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Disruption of mitochondrial biosynthesis or dynamics, or loss of control over mitochondrial
regulation leads to a significant alteration in fuel preference and metabolic shifts that
potentially affect the health of kidney cells. Mitochondria regulate metabolic networks
which affect multiple cellular processes. Indeed, mitochondria have established
themselves as therapeutic targets in several diseases. The importance of mitochondria
in regulating the pathogenesis of several diseases has been recognized, however, there is
limited understanding of mitochondrial biology in the kidney. This review provides an
overview of mitochondrial dysfunction in kidney diseases. We describe the importance of
mitochondria and mitochondrial sirtuins in the regulation of renal metabolic shifts in diverse
cells types, and review this loss of control leads to increased cell-to-cell transdifferentiation
processes and myofibroblast-metabolic shifts, which affect the pathophysiology of several
kidney diseases. In addition, we examine mitochondrial-targeted therapeutic agents that
offer potential leads in combating kidney diseases.
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INTRODUCTION

Chronic kidney disease (CKD), which affects 10–15% of people, is a leading cause of death worldwide
(Levin et al., 2017). Almost 75% of CKD incidents are related to diabetic kidney disease (DKD) and
linked-hypertensive kidney disease (HKD) (Levin et al., 2017). Angiotensin-converting enzyme inhibitors
(ACEis) and angiotensin II receptor blockers (ARBs) are two classes of anti-hypertensive agents that can
effectively reduce the incidence of end-stage kidney disease and are first-line drugs for therapy in diabetic
kidney disease (Laverman et al., 2004; Palmer et al., 2015; Gu et al., 2016; Srivastava et al., 2020a; Srivastava
et al., 2020b). In addition, the renal protective nature of SGLT-2 inhibitors, DPP-4 inhibitors and statins
has been studied in the mouse models and controlled clinical trials (Kanasaki et al., 2014; Edwards, 2016;
Wanner et al., 2016; Bae et al., 2019; Hanssen and Jandeleit-Dahm, 2019). However, there remains a lack
of efficacious drugs that can retard CKD or DKD (Zelnick et al., 2017). This lack of progress is likely due
to poor understanding of the mechanisms of kidney diseases (Breyer and Susztak, 2016). Renal fibrosis is
the final consequence of all types of progressive kidney disease, including DKD, that results in end-stage
renal disease (ESRD) (Allison, 2019; Cooper and Warren, 2019). Renal fibrosis results in damage to
normal cellular functions and structures and is a result of severe inflammation and loss of control over
wound healing mechanisms which ultimately lead to an excess accumulation of extracellular matrix
(ECM) and fibrosis-associated proteins (Srivastava et al., 2019b). Renal fibroblasts accumulation play a
crucial role during fibrogenic processes however, the genesis of fibroblasts is not clear and is a matter of
ongoing discussion (Srivastava et al., 2019b).
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The primary functions of the kidneys are to balance electrolytes,
acid-base status and to maintain water homeostasis and remove
toxic substance from the body, all of which are highly energetic
processes. Since catabolism of free fatty acids produces more ATP
than does catabolism of glucose, kidney tubule segments aremostly
dependent on fatty acid oxidation (FAO) and have enormous
numbers of mitochondria; they utilize mitochondrial oxidative
phosphorylation (OXPHOS) to supply their energy demands (Kang
et al., 2015). Mitochondrial synthesis needs the expression of both
nuclear- and mitochondrial-coded proteins (Tanaka et al., 2020).
The production of cellular energy, in the form of ATP, is the
primary function of this organelle (O’Rourke and Blatter, 2009;
Kuhlbrandt, 2015). However, the mitochondrion also participates
in calcium homeostasis, heat production, cell-signaling and
apoptosis (O’Rourke and Blatter, 2009). The metabolic enzymes
in the mitochondria are highly regulated by cellular energy status
and play an important role in metabolic control (O’Rourke and
Blatter, 2009).Doleris et al. reported mitochondrial cytopathy cases
from patients who had glomerulosclerosis (Doleris et al., 2000).M2-
to-M1 macrophages conversion had been observed in the ESRD
patients and which are associated associated with metabolic shifts
from oxidative phosphorylation to glycolysis, indicates that
suppression of mitochondrial oxidative phosphorylation is
positively linked with inflammation and CKD (Ravi et al., 2014;
Quadri et al., 2019). Loss of control over mitochondrial biogenesis,
mitochondrial function or regulation affects fibrogenic phenotypes
in kidney cells (Qin et al., 2018; Srivastava et al., 2018; Chung et al.,
2019). The association among renal function, FAO, and bio-
energetics suggests that alterations in tubule cell metabolism lead
to CKD, DKD and activation of fibrogenic events (Kang et al.,
2015). Over-expression of peroxisome proliferator-activated
receptor alpha (PPARa) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1a) in epithelial cells,
or pharmacological activation of PPARa by fenofibrate were
reported to be renal protective in several mouse models of renal
fibrosis (Kang et al., 2015).

