelerates corneal regeneration [125] by increasing the
mRNA level of Ccnd1 and by decreasing the mRNA level of Cdk2 (gene of p16; a tumour
suppressor that inhibits CDKs) in juvenile male mice. This indicates that SIRT1 modulates
the expression of genes related to cell proliferation in TKE2 corneal cells [126]. Additionally,
the chemical activation of SIRT1 reduces oxidative stress in injured mouse corneas [127]. In
contrast, corneal-specific knockout of Sirt1 reduces the rate of corneal re-epithelialization in
mice, but it does not affect cell morphology [128]. SIRT3 and SIRT6 also have cytoprotective
effects during corneal regeneration: mitochondrial SIRT3 regulates mitophagy [129] and
SIRT6 reduces the mRNA levels of inflammatory genes such as Il6, Cxcl10, Il1b, and
Tnfa [130].

In addition to in vivo experiments in mice, there are also results from in vitro experi-
ments that provide more information about the relationship between sirtuins and corneal
regeneration. In the 2040 pRSV-T human corneal epithelial cell line, activation of SIRT1 with
SRT1720 increased viability and decreased apoptosis [131]. The aforementioned effects can
be reversed through the chemical inhibition of SIRT1 [132]. Similarly, SIRT1 knockdown
increased apoptosis, oxidative stress, and the expression of pro-inflammatory genes in the
CRL-11135 human corneal epithelium cell line [133]. Other studies in the TKE2 murine
corneal epithelial cell line have confirmed that SIRT1 and SIRT3 enhance re-epithelization
by increasing epithelial cell proliferation and migration in vitro [126,129]. In summary,
sirtuins are necessary for the regulation of proliferation and the cell cycle by increasing the
expression of cyclins. Sirtuins also reduce inflammation by decreasing the expression of
inflammatory cytokines in the corneal epithelium during wound healing.

3.3. Liver Regeneration

The liver is an organ composed mainly of hepatocytes. Partial hepatectomy, the
surgical removal of a portion of the liver, induces the proliferation of hepatocytes. Other
cells present in the liver also proliferate at the same time, such as cholangiocytes, hepatic
stellate cells (HSCs), endothelial cells, and hepatic macrophages [134]. The proliferation of
these cells occurs in a phenotypic fidelity or restricted-lineage manner, which means that
cells of one phenotype only produce new cells of this phenotype. In other words, there is
no differentiation into other phenotypes. Cell proliferation occurs until the liver recovers
its original mass [134].
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In a partial hepatectomy mouse model, knock-in of Sirt1 increased liver size during
regeneration [135]. SIRT1 and SIRT6 promote liver regeneration by augmenting hepatocyte
cell proliferation [136,137] by increasing Ccnd1 mRNA level and also by decreasing oxida-
tive stress [138,139]. In mice with liver-specific knockdown of Sirt1 or Sirt6, the opposite
effects were observed [140].

Knockout of Sirt1 generates fibrosis, and overexpression of Sirt1 reverses the fibrotic
phenotype in mice [141]. Chemical activation of SIRT1 with SRT1720 also reduces fibrosis by
decreasing the mRNA levels of Acta2, Col1, and Tgfb in rats [142]. Fibrosis is a pathology that
is also observed in old mice [143]. In old mice, regenerative capacity decreases; however, the
overexpression of Sirt1 improves regenerative capacity. Decreasing the gene expression of
Sirt1 in young mice generates a phenotype similar to the liver of old mice [143], indicating
that SIRT1 has anti-aging and pro-regenerative effects in old mice.

Sirtuins participate in liver regeneration, and their absence is associated with lipid
accumulation, reduction in cell proliferation, or mitochondrial dysfunction [137,140,141].
All of these results are informative, but the complete mechanisms of sirtuin regulation
are unknown; therefore, more studies are required to clarify how sirtuins participate in
liver regeneration.

3.4. Ischaemia-Injured Hearts

The heart is an organ made up of an epicardium on the outer surface, a dense my-
ocardium, and an endocardium on the inner surface. Ischaemia is a reduction in blood
supply that leads to oxygen restriction and damage to the heart via cardiomyocyte necro-
sis [144]. Cells of the endocardium elongate to neighbour cardiomyocytes at the site of an
injury. The endocardium cells then proliferate and migrate using filipodia. Simultaneously,
epicardium cells induce angiogenesis at the injury site, undergo EMT, and cross the injury
site. Finally, cardiomyocytes from the myocardium proliferate and restore the structure of
the heart [145].

