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Abstract: SIRT1 is an NAD+-dependent class III histone deacetylase that is abundantly expressed in
the kidney, where it modulates gene expression, apoptosis, energy homeostasis, autophagy, acute
stress responses, and mitochondrial biogenesis. Alterations in SIRT1 activity and NAD+ metabolism
are frequently observed in acute and chronic kidney diseases of diverse origins, including obesity
and diabetes. Nevertheless, in vitro and in vivo studies and clinical trials with humans show that
the SIRT1-activating compounds derived from natural sources, such as polyphenols found in fruits,
vegetables, and plants, including resveratrol, quercetin, and isoflavones, can prevent disease and
be part of treatments for a wide variety of diseases. Here, we summarize the roles of SIRT1 and
NAD+ metabolism in renal pathophysiology and provide an overview of polyphenols that have the
potential to restore SIRT1 and NAD+ metabolism in renal diseases.

Keywords: Sirt1; NAD+; AKI; obesity; DKD; polyphenols

1. Introduction

Sirtuins constitute a family of nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylases that have been conserved during evolution from archaea to mammals; their
activity is regulated by metabolic and environmental stimuli [1]. Mammals carry seven
sirtuins (SIRT1–7) with diverse physiological functions and cellular locations [2,3]. In
particular, sirtuin 1 (SIRT1), which is localized to both the nucleus and the cytoplasm [4,5],
is expressed in embryonic and adult tissues such as the brain, pancreas, liver, and kid-
ney [6–8]. In all these tissues, SIRT1 has been linked to gene transcription, cell senescence,
energy homeostasis, glucose metabolism, and insulin secretion [9,10]. Several reports have
described the roles of sirtuins in renal pathophysiology, and SIRT1 has been the most
extensively studied sirtuin in the kidney (see reviews by [11–13]).

The kidney is one of the most energy-demanding organs in the human body due
to the high-energy requirements for continuous blood filtration, regulation of acid-base
homeostasis and electrolyte balance, reabsorption of nutrients, and blood pressure control.
As SIRT1 is an essential metabolic energy status sensor, its activity is regulated dynamically
to respond to any alteration in the cellular metabolic state [14]. These adaptations allow cells
to sense changes in energy levels in the nucleus, cytoplasm, and mitochondria. Therefore,
the regulatory network of SIRT1 is composed of nutritional, hormonal, and environmental
signals, SIRT1 target proteins, and NAD+ levels [13].

In this article, we review the protective effects of SIRT1 and NAD+ metabolism on
renal function because these effects have been recently described based on several models
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of renal disorders with metabolic impairment. In addition, we provide an overview of
the polyphenols that have the potential to restore SIRT1 and NAD+ metabolism in renal
diseases. The protective effects of SIRT1 on the kidney include the maintenance of the
glomerular barrier function, the antifibrotic effects, the antioxidant stress effects, and the
regulation of mitochondrial function and energy metabolism [11–14], which are described
in detail below.

2. SIRT1 Expression, Activity, and NAD+ Metabolism in the Kidney

SIRT1 is abundantly expressed in the kidney, and its expression decreases upon in-
take of a high-fat diet (HFD) or a high-glucose diet (HGD), while its expression increases
during starvation and nutrient deprivation [15]. The importance of SIRT1 in renal tis-
sue was emphasized in SIRT1-null mice that developed nephrogenic diabetes insipidus,
characterized by the production of large amounts of dilute urine due to the inability of
the kidney to concentrate it [16]. In contrast, the transgenic overexpression of SIRT1 in
mice or cultured cells provides direct evidence of the protective potential of this sirtuin.
Recently, it was demonstrated that upregulation of SIRT1 signaling in the early postnatal
ages can attenuate the expression of lipogenesis, oxidative stress, and inflammatory mark-
ers, reversing some of the pathological mechanisms of kidney programming specifically
affected by maternal obesity [17]. Similarly, SIRT1 transgenic mice demonstrate ameliorated
diabetic kidney disease (DKD) because of reduced levels of oxidative stress markers [18],
while induced SIRT1-deficient mice show elevated kidney inflammation [19] and urinary
albumin excretion [18].

In contrast to other metabolically active organs, the kidney is composed of diverse
cell types with very precise functions, in which SIRT1 plays specific roles. Some early
studies showed that SIRT1 is mainly expressed in proximal tubule cells (PTCs) [6,20]. In
recent years, single-cell transcriptome analysis showed that SIRT1 is expressed in the
cell subpopulations of Bowman’s capsule, particularly in podocytes and proximal and
distal convoluted tubules, as well as in principal and type B intercalated cells of the
collecting duct and, to a lesser extent, in type A intercalated cells [21–23]. Furthermore,
SIRT1 activity and expression gradually decrease in the kidneys of old mice compared to
those of younger animals and are induced in metabolically stressful environments such
as those generated by nutrient or oxygen deficiency [24–26]. In general, SIRT1 exerts a
protective effect in the kidney by reducing inflammation, oxidative stress, blood pressure,
and diabetic albuminuria and by delaying fibrogenesis and renal aging. These beneficial
effects of SIRT1 in the kidney have been described by several authors [8,27,28] and are due
to the deacetylation of specific lysine residues in several signaling network agents and
transcription factors, including, among others, nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB); signal transducer and activator of transcription protein (STAT);
forkhead box transcription factors (FOXOs); p38 mitogen-activated protein kinases (p38
MAPK); tumor protein p53 (p53); 5’-adenosine monophosphate-activated protein kinase
(AMPK); mechanistic target of rapamycin (mTOR); and peroxisome proliferator-activated
receptor-gamma coactivator 1 alpha (PGC1α). Recently, hypoxia-inducible factor (HIF)-2α
and Beclin1 were added to the list of SIRT1-target proteins with implications in acute kidney
injury (AKI); these are described in later sections of this review [29,30]. (See Table 1 and
Figure 1).

Furthermore, SIRT1 activity is dependent on NAD+ levels. NAD+ is a coenzyme
required for DNA stability and repair and for several oxidation–reduction reactions in the
cell and is essential for energy generation through carbohydrate and lipid metabolism. For
a long time, it was believed that the NAD+ concentration was stable in cells, changing
only the cellular oxidation status. However, it is currently known that NAD+ levels de-
crease dramatically because of the activity of NAD+-consuming enzymes such as sirtuins,
poly(ADP-ribose) polymerase (PARP), and ADP ribosyl synthetases, as well as chronically
because of aging and altered nutrition-related conditions such as obesity and diabetes,
contributing to the metabolic changes in these conditions [70]. The decrease in NAD+ levels
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is attributed to a decrease in the metabolic pathways involved in NAD+ synthesis. NAD+

can be synthesized from nicotinic acid (NA) through the Preiss–Handler Pathway, from
tryptophan through de novo biosynthesis, and from nicotinamide or nicotinamide riboside
(NR) through the NAD+ salvage pathway. Descriptions of these pathways can be found
in a detailed review by Houtkooper et al. [71]. The de novo NAD+ biosynthetic pathway
is particularly relevant in the kidney as this organ expresses all the NAD+ biosynthetic
enzymes, such as indoleamine 2,3-dioxygenase (IDO) and quinolinate phosphoribosyl-
transferase (QPRT) [72]. Notably, the kidney also expresses α-amino-β-carboxymuconate-
ε-semialdehyde decarboxylase (ACMSD), which forms α-aminomuconate-ε-semialdehyde
(AMS) that can be oxidized to CO2 and H2O, decreasing the NAD+ synthesis and NAD+

levels. Therefore, the genetic and pharmacological inhibition of ACMSD increases NAD+

levels, improving mitochondrial and kidney function (Figure 2) [73].

Table 1. Lysine residues deacetylated by SIRT1 in target proteins.

Target
Protein

Deacetylated
Lysine Residues Function References

NF-κB K218, K221, and K310

Controls transcription of genes, cytokine production and
cell survival; regulates innate and adaptive immune

responses and carcinogenesis; is implicated in processes of
synaptic plasticity and memory.

K218 and K221 are involved in DNA binding.
K310 participates in the transcriptional activity of NF-κB.

[31–34]

STAT3 K685, K679, K707, and K709 Mediates expression of several genes in response to cell
stimuli and plays a role in cell growth and apoptosis. [35–37]

FOXO1 K242, K245, K248, K262, K265,
K274, K294, and K559

Regulates gluconeogenesis and glycogenolysis, functions as
a tumor suppressor, and is involved in cell arrest, apoptosis,

and adipogenesis.
[38–44]

FOXO3 K203, K242, K245, K259, K270,
K271, K290, and K569

Induces cell cycle arrest, confers resistance to oxidative and
genotoxic stress, functions as a tumor suppressor, and

inhibits FOXO-induced apoptosis.
[41,42,44–46]

FOXO4 K186, K189, K215, K237, and
K407

Regulates oxidative stress signaling, longevity, insulin
signaling, cell cycle progression, neural differentiation, and

apoptosis and functions as a tumor suppressor.
[41,44,47,48]

p53 K320, K373, and K382
Functions as a tumor suppressor and induces cell cycle
arrest, senescence, apoptosis, and the response to DNA

damage and oxidative stress to prompt DNA repair.
[31,49–56]

Beclin1 K430 and K437 Regulates autophagy and cell death and plays a role in
tumorigenesis and neurodegeneration. [29,57,58]

PGC1α
K77, K144, K183, K253, K270,

K277, K320, K346, K412, K441,
K450, K757, and K778

Functions as a transcriptional coactivator that regulates
genes involved in mitochondrial biogenesis and energy

metabolism.
[15,59–61]

HIF1α K674

Functions as a transcriptional regulator of cell and
developmental responses to hypoxia and is implicated in

cancer, angiogenesis, energy metabolism, cell survival, and
tumor invasion.

[62–65]

HIF2α K741 Induces gene expression that is regulated by hypoxic stress. [63,66,67]

SMAD3 K333, K341, K378, and K409
Mediates intracellular signaling of transforming growth

factor-beta (TGF-β) and is thus related to tumor growth in
cancer development.

[25,68,69]

Beclin1, Coiled-Coil, Moesin-Like BCL2-Interacting Protein; FOXO, forkhead box transcription factors; HIF,
hypoxia-inducible factor; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; p53, tumor
protein p53; PGC1α, peroxisome proliferator-activated receptor-gamma coactivator 1 alpha; SMAD, mothers
against decapentaplegic homolog 3; STAT3, Signal transducer and activator of transcription 3.
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Figure 1. Dysregulation of SIRT1 in kidney-related diseases and the target proteins involved. SIRT1
deacetylase activity and expression are reduced (red arrow), which increases acetylation/activation of
several transcription factors, leading to aggravated effects, such as inflammation, apoptosis, fibrosis,
oxidative stress, and autophagy dysfunction in kidney tissue. Together, these processes contribute to
the development and progression of kidney-related disorders. Therefore, the main role of SIRT1 is to
protect the kidney by preserving renal homeostasis. Stimulation,
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ACMSD expression is restricted to the kidney, liver, and brain [74]. ACMSD inhibitors
have been developed to increase de novo NAD+ biosynthesis and thus delay alterations in
the mitochondrial function associated with the kidney’s physiological alterations. Notably,
3-[[[5-cyano-1,6-dihydro-6-oxo-4-(2-thienyl)-2-pyrimidinyl]thio]methyl]phenylacetic acid
(TES-1025) was the first potent and selective inhibitor of human ACMSD enzymatic ac-
tivity [73], and both in vitro and in vivo TES-1025 treatment in acute kidney disease leads
to a concomitant increase in NAD+ levels and improved kidney function, as we describe
below (Figure 2). In the following sections, we describe the mechanisms by which SIRT1
and the modulation of NAD+ metabolism are involved in the pathophysiology of kidney
diseases [12,74,75], with special emphasis on SIRT1 alterations in AKI, chronic renal failure,
obesity, and DKD.
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Figure 2. Modulation of NAD+ metabolism improves renal function during AKI and chronic kidney
disease. SIRT1 activity is dependent on NAD+ levels, which are maintained, in part, through NAD+

biosynthetic pathways. High levels of ACMSD in the kidney decrease NAD+ levels. Thus, the use of
ACMSD inhibitors such as TES-1025 has the potential to be efficient in protecting renal function, as
observed in ACMSD-KO mice. Furthermore, SIRT1 activity is positively modulated in the kidney by
FGF21 and melatonin. In contrast, aging and miRNAs, such as miR183–3p and miR155–5p, decrease
SIRT1 activity. Finally, HIF2α and Beclin1 are among the newly described SIRT1 target proteins in the
kidney. SIRT1, sirtuin 1; NAD+, nicotinamide adenine dinucleotide; NAM, Nicotinamide; ACMS, α-
amino-β-carboxymuconate-ε-semialdehyde; ACMSD, α-amino-β-carboxymuconate-ε-semialdehyde
decarboxylase; KO, knockout; AKI, acute kidney injury; CKD, chronic kidney disease; DKD, diabetic
kidney disease.

2.1. The Role of SIRT1 in Acute Kidney Injury

Several clinical studies have suggested that AKI is an important risk factor for progres-
sive chronic kidney disease (CKD), in which SIRT1 plays a pivotal role [75]. AKI includes a
heterogeneous group of conditions in which renal proximal tubules are severely affected
and unable to maintain electrolyte, acid-base, and fluid homeostasis due to an elevated
metabolic rate caused by toxins or hemodynamic variations, leading to a rapid decline in
renal excretory function. AKI manifests by increased serum creatinine levels and/or de-
creased diuresis and electrolyte abnormalities and/or coagulopathy, which may contribute
to multiorgan failure [76–79]. AKI affects 3–7% of hospitalized patients, and patients with
AKI have a high mortality rate [73]. AKI is associated with abnormal renal oxygen supply;
therefore, some nephron segments turn to anaerobic metabolism. Alterations in ATP syn-
thesis due to deficient metabolic pathways or lack of fuel substrates may increase cellular
susceptibility to damage and dysfunction in the kidney [80]. Mechanisms involved in AKI
in addition to alterations in energy metabolism are apoptosis, inflammation, autophagy,
and cell cycle dysregulation [81] (Figure 1).
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Cisplatin is widely used in the treatment of cancerous tumors. However, cisplatin
induces cytotoxicity in renal tubules by inducing apoptotic cell death following DNA dam-
age [82] and is frequently used to induce AKI in murine models. Furthermore, cisplatin
induces peroxisome damage, which increases oxidative stress by decreasing catalase expres-
sion and increasing reactive oxygen species (ROS) production [26,83]. Notably, increasing
SIRT1 expression specifically in the kidney proximal tubules attenuated cisplatin-induced
AKI by preserving the peroxisome number and function, maintaining catalase activity,
and preventing ROS production [84]. Additionally, aged animals subjected to short-term
calorie restriction and cisplatin treatment presented with attenuated kidney injury asso-
ciated with increased SIRT1 expression [85]. Under these conditions, SIRT1 deacetylates
the tumor suppressor gene p53 and the transcription factor NF-κB p65 to maintain peroxi-
some integrity, induce catalase activity, and decrease the apoptosis rate and oxidant effect
level, improving the glomerular filtration rate and protecting kidney function [82,84,86,87].
Recently, it was shown that fibroblast growth factor 21 (FGF21) exerts a renal-protective
effect that is potentially mediated through SIRT1 activity (Figure 2). FGF21 increased the
SIRT1 expression in cisplatin-treated mice and decreased blood urea nitrogen (BUN). The
tissue structure presented fewer necrotic sites and the downregulation of apoptotic genes,
effects that were not observed in cells when SIRT1 was genetically downregulated [88].
Melatonin is another hormone that exerts renoprotective effects through SIRT1. Melatonin
activated the nuclear factor E2-related factor 2/heme oxygenase-1 (NRF2/HO-1) signaling
pathway [89], decreased the HIF-1α content in human proximal tubular cells [90], and
ameliorated AKI in severely burned rats [91]. However, research is still needed to evaluate
the mechanisms by which SIRT1 mediates renoprotective effects.

It has been demonstrated that an integrative network of microRNAs and the tran-
scriptome changes during AKI [92]. In fact, the decreased expression of SIRT1 has been
associated with an increase in miR-183–3p. Remarkably, the downregulation of miR-183
during AKI in a rat model reestablished the SIRT1 expression and attenuated renal tissue
damage [67]. Similarly, miR-34a and miR-155–5p reduced the expression of SIRT1 [93–95].
Taken together, these results suggested that the downregulation of SIRT1 is mediated
through a posttranscriptional mechanism mediated by miRNAs (Figure 2). However, fur-
ther research is needed to clarify whether these miRNAs bind directly to SIRT1 mRNA.
Additionally, other miRNAs have been indirectly associated with the modulation of SIRT1
expression. For example, during lipopolysaccharide (LPS)-induced kidney injury, the
miR-23 was reduced and associated with an increase in Rho-associated kinase 1 (ROCK1).
ROCK1 suppressed SIRT1, leading to the activation of NFκB [96].

Among the mechanisms by which SIRT1 mediates renoprotective effects, a recent
study showed that SIRT1 conditional knockout (KO) in interstitial cells led to severe renal
damage and fibrosis, probably due to an increase in HIF-2α, which SIRT1 deacetylates
in vitro. HIF-2α deacetylation is associated with a decrease in its own expression [30]. In ad-
dition, SIRT1 attenuated sepsis-induced AKI by activating Beclin1 deacetylation-mediated
autophagy [29]. The modulation of kidney SIRT1 activity may also be a result of crosstalk
communication with other types of tissues. Treatment with exosomes from mesenchy-
mal stem cells in adipose tissue activated SIRT1 and decreased the state of inflammation,
apoptosis rate, and microcirculation disorders in mice with sepsis-induced AKI [97].

On the other hand, the normal and proper function of the kidney depends greatly
on nephron integrity, which requires high levels of energy and oxygen consumption to
facilitate the active transport that leads to ion reabsorption and to produce glomerular
filtrate. After the heart cells, renal cells have the highest density of mitochondria [98–100].
Recent evidence suggested that mitochondria are important in the pathogenesis of AKI,
where several cellular pathways could be affected, increasing oxidative stress and leading to
cytoskeletal changes, as well as the necrosis and apoptosis of renal tubular cells [101–103].
The SIRT1-activating compounds upregulate SIRT1 expression to reduce cisplatin- or
hemorrhagic-shock-induced AKI, directly impacting catalase expression, eliminating free
radicals, and promoting ATP generation [82,84,104]. SIRT1 also stimulates the activation
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of PGC1α, which is a transcriptional coactivator involved in energy metabolism and is
the master regulator of mitochondrial biogenesis. Thus, stimulation of PGC1α restores
the proximal tubule function by increasing mitochondrial content, which directly affects
ATP synthesis [105–108]. SIRT1-activating compounds have also been proven effective
during aging. Pretreatment with SIRT1-activating compounds decreased the vulnerability
of aged kidneys to acute injury and revealed the clear progression of renal tubular injury
after ischemia/reperfusion (I/R) in adult mice [6,109]. Altogether, these studies highlight
the protective effect of SIRT1 activation mediated by bioactive compounds to suppress cell
apoptosis and fibrosis [84,109], and we address this topic in detail.

Another condition that triggers AKI is metabolic endotoxemia, in which a high con-
centration of lipopolysaccharides (LPSs) accumulate in the intestinal lumen, through which
they reach the circulatory system. Although the kidney metabolizes and excretes toxins,
renal tubules can reabsorb a high concentration of LPSs, affecting the structure and function
of the renal tubular epithelial cells and contributing to the development of AKI [110–112].
LPSs are recognized by Toll-like receptor 4 (TRL4), which undergoes conformational
changes upon its activation, which in turn leads to the NF-κB signaling pathway activation
and inflammatory cytokine production critical for pathogen detection and stimulation of
innate immunity [113,114]. A study with TLR4-KO mice showed that the S1 segment of
the proximal tubule exhibits the highest uptake of LPS due to a higher expression of TRL4.
Notably, this segment is protected from oxidative stress because of an increase in SIRT1. In
contrast, the S2 segment of the proximal tubule does not show increased SIRT1 expression
and presents severe structural and functional damage caused by the deleterious effects of
free radicals. This study suggests that, in the S1 segment, SIRT1 acts as a protective mecha-
nism against sepsis-induced AKI [110]. On the other hand, SIRT1-activating compounds
attenuated AKI by restoring SIRT1 expression in different animal models [19,112,115]. In
summary, SIRT1 downregulates the expression and/or release of inflammatory mediators
to protect against endotoxemia-induced AKI [19,112,116].