The Unifying hypothesis suggests that defects in
mitochondrial oxidative phosphorylation is a shared pathway
in the pathogenesis of microvascular complications of diabetes,
including diabetic nephropathy and CKD progression (Brownlee,
2005) however, the various aspects and validity of this theory
have been challenged and remain to be carefully addressed
(Galvan et al., 2017).

The present review will asses the association between the loss
of control over mitochondrial bioengergetics in CKD
development and, provide new insights into the role of
mitochondrial sirtuins in the regulation of kidney diseases. A
comprehensive analysis and its underlying mechanisms offer
future therapeutic approaches in the management of kidney
diseases.

LOSS OF MITOCHONDRIAL CONTROL IN
KIDNEY DISEASE

Evidence suggests that excessive production of mitochondrial
ROS is linked to cellular damage and progression of renal disease

(Galvan et al., 2017; Forbes and Thorburn, 2018). Autophagy
plays an essential role in the homeostasis of diverse cell types
including kidney endothelial cells. Autophagy defects in
endothelial cells lead to IL-6 (interleukin 6)-dependent
endothelial-to-mesenchymal transition (EndMT) and organ
fibrosis with metabolic defects in mice (Takagaki et al., 2020).
Mitophagy is the removal of damaged mitochondria and
recycling of useful components. Identification of the
Parkin–phosphoubiquitin complex, PINK–ubiquitin complex
and prohibitin 2, a mitophagy receptor contribute to
mitophagy (Kumar et al., 2017; Schubert et al., 2017; Wei
et al., 2017). Mitophagy regulatory mechanisms can be
ubiquitin-dependent or independent (Zachari and Ktistakis,
2020). In addition, mitochondrial dynamics are regulated by
the PINK1–Parkin pathway for proteasomal degradation by
targeting mitofusins (MFN) and Miro (outer mitochondrial
membrane protein) (Shirihai et al., 2015). In receptor-
mediated mitophagy, PHB2 (prohibitin 2) and cardiolipin
interactiom play a crucial role in LC3 impairment (Wei et al.,
2017; Zhou et al., 2020b). In diabetic nephropathy, mitochondrial
debris accumulation has been observed in the kidneys, suggesting
that defective clearance of abnormal mitochondria is associated
with disease (Sheng et al., 2018; Zhang et al., 2018). Calpain10,
which is a mitochondrial cysteine protease, is suppressed in
streptozotocin-induced diabetic rats which activate PINK1
(Smith et al., 2012). Calpain10 suppression causes reduction in
mitochondrial fusion and induction of mitochondrial fission and
autophagy, suggesting that calpain10 negatively regulates
mitochondrial autophagy in early diabetics (Smith et al.,
2012). However, researchers believe that in early diabetes,
removal of defective mitochondria takes place and
mitochondrial autophagy is compensatorially increased, which
is correlated with progression of diabetic nephropathy (Smith
et al., 2012; Yamahara et al., 2013).

NLRP3 inflammatory bodies regulate the secretion of IL-1β
and IL-18, which are the critical for the inflammatory response
(Kelley et al., 2019). Activated NLRP3 is linked to the activation of
caspase-1 (Kelley et al., 2019). This activated caspase-1 enhances
the formation of IL-1β and IL-18 by cleaving pro-IL-1β and pro-
IL-18 (Kelley et al., 2019). These interleukins are involved in both
the inflammatory response and the innate immune response in
the kidney cells. Higher ROS or mtDNA release activate NLRP3
inflammasome formation, whereas mitochondrial autophagy
inhibits NLRP3 inflammasomes (Zhuang et al., 2015).