In rats with ischaemia-injured hearts, gene overexpression of Sirt1 decreases the infarct-
injured area and oxidative stress while improving cardiac function [146]. In mice, chemical
activation of SIRT1 by resveratrol [147,148] or melatonin also reduces the injured area
and improves cardiac function, thus decreasing apoptosis. These effects can be reversed
with the inhibitor selisistat [149], sirtinol, or RNA interference with anti-Sirt1 [150]. The
inhibition of SIRT1 induces the differentiation of cardiac fibroblasts into myofibroblasts,
inducing cardiac fibrosis; thus, SIRT1 improved heart regeneration and prevented fibrosis
in a murine model [151].

Sirtuins have also been studied in minipigs, a rare model, but cardiologically more
similar to humans. Knockdown of SIRT1 decreased cell proliferation and fibrosis and
increased angiogenesis after an injury [152]. The decrease in fibrosis in this experiment
may have been a result of a reduction in cell numbers and consequently a reduction in
fibre deposition.

SIRT3 has also been evaluated during cardiac ischaemic injury in rats, showing that
SIRT3 protein levels decrease after injury [153]. Sirt3 or Sirt7 knockout decrease cardiac
reparative capacity, reducing the response against oxidative stress [154,155] and cardiac
angiogenesis and increasing reactive oxygen species (ROS) levels in mice [156]. Addition-
ally, SIRT7 deacetylates and activates GATA4 [157], a transcription factor that induces the
gene expression of the angiogenic factor Vegf. This suggests that SIRT7 may modulate
angiogenesis during cardiac regeneration.

3.5. Spinal Cord Regeneration and Motor Restoration

The spinal cord is a tubular structure that crosses through vertebrae and connects
the brain to the peripheral neuronal system. It consists of meningeal cells, neurons, and
glial cells [158]. In newts, when the continuity of the spinal cord is interrupted, both
sides of the remnant spinal cord and axons retract in their own directions (either anterior
or posterior) [159]. Leucocytes (particularly neutrophils and macrophages) then play
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an essential role in eliminating cellular debris and regulating inflammation [160]. Next,
fibroblast-like meningeal cells from the outer layer migrate and cover the exposed cells
(such as neurons and glial cells) [159]. In the injury zone, fibroblast-like cells deposit an
extracellular matrix (ECM) to be used as a scaffold for future migrating cells. At the same
time, glial cells close to the injury zone undergo EMT and begin migrating over to the
ECM [161]. The anterior and posterior groups of migrating cells fuse, forming a structure
called a ‘bridge’. Injured neurons regenerate their axons and elongate them by crossing the
bridge and restoring the neural connections between both sides of the spinal cord [159].

The regeneration of the spinal cord has been studied in a model of spinal injury
produced by laminectomy, the removal of a vertebral lamina. This process generates
dysfunction in motor activity in animals [162]. SIRT1 levels in blood sera are lower in
human patients with spinal cord injuries [163]. Spinal cord lesions also decrease Sirt1
mRNA levels in mice [164]. Indeed, in mice with more severe spinal injuries, serum SIRT1
levels are lower [165], indicating that there is an inverse correlation between SIRT1 level
and injury severity and suggesting that SIRT1 alleviates or mitigates the negative effects
of injuries.

After lumbar laminectomy in rats, various chemical activators of SIRT1 improve
spinal cord regeneration and produce post-injury cytoprotective effects (Table 1). Sirtuins
activators improve motor restoration and decrease inflammation in lumbar neurons [166],
increase autophagy [167], decrease genotoxicity [168], and accelerate the restoration of
motor ability [169].

Table 1. Sirtuin chemical activators enhance spinal cord regeneration.