Regarding hemodynamic variations and AKI, SIRT1 has been implicated in cellular
protection against renal I/R injury. In a recent study with an AKI rat model, the SIRT1
was upregulated after I/R treatment. The expression of SIRT1 in vitro was also elevated
in human renal proximal tubular epithelial cells (HK2 cells) subjected to hypoxia and
reoxygenation. In both the rat and the cell models, the pharmacological activation of SIRT1
significantly restored renal function and decreased the apoptosis rate, and it decreased the
production of ROS in the HK2 cells. This study found that autophagy was upregulated
in I/R injury and increased by pharmacological intervention. Thus, SIRT1 is crucial to
renoprotection during AKI [117].

2.2. The Role of SIRT1 in Chronic Kidney Disease

Chronic kidney disease (CKD) is characterized by persistent urine anomalies
and a gradual loss in kidney structure and function (e.g., a glomerular filtration rate
<60 mL/min/1.73 m2 and/or albumin levels ≥30 mg per 24 h) for more than 3 months,
and tubulointerstitial fibrosis is the hallmark of CKD regardless of its etiology [118–120].
The incidence of CKD and renal fibrosis affects up to 15% of the worldwide population and
one-half of senior adults [121,122]. Therefore, proper diagnosis and patient surveillance are
required to avoid adverse CKD-associated consequences, such as cardiovascular diseases
and death. Among the risk factors for the development of CKD are low nephron count
at birth, loss of functional nephrons due to aging, and acute or chronic kidney injuries
caused by toxins or diseases [123], which frequently increase oxidative stress and decrease
antioxidant activities.

Kidney fibrosis is the formation of excessive matrix connective tissue, whose compo-
nents can cause kidney function deterioration [124]. Fibrosis is triggered as a beneficial
reparative mechanism in response to initial damage. However, when one or more of the
initial stages of fibrosis are incorrectly regulated pathological fibrosis develops and can
progress to CKD. CKD fibrosis is associated with inflammation and tissue regeneration
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because of an inflammatory response involving tumor necrosis factor-alpha (TNF-α), in-
flammatory cytokines, the NLRP3 inflammasome, and transforming growth factor-beta
(TGF-β), causing a gradual reduction in renal function [124,125]. Similarly, oxidative stress
disables the kidney’s ability to enable damage repair, which leads to necrosis and apoptosis
of the renal tissue cells [103,126,127]. SIRT1 safeguards cells from oxidative stress and
inhibits the expression of profibrotic markers. For instance, this deacetylase can stimulate
the expression of antioxidants via the FOXO pathways and inhibit NF-κB signaling, which
is a major inducer of inflammatory responses [128].

After exposure to high-permeability-inducing and low-oxygen environments, SIRT1
protects the renal medullary interstitial cells from oxidative stress-induced apoptosis.
Knocking down SIRT1 in models of unilateral ureteral obstruction (UUO), a model of CKD,
significantly reduced oxidative stress resistance due to decreased expression of antioxidant
enzymes, specifically cyclooxygenase-2 (COX-2), which led to increased fibrosis and apop-
tosis rates in the renal medulla, suggesting that SIRT1 plays a relevant role in the protection
of kidney cells against oxidative stress [6,129]. Furthermore, pharmacological activation
of SIRT1 has been shown to prevent the characteristic alterations in CKD. For instance,
treatment with the SIRT1 activator SRT1720 in UUO model mice increased COX-2 expres-
sion and attenuated renal fibrosis and inflammation [6,130]. Moreover, activation of SIRT1
attenuated renal inflammation and tubular fibrosis in 5/6 nephrectomized rats and cultured
mesangial cells (MMCs) through inhibition of TGF-β/SMAD signaling [25,69,131,132]. In
contrast, the sirtuin inhibitor sirtinol eliminated the renoprotective effect of losartan, which
suppresses endoplasmic reticulum (ER) stress by upregulating SIRT1 via HO-1 and thiore-
doxin, in this UUO model. In general, SIRT1 is a key mediator of the antifibrotic effect of
angiotensin II blockers [133] and hydrogen-rich water [134].

In particular, the relevance of SIRT1 in maintaining endothelial function was demon-
strated with a SIRT1 endothelial-cell-deficient mouse model (SIRT1endo-/-) [135]. The
kidneys of SIRT1endo-/- mice showed a significant increase in tubulointerstitial fibrosis after
folic acid treatment. Additionally, enhanced peritubular capillary rarefaction manifested
as impaired angiogenesis and increased activity of the developmental Notch1 signaling
pathway [136]. The increased activity is attributable to the suppressed expression of matrix
metalloproteinase-14 (MMP-14) [135]. The restoration of MMP-14 improved endothelial
proliferation and function, inhibited fibrosis, and ameliorated nephrosclerosis [135]. In the
UUO and I/R models, SIRT1 activation improved renal fibrosis in proximal tubular cells by
deacetylating SMAD3 and SMAD4 and blocking the effect of TGF-β signaling on matrix
metalloproteinase-7 (MMP-7), which normally cleaves E-cadherin [25,137,138]. As a result
of SIRT1 deacetylation of SMAD4, β-catenin remains attached to E-cadherin at the cell-cell
junctions, thus reducing fibrosis [137]. In addition, SIRT1 exerts its antifibrotic role through
modulation of PGC1α activity [108]. Taken together, these studies showed that SIRT1 is
a therapeutic target whose activation attenuates the progression of renal fibrotic diseases
(Figure 1).

SIRT1 is involved in the activation of FOXO1, FOXO3, and FOXO4 to regulate the cell
response to inflammation, autophagy, apoptosis, and oxidative stress [139–141]. Autophagy,
a lysosomal degradation process that is evolutionarily conserved, provides nutrients and
energy to the cell by eliminating unessential material during starvation, leading to cellular
renovation and homeostasis [142]. In the kidney, autophagy maintains cellular homeostasis
and the viability of renal cells such as podocytes and tubular epithelial cells. Therefore, the
impairment of autophagy is specifically linked to the pathogenesis of CDK. For instance,
the activation of SIRT1-induced autophagy in the kidney exerts a protective effect, which
is frequently diminished in the kidneys of aging animals subjected to systemic hypoxia
and ischemic renal injury [140,143,144]. In contrast, autophagy deficiency in renal proxi-
mal epithelial tubular cells displays increased sensitivity against renal injury even under
normal feeding conditions [145]. In fact, the activation of FOXO3 by SIRT1 is essential
for the control of hypoxia-induced autophagy in proximal tubule cells [140]. Increased
susceptibility to oxidative stress has been attributed to phosphoinositol-3 (PI3)-kinase
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activity and AKT phosphorylation, in addition to SIRT1, as they were significantly reduced
in the kidneys of aging animals upon gradual exposure to hypoxia [146]. This mechanism
is particularly relevant during aging. The kidneys of aged SIRT1-deficient mice under
calorie restriction and hypoxia showed the accumulation of damaged mitochondria in
addition to increased FOXO3 acetylation [140]. Therefore, as an adaptation to hypoxia,
SIRT1 may mediate mitochondrial autophagy in the proximal tubule cells of senile kidneys
subjected to energy restriction. Additionally, transgenic mice with the kidney proximal-
tubule-specific overexpression of SIRT1 showed attenuated development of AKI because
of decreased local oxidative stress and attenuated tubular cell apoptosis that had been
induced by cisplatin treatment [84].

Inflammation also determines the initiation and progression of CKD, and, along with
ischemic changes, it affects tissue oxygenation, the recruitment and activation of profi-
brotic and proinflammatory cytokines, and the growth factor activity and the subsequent
production of harmful ROS [147–149]. Among the key signaling molecules involved in
the control of inflammation, ubiquitously distributed NF-κB is rendered inactive in the
cytoplasm under basal conditions and in response to various stimuli, such as high glucose,
proteinuria, cytokines, and growth factors. NF-κB is translocated into the nucleus to turn
on the transcription of several inflammatory, cell cycle, and apoptotic genes [150–152].
NF-κB is a heterodimeric complex consisting of a p50 and p65 subunit. SIRT1 interacts
and deacetylates p65, inhibiting the transcriptional activity of NF-κB, leading to attenuate
inflammation [31,153]. Additionally, experimental results demonstrated that, after LPS chal-
lenge, knocking down SIRT1 led to hyperacetylation and activation of NF-κB p65 [19]. In
contrast, overexpression or pharmacological stimulation of SIRT1 prevented acetylation of
NF-κB p65 and cytotoxicity in proximal tubule cells during cisplatin treatment [82,128,154].
Together, these findings demonstrated the key role of SIRT1 as a negative regulator of the
NF-κB p65 signaling pathway and revealed that SIRT1 exerts a renoprotective effect by
attenuating cell apoptosis and preventing inflammation (Figure 1).

Extracellular high-mobility group box 1 (HMGB1), or amphoterin, is another target of
SIRT1 [155]. Under physiological conditions, hyperacetylated HMGB1 is located primarily
in the nucleus, from where it is released into the cytoplasm upon the application of stress
to nonlethally injured and necrotic cells, and then, it acts as a potent proinflammatory
cytokine, inducing the systemic inflammation that contributes to the pathogenesis of
various diseases [156–158]. SIRT1 participates in regulating the nuclear retention of HMGB1
by deacetylating it [155]. The elimination of SIRT1 increases HMGB1 acetylation, facilitating
its nuclear-to-cytoplasmic translocation and systemic release, which increases cellular
damage. In contrast, the pharmacological activation of SIRT1 promotes the deacetylation
of HMGB1 and its nuclear retention, thus preventing renal damage [155]. Therefore, under
stress conditions, SIRT1 modulates the damage signaling initiated by HMGB1 secretion by
forming an anti-inflammatory complex with HMGB1, reducing renal cell damage.

2.3. Modulation of NAD+ Metabolism Improves Renal Function in Acute Kidney Injury and
Chronic Kidney Disease

The use of the ACMSD inhibitor has proven to be efficient in protecting renal function
in two different models of AKI: one induced by a single intraperitoneal (i.p.) application
of cisplatin and the other induced by ischemia/reperfusion (I/R) induction achieved by
clamping renal pedicles for 25 min. Dietary treatment with the ACMSD inhibitor TES-1025
protects against AKI by normalizing the blood creatinine, urea nitrogen, and kidney injury
molecule (KIM)-1 levels and the glomerular filtration rate (Figure 2). The cumulative
histopathological score used to evaluate tubular necrosis, tubular dilation, inflammation,
edema, and cast formation was unchanged by the ACMSD inhibitor treatment. Moreover,
alterations in NAD+ levels have been observed in different chronic diseases, and they
were accompanied by alterations in the ACMSD expression. For example, the ACMSD
expression increases in streptozotocin (STZ)-induced diabetic rats [159]. In kidney biopsy
samples obtained from patients with CKD, the expression of enzymes involved in NAD+ de
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novo synthesis decreased in the immediate post-transplantation period, while the salvage
pathway was stimulated. Interestingly, nicotinamide riboside (NR) supplementation in
mouse models of AKI prevented tubular injury, but not in CKD [159]. A second study using
high doses of i.p. nicotinamide showed the dose-dependent acquisition of the protective
phenotype against tubulointerstitial fibrosis [160]. However, further research is needed
to establish the reason why the compelling effects observed in AKI are not observed in
CKD. It is possible that a longer and/or earlier treatment may be required or that the
administration route and dose may be determinants of the effects observed. Additionally,
translational studies are required to evaluate whether the effects observed in mouse models
are replicated in humans. The first evidence obtained through a randomized, double-blind,
placebo-controlled study in hospitalized patients with AKI showed that AKI resulted in
a 50% reduction in whole blood NAD+, and strikingly, the use of increasing doses of
NR and pterostilbene augmented these NAD+ levels by 37% within 48 h, although no
difference was observed in the kidney function evaluation measures [161]. A previous
study with 12 healthy volunteers showed that NR alone, at doses ranging from 100 to
1000 mg, increased peripheral blood mononuclear cell NAD+ levels after 24 h [162]. The
compounds were well tolerated, and no safety concerns were raised. Together, these results
revealed the therapeutic potential of NR supplementation to modulate NAD+ levels in
patients with kidney disease. Nevertheless, the effect of NR supplementation on kidney
NAD+ levels and renal physiology needs more investigation.

From a mechanistic point of view, extracellular signal-regulated kinase 1/2 (ERK1/2)
was activated during AKI, inducing renal dysfunction after I/R, and this change was
associated with a decrease in mitochondrial biogenesis. The inhibition of mouse ERK1/2
activation in AKI using the mitogen-activated protein kinase 1/2 (MEK1/2) inhibitor
trametinib attenuated renal cortical NAD+ depletion. The expression of the rate-limiting
NAD+ biosynthesis salvage enzyme nicotinamide phosphoribosyl transferase (NAMPT)
was decreased following AKI induction, and this decrease was prevented by ERK1/2
inhibition. The microRNA miR-34a level decreased with the inhibition of ERK1/2, leading
to an increase in NAMPT protein. The mice treated with an miR-34a mimic showed no
increase in NAMPT protein in the renal cortex after ERK1/2 inhibition. In addition, ERK1/2
activation increased the level of acetylated PGC1α, the less active form, whereas inhibition
of ERK1/2 activation prevented an increase in acetylated PGC1α after AKI induction
because of the SIRT1 and NAD+ attenuation [163].

2.4. Alterations in SIRT1 Activity in Obesity and Diabetes

SIRT1 deacetylase activation delays and/or attenuates many obesity-related diseases,
including nonalcoholic fatty liver disease (NAFLD) and diabetes, and has received great
attention as a drug target. SIRT1 function is aberrantly low in obesity; therefore, under-
standing the underlying mechanisms is important for drug development. Additionally, the
dysregulation of metabolic pathways involving SIRT1 may lead to type 2 diabetes (T2D),
which is characterized by high glucose concentrations caused by insulin resistance. The
development of T2D and its complications is associated with lipid metabolism disorders.
Inadequate fatty acid oxidation gives rise to the initiation of insulin resistance and lipid
accumulation [164,165]. In the following sections, we describe the role of SIRT1 in delaying
the alterations observed in the kidney during obesity and diabetes.

2.4.1. The Role of SIRT1 during Obesity-Induced Renal Lipid Accumulation

Obesity is a global public health threat mainly characterized by hyperinsulinemia,
altered glucose and lipid metabolism, chronic inflammation, and oxidative stress and is a
risk factor for the development of cardiac disorders, metabolic syndrome, and T2D [166].
Obesity-induced metabolic alterations exert profound effects on kidney physiology, includ-
ing tubular and glomerular hypertrophy, thickening of the glomerular basement membrane,
and mesangial matrix expansion [167], which are mainly caused by lipid deposition, chronic
inflammation, an increased glomerular filtration rate, and other alterations [168]. This
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kidney pathological damage contributes to albuminuria and eventually to tubulointerstitial
fibrosis and glomerulosclerosis [169,170]. Notably, direct evidence of the potential of SIRT1
modulation in improving kidney injury upon HFD intake was obtained from transgenic
mice overexpressing SIRT1 and mice treated pharmacologically with SRT1720 [17,171,172].
SIRT1 overexpression and SRT1720 treatment attenuated the renal lipid content and the
expression of lipogenesis, oxidative stress, and inflammatory markers [17]. Furthermore,
the effects of an HFD on renal physiology were transgenerational, as the male offspring of
high-fat-fed mouse dams exhibited perirenal fat deposition with lower SIRT1 expression
and reduced AMPK phosphorylation [173,174].

As the body ages and body weight increases, vascularization decreases, leading to
a lower tissue oxygen supply and, ultimately, to chronic hypoxia [174–176]. Persistent
hypoxia causes changes in the mitochondrial functions, which shift from oxidative stress to
anaerobic glycolysis [177]. Proximal tubule cells are easily damaged by hypoxia because
their volume accounts for more than 80% of the kidney cortex, to which oxygen is supplied
only by peritubular capillaries [178]. The most characterized effectors of low-oxygen
responses are the hypoxia-inducible factors HIF-1 and HIF-2, which facilitate oxygen
delivery and cellular adaptation to hypoxia [179]. In the kidney, HIF-1α is located in the
fully developed organ, and HIF-2α is expressed in the renal endothelial cells as well as in
the interstitial fibroblast-like cells [180]. Under normoxia, SIRT1 binds and deacetylates
HIF-1α. In response to acute hypoxia, SIRT1 activity decreases, allowing the acetylation
and activation of HIF-1α, which becomes stable [62,181]. HIF-2α is stimulated by chronic
hypoxia [182,183] and plays a regulatory role that opposes the detrimental proinflammatory
effects of HIF-1α [182].

During aging, SIRT1 stimulates mitochondrial biogenesis and regulates nuclear-
mitochondrial communication by deacetylation/inactivation of HIF-1α, which is disrupted
under pseudohypoxia and low levels of NAD+ [183]. A recent study of kidneys from
aged mice showed a decrease in SIRT1 expression and an increase in the acetylated/active
form of HIF-1α, along with a greater accumulation of the extracellular matrix and a higher
apoptosis rate compared to kidneys from young mice. Additionally, in HK2 cells exposed
to hypoxic conditions, SIRT1 was downregulated, allowing the acetylation/activation of
HIF-1α. SIRT1 overexpression in HIF-1α-transfected HK2 cells under hypoxia confirmed
the inhibition of HIF-1α activity by the SIRT1-induced deacetylation of HIF-1α. The chronic
activation of HIF-1α increased the apoptosis and fibrosis rates, suggesting that SIRT1-
induced deacetylation of HIF-1α might confer protection against tubulointerstitial damage
in aged kidneys [65].

The role of SIRT1 in obesity-induced renal damage has begun to be recognized through
studies on the molecular mechanisms produced by the currently used pharmacological
treatments. For example, liraglutide is a pharmacological treatment for patients with T2D
that reduces the events associated with persistent microalbuminuria, serum creatinine, and
end-stage kidney disease [184]. In this regard, liraglutide has been shown to increase SIRT1
expression in the kidneys of HFD-fed mice and prevent apoptosis in a SIRT1-dependent
fashion in vitro [185]. Moreover, liraglutide reduced renal lipids increased the number of
mitochondrial tricarboxylic acid (TCA) metabolites and the NAD+ level and increased the
expression of SIRT1, AMPK, and PGC1α in the kidneys of HFD-fed rats [186]. Similarly,
elafibranor, a dual peroxisome proliferator-activated receptor alpha (PPARα) and PPAR-
delta (PPARδ) agonist, increased the renal expression of PPARα, PPARδ, SIRT1, autophagy
genes, and glomerular/renal tubular barrier markers and was associated with low renal
tubular injury and tubulointerstitial fibrosis scores in HFD-fed mice. Moreover, acute
treatment of podocytes and HK2 cells with elafibranor or recombinant SIRT1 reversed the
oxidative stress, autophagy dysfunction, cell apoptosis, barrier marker loss, and albumin
endocytosis induced in vitro by serum obtained from HFD-fed models [187].

SIRT1 activity may be restored by decreasing renal lipid accumulation. In fact, the
treatment of diabetic mice with CL316,243, a β3-adrenergic receptor agonist, activated
brown adipose tissue, which decreased the blood lipid profile and improved renal fibrosis,
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inflammation, and oxidative stress. Additionally, CL316,243 increased the renal expres-
sion of AMPK, SIRT1, and PGC1α [188]. Furthermore, exercise training of diabetic mice
decreased triglyceride levels, reduced kidney morphological alterations, prevented the
loss of SIRT1, improved mitochondrial function, and reduced the acetylation of NF-κB
in the kidney compared to the diabetic mice without exercise training [189]. However,
more research is needed to understand the hormonal and metabolic pathways involved in
this response.

2.4.2. The Role of SIRT1 in Diabetic Kidney Disease

Diabetes consists of metabolic disorders with multiple etiologies characterized by
chronic hyperglycemia. Globally, diabetes prevalence is increasing significantly and is
considered a major health issue of alarming proportions. As of 2019, nearly half a billion
people were living with diabetes worldwide, and this number is expected to increase in the
future [190]. Untreated diabetes disrupts carbohydrate, fat, and protein metabolism as a
result of defects in insulin management, increasing the production of ROS and leading to a
state of chronic oxidative stress and the generation of inflammatory mediators, as well as
vascular changes and dysfunction that lead to extensive morbidity and ultimately death [5].
The long-term vascular complications caused by diabetes are cardiovascular diseases, such
as retinopathy, neuropathy, and nephropathy [5,191,192].

Approximately 30% of diabetic patients develop diabetic nephropathy, also known as
diabetic kidney disease (DKD), which is a leading cause of the progression to end-stage
renal disease (ESRD) [192,193]. Typically, DKD patients display albuminuria and a low esti-
mated glomerular filtration rate (eGFR) due to glomerular and tubular damage [23,170,192,194,195].
Oxidative stress, mitochondrial dysfunction, apoptosis, autophagy, and inflammation are
some of the mechanisms involved in the kidney damage sustained in DKD [195,196]. Re-
markably, in DKD, SIRT1 activation exerted a protective effect on the kidney in several
models of renal injury [18,197–200], whereas the elimination of SIRT1 exacerbated renal
alterations in diabetes [18,19].