ER stress is characterized by alteration in calcium homeostasis,
redox imbalance, impaired protein glycosylation and causes
misfolded proteins to gather in the ER lumen (Molino et al.,
2017). ER-mitochondria crosstalk and contact sites are crucial in
autophagosome formation (Molino et al., 2017). The ER-derived
mitochondria-associated membranes (MAMs) form contact sites
between the ER and mitochondria (Molino et al., 2017). MAMs
are involved in lipid biosynthesis, mitochondrial dynamics and
bioenergetics, and autophagy (Molino et al., 2017). MAMs
transmit stress signals from the ER to mitochondria (Molino
et al., 2017). In MCD patients, ER stress and higher release of
mitochondrial ROS accelerate the interstitial fibrosis
(Lindenmeyer et al., 2008). The elevated ROS level, ER
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dysregulation, and inflammasome are major factors in the
development of renal fibrosis in diabetic nephropathy (Quadri
et al., 2019).

LOSS OFMITOCHONDRIAL FUNCTIONS IN
GLOMERULAR CELLS

Glomerular disease is often linked to mesangial cell proliferation
and extracellular matrix deposition (Scindia et al., 2010).
Increased mesangial proliferation leads to ECM accumulation
and glomerular sclerosis (Scindia et al., 2010). Under high glucose
conditions, excessive ROS level, is associated with a decrease in
MnSOD activity, mtDNA copy number, mitochondrial
membrane potential, and ATP production (Xu et al., 2012).
Excessive ROS activate nuclear factor-κB signaling and
activated protein-1 and induce TGFβ1 which is associated with
inflammation, ECM synthesis, and glomerular sclerosis in
diabetic kidneys (Jha et al., 2016). ROS promote mesangial cell
proliferation and ECM synthesis by inducing ERK1/2) (Chen
et al., 2018). Cyt bc1 complex inhibitor stigmatellin and the
respiratory chain complex I inhibitor rotenone inhibit mesangial
proliferation and its associated ECM synthesis by suppressing
ROS production (Huang et al., 2009; Akool et al., 2012).

Podocytes, GBM and glomerular endothelial cells constitute
the glomerular filtration barrier (Garg, 2018). Disruption in the
permeability of the glomerular filtration barrier leads to
proteinuria (Garg, 2018). The complex formed by nephrin,
CD2AP, and podocin plays an important role in maintaining
the homeostasis of the glomerular filtration barrier (Mallipattu
and Kravets, 2020). Mutations in the mitochondrial gene A3243G
cause podocyte injury such as abnormalities in podocyte
mitochondria size and structure, aberrant podocyte cell bodies
and foot process fusion (Hotta et al., 2001). The puromycin
aminonucleoside-induced mouse model of glomerular sclerosis is
associated with a defect in oxidative phosphorylation, suppressed
mtDNA copy number, and downregulated expression of
respiratory chain enzyme complex subunits (Hagiwara et al.,
2006). Suppressed level of oxidative phosphorylation results in
podocytes cell apoptosis (Zhou et al., 2019). Mitochondrial fission
caused by high-glucose leads to effacement of podocyte foot
processes, through Drp-1 phosphorylation by Rho-associated
coiled-coil-containing protein kinase 1 (ROCK1) (Wang et al.,
2012). In addition, podocytes have shown higher mTORC-
associated autophagy levels while being unable to regenerate
(Cinà et al., 2012) and, as a result of compensatory podocyte
loss, parietal cells show fibrogenic responses (Hakroush et al.,
2014).

LOSS OF MITOCHONDRIAL FUNCTION
AND METABOLISM IN TUBULAR
EPITHELIAL CELLS
Fibrosis in renal tubules is a final common outcome in all kinds of
chronic kidney disease which lead to ESRD (Efstratiadis et al.,
2009; Liu et al., 2018).TECs are highly susceptible to damage (Liu