Activators Cellular Effects Mechanisms References

SRT1720 It improves the motor restoration and
decreases inflammation in lumbar neurons

It reduces the levels of the proinflammatory
cytokines TNF-α, IL-12, and IL-10 and it

reduces the recruitment of
inflammatory macrophages

[166,170]

Melatonin It increases autophagy and decreases the
apoptosis of vertebral cells

It increases the autophagic factors beclin 1
and LC-3B [167]

Resveratrol It increased autophagy and
reduces apoptosis It decreases the levels of BAX and caspase-3 [168,171]

Pevonedistat It reduces apoptosis It decreases the levels of BAX and caspase-3 [172]
Sesamol It accelerates the restoration of motor ability [169]

The chemical activation of SIRT1 positively regulates cellular processes that partici-
pate in the regenerative capacity of the spinal cord (Table 1), while the genetic inhibition
of SIRT1 mitigates regenerative capacity [164,170,173,174]. Therefore, transgenic Sirt1-/-
mice have poor motor recovery after spinal injury evaluated using the Basso, Beattie, and
Bresnahan (BBB) test [170] (this test can semiquantitatively assess motor activity based
on limb movement, movement coordination, trunk position and stability, limb place-
ment, and tail position during walking), which is caused by a reduction in the number
of neurons [173], a reduction in their proliferation [172,174], and blockage of the restora-
tion of the integrity and continuity of the blood–spinal cord barrier in mice [164]. The
aforementioned results indicate that SIRT1 is necessary for appropriate spinal cord regener-
ation through the welfare of neurons, and the elimination of SIRT1 produces a reduction
in regenerative capacity. However, although several animal models, including Xenopus
frogs [175,176], zebrafish [160,161], and salamanders, have been used to study spinal cord
regeneration [177,178], it is not known whether sirtuins are involved during the regenera-
tion of this structure.

3.6. Bone Regeneration

When a long bone becomes fractured, a response mechanism is activated to restore
its integrity. This response mechanism is divided into three stages: (1) haematoma forma-
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tion and inflammation, (2) callus formation, and (3) bone remodelling [179,180]. During
haematoma formation and inflammation, blood emerges from damaged vessels and accu-
mulates in the fractured zone. Next, leucocytes arrive, eliminate the bone debris, degrade
the bone ECM [181], and secrete inflammatory cytokines [182]. During soft callus formation,
MSCs arrive at the fracture zone and differentiate into chondrocytes. These chondrocytes
constitute the cartilage tissue that connects both sides of the fractured bone. Later, os-
teogenic cells arrive at blood vessels in the perichondrium and deposit mineralised ECM
around the soft callus [182,183]. Eventually, the chondrocytes die, the cartilaginous callus
is resorbed, and blood vessels penetrate the resorbing callus. Osteoblasts mineralise the
inner side of the callus. The resulting hard callus is morphologically irregular and will be
reshaped [184]. During bone remodelling, osteoclasts degrade the surface of the callus, and
the original shape of the long bone is restored, while osteoblasts mediate the formation of
new bone tissue [179,182].

Sirtuins have been less studied in bone regeneration. In distraction fracture models,
overexpression of the SIRT1 gene results in a more regular distribution of trabeculae, more
mature bone tissue, and higher mineral density in rabbit tibiae [185]. Similarly, chemical
activation of SIRT3 accelerates fracture closure, while knockout of Sirt3 delays fracture
closure and induces mitochondrial oxidative stress in mice [186]. SIRT3 increases bone
volume and density, protein levels of RUNX2, OSX, and OC, and ALP activity. Additionally,
SIRT3 reduces osteolysis, apoptosis, and inflammation in rat femurs. Moreover, SIRT3
overexpression raises the mineralization of MSCs in vitro [89]. All these results indicate
that SIRT1 and SIRT3 improve bone regeneration.

On the other hand, SIRT7 negatively regulates bone regeneration. Knockdown of Sirt7
increased bone volume, bone density, and trabecular number and improved bone remod-
elling in a rat tibia fracture model [101]. In the same study, in vitro knockdown of SIRT7
increased mRNA and protein levels of RUNX2, OSX, OPN, and COL1A1, ALP activity,
and mineral deposition in human BMSCs [101]. This suggests that SIRT7 downregulates
osteogenic differentiation and impairs bone regeneration.