SIRT1 deacetylates FOXO4, decreasing the expression of the proapoptotic gene Bcl2l11,
preventing podocyte loss in diabetes [201]. SIRT1 also inactivates NF-κB and STAT3 to
attenuate proteinuria and podocyte injury [202]. Interestingly, the podocyte-specific loss of
SIRT1 (SIRT1pod−/−) decreased the podocyte numbers and worsened albuminuria, which
in turn accelerated renal disease progression in diabetic mice [201–203]. Podocytes ob-
tained from SIRT1pod-/- mice exhibited severe morphological changes, such as enhanced
podocyte foot process effacement and reduced the expression of nephrin and nestin. SIRT1
is required for the preservation of cytoskeletal integrity and podocyte survival through
deacetylation and the concomitant activation of the actin-binding and actin-polymerizing
protein cortactin [204,205]. Moreover, the reduced expression of SIRT1 in podocytes plays
an important role in age-induced kidney injury, aggravating glomerulosclerosis and albu-
minuria, as indicated by the increased expression of cellular senescence markers [203]. In
contrast, inducible podocyte-specific SIRT1 overexpression in type 1 diabetic OVE26 mice
attenuated the progression of diabetic glomerulopathy by reducing albuminuria and atten-
uating diabetes-induced podocyte loss and oxidative stress. Indeed, the podocytes treated
with a pharmacological SIRT1 agonist, both in vivo and in vitro, showed increased deacety-
lation and activation of PGC1α, which protected these cells against high-glucose-mediated
mitochondrial injury and effectively mitigated the progression to diabetic kidney disease
induced by oxidative stress [198]. Furthermore, SIRT1 coordinates functional interplay
between the podocytes and tubular cells in DKD [18]. SIRT1pod-/- mice presented severe
mesangial expansion and cell loss [202], while SIRT1 overexpression reduced renal damage
in diabetic animals [198]. In STZ-induced diabetic animals, the elimination of SIRT1 in
proximal tubules upregulated the tight junction protein claudin-1, which led to exacerbated
albuminuria and impaired renal function [18].

Recent studies have demonstrated that SIRT1 not only participates in the functional
interplay between proximal tubule cells and podocytes but also associates with sodium-
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glucose cotransporter 2 (SGLT2). High basolateral glucose levels in the proximal tubules of
diabetic kidneys might upregulate the apical SGLT2 to increase glucose uptake through the
basolateral glucose transporter 2 (GLUT2), triggering a simultaneous reduction in SIRT1.
Diabetic mice and hyperglycemia-exposed proximal tubule cells treated with the SGLT2
inhibitor canagliflozin exhibited recovered SIRT1 expression both in vivo and in vitro,
respectively [206]. SGLT2 inhibitors also activate AMPK, leading to an increase in cellular
AMP or ADP levels [207]. As the SGLT2 inhibitors induce both AMPK and SIRT1, which
are known to promote autophagy, they dramatically attenuate glomerular hyperfiltration,
cell stress, and kidney injury. Hence, the interaction between the AMPK/SIRT1 signaling
and the sodium transport mechanisms in the kidney may explain the protective effects of
SGLT2 inhibitors in the development of DKD [208].

The evidence indicated that SIRT1 may interact with the renin-angiotensin system
(RAS). SIRT1 activates the angiotensin-converting enzyme 2 (ACE2) promoter, stimulating
the production and positive effects of angiotensin 1–7 [Ang-(1–7)] [209,210]. Ang-(1–7) in-
creases SIRT1 expression, whereas angiotensin II (Ang II) expression has the opposite effect.
The podocytes exposed to Ang II showed a reduced expression of SIRT1 in association with
acetylation of p53. Diabetic mice treated with angiotensin receptor blockers, which are
known to attenuate albuminuria and prevent podocytes from undergoing apoptosis, were
associated with increased SIRT1 activity and reduced p53 acetylation in the kidney [211].

In mesangial cells, SIRT1 deacetylates and inhibits the actions of NF-κB, preventing
the phosphorylation-induced activation of cJUN, decreasing matrix expansion and attenu-
ating proteinuria [212]. SIRT1 also inhibited renal inflammation and fibrosis through the
deacetylation of HIF-1α under high glucose conditions [213]. SIRT1 inhibits the activation
of AKT and increases the level of AMPK signaling, which prevents the induction of mTOR-
mediated protein synthesis and the subsequent mesangial hypertrophy induced by high
glucose [214]. Additionally, SIRT1 can protect against advanced glycation end product
(AGE)-induced diabetic renal fibrosis through its antioxidative effect [197]. Treatment of the
mesangial cells with AGEs reduced SIRT1 protein expression and activity but induced the
overproduction of fibronectin and TGF-β1 levels in a dose- and time-dependent manner.
SIRT1 upregulates the expression of NRF2 and activates the antioxidant response element
(ARE) antioxidative pathway to prevent the progression of renal fibrosis [69,215]. The
expression of proinflammatory and profibrotic cytokines in vitro and in vivo was reported
in the HBZY-1 rat glomerular mesangial cell line treated continuously in a high-glucose
milieu and in a diabetic mouse model. Similar results were observed in both models, which
showed that SIRT1 expression was significantly reduced in a high-glucose environment,
whereas the expression of NF-κB and FOXO1 was increased, and renal cell fibrotic factors,
such as vimentin and fibronectin, were induced [216].

On the other hand, connexins (Cxs) are transmembrane proteins that exchange infor-
mation between adjacent cells. The most abundantly expressed and widely distributed gap
junction protein is connexin 43 (Cx43), whose expression is significantly decreased in DKD
patients and diabetic animal models [217]. It has recently been shown that Cx43 is impor-
tant in regulating the renal epithelial-to-mesenchymal transition (EMT) and diabetic renal
tubulointerstitial fibrosis through the SIRT1/HIF-1α signaling pathway, as previously de-
scribed [218]. Moreover, higher levels of glucose induce extracellular matrix accumulation;
the upregulation of poly (ADP-ribose) polymerase-1 (PARP-1), which is essential for initiat-
ing various forms of DNA repair [219]; and a decrease in SIRT1 expression. The decreases
in SIRT1 can be attributed to a decrease in the NAD+ levels caused by PARP activation,
which inhibits the AMPK/PGC1α signaling pathway, inducing DKD pathogenesis [220].

3. Natural Modulators of SIRT1 Activity in the Kidney

The evidence obtained through studies with mouse models showed that the activation
of SIRT1 alleviated renal pathological abnormalities [221]. Therefore, measures have
been taken to identify natural compounds that can activate SIRT1. The identification of
SIRT1 modulators of natural origin, such as polyphenolic products in fruits, vegetables,
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and plants, demonstrated potential therapeutic effects in the prevention and treatment
of kidney diseases. Polyphenols are plant secondary metabolites and represent a large
group of compounds of variable structural complexity with aromatic rings containing one
or more hydroxyl groups. Numerous reports are suggesting that polyphenols in food
promote the enzymatic activity of SIRT1, thereby controlling gene expression in processes
such as DNA repair, metabolism, the oxidative stress response, mitochondrial function,
and biogenesis [222]. In addition, SIRT1 epigenetic modifications are also associated with
genome stability, gene transcription, and metabolic regulation. Thus, polyphenols, through
SIRT1 stimulation, can modulate the activation or silencing of specific genes. There are
several categories of polyphenols, including those based on their origin, biological function,
and chemical structure [223,224]. Their classification by chemical structure is probably the
most widely adopted method, and through this categorization, polyphenols are classified
into two main groups: flavonoids and nonflavonoids.

3.1. Nonflavonoid Polyphenols
3.1.1. Stilbenes

Stilbenes are phenolic compounds found in various families of plants [225]. Some of
these secondary metabolites have been recognized as phytoalexins and associated with
the defense mechanisms of plants as they are produced after infection by pathogens or
exposure to UV radiation and exhibit antifungal activities. The stilbene structure is based
on the C6–C2–C6 backbone and is defined by two aromatic rings linked by an ethylene
bridge [226] (Figure 3).

Resveratrol

Resveratrol (3,5,40-trihydroxy-trans-stillbene) is a natural plant polyphenol belonging
to the family of stilbenes because it contains the two phenyl moieties connected by a two-
carbon methylene bridge that is common to all the family members [227]. Resveratrol is
found in the skin of grapes, berries, and peanuts and is a known activator of SIRT1 [59],
which leads to antiproliferative and anti-inflammatory activities [45,228,229]. Resveratrol
increases SIRT1 activity approximately tenfold [230]. Hou et al., using molecular dynamics
simulations, provided an in silico model supporting that resveratrol modulates SIRT1 activ-
ity by stabilizing SIRT1/peptide interactions in a substrate-specific manner [231]. All the
available in vitro and in vivo animal and human studies examining the effects of resveratrol
showed that resveratrol improves renal tissue function after kidney alterations [231]. Those
studies have demonstrated that SIRT1 expression is increased in the kidney by resveratrol.
However, whether resveratrol modulates directly SIRT1 activity has not been evaluated,
and it is not clear which of the resveratrol positive effects on the kidney are directly me-
diated by SIRT1. There is evidence that shows resveratrol indirectly activates SIRT1 by
activation of AMPK. AMPK acts as a primary sensor that increases the NAD+ levels, thus
inducing stronger deacetylation of the SIRT1 targets, due to a concomitant increase in SIRT1
activity [232,233]. We address those studies in the following sections (Figure 4).

SIRT1-Mediated Effects of Resveratrol in the Kidney Inflammatory Response, Oxidative
Stress, and Fibrosis

Resveratrol modulates SIRT1 activity with a concomitant reduction in fibrosis, mesan-
gial expansion, oxidative stress, and inflammatory cytokine levels while improving kidney
structure and function [234,235]. Moreover, Saldanha et al. [236] found that the expression
of the key proinflammatory factors mediated by NF-κB and STAT3 was increased in the
kidneys of Sirt1 KO db/db mice, further confirming a key role of SIRT1 in the regulation
of inflammation in the kidney. On the other hand, SIRT1 modulates the expression and
activity of PGC1α [59], regulates AMPK activity through deacetylation and activation of
serine/threonine kinase 11 (STK11)/liver kinase B1 (LKB1) [237], and controls the expres-
sion of manganese superoxide dismutase (MnSOD) [238]. Resveratrol has been associated
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with an increase in all these key SIRT1 target proteins, which are essential in maintaining
mitochondrial function and reducing oxidative stress [239] (Figure 4).

Figure 3. Natural modulators of SIRT1 activity in the kidney. Polyphenols are classified as (a)
nonflavonoids and (b) flavonoids. SIRT1 activation by (A) (a) resveratrol and (b) piceatannol, nonfla-
vonoid stilbenes, has shown a beneficial effect on the kidney. The flavonols (B) (a) quercetin and (b)
the isoflavones genistein, formononetin, and puerarin have shown important beneficial effects on
kidney function. Other natural components, such as (C) (a) catalpol and (b) astragaloside IV, have
also been demonstrated to activate SIRT1 and ameliorate kidney abnormalities. Up arrow(↑), Increase
mechanism; down arrow(↓), Decrease mechanism.



Nutrients 2022, 14, 653 16 of 33

Figure 4. Resveratrol is found in the skin of grapes, berries, and peanuts and is a known activator
of SIRT1. SIRT1 deacetylates several proteins involved in kidney homeostasis. Among these pro-
teins, STAT3 and NF-κB are deacetylated, which promotes increased mitochondrial biogenesis (1),
decreased inflammatory cytokine levels (2), and reduced oxidative stress (3). FOXO3 deacetylation
increases autophagy (4); LKB deacetylation promotes AMPK phosphorylation, which results in
PGC1α phosphorylation, and in conjunction with SIRT1 deacetylation, PGC1α induces a decrease
in oxidative stress (5). SMAD3 and SMAD4 are deacetylated, inducing a decrease in TGFβ, which
results in an increase in fission/fusion proteins and augmented mitochondrial complexes I and III
(6), promoting and increasing the mitochondrial biogenesis rate; YY1 acetylation inhibits fibrosis (7)
and the EMT (8); and p53 acetylation decreases the apoptosis rate (9). SIRT1, sirtuin 1; STAT, signal
transducer and activator of transcription protein; NF-κB, nuclear factor kappa-light-chain-enhancer
of activated B cells; FOXO, forkhead box transcription facto; LKB, liver kinase B; AMPK, 5’-adenosine
monophosphate-activated protein kinase; PGC1α, peroxisome proliferator-activated receptor-gamma
coactivator 1 alpha; SMAD, mothers against decapentaplegic homolog 3; TGFβ, transforming growth
factor-beta; YY1, yin yang 1 protein; P with yellow, Phosphorylation; Ac, Acetylation; green arrows,
The sense of the arrow indicates increased or decreased mechanism; black arrows, The sense of the
arrow indicates Increased or decreased target proteins; red arrows, continuous/discontinuous.

SIRT1 Activation by Resveratrol in Different Kidney Cells

The high glucose exposure of primary mesangial cells induces ROS production and
causes a decrease in MnSOD activity; however, treatment of these cells with resveratrol
reduces hyperglycemia-induced ROS alterations [240]. Additionally, resveratrol treatment
prevents the reduction in the mitochondrial complex III activity induced by exposure to
high glucose, which is an important source of mitochondrial oxidative stress. Moreover,
treatment with resveratrol restores mitochondrial membrane potential hyperpolarization,
which is harnessed for ATP production, and preserves mitochondrial DNA content [240].
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Importantly, because of the resveratrol administration, the mesangial cell damage induced
by hyperglycemia-induced oxidative stress was directly alleviated by stimulating the SIRT1
activity [240], indicating an important role for SIRT1 in mediating the effects of resveratrol.

In a study conducted by Hui et al., in which SV40 MES 13 mouse mesangial cells
were treated with resveratrol, the TGF-β1-induced mitochondrial function was attenuated,
the mitochondrial membrane potential and ATP production levels were increased, and
the ROS production was inhibited [241]. In addition, resveratrol improved mitochondrial
function by increasing complex I/III activities and fission/fusion protein expression [241],
indicating a protective effect of resveratrol on the electron transport chain. Moreover, SIRT1
has been found to inhibit TGF-β signaling by individually deacetylating either SMAD3 [69]
or SMAD4 [138] in renal cells. Interestingly, in an unexpected finding, resveratrol interacted
with both SMAD3 and SMAD4 simultaneously to prevent the formation of the SMAD3/4
complex via SIRT1, inhibiting SMAD3 phosphorylation and renal fibrosis [242].

Resveratrol treatment also increased the SIRT1 protein levels, while the PGC1α and
acetylated-PGC1α protein levels were reduced, suggesting that the protective effects of
resveratrol on mitochondria may be linked with SIRT1 activation [241].

Interestingly, Uchida et al. demonstrated the potential proinflammatory effects of
resveratrol treatment (50–75 µM) on glomerular mesangial cells [243]. Glomerular mesan-
gial cells co-stimulated with the proinflammatory cytokine interleukin-1 (IL-1) or TNFα
and subsequently treated with resveratrol showed increased NF-κB activity [243]. This
increased proinflammatory effect was also shown in the LLCPK1 kidney proximal tubule
cells. However, when the glomerular mesangial cells and LLCPK1 cells were treated with
resveratrol alone, no significant changes in NF-κB occurred, suggesting that resveratrol ex-
erts proinflammatory effects only in the presence of preexisting proinflammatory cytokines
(Figure 4).

Yang et al. showed that the yin yang 1 (YY1) protein plays an important role in renal
fibrosis during DKD [244]. Interestingly, Du et al. explored the underlying mechanisms
that regulate the initiation of the EMT within the kidney tubules in diabetes and discovered
that SIRT1 activation by resveratrol deacetylated YY1 and inhibited the EMT in DKD [245].
Another study with rat epithelial cells demonstrated that resveratrol stimulated SIRT1 to
deacetylate SMAD3, which reversed the TGF-β1-induced upregulation of type IV collagen
and fibronectin mRNA levels to attenuate renal fibrosis [25]. Kim et al. demonstrated
that activation of SIRT1 by resveratrol reduced cisplatin-mediated p53 acetylation and
ameliorated cisplatin-induced kidney injury by inhibiting the apoptotic pathway [82]. Fur-
thermore, Xiao et al. found that SIRT1 upregulation by resveratrol was critical for the
downstream blockade of the EMT process in HK2 cells because it increased the E-cadherin
level. In addition, profibrotic MMP-7, α-smooth muscle actin (α-SMA), and type I alpha 1
collagen mRNA and protein levels were decreased in the resveratrol-treated group. The
authors concluded that resveratrol attenuates renal injury and fibrosis by inhibiting the
EMT process, and this inhibitory effect was attributed to the resveratrol-induced upregu-
lation of SIRT1, which led to deacetylated SMAD4 and reduced MMP-7 expression [138].
Wang et al. showed that resveratrol modulated the SIRT1/FOXO3a pathway by increasing
SIRT1 deacetylase activity, subsequently ameliorating hyperglycemia-induced renal tubular
oxidative stress damage [246]. Liu et al. showed that low concentrations of resveratrol (5–20
µM) decreased the TGF-β1-induced EMT via the SIRT1-dependent deacetylation of the
SMAD3/SMAD4 mechanism. In contrast, long-term (72 h) exposure to high concentrations
of resveratrol (≥40 µM) promoted the EMT in HK2 cells via mitochondrial oxidative stress
and ROCK1-mediated disordered cytoskeleton remodeling. In vivo, low-dose resveratrol
treatment (≤25 mg/kg) partially improved renal function, whereas high-dose resveratrol
treatment (≥50 mg/kg) led to loss of antifibrotic activity and even aggravated renal fibro-
sis [247]. Furthermore, Huang et al. examined the expression of SIRT1, which had been
associated with renal protection in AKI [84]. The expression of SIRT1 and phosphorylated
SIRT1 was not altered following treatment with ioxitalamate and/or resveratrol, indicating
that SIRT1 did not play a role in ioxitalamate-induced cytotoxicity in HK2 cells [248].
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Regarding podocytes, Zhang et al., conducted a study finding that resveratrol attenu-
ated high-glucose-induced mitochondrial stress-triggered ROS production and increased
the membrane potential [249]. In addition, resveratrol treatment increased the respiratory
chain complex I and III activity levels, while the number of proapoptotic proteins released
from the mitochondria were reduced, suggesting improved mitochondrial functioning
and reduced podocyte damage. Additionally, SIRT1, PGC1α, nuclear respiratory factor-1
(NRF-1), and transcription factor A mitochondrial (TFAM) mRNA and protein levels were
increased after resveratrol treatment [249] (Figure 4).

Resveratrol Protects against Diabetic Kidney Disease by Activating SIRT1

A study by Kim et al. demonstrated that DKD in db/db mice was ameliorated by resver-
atrol (20 mg/kg/day) treatment for 12 weeks, resulting in reduced lipotoxicity-related
apoptosis of renal cells and decreased oxidative stress. Resveratrol treatment significantly
reduced kidney nonesterified fatty acid (NEFA) and triacylglycerol contents and attenuated
albuminuria [250]. In the mesangial area, the number of TGFβ1-, type IV collagen-, and
F4/80-positive cells were significantly reduced after the resveratrol treatment, indicating
attenuated modification of the renal diabetic phenotype. The resveratrol treatment in-
creased phosphorylated AMPK, estrogen-related receptor-1α (ERR-1α), SIRT1, and PGC1α,
while it decreased sterol regulatory element-binding protein 1 (SREBP1) levels. This study
suggested that the activation of AMPK and SIRT1 by resveratrol may prevent the renal lipid
accumulation and cell injury related to the activation of PGC1α [250]. A study conducted
by Xu et al. showed that the pretreatment of rat mesangial cells with resveratrol 6 h before
high-glucose treatment significantly reduced the hyperglycemia-induced increase in ROS
production [240]. The beneficial effects of resveratrol were blocked by SIRT1-specific siRNA
and the SIRT1 inhibitor EX-527. This study demonstrated that resveratrol protects mesan-
gial cells against hyperglycemia-induced oxidative damage directly or indirectly through
SIRT1 activity stimulation. It was further reported that resveratrol treatment protected
against the development of DKD by preventing a decrease in the expression of SIRT1, and
these results were consistent with the results of studies in which STZ was used to induce
diabetes in rats [251]. Interestingly, a recent study reported that resveratrol protected
against DKD in an AMPK/SIRT1-independent pathway in db/db mouse models of type 2
diabetes [24]. This recent finding appears to contradict the results of the aforementioned
studies, and the exact reason for the different outcomes remains unclear (Figure 4).