et al., 2018). Proteinuria, lipid loading, aberrant levels of
cytokines, ischemia, hypoxia, and hyperglycemia can damage
tubular functions (Liu et al., 2018). Injured TECs can undergo
phenotypic transitions into mesenchymal cell phenotypes via
epithelial-to-mesenchymal transition (EMT) (Grande et al.,
2015; Lovisa et al., 2015; Srivastava et al., 2019a). During EMT
events, altered sets of inflammatory cytokines disrupt normal
TECs structure and lead to fibrosis (Grande et al., 2015; Lovisa
et al., 2015; Srivastava et al., 2019a). mtDNA depletion and loss of
control over mitochondrial function induce EMT process and the
recovery of mtDNA and mitochondrial function can reverse the
EMT phenotype via gain of endogenous E-cadherin,
downregulation of α-SMA expression, and restoration of an
epithelial cell phenotype (Yuan et al., 2012). In folic acid-
induced and urinary obstruction renal fibrosis models,
deterioration in mitochondrial structure and function can
cause mitophagy and apoptotic necrosis, which lead to
defective fatty acid metabolism and accelerate interstitial
fibrosis (Kang et al., 2015; Bhargava and Schnellmann, 2017).
Induction of transforming growth factor (TGF)-β signaling is
involved in the pathogenesis of renal fibrosis (Meng et al., 2015;
Chung et al., 2018). The TGFβ/Smad3 pathway plays an
important role in EMT and EndMT events (Srivastava et al.,
2013). EMT and EndMT processes are key phenomena in the
formation of cancer-associated fibroblasts in diabetes (Amar
et al., 2020; Srivastava and Goodwin, 2020).TGFβ impairs
antioxidant status by enhancing pro-oxidant NADPH oxidase
(Wan et al., 2016).

In contrary to previous findings (Hickey et al., 2011), found
higher expression of key mitochondrial proteins from renal
biopsies from diabetic nephropathy patients, suggesting
mitochondrial biogenesis in renal fibrosis (Hickey et al., 2011).
The level of c-AMP is positively related with mitochondrial copy
numbers and ATP levels in the tubules (Ding et al., 2018).
Restoring cAMP levels by rolipram, a phosphodiesterase
(PDE4) inhibitor, improves kidney fibrosis by inhibiting the
mitochondrial biogenesis pathway regulator C/EBP-β /PGC1-α
(Ding et al., 2018). It was observed that monoallelic mutations in
the gene encoding glycine amidinotransferase (GATM), a renal
proximal tubular enzyme in the creatine biosynthetic pathway,
caused the abnormal aggregation of GATM (Reichold et al.,
2018).

The mitochondrial transcription factor A (TFAM) is the
crucial human mtDNA binding protein which is involved in
the expression and maintenance of mtDNA (Campbell et al.,
2012). TFAM regulates metabolic activities by directly targeting
PGC1a and PPARa (Scarpulla, 2008). Whole-body knockout of
TFAM in mice is lethal (Larsson et al., 1998); however, tubule-
specific knock out mice are associated with metabolic defects and
kidney fibrosis (Chung et al., 2019). TFAM regulates the
mitochondrial copy number and concentration of ATP
(Chung et al., 2019). Loss of TFAM in the tubules results in
cytokine activation and immune cell infiltration. TFAM
deficiency leads the mtDNA to move into the cytoplasm and
activate the stimulator of interferon genes (STING) pathway,
which, in turn, potentially lead to tubular cell apoptosis,
interstitial fibrosis and, renal failure. These results suggest that
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tubule cell-specific loss of TFAM or mitochondrial damage leads
to renal fibrosis not only by causing defective metabolism and
energy deficits but also by leaking mtDNA into the cytoplasm,
resulting in the activation of STING-dependent NF-kB pathways
(Chung et al., 2019). Induction of STING-associated renal
inflammation is an important downstream event in the
development of kidney disease and inhibiting the STING
pathway ameliorates disease development processes in the
kidney. Figure 1 depicts a schematic diagram showing the
functional importance of TFAM in tubular epithelial cells.

LOSS OFMITOCHONDRIAL FUNCTIONS IN
KIDNEY ENDOTHELIAL CELLS

Glomerular endothelial cells (GECc) regulate hemodynamic
homeostasis, ROS levels and metabolic homeostasis (Jourde-
Chiche et al., 2019). GECs affect the integrity of the filtration
barrier. Injuries to the endothelial cells lead to microvascular
occlusion, glomerular capillary function loss and glomerular
sclerosis (Jourde-Chiche et al., 2019). Loss of cristae
membranes in the mitochondria of endothelial cells have been
observed after ischemic injury in rats (Liu et al., 2014). Restoring
mitochondrial structure effectively reduces the loss of peritubular
capillaries and cortical arterioles (Liu et al., 2014). Endothelial cell
dysfunction results in microalbuminuria in early diabetic
nephropathy (Daehn, 2018). High glucose increases
mitochondrial superoxide anion production with resultant
decreased membrane potential and respiratory chain enzyme
complex I deactivation (Sivitz and Yorek, 2010). In the early
stages of the rat model of 5/6 nephrectomy, which is an
established model of chronic progressive renal injury, with
glomerular sclerosis and interstitial fibrosis are observed as
well as increased GECs proliferation and apoptosis (Kang
et al., 2002). Inflammation contributes to endothelial cell
damage through EndMT (Galle et al., 2003; Bogdanova and
Castellon, 2016; Zhou et al., 2020a). TNF-α stimulates
mitochondrial membrane permeability, thereby inducing
cytoplasmic entry of cytochrome c, induction of the
proapoptotic protein Bak and suppression of the anti-
apoptotic protein Bcl-xL (Meßmer et al., 2000). In addition,
mitochondrial oxidative stress induces EndMT (Lin et al.,
2018b; Thuan et al., 2018).