3.7. Muscle Repair

Muscle tissue is soft, contractile, and permits the locomotor movement of appendages
and organs. It is made up of myocytes and satellite cells. The latter are stem cells that
differentiate into myocytes during tissue homeostasis, injury, and regeneration [187]. SIRT1
activation using resveratrol and in a genetic gain-of-function model has been observed
to positively regulate muscle regeneration in mice [188,189]. In fact, resveratrol increases
the number of muscle progenitor cells and does not affect proliferation [189]; however, in
other studies, SIRT1 modulated the proliferation of muscle precursors in rats [190]. Lee and
Goldberg studied SIRT1 in a model of muscle atrophy caused by fasting or denervation
and observed that overexpression of Sirt1 decreased atrophy and increased the number of
muscle fibres [191]. In another study, aging in mice and muscle SIRT1 levels were related,
with old mice showing lower levels of SIRT1. Additionally, knock-in of Sirt1 increased the
proliferation of mouse satellite cells and muscle strength, and knockout had the opposite
effect [190], indicating that SIRT1 can partially restore muscle deterioration caused by aging.
Myers and colleagues also evaluated the acetylation level of PGC1-α (a target of SIRT1),
but they did not find significant differences between satellite cell-specific knockout, skeletal
muscle-specific knockout, young WT, and old WT groups; therefore, they did not find the
target of SIRT1 that modulates muscle restoration in mice.

On the other hand, SIRT2 participates in muscle regeneration. Genetic inhibition of
Sirt2 decreases regenerative capacity and increases muscle atrophy, and also decreases
the mRNA levels of myogenic factors such as Myf5, MyoD, and myogenin. It reduces the
mRNA levels of Ccnd1 and Cdk2, indicating that it decreases the proliferation of muscle
cells [192].



Int. J. Transl. Med. 2024, 4 698

3.8. Sirtuins as Potential Keys in Epimorphosis

Epimorphic regeneration is the process of limb or tail reconstruction directed by a
blastema, which is a cluster of dedifferentiated cells (post-mitotic cells that lose the qualities
of differentiated cells, such as morphology) found beneath the apical epithelial cap (AEC)
(a stratified epithelium at the distal end of the regenerating structure) [193]. The cells
comprising the blastema originate from various tissues, including epidermal, dermal,
muscle, vascular, and connective and nervous endothelial tissues [194,195]. Although these
cells present a dedifferentiation phenotype in the blastema, i.e., they have a mesenchymal
morphology [193], they continue to have memory. Cellular memory in the blastema is
evident when each cell re-differentiates into its same cell type or lineage of origin [196]. In
addition, stem cells residing in the injured tissues can be recruited to form the blastema
and contribute to regenerated tissue.

Sirtuins have been poorly studied in animal models that regenerate appendages, e.g.,
limbs and tails. In a recent study, the usage of sirtinol inhibited zebrafish tail regeneration:
the length of the regenerated tail was shorter and the morphology was concave instead of
convex. Some of the mechanisms in which SIRT1 is involved are increased mRNA levels of
the mitochondrial chaperones heat shock protein (hsp) d1 and hsp a9 and the mitochondrial
proteases caseinolytic protease proteolytic (clpp) and lon protease 1 (lonp1), suggesting that
SIRT1 could regulate the unfolded protein response (UPR) during zebrafish tail regenera-
tion [197]. SIRT3 has also been evaluated in epimorphic regeneration. Knockout of Sirt3
using the Cre-Lox system did not affect mouse digit regeneration: no differences were
found in bone volume, porosity, or histology during regeneration. Furthermore, Sirt3-/-
embryos developed limbs and digits normally [198]. Busse and colleagues proposed that
an explanation of the differences absent in Sirt3-knockout mice may occur because sirtuins
have redundant functions and because epimorphic regeneration is a complex process,
interacting with other processes that are not affected by SIRT3’s absence. Further studies
are needed to evaluate the involvement of sirtuins in limb regeneration, morphallaxis, and
hypertrophic regeneration.

Sirtuins have been studied in zebrafish tail and mouse digit epimorphic regeneration,
but not in limb regeneration. Among vertebrates, salamanders are the kings of regeneration:
they can fully regenerate complex structures (limbs and tail) throughout their lifespan. In
the 21st century, the axolotl (an aquatic salamander) has become the most studied model
in regeneration research, and currently has one of the most complete molecular mecha-
nism and pathway descriptions of epimorphic regeneration. The axolotl has sequenced
transcriptomes and a sequenced genome, and there are transgenic line specimens, all of
which make the axolotl an ideal model for investigating the role of sirtuins using ‘omics’
and molecular techniques.

4. Conclusions

Sirtuins, a family of deacetylase enzymes, play roles in the regulation of various
cellular processes, including proliferation, migration, epithelial–mesenchymal transition,
and differentiation. Sirtuins positively and negatively regulate the aforementioned cell
processes; however, there is more evidence to support positive regulation. In this review,
some molecular mechanisms are discussed. These mechanisms explain the roles of sirtuins
during tissue regeneration, particularly of the cornea, spinal cord, bone, and muscle
(Figure 2).