Resveratrol Protects against Age-Related Kidney Damage by Activating SIRT1

SIRT1 expression decreases in aging kidneys, and Chuang et al. reported that reduced
SIRT1 expression in podocytes aggravates glomerulosclerosis and albuminuria in aged mice
and was accompanied by increased urinary 8-OH-dG levels, which is a marker of oxidative
stress [201]. Kume et al. found that mitochondrial damage in aged kidneys was associated
with a decrease in SIRT1 activation [140]. In the renal proximal tubular cells of aged mice,
autophagy in response to renal hypoxia decreased, resulting in renal dysfunction and
histological renal fibrosis. Calorie restriction-mediated renal SIRT1 activation deacetylated
and activated FOXO3a transcriptional activity, leading to the recovery of BCL2/adenovirus
E1B 19 kDa protein-interacting protein 3 (Bnip3)-mediated autophagy, even in aged kidneys.
These findings indicated that SIRT1 is a crucial target in aging kidneys; therefore, resveratrol
is expected to prevent renal aging [132]. Research is needed to evaluate the therapeutic
potential of resveratrol in renal pathologies through SIRT1 modulation.

Piceatannol

Piceatannol (trans-3,3’,4,5’-tetrahydroxystilbene) is a naturally occurring polyphenolic
stilbene found in various fruits and vegetables and has been reported to exhibit anticancer
and anti-inflammatory properties. In addition, the recently reported beneficial effects
of piceatannol on hypercholesterolemia, atherosclerosis, and angiogenesis underscore its
therapeutic potential in cardiovascular diseases [252]. Piceatannol shows several biological
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activities, including anti-inflammatory, antioxidative, antiallergic, antiadipogenic, and anti-
hypertrophic effects [252–257]. However, only a few studies have shown that piceatannol
plays a beneficial role in kidney diseases. A study conducted by Fernandez et al. [258]
showed that piceatannol in combination with low doses of cyclosporine A prevented
kidney allograft rejection. More recently, another study showed a mild renoprotective
effect of piceatannol in obese Zucker rats [259]. Choi et al. [260] investigated the effect of
piceatannol on renal fibrosis and histone deacetylase (HDAC) expression in a mouse model
of UUO. They found that piceatannol suppressed extracellular matrix protein deposition,
including type I collagen and fibronectin, as well as connective tissue growth factor (CTGF)
and α-SMA in UUO kidneys. However, the expression of EMT marker genes, such as
N-cadherin and E-cadherin, was not changed in the kidneys after UUO. Considering that
activation of SIRT1 by resveratrol can alleviate renal fibrosis induced by UUO in mice [25],
piceatannol may have a beneficial effect on renal fibrosis. Nevertheless, a recent study [261]
showed that renal fibrosis was inhibited by treatment of UUO mice with the SIRT1/2
inhibitor sirtinol or SIRT1 inhibitor EX527 [261]. These conflicting results make it difficult
to explain the functionality of SIRT1 in renal fibrogenesis and raise the possibility that the
antifibrotic effect of piceatannol is due to nonspecific effects (Figure 4).

3.2. Flavonoid Polyphenols
3.2.1. Flavonols

Flavonols are the 3-hydroxy derivatives of flavanones and probably the most com-
mon subclass of flavonoids in the human diet. Flavonols are found in different types of
vegetables, such as onions, spinach, broccoli, and asparagus, as well as in several types of
berries, tea, and cocoa [242,262]. They are generally present at relatively low concentrations,
≈15–30 mg/kg fresh weight. The richest sources are onions (up to 1.2 g/kg fresh weight),
curly kale, leeks, broccoli, and blueberries [263].

Quercetin

The flavonol quercetin 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one is
the most common flavonoid found in vegetables, fruits, nuts, and tea and has antioxidant
and anti-inflammatory properties [222,264,265]. Quercetin has shown antiproliferative,
chemoprotective, and anticarcinogenic activities and plays an important role in gene
expression modulation [222] (Figure 3).

Blood Pressure Regulation by Quercetin Mediated by SIRT1 in the Kidney

Although the regulation of blood pressure is influenced by various factors, Na+ re-
absorption in renal tubules is an important factor regulating blood pressure because it
controls extracellular fluid volume, especially in salt-sensitive hypertension [266]. In the
kidney, quercetin downregulated the renal expression of epithelial Na+ channels (ENaCs)
in hypertensive Dahl salt-sensitive rats, and this effect was associated with a reduction
in systolic blood pressure [266]. ENaC is regulated by the RAS system, which maintains
the body fluid level and blood pressure by modulating Na+ balance. Interestingly, Zhang
et al. identified SIRT1 as a novel modulator of αENaC expression in cultured renal in-
ner medullary collecting duct cells (mIMCD3 cells) [267]. The SIRT1 interacted with Dot
(disruptor of telomeric silencing)-1, a histone methyltransferase of H3K79, and enhanced
its methylation activity on histone H3K79 in chromatin at the αENaC promoter, thereby
repressing αENaC transcription in mIMCD3 cells [267]. This study indicated that dietary
quercetin supplementation may reduce elevated blood pressure caused by high salt intake
by downregulating αENaC expression in the kidney (Figure 3).

Quercetin Alleviates Kidney Fibrosis via SIRT1

Quercetin was able to alleviate TGFβ1-induced fibrosis in renal tubular epithelial cells
by suppressing miR-21 activity. Interestingly, miR-21 is associated with the incidence of
renal fibrosis [268,269]. Emerging evidence implicated accelerated renal tubular epithelial
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cell senescence in renal fibrosis progression. Quercetin is an activator of SIRT1 deacetylase,
involved in the regulation of cellular senescence. Liu et al. evaluated quercetin-induced
inhibition of renal tubular epithelial cell senescence and renal fibrosis [270]. They demon-
strated that quercetin effectively attenuated the senescence of rat tubular epithelial cells
and renal interstitial fibrosis by enhancing mitophagy through the activation of the SIRT1-
PTEN-induced kinase 1 (PINK1)/Parkin pathway in vivo and in vitro. Cellular senescence
is characterized by permanent cell cycle arrest and the loss of DNA replication. Senescence
can be triggered by several cellular stressors, including mitochondrial dysfunction, inflam-
mation, DNA damage, oxidative stress, and abnormal epigenetic modification, each of
which is a common characteristic pathology in CKD [270] (Figure 3).

3.2.2. Isoflavones

Isoflavones belong to a group of flavonoid phytoestrogens in natural nonsteroidal
phenolic plant compounds. They can be found in the Leguminosae family as nonactive hy-
drophilic glycosides (e.g., daidzein, genistein, and glycitein in soybean) and 4′-methylated
lipophilic derivatives (e.g., formononetin and biochanin A in red clover) [271]. The main
dietary sources of isoflavones in humans are soybean and soybean products, which mainly
contain daidzein and genistein [272]. Phytoestrogen dietary supplements made from red
clover extracts indirectly provide a source of daidzein as the methoxylated isoflavone
formononetin from red clover is effectively transformed into daidzein in the human gas-
trointestinal tract [273] (Figure 3).

Genistein

Genistein (40,5,7-trihydroxyisoflavone), the soy isoflavone most extensively studied
thus far, is a polyphenolic nonsteroidal compound commonly used as a dietary supplement.
Because genistein exerts estrogen-like biological activity, its biological effects have been
explored in conditions such as cancer, inflammation, and apoptosis [274]. Notably, genistein
is closely related to SIRT1 activity [275]. Activation of SIRT1 attenuates I/R-induced renal
injury; in contrast, the ablation of one allele of the SIRT1 gene significantly results in
higher susceptibility to I/R-induced kidney injury. In a study conducted by Li et al., it
was demonstrated that the expression of SIRT1 was significantly increased 24 h after renal
I/R injury following pretreatment with genistein (10 and 15 mg/kg). Additionally, the
inhibition of SIRT1 activity or expression abolished the protective effects of genistein on
I/R-induced renal injury [276]. Genistein treatment significantly reduced the apoptosis
rate and enhanced the cellular proliferation rate, further corroborating findings on the
protective effect of genistein as mediated by SIRT1 [276] (Figure 3).

Formononetin

Formononetin-7-hydroxy-3(4-methoxyphenyl)chromone (C16H12O4) is the major com-
pound of the Astragalus membranaceus and Astragalus mongholicus root, but it can also be
found in the leaves and flowers of Trifolium pratense, the roots of Glycyrrhiza glabra and
Glycyrrhiza uralensis, and in the root of kudzu [277]. This isoflavonoid is also evident in
dietary products, such as beans, carrots, cauliflower, green peas, iceberg lettuce, and red
potatoes [278]. Formononetin is known for its cardioprotective and antihyperlipidemic ef-
fects [277]. It has also been reported to reduce the generation of ROS and to have significant
antioxidant potential [279]. A 16-week formononetin treatment led to improved glycemic
parameters and significantly enhanced the creatinine clearance that was associated with
increased SIRT1 expression in the kidney [280]. Moreover, isoflavone supplementation
reduces the urinary albumin excretion level and decreases the urine albumin-to-creatinine
ratio, which indicates a delayed progression to DKD in db/db mice (Figure 3).

Puerarin

Puerarin is an isoflavonoid extracted from the Chinese medical herb Radix puerariae.
The chemical name that describes the molecular structure of this compound is 7-hydroxy-3-
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(4-hydroxyphenyl)-1-benzopyran-4-one-8-β-D-glucopyranoside. R. puerariae regulates sev-
eral physiological functions, including anti-inflammatory and antioxidant processes [281].
Xu et al. evaluated the effect of puerarin on DKD in mice. Fasting blood glucose, BUN, and
serum creatinine, as well as urine protein levels, were effectively ameliorated in DKD mice
treated with puerarin [282]. Attenuated kidney tissue damage was observed after puer-
arin administration. Interestingly, an ultrastructure investigation revealed a dramatically
ameliorative effect of puerarin on mitochondrial damage. In addition, the SIRT1, FOXO1,
and PGC1α expression was significantly upregulated at the protein level by puerarin
administration in the renal cortex (Figure 3).

4. Other Natural Compounds That Modulate SIRT1 Activity in the Kidney
4.1. Catalpol

Rehmannia glutinosa is a traditional Chinese herbal medicine that is thought to invig-
orate the kidney. R. glutinosa is widely used to treat a variety of ailments [283]. Catalpol,
which is a biologically active ingredient of R. glutinosa, exhibits a variety of biological
activities, including antioxidation, anti-inflammatory, antiapoptotic, and hypoglycemic
effects [284]. In a study conducted by Zhang et al., the SIRT1 expression was strikingly
decreased in adriamycin-damaged kidney tissue and podocytes, and catalpol treatment
significantly upregulated the expression of SIRT1. Moreover, the effect of catalpol activation
on SIRT1 was inhibited, and the levels of SIRT1-regulated downstream cytokines (TNFα
and IL-6) increased, resulting in the aggravation of apoptosis and inflammation when the
podocytes were incubated with SIRT1 siRNA or a SIRT1-specific inhibitor. These findings
strongly suggested that SIRT1 plays a crucial role in the protective effect of catalpol on
adriamycin-induced kidney damage [285] (Figure 3).

4.2. Astragaloside IV

Astragaloside IV, a bioactive saponin extracted from the Astragalus root, exerts a variety
of pharmacological effects via its antioxidative and anti-inflammatory functions [286]. In a
recent study, astragaloside IV protected against podocyte injury by enhancing autophagy
in an STZ-induced diabetic mouse model [286]. Additionally, Wang et al. showed that
astragaloside IV activates SIRT1, which then inhibits NF-κB p65 subunit acetylation, which
culminates in enhanced autophagy in hyperglycemia-injured podocytes [287,288]. These
findings suggested that astragaloside IV-mediated autophagy protects against mesangial
cell injury under hyperglycemic conditions through the SIRT1/NF-κB pathway (Figure 3).

5. Bioavailability of Polyphenols

The proposed benefits of polyphenols, either as protective/prophylactic substances or
as therapeutic molecules, is achieved mainly by the consumption of a natural polyphenol-
enriched diet. It has also been shown that the health effects of polyphenols depend
on the amount consumed and the component bioavailability [289]. The bioavailability
of polyphenols represents a large hurdle, as they reach target organs only in very low
concentrations [290]. Dietary polyphenols are predominantly present in glycosylated form
with one or more sugar residues conjugated to a hydroxyl group or the aromatic ring
(flavanols are one notable exception) [291,292]. This structure is the main reason for their
low absorption in the stomach, and only aglycones and some glucosides can be absorbed
in the small intestine, with the remainder absorbed in the colon [291]. In comparison to
the intestine, the colon does not readily absorb polyphenols. This situation leads to longer
absorption times, which can last for 9 h [291]. Glucosides in the food sources of polyphenols
enable faster and more efficient absorption of polyphenols [291].

However, the aglycones of some isoflavones show superior absorption to their gly-
cosylated forms [291]. Isoflavones represent the best-absorbed polyphenols, along with
gallic acid, followed by catechins, flavanones, and quercetin glucosides [293]. On the other
hand, proanthocyanidins, galloylated tea catechins, and anthocyanins are absorbed the
least efficiently [291]. Conceptually, polyphenols are absorbed by passive diffusion [291].
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Finally, polyphenol overconsumption may raise safety concerns due to polyphenol ac-
cumulation in the organism as most polyphenols undergo phase II conjugation and are
rapidly eliminated in urine and bile as glucuronides and sulfate esters [294]. In kidneys
compromised by any pathology, the elimination pathway of these polyphenols may be
altered. This possibility is particularly important when the loose regulatory legislation
regarding the commercialization and use of food supplements is considered.

6. Final Remarks

The study of mammalian sirtuins, particularly SIRT1, shows that numerous protein
targets are involved in age-related pathogenesis and metabolism-related renal disorders,
suggesting that the modulation of SIRT1 activity may exert strong renoprotective effects.
Kidney damage is a result of metabolic disruption, inflammation, impaired autophagy,
hypoxia, oxidative stress, apoptosis, and fibrosis, leading to diseases such as AKI, CKD,
renal lipid accumulation during obesity, and DKD. The downregulation of SIRT1 deacety-
lase activity and its expression in renal disorders leads to the increased acetylation of
histones and/or the crucial transcription factors involved in promoting the development
and progression of age- and metabolism-related kidney diseases (Figure 1).

As the understanding of SIRT1 activity and NAD+ metabolism in renal physiology
increases, many different pharmacological approaches are being developed to maintain
SIRT1 activity and increase NAD+ production in age- and metabolism-related disorders,
with the purpose of ameliorating kidney injury in animal models of renal diseases. Thera-
pies effective in animal models need to be assessed in human clinical trials. This practice is
supported by in vitro studies that have led to the identification of the molecular effects of
synthetic and natural SIRT1-activating compounds in various renal cell types, demonstrat-
ing protective effects against renal disorders through modulation of SIRT1 downstream
target proteins (Figures 1 and 2).

Most natural SIRT1-activating compounds belong to the polyphenol family, whose
members are capable of significantly increasing SIRT1 activity. Flavonoids and non-
flavonoids, among other natural components, are useful in the design of more potent
and specific synthetic activators that have been able to selectively enhance SIRT1 deacety-
lase activity and limit kidney damage. Given that SIRT1 is a crucial mediator in preventing
and treating the progression of several kidney-associated diseases and possibly in improv-
ing human quality of life and extending healthspan, there is an imperative need for further
basic investigations to elucidate the molecular mechanisms of the SIRT1 interactions, as
well as to develop safe and effective therapeutic strategies to restore SIRT1 activity and its
renoprotective and health-benefitting effects (Figures 3 and 4).

Author Contributions: Conceptualization, C.T.-P., L.G.N. and A.M.; investigation, C.T.-P., L.G.N.
and A.M.; resources, C.T.-P., L.G.N. and A.M.; writing—original draft preparation, C.T.-P., L.G.N.
and A.M.; writing—review and editing, C.T.-P., L.G.N. and A.M.; supervision, C.T.-P., L.G.N. and
A.M.; funding acquisition, A.M. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Instituto Nacional de Cardiología, Ignacio Chavez, by funding
OPEN ACCESS publications.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report any data.

Acknowledgments: This research was funded by Instituto Nacional de Cardiología, Ignacio Chavez,
by funding OPEN ACCESS publications.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2022, 14, 653 23 of 33

References
1. Frye, R.A. Evolution of Sirtuins From Archaea to Vertebrates. In Histone Deacetylases: Transcriptional Regulation and Other Cellular

Functions; Verdin, E., Ed.; Humana Press: Totowa, NJ, USA, 2006; pp. 183–202. [CrossRef]
2. Carafa, V.; Nebbioso, A.; Altucci, L. Sirtuins and Disease: The Road Ahead. Front. Pharmacol. 2012, 3, 4. [CrossRef] [PubMed]
3. Kupis, W.; Pałyga, J.; Tomal, E.; Niewiadomska, E. The role of sirtuins in cellular homeostasis. J. Physiol. Biochem. 2016, 72,

371–380. [CrossRef] [PubMed]
4. Tanno, M.; Sakamoto, J.; Miura, T.; Shimamoto, K.; Horio, Y. Nucleocytoplasmic Shuttling of the NAD+-dependent Histone

Deacetylase SIRT1. J. Biol. Chem. 2007, 282, 6823–6832. [CrossRef]
5. Aditya, R.; Kiran, A.R.; Varma, D.S.; Vemuri, R.; Gundamaraju, R. A Review on SIRtuins in Diabetes. Curr. Pharm. Des. 2017, 23,

2299–2307. [CrossRef]
6. He, W.; Wang, Y.; Zhang, M.-Z.; You, L.; Davis, L.S.; Fan, H.; Yang, H.-C.; Fogo, A.B.; Zent, R.; Harris, R.C.; et al. Sirt1 activation

protects the mouse renal medulla from oxidative injury. J. Clin. Investig. 2010, 120, 1056–1068. [CrossRef]
7. Ogawa, T.; Wakai, C.; Saito, T.; Murayama, A.; Mimura, Y.; Youfu, S.; Nakamachi, T.; Kuwagata, M.; Satoh, K.; Shioda, S.

Distribution of the longevity gene product, SIRT1, in developing mouse organs. Congenit. Anom. 2010, 51, 70–79. [CrossRef]
8. Elibol, B.; Kilic, U. High Levels of SIRT1 Expression as a Protective Mechanism Against Disease-Related Conditions. Front.

Endocrinol. 2018, 9, 614. [CrossRef]
9. Haigis, M.C.; Guarente, L.P. Mammalian sirtuins—emerging roles in physiology, aging, and calorie restriction. Genes Dev. 2006,

20, 2913–2921. [CrossRef]
10. Mahlknecht, U.; Zschoernig, B. Involvement of Sirtuins in Life-Span and Aging Related Diseases. Sens. Nat. 2012, 739, 252–261.