Interstitial endothelial cells play critical roles in health and
disease processes of the kidneys (Kanasaki et al., 2014; Shi et al.,
2015; Chung et al., 2019). Mitochondrial biogenesis and
dynamics are important events in determining endothelial cell
homeostasis (Wada and Nakatsuka, 2016; Hu et al., 2018). and
are central for stress responses, that includes cell-differentiation
and organ fibrosis (Stallons et al., 2014; Hu et al., 2018; Srivastava
et al., 2018). Das et al. reported that microRNAs regulate
mitochondrial function by regulating mitochondrial gene
expression (Das et al., 2017). MiR-let-7a regulates glucose
catabolism by generating ROS in cancinoma cells (Serguienko
et al., 2015). Downregulation of miR-let-7 genesis has critical
roles in aerobic glycolysis (Ma et al., 2014). Additionally, the
clusters of miR-let-7 have diverse and critical roles in endothelial
cell function and metabolism (Srivastava et al., 2013; Srivastava
et al., 2014; Hu et al., 2018). Targeting the miR-let-7 biogenesis
pathway can affect mitochondrial structure and function (Hu
et al., 2018) and among all clusters of the miR-let-7 family, miR-
let-7b is well-known to contribute to mitochondrial biogenesis
(Kuppusamy et al., 2015). The fibroblast growth factor (FGF)/
FGFR1 signaling pathway plays a crucial role in regulating both
mitochondrial biogenesis and dynamics and endothelial cell
homeostasis (Li et al., 2017a; Hu et al., 2018).

N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP), an
endogenous tetrapeptide, plays a crucial role in kidney cell
homeostasis (Srivastava et al., 2016; Srivastava et al., 2020b).

FIGURE 1 | Mitochondrial damage leads to renal inflammation and
fibrosis. Mitochondrial transcription factor A (TFAM) is critical in the regulation
of mtDNA structure, replication, and stability. Suppression of TFAM is a key
event in renal fibrosis in 2 ways: 1) By leading to the leakage of mtDNA in
the cytosol which activates the STING pathway and results in transcription of
NFkB-associated cytokines and release of cytokines outside the cells, induces
pathological inflammation in tubular cells and neighboring cell types i.e.
macrophages. Higher release of cytokine may influence macrophage-to-
mesenchymal transition and epithelial-to-mesenchymal transition and
contribute to the accumulation of mesenchymal-like cells in the extracellular
matrix; 2) Deficiency of TFAM causes reduced oxidative phosphorylation that
is involved in the alteration of metabolic shifts and metabolic insults, influences
the reactive oxygen species level; cumulative effects may lead to epithelial-to-
mesenchymal transition program and accumulations of EMT-derived
myofibroblasts in the extracellular matrix and contributes to renal injury and
renal fibrosis.
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AcSDKP induces the expression of FGFR1 and miR-let-7 in
diabetic endothelium (Nagai et al., 2014; Nitta et al., 2016;
Srivastava et al., 2016; Srivastava et al., 2019a). FGFR1 is
required for the action of AcSDKP in regulating endothelial-
mitochondrial dynamics by controlling miR-let-7b genesis (Hu
et al., 2018). The FGF21/FGFR1 axis accelerates mitochondrial
biogenesis in an AMP-activated-protein-kinase (AMPK)-
dependent manner (Wang et al., 2016). miR-let-7a and miR-
let-7b preserve endothelial cell-mitochondrial biogenesis and
protect endothelial cells by mitigating ROS generation (Bao
et al., 2014). In summary, mitochondrial dynamics,
mitochondrial biogenesis, and mitophagy, play key roles in
endothelial cell function and homeostasis (Sanchis-Gomar
et al., 2014). Endothelial cell SIRT3 and endothelial cell
glucocorticoid receptor deficiency is associated with
endothelial-to-mesenchymal transition in the kidneys and
endothelial FGFR1 deficiency results in severe organ fibrosis in
both the kidney and heart via the induction of AcSDKP-resistant
EndMT (Li et al., 2020a; Srivastava et al., 2020c). Figure 2 depicts
the functional importance of FGFR1-miR-let-7s axis in the
regulation of mitochondrial dynamics and suppression of
FGFR1-miR-let-7s axis is associated with activation of
endothelial-to-mesenchymal transition in the kidney.