Sirtuins also participate in organ regeneration, such as skin, liver, and heart regenera-
tion (Figure 3). In summary, sirtuins improve regeneration by increasing the wound healing
rate, cell proliferation and migration, and autophagy, while also reducing oxidative stress,
inflammation, apoptosis, and fibrosis, among other processes involved in regeneration.

By studying sirtuins, scientists may discover new pathways and molecular factors
involved in critical cellular processes for regeneration, such as proliferation, differentiation,
and migration. These discoveries could reveal new mechanisms by which cells respond
to damage and initiate repair. Sirtuins have been shown to play roles in the regeneration
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of various organs and tissues, including the skin, liver, heart, and spinal cord, positioning
them as promising targets for therapeutic interventions. Further exploration of sirtuin-
mediated mechanisms may also lead to the development of therapeutic interventions for
age-related degeneration and traumatic injuries.

 
Figure 2. Sirtuins participate in tissue regeneration. Inhibition of sirtuins reduces proliferation,
retarding wound closure in the corneal epithelium. Chemical activation of SIRT1 improves autophagy
and reduces negative events (inflammation and apoptosis) in spinal cord regeneration. Additionally,
in muscle regeneration, experimental modulation of PGC1-α has no effects on muscle regeneration.
Abbreviations: ALP, alkaline phosphatase; CCND, cyclin D; CDK, cyclin-dependent kinase; COL,
collagen; IL, interleukin; LC-3B, light chain 3 beta; MYF5, myogenic factor 5; MyoD1, myoblast
determination protein 1; OC, osteocalcin; OPN, osteopontin; OSX, osterix; PGC1-α, peroxisome
proliferator-activated receptor gamma coactivator 1 alpha; RUNX2, runt-related transcription factor
2; TNF-α, tumour necrosis factor alpha.
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Figure 3. Sirtuins participate in organ regeneration. Sirtuins improve skin regeneration by increasing
some cellular processes (angiogenesis, autophagy, etc.) and reducing other ones (fibrosis, inflam-
mation, etc.). In heart regeneration, a direct target of a sirtuin is known: SIRT7 deacetylates and
activates GATA4 (a transcription factor that induces the gene expression of Vegf ). Additionally, SIRT3
has no effect on the bone parameters in mouse digit regeneration. Abbreviations: ATP, adenosine
triphosphate; CCND, cyclin D; CLPP, caseinolytic protease proteolytic subunit; COL, collagen; EGF,
epidermal growth factor; FGF, fibroblast growth factor; GATA4, guanine, adenine, thymine, adenine
4; HSP, heat shock protein; IGF, insulin-like growth factor; IκB, inhibitory kappa B; LONP1, Lon
protease 1; NF-κB, nuclear factor kappa-light-chain enhancer of activated B cells; NOS, nitric oxide
synthase; ROS, reactive oxygen species; TGF-β, transforming growth factor beta; TNF-α, tumour
necrosis factor alpha; UPR, unfolded protein response; VEGF, vascular endothelial growth factor.
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In 2005, Porcu and Chiangi published a review presenting sirtuins as potential thera-
peutic targets, particularly in diseases such as neurodegeneration, diabetes, atherosclerosis,
cardiovascular disorders, and age-related comorbidities [199]. Posteriorly, several articles
had been published and analysed the evidence supporting the proposal of sirtuins as
pharmacological targets for different diseases and disorders, i.e., Alzheimer’s disease [200],
glycaemic disorders [201], mitochondrial myopathies, and cancer [202]. In this review,
the referenced articles focused on basic regeneration biology or molecular biology, and
none of them studied sirtuins in humans. As mammals, humans are poor regenerating
animals, and future therapeutic interventions would improve human regeneration capacity.
It is evident that there is a large gap between the current knowledge about sirtuins and
clinical therapies of regenerative medicine. Comprehension of the molecular and cellular
mechanisms of regeneration is necessary for the implementation of a real therapy. To that
end, studying the participation of sirtuins (and other emergent players) in regeneration
processes is relevant to achieve this clinical objective.

In regeneration research (and most biological research), SIRT1 is overrepresented
compared to other sirtuins. This may be because SIRT1 was the first sirtuin discovered
and the most biochemically investigated, but the study of the role of all seven sirtuins in
regeneration is essential to comprehend and understand the participation of this protein
family during regeneration.
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