[CrossRef]
11. Hong, Y.A.; Kim, J.E.; Jo, M.; Ko, G.-J. The Role of Sirtuins in Kidney Diseases. Int. J. Mol. Sci. 2020, 21, 6686. [CrossRef]
12. Morigi, M.; Perico, L.; Benigni, A. Sirtuins in Renal Health and Disease. J. Am. Soc. Nephrol. 2018, 29, 1799–1809. [CrossRef]
13. Guan, Y.; Hao, C.-M. SIRT1 and Kidney Function. Kidney Dis. 2015, 1, 258–265. [CrossRef]
14. Wakino, S.; Hasegawa, K.; Itoh, H. Sirtuin and metabolic kidney disease. Kidney Int. 2015, 88, 691–698. [CrossRef]
15. Rodgers, J.T.; Lerin, C.; Haas, W.; Gygi, S.P.; Spiegelman, B.M.; Puigserver, P. Nutrient control of glucose homeostasis through a

complex of PGC-1α and SIRT1. Nature 2005, 434, 113–118. [CrossRef]
16. Sequeira, J.; Boily, G.; Bazinet, S.; Saliba, S.; He, X.; Jardine, K.; Kennedy, C.; Staines, W.; Rousseaux, C.; Mueller, R.; et al. sirt1-null

mice develop an autoimmune-like condition. Exp. Cell Res. 2008, 314, 3069–3074. [CrossRef]
17. Nguyen, L.T.; Mak, C.H.; Chen, H.; Zaky, A.A.; Wong, M.G.; Pollock, C.A.; Saad, S. SIRT1 Attenuates Kidney Disorders in Male

Offspring Due to Maternal High-Fat Diet. Nutrients 2019, 11, 146. [CrossRef]
18. Hasegawa, K.; Wakino, S.; Simic, P.; Sakamaki, Y.; Minakuchi, H.; Fujimura, K.; Hosoya, K.; Komatsu, M.; Kaneko, Y.;

Kanda, T.; et al. Renal tubular Sirt1 attenuates diabetic albuminuria by epigenetically suppressing Claudin-1 overexpression in
podocytes. Nat. Med. 2013, 19, 1496–1504. [CrossRef]

19. Gao, R.; Chen, J.; Hu, Y.; Li, Z.; Wang, S.; Shetty, S.; Fu, J. Sirt1 Deletion Leads to Enhanced Inflammation and Aggravates
Endotoxin-Induced Acute Kidney Injury. PLoS ONE 2014, 9, e98909. [CrossRef]

20. Yang, S.-Y.; Lin, S.-L.; Chen, Y.-M.; Wu, V.-C.; Yang, W.-S.; Wu, K.-D. A low-salt diet increases the expression of renal sirtuin 1
through activation of the ghrelin receptor in rats. Sci. Rep. 2016, 6, 32787. [CrossRef]

21. Muto, Y.; Wilson, P.C.; Ledru, N.; Wu, H.; Dimke, H.; Waikar, S.S.; Humphreys, B.D. Single cell transcriptional and chromatin
accessibility profiling redefine cellular heterogeneity in the adult human kidney. Nat. Commun. 2021, 12, 1–17. [CrossRef]

22. Park, J.; Shrestha, R.; Qiu, C.; Kondo, A.; Huang, S.; Werth, M.; Li, M.; Barasch, J.; Suszták, K. Single-cell transcriptomics of the
mouse kidney reveals potential cellular targets of kidney disease. Science 2018, 360, 758–763. [CrossRef]

23. Chen, L.; Lee, J.W.; Chou, C.-L.; Nair, A.V.; Battistone, M.A.; Păunescu, T.G.; Merkulova, M.; Breton, S.; Verlander, J.W.;
Wall, S.M.; et al. Transcriptomes of major renal collecting duct cell types in mouse identified by single-cell RNA-seq. Proc. Natl.
Acad. Sci. USA 2017, 114, E9989–E9998. [CrossRef]

24. Kitada, M.; Takeda, A.; Nagai, T.; Ito, H.; Kanasaki, K.; Koya, D. Dietary Restriction Ameliorates Diabetic Nephropathy through
Anti-Inflammatory Effects and Regulation of the Autophagy via Restoration of Sirt1 in Diabetic Wistar Fatty (fa/fa) Rats: A
Model of Type 2 Diabetes. Exp. Diabetes Res. 2011, 2011, 1–11. [CrossRef]

25. Li, J.; Qu, X.; Ricardo, S.D.; Bertram, J.F.; Nikolic-Paterson, D.J. Resveratrol Inhibits Renal Fibrosis in the Obstructed Kidney:
Potential Role in Deacetylation of Smad3. Am. J. Pathol. 2010, 177, 1065–1071. [CrossRef]

26. Hasegawa, K.; Wakino, S.; Yoshioka, K.; Tatematsu, S.; Hara, Y.; Minakuchi, H.; Washida, N.; Tokuyama, H.; Hayashi, K.; Itoh, H.
Sirt1 protects against oxidative stress-induced renal tubular cell apoptosis by the bidirectional regulation of catalase expression.
Biochem. Biophys. Res. Commun. 2008, 372, 51–56. [CrossRef]

27. Nakagawa, T.; Guarente, L. Sirtuins at a glance. J. Cell Sci. 2011, 124, 833–838. [CrossRef]
28. Kong, L.; Wu, H.; Zhou, W.; Luo, M.; Tan, Y.; Miao, L.; Cai, L. Sirtuin 1: A Target for Kidney Diseases. Mol. Med. 2015, 21, 87–97.

[CrossRef]
29. Deng, Z.; Sun, M.; Wu, J.; Fang, H.; Cai, S.; An, S.; Huang, Q.; Chen, Z.; Wu, C.; Zhou, Z.; et al. SIRT1 attenuates sepsis-induced

acute kidney injury via Beclin1 deacetylation-mediated autophagy activation. Cell Death Dis. 2021, 12, 1–13. [CrossRef]
30. Li, P.; Liu, Y.; Qin, X.; Chen, K.; Wang, R.; Yuan, L.; Chen, X.; Hao, C.; Huang, X. SIRT1 attenuates renal fibrosis by repressing

HIF-2α. Cell Death Discov. 2021, 7, 1–10. [CrossRef]

http://doi.org/10.1385/1-59745-024-3:183
http://doi.org/10.3389/fphar.2012.00004
http://www.ncbi.nlm.nih.gov/pubmed/22319497
http://doi.org/10.1007/s13105-016-0492-6
http://www.ncbi.nlm.nih.gov/pubmed/27154583
http://doi.org/10.1074/jbc.M609554200
http://doi.org/10.2174/1381612823666170125153334
http://doi.org/10.1172/JCI41563
http://doi.org/10.1111/j.1741-4520.2010.00304.x
http://doi.org/10.3389/fendo.2018.00614
http://doi.org/10.1101/gad.1467506
http://doi.org/10.1007/978-1-4614-1704-0_16
http://doi.org/10.3390/ijms21186686
http://doi.org/10.1681/ASN.2017111218
http://doi.org/10.1159/000440967
http://doi.org/10.1038/ki.2015.157
http://doi.org/10.1038/nature03354
http://doi.org/10.1016/j.yexcr.2008.07.011
http://doi.org/10.3390/nu11010146
http://doi.org/10.1038/nm.3363
http://doi.org/10.1371/journal.pone.0098909
http://doi.org/10.1038/srep32787
http://doi.org/10.1038/s41467-021-22368-w
http://doi.org/10.1126/science.aar2131
http://doi.org/10.1073/pnas.1710964114
http://doi.org/10.1155/2011/908185
http://doi.org/10.2353/ajpath.2010.090923
http://doi.org/10.1016/j.bbrc.2008.04.176
http://doi.org/10.1242/jcs.081067
http://doi.org/10.2119/molmed.2014.00211
http://doi.org/10.1038/s41419-021-03508-y
http://doi.org/10.1038/s41420-021-00443-x


Nutrients 2022, 14, 653 24 of 33

31. Yeung, F.; Hoberg, J.E.; Ramsey, C.S.; Keller, M.D.; Jones, D.R.; Frye, R.A.; Mayo, M.W. Modulation of NF-κB-dependent
transcription and cell survival by the SIRT1 deacetylase. EMBO J. 2004, 23, 2369–2380. [CrossRef]

32. Chen, J.; Zhou, Y.; Mueller-Steiner, S.; Chen, L.-F.; Kwon, H.; Yi, S.; Mucke, L.; Gan, L. SIRT1 Protects against Microglia-dependent
Amyloid-β Toxicity through Inhibiting NF-κB Signaling. J. Biol. Chem. 2005, 280, 40364–40374. [CrossRef]

33. Yang, H.; Zhang, W.; Pan, H.; Feldser, H.G.; Lainez, E.; Miller, C.; Leung, S.; Zhong, Z.; Zhao, H.; Sweitzer, S.; et al. SIRT1
Activators Suppress Inflammatory Responses through Promotion of p65 Deacetylation and Inhibition of NF-κB Activity. PLoS
ONE 2012, 7, e46364. [CrossRef]

34. Bagul, P.K.; Deepthi, N.; Sultana, R.; Banerjee, S.K. Resveratrol ameliorates cardiac oxidative stress in diabetes through deacetyla-
tion of NFkB-p65 and histone 3. J. Nutr. Biochem. 2015, 26, 1298–1307. [CrossRef]

35. Yuan, Z.-L.; Guan, Y.-J.; Chatterjee, D.; Chin, Y.E. Stat3 Dimerization Regulated by Reversible Acetylation of a Single Lysine
Residue. Science 2005, 307, 269–273. [CrossRef]

36. Nie, Y.; Erion, D.M.; Yuan, Z.; Dietrich, M.; Shulman, G.; Horvath, T.L.; Gao, Q. STAT3 inhibition of gluconeogenesis is
downregulated by SirT1. Nat. Cell Biol. 2009, 11, 492–500. [CrossRef]

37. Dasgupta, M.; Unal, H.; Willard, B.; Yang, J.; Karnik, S.S.; Stark, G.R. Critical Role for Lysine 685 in Gene Expression Mediated by
Transcription Factor Unphosphorylated STAT3. J. Biol. Chem. 2014, 289, 30763–30771. [CrossRef]

38. Daitoku, H.; Hatta, M.; Matsuzaki, H.; Aratani, S.; Ohshima, T.; Miyagishi, M.; Nakajima, T.; Fukamizu, A. Silent information
regulator 2 potentiates Foxo1-mediated transcription through its deacetylase activity. Proc. Natl. Acad. Sci. USA 2004, 101,
10042–10047. [CrossRef]

39. Frescas, D.; Valenti, L.; Accili, D. Nuclear Trapping of the Forkhead Transcription Factor FoxO1 via Sirt-dependent Deacetylation
Promotes Expression of Glucogenetic Genes. J. Biol. Chem. 2005, 280, 20589–20595. [CrossRef]

40. Yang, J.; Chatterjee-Kishore, M.; Staugaitis, S.M.; Nguyen, H.; Schlessinger, K.; Levy, D.E.; Stark, G.R. Novel roles of un-
phosphorylated STAT3 in oncogenesis and transcriptional regulation. Cancer Res. 2005, 65, 939–947.

41. Calnan, D.R.; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276–2288. [CrossRef]
42. Obsil, T.; Obšilová, V. Structure/function relationships underlying regulation of FOXO transcription factors. Oncogene 2008, 27,

2263–2275. [CrossRef]
43. Hariharan, N.; Maejima, Y.; Nakae, J.; Paik, J.; DePinho, R.A.; Sadoshima, J. Deacetylation of FoxO by Sirt1 Plays an Essential Role

in Mediating Starvation-Induced Autophagy in Cardiac Myocytes. Circ. Res. 2010, 107, 1470–1482. [CrossRef]
44. Klotz, L.-O.; Sánchez-Ramos, C.; Prieto-Arroyo, I.; Urbánek, P.; Steinbrenner, H.; Monsalve, M. Redox regulation of FoxO

transcription factors. Redox Biol. 2015, 6, 51–72. [CrossRef]
45. Brunet, A.; Sweeney, L.B.; Sturgill, J.F.; Chua, K.F.; Greer, P.L.; Lin, Y.; Tran, H.; Ross, S.E.; Mostoslavsky, R.; Cohen, H.Y.; et al.

Stress-Dependent Regulation of FOXO Transcription Factors by the SIRT1 Deacetylase. Science 2004, 303, 2011–2015. [CrossRef]
46. Wang, F.; Chan, C.-H.; Chen, K.; Guan, X.; Lin, H.-K.; Tong, Q. Deacetylation of FOXO3 by SIRT1 or SIRT2 leads to Skp2-mediated

FOXO3 ubiquitination and degradation. Oncogene 2011, 31, 1546–1557. [CrossRef]
47. van der Horst, A.; Tertoolen, L.G.J.; de Vries-Smits, L.M.M.; Frye, R.A.; Medema, R.H.; Burgering, B.M.T. FOXO4 Is Acetylated

upon Peroxide Stress and Deacetylated by the Longevity Protein hSir2. J. Biol. Chem. 2004, 279, 28873–28879. [CrossRef]
48. Kobayashi, Y.; Furukawa-Hibi, Y.; Chen, C.; Horio, Y.; Isobe, K.; Ikeda, K.; Motoyama, N. SIRT1 is critical regulator of FOXO-

mediated transcription in response to oxidative stress. Int. J. Mol. Med. 2005, 16, 237–243. [CrossRef]
49. Luo, J.; Nikolaev, A.; Imai, S.-I.; Chen, D.; Su, F.; Shiloh, A.; Guarente, L.; Gu, W. Negative Control of p53 by Sir2α Promotes Cell

Survival under Stress. Cell 2001, 107, 137–148. [CrossRef]
50. Vaziri, H.; Dessain, S.K.; Eaton, E.N.; Imai, S.-I.; Frye, R.A.; Pandita, T.K.; Guarente, L.; Weinberg, R.A. hSIR2SIRT1 Functions as

an NAD-Dependent p53 Deacetylase. Cell 2001, 107, 149–159. [CrossRef]
51. Langley, E.; Pearson, M.; Faretta, M.; Bauer, U.M.; Frye, R.A.; Minucci, S.; Pelicci, P.G.; Kouzarides, T. Human SIR2 deacetylates

p53 and antagonizes PML/p53-induced cellular senescence. EMBO J. 2002, 21, 2383–2396. [CrossRef]
52. Cheng, H.-L.; Mostoslavsky, R.; Saito, S.; Manis, J.P.; Gu, Y.; Patel, P.; Bronson, R.; Appella, E.; Alt, F.W.; Chua, K.F. Developmental

defects and p53 hyperacetylation in Sir2 homolog (SIRT1)-deficient mice. Proc. Natl. Acad. Sci. USA 2003, 100, 10794–10799.
[CrossRef]

53. Solomon, J.M.; Pasupuleti, R.; Xu, L.; McDonagh, T.; Curtis, R.; DiStefano, P.S.; Huber, L.J. Inhibition of SIRT1 Catalytic Activity
Increases p53 Acetylation but Does Not Alter Cell Survival following DNA Damage. Mol. Cell. Biol. 2006, 26, 28–38. [CrossRef]
[PubMed]

54. Kume, S.; Haneda, M.; Kanasaki, K.; Sugimoto, T.; Araki, S.-I.; Isono, M.; Isshiki, K.; Uzu, T.; Kashiwagi, A.; Koya, D. Silent
information regulator 2 (SIRT1) attenuates oxidative stress-induced mesangial cell apoptosis via p53 deacetylation. Free Radic.
Biol. Med. 2006, 40, 2175–2182. [CrossRef]

55. Robers, M.B.; Loh, C.; Carlson, C.B.; Yang, H.; Frey, E.A.; Hermanson, S.B.; Bi, K. Measurement of the cellular deacetylase activity
of SIRT1 on p53 via LanthaScreen®technology. Mol. BioSyst. 2010, 7, 59–66. [CrossRef]

56. Yuan, F.; Xie, Q.; Wu, J.; Bai, Y.; Mao, B.; Dong, Y.; Bi, W.; Ji, G.; Tao, W.; Wang, Y.; et al. MST1 Promotes Apoptosis through
Regulating Sirt1-dependent p53 Deacetylation. J. Biol. Chem. 2011, 286, 6940–6945. [CrossRef] [PubMed]

57. Sun, T.; Li, X.; Zhang, P.; Chen, W.-D.; Zhang, H.-L.; Li, D.-D.; Deng, R.; Qian, X.-J.; Jiao, L.; Ji, J.; et al. Acetylation of Beclin 1
inhibits autophagosome maturation and promotes tumour growth. Nat. Commun. 2015, 6, 7215. [CrossRef] [PubMed]

58. Hill, S.M.; Wrobel, L.; Rubinsztein, D.C. Post-translational modifications of Beclin 1 provide multiple strategies for autophagy
regulation. Cell Death Differ. 2018, 26, 617–629. [CrossRef]

http://doi.org/10.1038/sj.emboj.7600244
http://doi.org/10.1074/jbc.M509329200
http://doi.org/10.1371/journal.pone.0046364
http://doi.org/10.1016/j.jnutbio.2015.06.006
http://doi.org/10.1126/science.1105166
http://doi.org/10.1038/ncb1857
http://doi.org/10.1074/jbc.M114.603894
http://doi.org/10.1073/pnas.0400593101
http://doi.org/10.1074/jbc.M412357200
http://doi.org/10.1038/onc.2008.21
http://doi.org/10.1038/onc.2008.20
http://doi.org/10.1161/CIRCRESAHA.110.227371
http://doi.org/10.1016/j.redox.2015.06.019
http://doi.org/10.1126/science.1094637
http://doi.org/10.1038/onc.2011.347
http://doi.org/10.1074/jbc.M401138200
http://doi.org/10.3892/ijmm.16.2.237
http://doi.org/10.1016/S0092-8674(01)00524-4
http://doi.org/10.1016/S0092-8674(01)00527-X
http://doi.org/10.1093/emboj/21.10.2383
http://doi.org/10.1073/pnas.1934713100
http://doi.org/10.1128/MCB.26.1.28-38.2006
http://www.ncbi.nlm.nih.gov/pubmed/16354677
http://doi.org/10.1016/j.freeradbiomed.2006.02.014
http://doi.org/10.1039/C0MB00026D
http://doi.org/10.1074/jbc.M110.182543
http://www.ncbi.nlm.nih.gov/pubmed/21212262
http://doi.org/10.1038/ncomms8215
http://www.ncbi.nlm.nih.gov/pubmed/26008601
http://doi.org/10.1038/s41418-018-0254-9


Nutrients 2022, 14, 653 25 of 33

59. Lagouge, M.; Argmann, C.; Gerhart-Hines, Z.; Meziane, H.; Lerin, C.; Daussin, F.; Messadeq, N.; Milne, J.; Lambert, P.;
Elliott, P.; et al. Resveratrol improves mitochondrial function and protects against metabolic disease by activating SIRT1 and
PGC-1α. Cell 2006, 127, 1109–1122. [CrossRef]

60. Gerhart-Hines, Z.; Rodgers, J.T.; Bare, O.; Lerin, C.; Kim, S.-H.; Mostoslavsky, R.; Alt, F.W.; Wu, Z.; Puigserver, P. Metabolic control
of muscle mitochondrial function and fatty acid oxidation through SIRT1/PGC-1α. EMBO J. 2007, 26, 1913–1923. [CrossRef]

61. Rodgers, J.T.; Puigserver, P. Fasting-dependent glucose and lipid metabolic response through hepatic sirtuin 1. Proc. Natl. Acad.
Sci. USA 2007, 104, 12861–12866. [CrossRef]

62. Lim, J.-H.; Lee, Y.-M.; Chun, Y.-S.; Chen, J.; Kim, J.-E.; Park, J.-W. Sirtuin 1 Modulates Cellular Responses to Hypoxia by
Deacetylating Hypoxia-Inducible Factor 1α. Mol. Cell 2010, 38, 864–878. [CrossRef] [PubMed]

63. Yoon, H.; Shin, S.-H.; Shin, D.H.; Chun, Y.-S.; Park, J.-W. Differential roles of Sirt1 in HIF-1α and HIF-2α mediated hypoxic
responses. Biochem. Biophys. Res. Commun. 2014, 444, 36–43. [CrossRef]

64. Joo, H.-Y.; Yun, M.; Jeong, J.; Park, E.-R.; Shin, H.-J.; Woo, S.R.; Jung, J.K.; Kim, Y.-M.; Park, J.-J.; Kim, J.; et al. SIRT1 deacetylates
and stabilizes hypoxia-inducible factor-1α (HIF-1α) via direct interactions during hypoxia. Biochem. Biophys. Res. Commun. 2015,
462, 294–300. [CrossRef] [PubMed]

65. Ryu, D.R.; Yu, M.R.; Kong, K.H.; Kim, H.; Kwon, S.H.; Jeon, J.S.; Han, D.C.; Noh, H. Sirt1-hypoxia-inducible factor-1α interaction
is a key mediator of tubulointerstitial damage in the aged kidney. Aging Cell 2019, 18, e12904. [CrossRef] [PubMed]

66. Dioum, E.M.; Chen, R.; Alexander, M.S.; Zhang, Q.; Hogg, R.T.; Gerard, R.D.; Garcia, J.A. Regulation of Hypoxia-Inducible Factor
2α Signaling by the Stress-Responsive Deacetylase Sirtuin 1. Science 2009, 324, 1289–1293. [CrossRef] [PubMed]

67. Li, H.; Chou, P.; Du, F.; Sun, L.; Liu, J.; Wang, W. Depleting microRNA-183-3p improves renal tubulointerstitial fibrosis after acute
kidney injury via SIRT1/PUMA/FOXO3a deacetylation. Life Sci. 2021, 269, 119017. [CrossRef]

68. Inoue, Y.; Itoh, Y.; Abe, K.; Okamoto, T.; Daitoku, H.; Fukamizu, A.; Onozaki, K.; Hayashi, H. Smad3 is acetylated by p300/CBP
to regulate its transactivation activity. Oncogene 2007, 26, 500–508. [CrossRef]

69. Huang, X.-Z.; Wen, D.; Zhang, M.; Xie, Q.; Ma, L.; Guan, Y.; Ren, Y.; Chen, J.; Hao, C.-M. Sirt1 Activation Ameliorates Renal
Fibrosis by Inhibiting the TGF-β/Smad3 Pathway. J. Cell. Biochem. 2013, 115, 996–1005. [CrossRef]

70. Katsyuba, E.; Romani, M.; Hofer, D.; Auwerx, J. NAD+ homeostasis in health and disease. Nat. Metab. 2020, 2, 9–31. [CrossRef]
71. Houtkooper, R.H.; Cantó, C.; Wanders, R.J.; Auwerx, J. The Secret Life of NAD+: An Old Metabolite Controlling New Metabolic

Signaling Pathways. Endocr. Rev. 2010, 31, 194–223. [CrossRef]
72. Ralto, K.M.; Rhee, E.P.; Parikh, S.M. NAD+ homeostasis in renal health and disease. Nat. Rev. Nephrol. 2020, 16, 99–111. [CrossRef]
73. Katsyuba, E.; Mottis, A.; Zietak, M.; De Franco, F.; Van Der Velpen, V.; Gariani, K.; Ryu, D.; Cialabrini, L.; Matilainen, O.;

Liscio, P.; et al. De novo NAD+ synthesis enhances mitochondrial function and improves health. Nature 2018, 563, 354–359.
[CrossRef] [PubMed]

74. Pucci, L.; Perozzi, S.; Cimadamore, F.; Orsomando, G.; Raffaelli, N. Tissue expression and biochemical characterization of human
2-amino 3-carboxymuconate 6-semialdehyde decarboxylase, a key enzyme in tryptophan catabolism. FEBS J. 2007, 274, 827–840.
[CrossRef] [PubMed]

75. Zhong, J.; Yang, H.-C.; Fogo, A.B. A perspective on chronic kidney disease progression. Am. J. Physiol.-Ren. Physiol. 2017, 312,
F375–F384. [CrossRef] [PubMed]

76. Scholz, H.; Boivin, F.J.; Schmidt-Ott, K.M.; Bachmann, S.; Eckardt, K.-U.; Scholl, U.I.; Persson, P.B. Kidney physiology and
susceptibility to acute kidney injury: Implications for renoprotection. Nat. Rev. Nephrol. 2021, 17, 335–349. [CrossRef]

77. Thadhani, R.; Pascual, M.; Bonventre, J.V. Acute Renal Failure. N. Engl. J. Med. 1996, 334, 1448–1460. [CrossRef]
78. Basile, D.P.; Anderson, M.D.; Sutton, T.A. Pathophysiology of Acute Kidney Injury. Compr. Physiol. 2012, 2, 1303–1353. [CrossRef]
79. Simon, N.; Hertig, A. Alteration of Fatty Acid Oxidation in Tubular Epithelial Cells: From Acute Kidney Injury to Renal

Fibrogenesis. Front. Med. 2015, 2, 52. [CrossRef]
80. Manrique-Caballero, C.L.; Kellum, J.A.; Gómez, H.; De Franco, F.; Giacchè, N.; Pellicciari, R. Innovations and Emerging Therapies

to Combat Renal Cell Damage: NAD+ As a Drug Target. Antioxid. Redox Signal. 2021, 35, 1449–1466. [CrossRef]
81. Peasley, K.; Chiba, T.; Goetzman, E.; Sims-Lucas, S. Sirtuins play critical and diverse roles in acute kidney injury. Pediatr. Nephrol.