MITOCHONDRIA-TARGETTED
THERAPEUTICS IN KIDNEY DISEASES

In vitro and in vivo studies confirm the involvement of
microRNAs in the pathogenesis of kidney diseases (Srivastava
et al., 2019a; Metzinger-Le Meuth et al., 2019; Nascimento and
Domingueti, 2019). Several microRNAs play a crucial role in
mitochondria (Gomez et al., 2013; Jaquenod De Giusti et al.,
2018; Bai et al., 2019). MiR-30e is suppressed in renal fibrosis, and

its antagonism exerts an antifibrotic effect by targeting
mitochondrial protein UCP2 (Jiang et al., 2013a). miR-21
contributes widely to organ fibrosis by acting on energy
metabolism. miR-21 antagonism suppresses ROS production
and significantly reduces glomerular sclerosis, interstitial
fibrosis, and inflammatory responses (Chau et al., 2012;
Kolling et al., 2017). miR-17 is capable of mitochondrial
metabolism and promotes the growth of polycystic kidney
cysts (Hajarnis et al., 2017).

The renal cortex of db/db mice have reduced levels of total and
oxidized forms of Coenzyme Q10 and intervention with Q10
ameliorated mitochondrial functions and suppressed collagen
deposition in these diabetic kidneys (Sourris et al., 2012).
Similarly, supplementation of Q10 suppressed ROS levels and
ameliorated renal function in nephrectomized rats (Ishikawa
et al., 2010). Q10 mitigates nicotine-induced oxidative stress in
tubular epithelial cells through activating the non-mitochondrial
fork protein p66shc (Arany et al., 2016). A clinical randomized
trial showed that hemodialysis patients benefitted from daily use
of 1,200 mg of Q10 per day to control oxidative stress (Rivara
et al., 2017).

MitoQ is used as a mitochondria-targeted antioxidant, exerts a
protective effect on lipid peroxidation and oxidative stress (Kelso
et al., 2001). MitoQ is known to reduce oxidative stress and
protect renal function in the ischemia-reperfusion-induced renal
injury (Rouschop et al., 2005) and has antifibrotic effects in
Ins2Akita mouse model of type I diabetic nephropathy
(Chacko et al., 2010) and in db/db mice (Ward et al., 2017).
MitoQ suppresses oxidative stress through inducing autophagy,
inhibiting mitochondrial membrane potential, suppressing
fission protein Drp1, and restoring fusion protein Mfn2
expression in tubular epithelial cells (Xiao et al., 2017). MitoQ
prevents hypertension, stimulates endothelial NO bioavailability
and improves kidney structure in spontaneously-hypertensive

FIGURE 2 | FGFR1-miR-let-7 axis maintains endothelial cell homeostasis by regulating mitochondrial dynamics and integrity through modulating SIRT3. In healthy
endothelial cells, FGFR1-miR-let-7 maintains mitochondrial dynamics and influences SIRT3; however, suppression of the FGFR1-miR-let-7 axis disrupts the miR-29
level and SIRT3 level, and ultimately disrupts mitochondrial biogenesis and integrity. Cumulative effects of suppressed levels of FGFR1-miR-let-7 axis and SIRT3 lead to
the activation of pro-mesenchymal signaling, Wnt signaling, BMP, Notch, and TGF-β signaling; resulting in EndMT events and accumulation of EndMT-derived
myofibroblasts.

Frontiers in Pharmacology | www.frontiersin.org December 2020 | Volume 11 | Article 5439735

Srivastava et al. Mitochondrial Control in Kidney

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


rats (Graham et al., 2009). Oral MitoQ is in phase II clinical trials
(Gane et al., 2010) (Snow et al., 2010).