2021, 36, 3539–3546. [CrossRef]
82. Kim, D.H.; Jung, Y.J.; Lee, J.E.; Lee, A.S.; Kang, K.P.; Lee, S.; Park, S.K.; Han, M.K.; Lee, S.Y.; Ramkumar, K.M.; et al. SIRT1

activation by resveratrol ameliorates cisplatin-induced renal injury through deacetylation of p53. Am. J. Physiol.-Ren. Physiol.
2011, 301, F427–F435. [CrossRef] [PubMed]

83. Rattanavich, R.; Plagov, A.; Kumar, D.; Rai, P.; Lederman, R.; Salhan, D.; Vashistha, H.; Malhotra, A.; Meggs, L.G.; Singhal, P.C.
Deficit of p66ShcA restores redox-sensitive stress response program in cisplatin-induced acute kidney injury. Exp. Mol. Pathol.
2013, 94, 445–452. [CrossRef]

84. Hasegawa, K.; Wakino, S.; Yoshioka, K.; Tatematsu, S.; Hara, Y.; Minakuchi, H.; Sueyasu, K.; Washida, N.; Tokuyama, H.;
Tzukerman, M.; et al. Kidney-specific Overexpression of Sirt1 Protects against Acute Kidney Injury by Retaining Peroxisome
Function. J. Biol. Chem. 2010, 285, 13045–13056. [CrossRef] [PubMed]

85. Ning, Y.-C.; Cai, G.-Y.; Zhuo, L.; Gao, J.-J.; Dong, D.; Cui, S.-Y.; Shi, S.-Z.; Feng, Z.; Zhang, L.; Sun, X.-F.; et al. Beneficial Effects of
Short-Term Calorie Restriction against Cisplatin-Induced Acute Renal Injury in Aged Rats. Nephron Exp. Nephrol. 2014, 124, 19–27.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2006.11.013
http://doi.org/10.1038/sj.emboj.7601633
http://doi.org/10.1073/pnas.0702509104
http://doi.org/10.1016/j.molcel.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/20620956
http://doi.org/10.1016/j.bbrc.2014.01.001
http://doi.org/10.1016/j.bbrc.2015.04.119
http://www.ncbi.nlm.nih.gov/pubmed/25979359
http://doi.org/10.1111/acel.12904
http://www.ncbi.nlm.nih.gov/pubmed/30614190
http://doi.org/10.1126/science.1169956
http://www.ncbi.nlm.nih.gov/pubmed/19498162
http://doi.org/10.1016/j.lfs.2021.119017
http://doi.org/10.1038/sj.onc.1209826
http://doi.org/10.1002/jcb.24748
http://doi.org/10.1038/s42255-019-0161-5
http://doi.org/10.1210/er.2009-0026
http://doi.org/10.1038/s41581-019-0216-6
http://doi.org/10.1038/s41586-018-0645-6
http://www.ncbi.nlm.nih.gov/pubmed/30356218
http://doi.org/10.1111/j.1742-4658.2007.05635.x
http://www.ncbi.nlm.nih.gov/pubmed/17288562
http://doi.org/10.1152/ajprenal.00266.2016
http://www.ncbi.nlm.nih.gov/pubmed/27974318
http://doi.org/10.1038/s41581-021-00394-7
http://doi.org/10.1056/NEJM199605303342207
http://doi.org/10.1002/cphy.c110041
http://doi.org/10.3389/fmed.2015.00052
http://doi.org/10.1089/ars.2020.8066
http://doi.org/10.1007/s00467-020-04866-z
http://doi.org/10.1152/ajprenal.00258.2010
http://www.ncbi.nlm.nih.gov/pubmed/21593185
http://doi.org/10.1016/j.yexmp.2013.03.001
http://doi.org/10.1074/jbc.M109.067728
http://www.ncbi.nlm.nih.gov/pubmed/20139070
http://doi.org/10.1159/000357380
http://www.ncbi.nlm.nih.gov/pubmed/24401898


Nutrients 2022, 14, 653 26 of 33

86. Yang, X.-D.; Tajkhorshid, E.; Chen, L.-F. Functional Interplay between Acetylation and Methylation of the RelA Subunit of NF-κB.
Mol. Cell. Biol. 2010, 30, 2170–2180. [CrossRef] [PubMed]

87. Jung, Y.J.; Lee, J.E.; Lee, A.S.; Kang, K.P.; Lee, S.; Park, S.K.; Lee, S.Y.; Han, M.K.; Kim, D.H.; Kim, W. SIRT1 overexpression
decreases cisplatin-induced acetylation of NF-κB p65 subunit and cytotoxicity in renal proximal tubule cells. Biochem. Biophys.
Res. Commun. 2012, 419, 206–210. [CrossRef]

88. Chen, Q.; Ma, J.; Yang, X.; Li, Q.; Lin, Z.; Gong, F. SIRT1 Mediates Effects of FGF21 to Ameliorate Cisplatin-Induced Acute Kidney
Injury. Front. Pharmacol. 2020, 11. [CrossRef]

89. Shi, S.; Lei, S.; Tang, C.; Wang, K.; Xia, Z. Melatonin attenuates acute kidney ischemia/reperfusion injury in diabetic rats by
activation of the SIRT1/Nrf2/HO-1 signaling pathway. Biosci. Rep. 2019, 39. [CrossRef]

90. Owczarek, A.; Gieczewska, K.B.; Polanska, M.; Paterczyk, B.; Gruza, A.; Winiarska, K. Melatonin Lowers HIF-1α Content in
Human Proximal Tubular Cells (HK-2) Due to Preventing Its Deacetylation by Sirtuin 1. Front. Physiol. 2021, 11. [CrossRef]

91. Bai, X.-Z.; He, T.; Gao, J.-X.; Liu, Y.; Liu, J.-Q.; Han, S.-C.; Li, Y.; Shi, J.-H.; Han, J.-T.; Tao, K.; et al. Melatonin prevents acute kidney
injury in severely burned rats via the activation of SIRT1. Sci. Rep. 2016, 6, 32199. [CrossRef]

92. Lee, C.G.; Kim, J.G.; Kim, H.J.; Kwon, H.-K.; Cho, I.J.; Choi, D.W.; Lee, W.H.; Kim, W.; Hwang, S.J.; Choi, S.; et al. Discovery of an
integrative network of microRNAs and transcriptomics changes for acute kidney injury. Kidney Int. 2014, 86, 943–953. [CrossRef]
[PubMed]

93. Feng, J.; Bao, L.; Wang, X.; Li, H.; Chen, Y.; Xiao, W.; Li, Z.; Xie, L.; Lu, W.; Jiang, H.; et al. Low expression of HIV genes in
podocytes accelerates the progression of diabetic kidney disease in mice. Kidney Int. 2020, 99, 914–925. [CrossRef]

94. Wang, Z.; Chen, R.; Xu, Z.; Ru, W.; Tian, H.; Yang, F.; Tao, C. MiR-155-5p promotes renal interstitial fibrosis in obstructive
nephropathy via inhibiting SIRT1 signaling pathway. J. Recept. Signal Transduct. 2020, 41, 466–475. [CrossRef]

95. Lu, S.; Dong, L.; Jing, X.; Gen-Yang, C.; Zhan-Zheng, Z. Abnormal lncRNA CCAT1/microRNA-155/SIRT1 axis promoted
inflammatory response and apoptosis of tubular epithelial cells in LPS caused acute kidney injury. Mitochondrion 2020, 53, 76–90.
[CrossRef] [PubMed]

96. Shi, X.-J.; Jin, Y.; Xu, W.-M.; Shen, Q.; Li, J.; Chen, K. MicroRNA-23a reduces lipopolysaccharide-induced cellular apoptosis and
inflammatory cytokine production through Rho-associated kinase 1/sirtuin-1/nuclear factor-kappa B crosstalk. Chin. Med. J.
2021, 134, 829–839. [CrossRef] [PubMed]

97. Gao, F.; Zuo, B.; Wang, Y.; Li, S.; Yang, J.; Sun, D. Protective function of exosomes from adipose tissue-derived mesenchymal stem
cells in acute kidney injury through SIRT1 pathway. Life Sci. 2020, 255, 117719. [CrossRef]

98. Weinberg, J.M.; Venkatachalam, M.A.; Roeser, N.F.; Saikumar, P.; Dong, Z.; Senter, R.A.; Nissim, I. Anaerobic and aerobic
pathways for salvage of proximal tubules from hypoxia-induced mitochondrial injury. Am. J. Physiol.-Ren. Physiol. 2000, 279,
F927–F943. [CrossRef]

99. Bhargava, P.; Schnellmann, R.G. Mitochondrial energetics in the kidney. Nat. Rev. Nephrol. 2017, 13, 629–646. [CrossRef]
100. Govers, L.P.; Toka, H.R.; Hariri, A.; Walsh, S.B.; Bockenhauer, D. Mitochondrial DNA mutations in renal disease: An overview.

Pediatr. Nephrol. 2020, 36, 9–17. [CrossRef]
101. Brooks, C.; Wei, Q.; Cho, S.-G.; Dong, Z. Regulation of mitochondrial dynamics in acute kidney injury in cell culture and rodent

models. J. Clin. Investig. 2009, 119, 1275–1285. [CrossRef]
102. Camano, S.; Lazaro, A.; Moreno-Gordaliza, E.; Torres, A.M.; de Lucas, C.; Humanes, B.; Lazaro, J.A.; Gomez-Gomez, M.M.; Bosca,

L.; Tejedor, A. Cilastatin Attenuates Cisplatin-Induced Proximal Tubular Cell Damage. J. Pharmacol. Exp. Ther. 2010, 334, 419–429.
[CrossRef] [PubMed]

103. Zhan, M.; Brooks, C.; Liu, F.; Sun, L.; Dong, Z. Mitochondrial dynamics: Regulatory mechanisms and emerging role in renal
pathophysiology. Kidney Int. 2013, 83, 568–581. [CrossRef]

104. Wang, H.; Guan, Y.; Karamercan, M.A.; Ye, L.; Bhatti, T.; Becker, L.B.; Baur, J.A.; Sims, C.A. Resveratrol Rescues Kidney
Mitochondrial Function Following Hemorrhagic Shock. Shock 2015, 44, 173–180. [CrossRef] [PubMed]

105. Funk, J.A.; Schnellmann, R.G. Accelerated recovery of renal mitochondrial and tubule homeostasis with SIRT1/PGC-1α activation
following ischemia–reperfusion injury. Toxicol. Appl. Pharmacol. 2013, 273, 345–354. [CrossRef] [PubMed]

106. Funk, J.A.; Odejinmi, S.; Schnellmann, R.G. SRT1720 Induces Mitochondrial Biogenesis and Rescues Mitochondrial Function after
Oxidant Injury in Renal Proximal Tubule Cells. J. Pharmacol. Exp. Ther. 2010, 333, 593–601. [CrossRef] [PubMed]

107. Tran, M.T.; Zsengeller, Z.K.; Berg, A.H.; Khankin, E.V.; Bhasin, M.K.; Kim, W.; Clish, C.B.; Stillman, I.E.; Karumanchi, S.A.;
Rhee, E.P.; et al. PGC1α drives NAD biosynthesis linking oxidative metabolism to renal protection. Nature 2016, 531, 528–532.
[CrossRef] [PubMed]

108. Han, S.H.; Wu, M.-Y.; Nam, B.Y.; Park, J.T.; Yoo, T.-H.; Kang, S.-W.; Park, J.; Chinga, F.; Katalin, S.; Susztak, K. PGC-1α Protects
from Notch-Induced Kidney Fibrosis Development. J. Am. Soc. Nephrol. 2017, 28, 3312–3322. [CrossRef]

109. Fan, H.; Yang, H.-C.; You, L.; Wang, Y.-Y.; He, W.-J.; Hao, C.-M. The histone deacetylase, SIRT1, contributes to the resistance of
young mice to ischemia/reperfusion-induced acute kidney injury. Kidney Int. 2013, 83, 404–413. [CrossRef]

110. Kalakeche, R.; Hato, T.; Rhodes, G.; Dunn, K.W.; El-Achkar, T.M.; Plotkin, Z.; Sandoval, R.M.; Dagher, P.C. Endotoxin Uptake by
S1 Proximal Tubular Segment Causes Oxidative Stress in the Downstream S2 Segment. J. Am. Soc. Nephrol. 2011, 22, 1505–1516.
[CrossRef]

111. Stasi, A.; Intini, A.; Divella, C.; Franzin, R.; Montemurno, E.; Grandaliano, G.; Ronco, C.; Fiaccadori, E.; Pertosa, G.B.;
Gesualdo, L.; et al. Emerging role of Lipopolysaccharide binding protein in sepsis-induced acute kidney injury. Nephrol. Dial.
Transplant. 2016, 32, 24–31. [CrossRef]

http://doi.org/10.1128/MCB.01343-09
http://www.ncbi.nlm.nih.gov/pubmed/20160011
http://doi.org/10.1016/j.bbrc.2012.01.148
http://doi.org/10.3389/fphar.2020.00241
http://doi.org/10.1042/BSR20181614
http://doi.org/10.3389/fphys.2020.572911
http://doi.org/10.1038/srep32199
http://doi.org/10.1038/ki.2014.117
http://www.ncbi.nlm.nih.gov/pubmed/24759152
http://doi.org/10.1016/j.kint.2020.12.012
http://doi.org/10.1080/10799893.2020.1825491
http://doi.org/10.1016/j.mito.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32243922
http://doi.org/10.1097/CM9.0000000000001369
http://www.ncbi.nlm.nih.gov/pubmed/33538509
http://doi.org/10.1016/j.lfs.2020.117719
http://doi.org/10.1152/ajprenal.2000.279.5.F927
http://doi.org/10.1038/nrneph.2017.107
http://doi.org/10.1007/s00467-019-04404-6
http://doi.org/10.1172/JCI37829
http://doi.org/10.1124/jpet.110.165779
http://www.ncbi.nlm.nih.gov/pubmed/20435919
http://doi.org/10.1038/ki.2012.441
http://doi.org/10.1097/SHK.0000000000000390
http://www.ncbi.nlm.nih.gov/pubmed/25895148
http://doi.org/10.1016/j.taap.2013.09.026
http://www.ncbi.nlm.nih.gov/pubmed/24096033
http://doi.org/10.1124/jpet.109.161992
http://www.ncbi.nlm.nih.gov/pubmed/20103585
http://doi.org/10.1038/nature17184
http://www.ncbi.nlm.nih.gov/pubmed/26982719
http://doi.org/10.1681/ASN.2017020130
http://doi.org/10.1038/ki.2012.394
http://doi.org/10.1681/ASN.2011020203
http://doi.org/10.1093/ndt/gfw250


Nutrients 2022, 14, 653 27 of 33

112. Khajevand-Khazaei, M.-R.; Mohseni-Moghaddam, P.; Hosseini, M.; Gholami, L.; Baluchnejadmojarad, T.; Roghani, M. Rutin,
a quercetin glycoside, alleviates acute endotoxemic kidney injury in C57BL/6 mice via suppression of inflammation and
up-regulation of antioxidants and SIRT1. Eur. J. Pharmacol. 2018, 833, 307–313. [CrossRef] [PubMed]

113. Poltorak, A.; He, X.; Smirnova, I.; Liu, M.-Y.; Van Huffel, C.; Du, X.; Birdwell, D.; Alejos, E.; Silva, M.; Galanos, C.; et al. Defective
LPS Signaling in C3H/HeJ and C57BL/10ScCr Mice: Mutations in Tlr4 Gene. Science 1998, 282, 2085–2088. [CrossRef]

114. Lu, Y.-C.; Yeh, W.-C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [CrossRef] [PubMed]
115. Xu, S.; Gao, Y.; Zhang, Q.; Wei, S.; Chen, Z.; Dai, X.; Zeng, Z.; Zhao, K.-S. SIRT1/3 Activation by Resveratrol Attenuates Acute

Kidney Injury in a Septic Rat Model. Oxidative Med. Cell. Longev. 2016, 2016, 1–12. [CrossRef] [PubMed]
116. Gao, Q.; Zhu, H. The Overexpression of Sirtuin1 (SIRT1) Alleviated Lipopolysaccharide (LPS)-Induced Acute Kidney Injury

(AKI) via Inhibiting the Activation of Nucleotide-Binding Oligomerization Domain-Like Receptors (NLR) Family Pyrin Domain
Containing 3 (NLRP3) Inflammasome. Med. Sci. Monit. 2019, 25, 2718–2726. [CrossRef]

117. Gong, L.; He, J.; Sun, X.; Li, L.; Zhang, X.; Gan, H. Activation of sirtuin1 protects against ischemia/reperfusion-induced acute
kidney injury. Biomed. Pharmacother. 2020, 125, 110021. [CrossRef]

118. Liu, J.; Wang, P.; Luo, J.; Huang, Y.; He, L.; Yang, H.; Li, Q.; Wu, S.; Zhelyabovska, O.; Yang, Q. Peroxisome Proliferator-Activated
Receptor β/δ Activation in Adult Hearts Facilitates Mitochondrial Function and Cardiac Performance Under Pressure-Overload
Condition. Hypertension 2011, 57, 223–230. [CrossRef]

119. Humphreys, B.D. Mechanisms of Renal Fibrosis. Annu. Rev. Physiol. 2018, 80, 309–326. [CrossRef]
120. Panizo, S.; Martínez-Arias, L.; Alonso-Montes, C.; Cannata, P.; Martín-Carro, B.; Fernández-Martín, J.L.; Naves-Díaz, M.; Carrillo-

López, N.; Cannata-Andía, J.B. Fibrosis in Chronic Kidney Disease: Pathogenesis and Consequences. Int. J. Mol. Sci. 2021, 22, 408.
[CrossRef]

121. Jha, V.; Garcia-Garcia, G.; Iseki, K.; Li, Z.; Naicker, S.; Plattner, B.; Saran, R.; Wang, A.Y.-M.; Yang, C.-W. Chronic kidney disease:
Global dimension and perspectives. Lancet 2013, 382, 260–272. [CrossRef]

122. Shiels, P.; McGuinness, P.G.S.D.; Eriksson, M.; Kooman, J.P.; Stenvinkel, P. The role of epigenetics in renal ageing. Nat. Rev.
Nephrol. 2017, 13, 471–482. [CrossRef] [PubMed]

123. Romagnani, P.; Remuzzi, G.; Glassock, R.; Levin, A.; Jager, K.J.; Tonelli, M.; Massy, Z.; Wanner, C.; Anders, H.-J. Chronic kidney
disease. Nat. Rev. Dis. Primers. 2017, 3, 17088. [CrossRef]

124. Distler, J.H.W.; Györfi, A.-H.; Ramanujam, M.; Whitfield, M.L.; Königshoff, M.; Lafyatis, R. Shared and distinct mechanisms of
fibrosis. Nat. Rev. Rheumatol. 2019, 15, 705–730. [CrossRef] [PubMed]

125. Djudjaj, S.; Boor, P. Cellular and molecular mechanisms of kidney fibrosis. Mol. Asp. Med. 2019, 65, 16–36. [CrossRef]
126. Mittal, T.; Rathi, M. Rheumatological diseases and kidneys: A nephrologist’s perspective. Int. J. Rheum. Dis. 2014, 17, 834–844.

[CrossRef] [PubMed]
127. Ratliff, B.B.; Abdulmahdi, W.; Pawar, R.; Wolin, M.S. Oxidant Mechanisms in Renal Injury and Disease. Antioxid. Redox Signal.

2016, 25, 119–146. [CrossRef]
128. Ali, F.E.M.; Hassanein, E.H.M.; El-Bahrawy, A.H.; Omar, Z.M.M.; Rashwan, E.K.; Abdel-Wahab, B.A.; Abd-Elhamid, T.H.

Nephroprotective effect of umbelliferone against cisplatin-induced kidney damage is mediated by regulation of NRF2, cytoglobin,
SIRT1/FOXO-3, and NF- k B-p65 signaling pathways. J. Biochem. Mol. Toxicol. 2021, 35, e22738. [CrossRef] [PubMed]

129. Hao, C.-M.; Haase, V.H. Sirtuins and Their Relevance to the Kidney. J. Am. Soc. Nephrol. 2010, 21, 1620–1627. [CrossRef]
130. Chang, J.W.; Kim, H.; Baek, C.H.; Lee, R.B.; Yang, W.S.; Lee, S.K. Up-Regulation of SIRT1 Reduces Endoplasmic Reticulum Stress

and Renal Fibrosis. Nephron Exp. Nephrol. 2016, 133, 116–128. [CrossRef]
131. Yao, Q.; Pawlaczyk, K.; Ayala, E.R.; Styszynski, A.; Breborowicz, A.; Heimburger, O.; Qian, J.Q.; Stenvinkel, P.; Lindholm, B.;

Axelsson, J. The Role of the TGF/Smad Signaling Pathway in Peritoneal Fibrosis Induced by Peritoneal Dialysis Solutions.
Nephron Exp. Nephrol. 2008, 109, e71–e78. [CrossRef]

132. Kume, S.; Kitada, M.; Kanasaki, K.; Maegawa, H.; Koya, D. Anti-aging molecule, Sirt1: A novel therapeutic target for diabetic
nephropathy. Arch. Pharmacal Res. 2013, 36, 230–236. [CrossRef] [PubMed]

133. Kim, H.; Baek, C.H.; Lee, R.B.; Chang, J.W.; Yang, W.S.; Lee, S.K. Anti-Fibrotic Effect of Losartan, an Angiotensin II Receptor
Blocker, Is Mediated through Inhibition of ER Stress via Up-Regulation of SIRT1, Followed by Induction of HO-1 and Thioredoxin.
Int. J. Mol. Sci. 2017, 18, 305. [CrossRef]

134. Xing, Z.; Pan, W.; Zhang, J.; Xu, X.; Zhang, X.; He, X.; Fan, M. Hydrogen Rich Water Attenuates Renal Injury and Fibrosis by
Regulation Transforming Growth Factor-β Induced Sirt1. Biol. Pharm. Bull. 2017, 40, 610–615. [CrossRef]

135. Vasko, R.; Xavier, S.; Chen, J.; Lin, C.H.S.; Ratliff, B.; Rabadi, M.; Maizel, J.; Tanokuchi, R.; Zhang, F.; Cao, J.; et al. Endothelial
Sirtuin 1 Deficiency Perpetrates Nephrosclerosis through Downregulation of Matrix Metalloproteinase-14: Relevance to Fibrosis
of Vascular Senescence. J. Am. Soc. Nephrol. 2013, 25, 276–291. [CrossRef] [PubMed]

136. Kida, Y.; Zullo, J.A.; Goligorsky, M.S. Endothelial sirtuin 1 inactivation enhances capillary rarefaction and fibrosis following
kidney injury through Notch activation. Biochem. Biophys. Res. Commun. 2016, 478, 1074–1079. [CrossRef] [PubMed]

137. Simic, P.; Williams, E.O.; Bell, E.L.; Gong, J.J.; Bonkowski, M.; Guarente, L. SIRT1 Suppresses the Epithelial-to-Mesenchymal
Transition in Cancer Metastasis and Organ Fibrosis. Cell Rep. 2013, 3, 1175–1186. [CrossRef]

138. Xiao, Z.; Chen, C.; Meng, T.; Zhang, W.; Zhou, Q. Resveratrol attenuates renal injury and fibrosis by inhibiting transforming
growth factor-β pathway on matrix metalloproteinase 7. Exp. Biol. Med. 2015, 241, 140–146. [CrossRef]

http://doi.org/10.1016/j.ejphar.2018.06.019
http://www.ncbi.nlm.nih.gov/pubmed/29920283
http://doi.org/10.1126/science.282.5396.2085
http://doi.org/10.1016/j.cyto.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18304834
http://doi.org/10.1155/2016/7296092
http://www.ncbi.nlm.nih.gov/pubmed/28003866
http://doi.org/10.12659/msm.913146
http://doi.org/10.1016/j.biopha.2020.110021
http://doi.org/10.1161/HYPERTENSIONAHA.110.164590
http://doi.org/10.1146/annurev-physiol-022516-034227
http://doi.org/10.3390/ijms22010408
http://doi.org/10.1016/S0140-6736(13)60687-X
http://doi.org/10.1038/nrneph.2017.78
http://www.ncbi.nlm.nih.gov/pubmed/28626222
http://doi.org/10.1038/nrdp.2017.88
http://doi.org/10.1038/s41584-019-0322-7
http://www.ncbi.nlm.nih.gov/pubmed/31712723
http://doi.org/10.1016/j.mam.2018.06.002
http://doi.org/10.1111/1756-185X.12424
http://www.ncbi.nlm.nih.gov/pubmed/24952962
http://doi.org/10.1089/ars.2016.6665
http://doi.org/10.1002/jbt.22738
http://www.ncbi.nlm.nih.gov/pubmed/33522649
http://doi.org/10.1681/ASN.2010010046
http://doi.org/10.1159/000447067
http://doi.org/10.1159/000142529
http://doi.org/10.1007/s12272-013-0019-4
http://www.ncbi.nlm.nih.gov/pubmed/23361587
http://doi.org/10.3390/ijms18020305
http://doi.org/10.1248/bpb.b16-00832
http://doi.org/10.1681/ASN.2013010069
http://www.ncbi.nlm.nih.gov/pubmed/24136919
http://doi.org/10.1016/j.bbrc.2016.08.066
http://www.ncbi.nlm.nih.gov/pubmed/27524235
http://doi.org/10.1016/j.celrep.2013.03.019
http://doi.org/10.1177/1535370215598401


Nutrients 2022, 14, 653 28 of 33

139. Hori, Y.S.; Kuno, A.; Hosoda, R.; Horio, Y. Regulation of FOXOs and p53 by SIRT1 Modulators under Oxidative Stress. PLoS ONE
2013, 8, e73875. [CrossRef]

140. Kume, S.; Uzu, T.; Horiike, K.; Chin-Kanasaki, M.; Isshiki, K.; Araki, S.-I.; Sugimoto, T.; Haneda, M.; Kashiwagi, A.; Koya, D.
Calorie restriction enhances cell adaptation to hypoxia through Sirt1-dependent mitochondrial autophagy in mouse aged kidney.
J. Clin. Investig. 2010, 120, 1043–1055. [CrossRef]

141. Wang, Y.; Zhou, Y.; Graves, D.T. FOXO Transcription Factors: Their Clinical Significance and Regulation. BioMed. Res. Int. 2014,
2014, 1–13. [CrossRef]

142. Mizushima, N.; Komatsu, M. Autophagy: Renovation of Cells and Tissues. Cell 2011, 147, 728–741. [CrossRef] [PubMed]
143. Jiang, M.; Liu, K.; Luo, J.; Dong, Z. Autophagy Is a Renoprotective Mechanism During in Vitro Hypoxia and in Vivo Ischemia-

Reperfusion Injury. Am. J. Pathol. 2010, 176, 1181–1192. [CrossRef] [PubMed]
144. Kaushal, G.P. Autophagy protects proximal tubular cells from injury and apoptosis. Kidney Int. 2012, 82, 1250–1253. [CrossRef]

[PubMed]
145. Suzuki, C.; Tanida, I.; Trejo, J.A.O.; Kakuta, S.; Uchiyama, Y. Autophagy Deficiency in Renal Proximal Tubular Cells Leads to an

Increase in Cellular Injury and Apoptosis under Normal Fed Conditions. Int. J. Mol. Sci. 2019, 21, 155. [CrossRef]
146. Jin, Q.; Jhun, B.S.; Lee, S.H.; Lee, J.; Pi, Y.; Cho, Y.H.; Baik, H.H.; Kang, I. Differential regulation of phosphatidylinositol 3-

kinase/Akt, mitogen-activated protein kinase, and AMP-activated protein kinase pathways during menadione-induced oxidative
stress in the kidney of young and old rats. Biochem. Biophys. Res. Commun. 2004, 315, 555–561. [CrossRef]

147. Meng, X.-M.; Nikolic-Paterson, D.; Lan, H.Y. Inflammatory processes in renal fibrosis. Nat. Rev. Nephrol. 2014, 10, 493–503.
[CrossRef]

148. Ferenbach, D.; Bonventre, J.V. Mechanisms of maladaptive repair after AKI leading to accelerated kidney ageing and CKD. Nat.
Rev. Nephrol. 2015, 11, 264–276. [CrossRef]

149. Puthumana, J.; Thiessen-Philbrook, H.; Xu, L.; Coca, S.G.; Garg, A.X.; Himmelfarb, J.; Bhatraju, P.K.; Ikizler, T.A.; Siew, E.D.;
Ware, L.B.; et al. Biomarkers of inflammation and repair in kidney disease progression. J. Clin. Investig. 2021, 131. [CrossRef]

150. Hayden, M.S.; Ghosh, S. Shared Principles in NF-κB Signaling. Cell 2008, 132, 344–362. [CrossRef]
151. Pedruzzi, L.M.; Stockler-Pinto, M.B.; Leite, M., Jr.; Mafra, D. Nrf2–keap1 system versus NF-κB: The good and the evil in chronic

kidney disease? Biochimie 2012, 94, 2461–2466. [CrossRef]
152. Adler, A.S.; Sinha, S.; Kawahara, T.L.; Zhang, J.Y.; Segal, E.; Chang, H.Y. Motif module map reveals enforcement of aging by

continual NF-κB activity. Genes Dev. 2007, 21, 3244–3257. [CrossRef] [PubMed]
153. Salminen, A.; Kauppinen, A.; Suuronen, T.; Kaarniranta, K. SIRT1 longevity factor suppresses NF-κB -driven immune responses:

Regulation of aging via NF-κB acetylation? BioEssays 2008, 30, 939–942. [CrossRef] [PubMed]
154. Zhang, J.; Zhang, Y.; Xiao, F.; Liu, Y.; Wang, J.; Gao, H.; Rong, S.; Yao, Y.; Li, J.; Xu, G. The peroxisome proliferator-activated

receptor γ agonist pioglitazone prevents NF-κB activation in cisplatin nephrotoxicity through the reduction of p65 acetylation via
the AMPK-SIRT1/p300 pathway. Biochem. Pharmacol. 2016, 101, 100–111. [CrossRef] [PubMed]

155. Rabadi, M.M.; Xavier, S.; Vasko, R.; Kaur, K.; Goligorksy, M.S.; Ratliff, B.B. High-mobility group box 1 is a novel deacetylation
target of Sirtuin1. Kidney Int. 2015, 87, 95–108. [CrossRef] [PubMed]

156. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2010,
418, 191–195, Erratum on Nature 2010, 467, 622. [CrossRef]

157. Hwang, J.S.; Choi, H.S.; Ham, S.A.; Yoo, T.; Lee, W.J.; Paek, K.S.; Seo, H.G. Deacetylation-mediated interaction of SIRT1-HMGB1
improves survival in a mouse model of endotoxemia. Sci. Rep. 2015, 5, 1–16. [CrossRef]

158. Tang, Y.; Zhao, X.; Antoine, D.; Xiao, X.; Wang, H.; Andersson, U.; Billiar, T.R.; Tracey, K.J.; Lu, B. Regulation of Posttranslational
Modifications of HMGB1 During Immune Responses. Antioxid. Redox Signal. 2016, 24, 620–634. [CrossRef]

159. Faivre, A.; Katsyuba, E.; Verissimo, T.; Lindenmeyer, M.; Rajaram, R.D.; Naesens, M.; Heckenmeyer, C.; Mottis, A.; Feraille, E.;
Cippà, P.; et al. Differential role of nicotinamide adenine dinucleotide deficiency in acute and chronic kidney disease. Nephrol.
Dial. Transplant. 2020, 36, 60–68. [CrossRef]

160. Zheng, M.; Cai, J.; Liu, Z.; Shu, S.; Wang, Y.; Tang, C.; Dong, Z. Nicotinamide reduces renal interstitial fibrosis by suppressing
tubular injury and inflammation. J. Cell. Mol. Med. 2019, 23, 3995–4004. [CrossRef]

161. Simic, P.; Parada, X.F.V.; Parikh, S.M.; Dellinger, R.; Guarente, L.P.; Rhee, E.P. Nicotinamide riboside with pterostilbene (NRPT)
increases NAD+ in patients with acute kidney injury (AKI): A randomized, double-blind, placebo-controlled, stepwise safety
study of escalating doses of NRPT in patients with AKI. BMC Nephrol. 2020, 21, 1–9. [CrossRef]

162. Trammell, S.A.J.; Schmidt, M.S.; Weidemann, B.J.; Redpath, P.; Jaksch, F.; Dellinger, R.W.; Li, Z.; Abel, E.D.; Migaud, M.E.; Brenner,
C. Nicotinamide riboside is uniquely and orally bioavailable in mice and humans. Nat. Commun. 2016, 7, 12948. [CrossRef]

163. Collier, J.B.; Schnellmann, R.G. Extracellular signal-regulated kinase 1/2 regulates NAD metabolism during acute kidney injury
through microRNA-34a-mediated NAMPT expression. Exp. 2019, 77, 3643–3655. [CrossRef] [PubMed]

164. Tamura, Y.; Tanaka, Y.; Sato, F.; Choi, J.B.; Watada, H.; Niwa, M.; Kinoshita, J.; Ooka, A.; Kumashiro, N.; Igarashi, Y.; et al. Effects
of Diet and Exercise on Muscle and Liver Intracellular Lipid Contents and Insulin Sensitivity in Type 2 Diabetic Patients. J. Clin.
Endocrinol. Metab. 2005, 90, 3191–3196. [CrossRef] [PubMed]

165. Tan, G.D.; Fielding, B.A.; Currie, J.M.; Humphreys, S.M.; Frayn, K.N.; Laville, M.; Vidal, H.; Karpe, F. The effects of rosiglitazone
on fatty acid and triglyceride metabolism in type 2 diabetes. Diabetologia 2004, 48, 83–95. [CrossRef] [PubMed]

166. Pardo, P.S.; Boriek, A.M. SIRT1 Regulation in Ageing and Obesity. Mech. Ageing Dev. 2020, 188, 111249. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0073875
http://doi.org/10.1172/JCI41376
http://doi.org/10.1155/2014/925350
http://doi.org/10.1016/j.cell.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22078875
http://doi.org/10.2353/ajpath.2010.090594
http://www.ncbi.nlm.nih.gov/pubmed/20075199
http://doi.org/10.1038/ki.2012.337
http://www.ncbi.nlm.nih.gov/pubmed/23203020
http://doi.org/10.3390/ijms21010155
http://doi.org/10.1016/j.bbrc.2004.01.093
http://doi.org/10.1038/nrneph.2014.114
http://doi.org/10.1038/nrneph.2015.3
http://doi.org/10.1172/JCI139927
http://doi.org/10.1016/j.cell.2008.01.020
http://doi.org/10.1016/j.biochi.2012.07.015
http://doi.org/10.1101/gad.1588507
http://www.ncbi.nlm.nih.gov/pubmed/18055696
http://doi.org/10.1002/bies.20799
http://www.ncbi.nlm.nih.gov/pubmed/18800364
http://doi.org/10.1016/j.bcp.2015.11.027
http://www.ncbi.nlm.nih.gov/pubmed/26673543
http://doi.org/10.1038/ki.2014.217
http://www.ncbi.nlm.nih.gov/pubmed/24940804
http://doi.org/10.1038/nature00858
http://doi.org/10.1038/srep15971
http://doi.org/10.1089/ars.2015.6409
http://doi.org/10.1093/ndt/gfaa124
http://doi.org/10.1111/jcmm.14285
http://doi.org/10.1186/s12882-020-02006-1
http://doi.org/10.1038/ncomms12948
http://doi.org/10.1007/s00018-019-03391-z
http://www.ncbi.nlm.nih.gov/pubmed/31873757
http://doi.org/10.1210/jc.2004-1959
http://www.ncbi.nlm.nih.gov/pubmed/15769987
http://doi.org/10.1007/s00125-004-1619-9
http://www.ncbi.nlm.nih.gov/pubmed/15619071
http://doi.org/10.1016/j.mad.2020.111249
http://www.ncbi.nlm.nih.gov/pubmed/32320732


Nutrients 2022, 14, 653 29 of 33

167. D’Agati, V.D.; Chagnac, A.; de Vries, A.; Levi, M.; Porrini, E.; Herman-Edelstein, M.; Praga, M. Obesity-related glomerulopathy:
Clinical and pathologic characteristics and pathogenesis. Nat. Rev. Nephrol. 2016, 12, 453–471. [CrossRef] [PubMed]

168. de Vries, A.P.J.; Ruggenenti, P.; Ruan, X.Z.; Praga, M.; Cruzado, J.M.; Bajema, I.M.; D’Agati, V.D.; Lamb, H.J.; Barlovic, D.P.;
Hojs, R.; et al. Fatty kidney: Emerging role of ectopic lipid in obesity-related renal disease. Lancet Diabetes Endocrinol. 2014, 2,
417–426. [CrossRef]

169. Snyder, S.; Pendergraph, B. Detection and evaluation of chronic kidney disease. Am. Fam. Physician 2005, 72, 1723–1732.
170. Lopez-Novoa, J.M.; Martínez-Salgado, C.; Rodríguez-Peña, A.B.; Hernández, F.J.L. Common pathophysiological mechanisms of

chronic kidney disease: Therapeutic perspectives. Pharmacol. Ther. 2010, 128, 61–81. [CrossRef]
171. Kundu, A.; Richa, S.; Dey, P.; Kim, K.S.; Son, J.Y.; Kim, H.R.; Lee, S.-Y.; Lee, B.-H.; Lee, K.Y.; Kacew, S.; et al. Protective effect of

EX-527 against high-fat diet-induced diabetic nephropathy in Zucker rats. Toxicol. Appl. Pharmacol. 2020, 390, 114899. [CrossRef]
172. Martínez-Jiménez, V.; Cortez-Espinosa, N.; Rodríguez-Varela, E.; Vega-Cárdenas, M.; Briones-Espinoza, M.; Ruíz-Rodríguez, V.M.;

López-López, N.; Briseño-Medina, A.; Turiján-Espinoza, E.; Portales-Pérez, D.P. Altered levels of sirtuin genes (SIRT1, SIRT2,
SIRT3 and SIRT6) and their target genes in adipose tissue from individual with obesity. Diabetes Metab. Syndr. Clin. Res. Rev. 2018,
13, 582–589. [CrossRef] [PubMed]

173. Nguyen, L.T.; Chen, H.; Pollock, C.; Saad, S. SIRT1 reduction is associated with sex-specific dysregulation of renal lipid metabolism
and stress responses in offspring by maternal high-fat diet. Sci. Rep. 2017, 7, 1–13. [CrossRef] [PubMed]

174. Tokuyama, H.; Wakino, S.; Hara, Y.; Washida, N.; Fujimura, K.; Hosoya, K.; Yoshioka, K.; Hasegawa, K.; Minakuchi, H.;
Homma, K.; et al. Role of mineralocorticoid receptor/Rho/Rho-kinase pathway in obesity-related renal injury. Int. J. Obes. 2011,
36, 1062–1071. [CrossRef] [PubMed]

175. Halberg, N.; Khan, T.; Trujillo, M.E.; Wernstedt-Asterholm, I.; Attie, A.D.; Sherwani, S.; Wang, Z.V.; Landskroner-Eiger, S.;
Dineen, S.; Magalang, U.J.; et al. Hypoxia-Inducible Factor 1α Induces Fibrosis and Insulin Resistance in White Adipose Tissue.
Mol. Cell. Biol. 2009, 29, 4467–4483. [CrossRef] [PubMed]

176. Lähteenvuo, J.; Rosenzweig, A. Effects of aging on angiogenesis. Circ. Res. 2012, 110, 1252–1264. [CrossRef] [PubMed]
177. Baracca, A.; Chiaradonna, F.; Sgarbi, G.; Solaini, G.; Alberghina, L.; Lenaz, G. Mitochondrial Complex I decrease is responsible for

bioenergetic dysfunction in K-ras transformed cells. Biochim. Et Biophys. Acta 2010, 1797, 314–323. [CrossRef] [PubMed]
178. Hebert, L.A.; Agarwal, G.; Sedmak, D.D.; Mahan, J.D.; Becker, W.; Nagaraja, H.N. Proximal tubular epithelial hyperplasia in

patients with chronic glomerular proteinuria. Kidney Int. 2000, 57, 1962–1967. [CrossRef]
179. Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-Inducible Factors and the Response to Hypoxic Stress. Mol. Cell 2010, 40,

294–309. [CrossRef]
180. Haase, V.H. Hypoxia-inducible factors in the kidney. Am. J. Physiol.-Ren. Physiol. 2006, 291, F271–F281. [CrossRef]
181. Lin, Q.; Cong, X.; Yun, Z. Differential Hypoxic Regulation of Hypoxia-Inducible Factors 1α and 2α. Mol. Cancer Res. 2011, 9,

757–765. [CrossRef]
182. AbdelMassih, A.; Yacoub, E.; Husseiny, R.J.; Kamel, A.; Hozaien, R.; El Shershaby, M.; Rajab, M.; Yacoub, S.; Eid, M.A.; Elahmady,

M.; et al. Hypoxia-inducible factor (HIF): The link between obesity and COVID-19. Obes. Med. 2020, 22, 100317. [CrossRef]
[PubMed]

183. Gomes, A.P.; Price, N.L.; Ling, A.J.Y.; Moslehi, J.J.; Montgomery, M.K.; Rajman, L.; White, J.P.; Teodoro, J.S.; Wrann, C.D.;
Hubbard, B.P.; et al. Declining NAD+ Induces a Pseudohypoxic State Disrupting Nuclear-Mitochondrial Communication during
Aging. Cell 2013, 155, 1624–1638. [CrossRef]

184. Muskiet, M.H.A.; Tonneijck, L.; Smits, M.M.; Van Baar, M.J.B.; Kramer, M.H.H.; Hoorn, E.J.; Joles, J.A.; Van Raalte, D.H. GLP-1
and the kidney: From physiology to pharmacology and outcomes in diabetes. Nat. Rev. Nephrol. 2017, 13, 605–628. [CrossRef]
[PubMed]

185. Liang, R.; Wang, M.; Fu, C.; Liang, H.; Deng, H.; Tan, Y.; Xu, F.; Cai, M. Liraglutide protects against high-fat diet-induced kidney
injury by ameliorating apoptosis. Endocr. Connect. 2020, 9, 946–954. [CrossRef] [PubMed]

186. Wang, W.; Sun, W.; Cheng, Y.; Xu, Z.; Cai, L. Role of sirtuin-1 in diabetic nephropathy. Klin. Wochenschr. 2019, 97, 291–309.
[CrossRef] [PubMed]

187. Tsai, H.-C.; Chang, F.-P.; Li, T.-H.; Liu, C.-W.; Huang, C.-C.; Huang, S.-F.; Yang, Y.-Y.; Lee, K.-C.; Hsieh, Y.-C.; Wang, Y.-W.; et al.
Elafibranor Inhibits Chronic Kidney Disease Progression in NASH Mice. BioMed. Res. Int. 2019, 2019, 6740616. [CrossRef]
[PubMed]

188. Cai, Y.; Zhang, H.; Fan, C.; Zeng, Y.; Zou, S.; Wu, C.; Wang, L.; Fang, S.; Li, P.; Xue, Y.; et al. Renoprotective effects of brown
adipose tissue activation in diabetic mice. J. Diabetes 2019, 11, 958–970. [CrossRef]

189. Liu, H.-W.; Kao, H.-H.; Wu, C.-H. Exercise training upregulates SIRT1 to attenuate inflammation and metabolic dysfunction in
kidney and liver of diabetic db/db mice. Nutr. Metab. 2019, 16, 1–10. [CrossRef]

190. Sinclair, A.; Saeedi, P.; Kaundal, A.; Karuranga, S.; Malanda, B.; Williams, R. Diabetes and global ageing among 65–99-year-old
adults: Findings from the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pr. 2020, 162, 108078.
[CrossRef]

191. Navarro-González, J.F.; Mora-Fernández, C.; De Fuentes, M.M.; García-Pérez, J. Inflammatory molecules and pathways in the
pathogenesis of diabetic nephropathy. Nat. Rev. Nephrol. 2011, 7, 327–340. [CrossRef]

http://doi.org/10.1038/nrneph.2016.75
http://www.ncbi.nlm.nih.gov/pubmed/27263398
http://doi.org/10.1016/S2213-8587(14)70065-8
http://doi.org/10.1016/j.pharmthera.2010.05.006
http://doi.org/10.1016/j.taap.2020.114899
http://doi.org/10.1016/j.dsx.2018.11.011
http://www.ncbi.nlm.nih.gov/pubmed/30641770
http://doi.org/10.1038/s41598-017-08694-4
http://www.ncbi.nlm.nih.gov/pubmed/28827681
http://doi.org/10.1038/ijo.2011.232
http://www.ncbi.nlm.nih.gov/pubmed/22184057
http://doi.org/10.1128/MCB.00192-09
http://www.ncbi.nlm.nih.gov/pubmed/19546236
http://doi.org/10.1161/CIRCRESAHA.111.246116
http://www.ncbi.nlm.nih.gov/pubmed/22539758
http://doi.org/10.1016/j.bbabio.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19931505
http://doi.org/10.1046/j.1523-1755.2000.00045.x
http://doi.org/10.1016/j.molcel.2010.09.022
http://doi.org/10.1152/ajprenal.00071.2006
http://doi.org/10.1158/1541-7786.MCR-11-0053
http://doi.org/10.1016/j.obmed.2020.100317
http://www.ncbi.nlm.nih.gov/pubmed/33521378
http://doi.org/10.1016/j.cell.2013.11.037
http://doi.org/10.1038/nrneph.2017.123
http://www.ncbi.nlm.nih.gov/pubmed/28869249
http://doi.org/10.1530/EC-20-0294
http://www.ncbi.nlm.nih.gov/pubmed/33027757
http://doi.org/10.1007/s00109-019-01743-7
http://www.ncbi.nlm.nih.gov/pubmed/30707256
http://doi.org/10.1155/2019/6740616
http://www.ncbi.nlm.nih.gov/pubmed/31321239
http://doi.org/10.1111/1753-0407.12938
http://doi.org/10.1186/s12986-019-0349-4
http://doi.org/10.1016/j.diabres.2020.108078
http://doi.org/10.1038/nrneph.2011.51


Nutrients 2022, 14, 653 30 of 33

192. Wetmore, J.B.; Li, S.; Ton, T.G.N.; Peng, Y.; Hansen, M.K.; Neslusan, C.; Riley, R.; Liu, J.; Gilbertson, D.T. Association of diabetes-
related kidney disease with cardiovascular and non-cardiovascular outcomes: A retrospective cohort study. BMC Endocr. Disord.
2019, 19, 1–11. [CrossRef] [PubMed]

193. Remuzzi, G.; Schieppati, A.; Ruggenenti, P. Nephropathy in Patients with Type 2 Diabetes. New Engl. J. Med. 2002, 346, 1145–1151.
[CrossRef] [PubMed]

194. Koye, D.N.; Shaw, J.E.; Reid, C.M.; Atkins, R.C.; Reutens, A.T.; Magliano, D. Incidence of chronic kidney disease among people
with diabetes: A systematic review of observational studies. Diabet. Med. 2017, 34, 887–901. [CrossRef] [PubMed]

195. Turkmen, K. Inflammation, oxidative stress, apoptosis, and autophagy in diabetes mellitus and diabetic kidney disease: The Four
Horsemen of the Apocalypse. Int. Urol. Nephrol. 2016, 49, 837–844. [CrossRef] [PubMed]

196. Chen, Y.; Lee, K.; Ni, Z.; He, J.C. Diabetic Kidney Disease: Challenges, Advances, and Opportunities. Kidney Dis. 2020, 6, 215–225.
[CrossRef]

197. Huang, K.; Huang, J.; Xie, X.; Wang, S.; Chen, C.; Shen, X.; Liu, P.; Huang, H. Sirt1 resists advanced glycation end products-
induced expressions of fibronectin and TGF-β1 by activating the Nrf2/ARE pathway in glomerular mesangial cells. Free Radic.
Biol. Med. 2013, 65, 528–540. [CrossRef]

198. Hong, Q.; Zhang, L.; Das, B.; Li, Z.; Liu, B.; Cai, G.; Chen, X.; Chuang, P.Y.; He, J.C.; Lee, K. Increased podocyte Sirtuin-1 function
attenuates diabetic kidney injury. Kidney Int. 2018, 93, 1330–1343. [CrossRef]

199. Nagata, M. Podocyte injury and its consequences. Kidney Int. 2016, 89, 1221–1230. [CrossRef]
200. Wang, Y.; He, J.; Liao, M.; Hu, M.; Li, W.; Ouyang, H.; Wang, X.; Ye, T.; Zhang, Y.; Ouyang, L. An overview of Sirtuins as potential

therapeutic target: Structure, function and modulators. Eur. J. Med. Chem. 2018, 161, 48–77. [CrossRef]
201. Chuang, P.Y.; Dai, Y.; Liu, R.; He, H.; Kretzler, M.; Jim, B.; Cohen, C.D.; He, J.C. Alteration of Forkhead Box O (Foxo4) Acetylation

Mediates Apoptosis of Podocytes in Diabetes Mellitus. PLoS ONE 2011, 6, e23566. [CrossRef]
202. Liu, R.; Zhong, Y.; Li, X.; Chen, H.; Jim, B.; Zhou, M.-M.; Chuang, P.Y.; He, J.C. Role of Transcription Factor Acetylation in Diabetic

Kidney Disease. Diabetes 2014, 63, 2440–2453. [CrossRef] [PubMed]
203. Chuang, P.Y.; Cai, W.; Li, X.; Fang, L.; Xu, J.; Yacoub, R.; He, J.C.; Lee, K. Reduction in podocyte SIRT1 accelerates kidney injury in

aging mice. Am. J. Physiol. Ren. Physiol. 2017, 313, F621–F628. [CrossRef] [PubMed]
204. Motonishi, S.; Nangaku, M.; Wada, T.; Ishimoto, Y.; Ohse, T.; Matsusaka, T.; Kubota, N.; Shimizu, A.; Kadowaki, T.; Tobe, K.;

et al. Sirtuin1 Maintains Actin Cytoskeleton by Deacetylation of Cortactin in Injured Podocytes. J. Am. Soc. Nephrol. 2014, 26,
1939–1959. [CrossRef]

205. Nakatani, Y.; Inagi, R. Epigenetic Regulation Through SIRT1 in Podocytes. Curr. Hypertens. Rev. 2016, 12, 89–94. [CrossRef]
[PubMed]

206. Umino, H.; Hasegawa, K.; Minakuchi, H.; Muraoka, H.; Kawaguchi, T.; Kanda, T.; Tokuyama, H.; Wakino, S.; Itoh, H. High Baso-
lateral Glucose Increases Sodium-Glucose Cotransporter 2 and Reduces Sirtuin-1 in Renal Tubules through Glucose Transporter-2
Detection. Sci. Rep. 2018, 8, 1–13. [CrossRef]

207. Hawley, S.A.; Ford, R.J.; Smith, B.K.; Gowans, G.J.; Mancini, S.J.; Pitt, R.D.; Day, E.A.; Salt, I.P.; Steinberg, G.R.; Hardie, D.G.
The Na+/Glucose Cotransporter Inhibitor Canagliflozin Activates AMPK by Inhibiting Mitochondrial Function and Increasing
Cellular AMP Levels. Diabetes 2016, 65, 2784–2794. [CrossRef]

208. Packer, M. Interplay of adenosine monophosphate-activated protein kinase/sirtuin-1 activation and sodium influx inhibition
mediates the renal benefits of sodium-glucose co-transporter-2 inhibitors in type 2 diabetes: A novel conceptual framework.
Diabetes Obes. Metab. 2020, 22, 734–742. [CrossRef]

209. Clarke, N.E.; Belyaev, N.D.; Lambert, D.W.; Turner, A.J. Epigenetic regulation of angiotensin-converting enzyme 2 (ACE2) by
SIRT1 under conditions of cell energy stress. Clin. Sci. 2013, 126, 507–516. [CrossRef]

210. Mori, J.; Patel, V.; Ramprasath, T.; Alrob, O.A.; Desaulniers, J.; Scholey, J.W.; Lopaschuk, G.D.; Oudit, G.Y. Angiotensin 1–7
mediates renoprotection against diabetic nephropathy by reducing oxidative stress, inflammation, and lipotoxicity. Am. J.
Physiol.-Ren. Physiol. 2014, 306, F812–F821. [CrossRef]

211. Gu, J.; Yang, M.; Qi, N.; Mei, S.; Chen, J.; Song, S.; Jing, Y.; Chen, M.; He, L.; Sun, L.; et al. Olmesartan Prevents Microalbuminuria
in db/db Diabetic Mice Through Inhibition of Angiotensin II/p38/SIRT1-Induced Podocyte Apoptosis. Kidney Blood Press. Res.
2016, 41, 848–864. [CrossRef]

212. Shang, G.; Gao, P.; Zhao, Z.; Chen, Q.; Jiang, T.; Zhang, N.; Li, H. 3,5-Diiodo-l-thyronine ameliorates diabetic nephropathy in
streptozotocin-induced diabetic rats. Biochim. Biophys. Acta Mol. Basis Dis. 2013, 1832, 674–684. [CrossRef]

213. Shao, Y.; Lv, C.; Wu, C.; Zhou, Y.; Wang, Q. Mir-217 promotes inflammation and fibrosis in high glucose cultured rat glomerular
mesangial cells via Sirt1/HIF-1α signaling pathway. Diabetes/Metab. Res. Rev. 2016, 32, 534–543. [CrossRef] [PubMed]

214. Zhuo, L.; Fu, B.; Bai, X.; Zhang, B.; Wu, L.; Cui, J.; Cui, S.; Wei, R.; Chen, X.; Cai, G. NAD Blocks High Glucose Induced Mesangial
Hypertrophy via Activation of the Sirtuins-AMPK-mTOR Pathway. Cell. Physiol. Biochem. 2011, 27, 681–690. [CrossRef] [PubMed]

215. Zhuang, K.; Jiang, X.; Liu, R.; Ye, C.; Wang, Y.; Wang, Y.; Quan, S.; Huang, H. Formononetin Activates the Nrf2/ARE Signaling
Pathway Via Sirt1 to Improve Diabetic Renal Fibrosis. Front. Pharmacol. 2021, 11, 616378. [CrossRef] [PubMed]

216. Chen, Y.; Liang, Y.; Hu, T.; Wei, R.; Cai, C.; Wang, P.; Wang, L.; Qiao, W.; Feng, L. Endogenous Nampt upregulation is associated
with diabetic nephropathy inflammatory-fibrosis through the NF-κB p65 and Sirt1 pathway; NMN alleviates diabetic nephropathy
inflammatory-fibrosis by inhibiting endogenous Nampt. Exp. Ther. Med. 2017, 14, 4181–4193. [CrossRef]

http://doi.org/10.1186/s12902-019-0417-9
http://www.ncbi.nlm.nih.gov/pubmed/31455289
http://doi.org/10.1056/NEJMcp011773
http://www.ncbi.nlm.nih.gov/pubmed/11948275
http://doi.org/10.1111/dme.13324
http://www.ncbi.nlm.nih.gov/pubmed/28164387
http://doi.org/10.1007/s11255-016-1488-4
http://www.ncbi.nlm.nih.gov/pubmed/28035619
http://doi.org/10.1159/000506634
http://doi.org/10.1016/j.freeradbiomed.2013.07.029
http://doi.org/10.1016/j.kint.2017.12.008
http://doi.org/10.1016/j.kint.2016.01.012
http://doi.org/10.1016/j.ejmech.2018.10.028
http://doi.org/10.1371/journal.pone.0023566
http://doi.org/10.2337/db13-1810
http://www.ncbi.nlm.nih.gov/pubmed/24608443
http://doi.org/10.1152/ajprenal.00255.2017
http://www.ncbi.nlm.nih.gov/pubmed/28615249
http://doi.org/10.1681/ASN.2014030289
http://doi.org/10.2174/1573402112666160302102515
http://www.ncbi.nlm.nih.gov/pubmed/26931472
http://doi.org/10.1038/s41598-018-25054-y
http://doi.org/10.2337/db16-0058
http://doi.org/10.1111/dom.13961
http://doi.org/10.1042/CS20130291
http://doi.org/10.1152/ajprenal.00655.2013
http://doi.org/10.1159/000452588
http://doi.org/10.1016/j.bbadis.2013.01.023
http://doi.org/10.1002/dmrr.2788
http://www.ncbi.nlm.nih.gov/pubmed/26891083
http://doi.org/10.1159/000330077
http://www.ncbi.nlm.nih.gov/pubmed/21691086
http://doi.org/10.3389/fphar.2020.616378
http://www.ncbi.nlm.nih.gov/pubmed/33519483
http://doi.org/10.3892/etm.2017.5098


Nutrients 2022, 14, 653 31 of 33

217. Zeng, O.; Li, F.; Li, Y.; Li, L.; Xiao, T.; Chu, C.; Yang, J. Effect of Novel Gasotransmitter hydrogen sulfide on renal fibrosis and
connexins expression in diabetic rats. Bioengineered 2016, 7, 314–320. [CrossRef] [PubMed]

218. Sun, M.; Wang, H.; Gong, L.; Qi, D.; Wang, X.; Li, Y.; Jiang, H. A novel time-dimension and circadian rhythm-dependent
strategy for pharmacodynamic evaluation of Uncaria in the regulation of neurotransmitter circadian metabolic homeostasis in
spontaneously hypertensive rats. Biomed. Pharmacother. 2020, 131, 110704. [CrossRef]

219. Sifuentes-Franco, S.; Padilla-Tejeda, D.E.; Carrillo-Ibarra, S.; Miranda-Díaz, A.G. Oxidative Stress, Apoptosis, and Mitochondrial
Function in Diabetic Nephropathy. Int. J. Endocrinol. 2018, 2018, 1–13. [CrossRef]

220. Zhu, H.; Fang, Z.; Chen, J.; Yang, Y.; Gan, J.; Luo, L.; Zhan, X. PARP-1 and SIRT-1 are Interacted in Diabetic Nephropathy by
Activating AMPK/PGC-1α Signaling Pathway. Diabetes Metab. Syndr. Obes. Targets Ther. 2021, 14, 355–366. [CrossRef]

221. Parihar, P.; Solanki, I.; Mansuri, M.L.; Parihar, M.S. Mitochondrial sirtuins: Emerging roles in metabolic regulations, energy
homeostasis and diseases. Exp. Gerontol. 2015, 61, 130–141. [CrossRef]

222. Iside, C.; Scafuro, M.; Nebbioso, A.; Altucci, L. SIRT1 Activation by Natural Phytochemicals: An Overview. Front. Pharmacol.
2020, 11, 1225. [CrossRef] [PubMed]

223. Tsao, R. Chemistry and Biochemistry of Dietary Polyphenols. Nutrients 2010, 2, 1231–1246. [CrossRef] [PubMed]
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289. Silva, R.F.M.; Pogačnik, L. Polyphenols from Food and Natural Products: Neuroprotection and Safety. Antioxidants 2020, 9, 61.
[CrossRef]
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