SS-31 is a small peptide which suppresses excess ROS,
stabilizes mitochondrial membrane potential, prevents
cytochrome c translocation, and is associated with fibrogenesis
in 5/6 nephrectomized rats (Zhao et al., 2017b). SS-31
significantly reduced tubular apoptosis, macrophage infiltration
and maintained the integrity of mitochondrial function while
inhibiting renal fibrosis in the UUO rat model (Mizuguchi et al.,
2008) and in rat model of ischemia-reperfusion (Zhang et al.,
2019). SS-31 restored mitochondrial function in podocytes
(Sweetwyne et al., 2017) and parietal epithelial cells (Zhao
et al., 2013), and reduced fibrosis in glomeruli and endothelial
cells (Sweetwyne et al., 2017).

Rapamycin, an inhibitor of mTORC1, regulates mitochondrial
autophagy (Bartolomé et al., 2017). Activation of the mTOR
signaling pathway is the key pathogenic mechanism in diabetic
kidney disease (Lloberas et al., 2006). Rapamycin inhibits kidney
fibrosis, glomerulosclerosis, proteinuria and mesangial matrix
deposition through mitigating the activation of mTOR
(Lloberas et al., 2006; Li et al., 2019). Rapamycin can inhibit
both mTORC1 and mTORC2 (Kawata et al., 2018). Rapamycin
therapy is limited due to its side effects such as
immunosuppression, and glucose intolerance in type II
diabetic mice by reducing mTORC2 (Lamming et al., 2012)
(Schreiber et al., 2019). mTORC2 regulates autophagy genes
by FOXO3a phosphorylation and activation of the Akt
pathway (Hung et al., 2012) (Chen et al., 2013). FOXO3a
regulates mitochondrial autophagy through LC3, Bnip3, Nix,
Atg4b, and Atg12l (Higgins and Coughlan, 2014). Further
research is needed to establish rapamycin and its analogs as
safe measures for treating fibrotic renal disease.

METABOLIC CONTROL BY
POSTTRANSLATIONAL MODIFICATIONS
IN MITOCHONDRIA
Metabolic control switches depend on the availability and scarcity
of fuel. These regulatory mechanisms are highly conserved
throughout evolution and affect many cellular signaling
pathways linked to food intake and bioenergetics (Finkel et al.,
2009; Morigi et al., 2018). Reversible acetylation is one important
mechanism that regulates metabolic processes in mitochondria
(Guan and Xiong, 2011). Reversible acetylation is regulated by the
antagonistic activities of protein acetyltransferases (KATs) and
deacetylases (HDACs) (Guan and Xiong, 2011). These proteins
are encoded by multigene families, and are nuclearly-encoded
(Guan and Xiong, 2011). In mammalian cells, thirty KATs and
approximately eighteen HDACs are known (Guan and Xiong,
2011). The eighteen HDACs are classified into four types. Class I
and II, which consist of ten members, are called “classical”
HDACs; the enzyme activity of these classical HDACs can be
repressed by trichostatin A, excluding HDAC11 that is
unresponsive to trichostatin A. Class III HDACs, known as
SIRTs (sirtuins), include 7 members and all are structurally
different from HDACs. Most of the SIRTs need nicotinamide

adenine dinucleotide (NAD+) as a co-substrate and are repressed
by nicotinamide (NAM); however, these are unaffected by
trichostatin A treatments (Guan and Xiong, 2011). Increasing
evidence suggests metabolic function of these SIRTs whereas, the
function of KATs and HDACs are less clear (Guan and Xiong,
2011). Out of the eleven HDACs, 4 (HDACs: 1, 2, 8, and 11) are
localized in the nucleus and six (HDACs: 3, 4, 5, 7, 9, and 10) are
either dispensed in or channeled between the nucleus and the
cytosol (Seto and Yoshida, 2014). HDAC7 has been found to
localize to the mitochondria (Seto and Yoshida, 2014).

Moreover, out of the seven SIRTs, SIRT3, 4, and 5 reside in
mitochondria while SIRT2 is found in the cytosol and SIRT1 has
been reported to be present in both the nucleus and the cytosol
(Seto and Yoshida, 2014; Morigi et al., 2018). Figure 3
demonstrates the subcellular localization and biological
functions of these sirtuins. The presence of many situins in
mitochondria suggests a crucial role of metabolic control by
the mitochondria (Wakino et al., 2015; Hershberger et al.,
2017). Studies of several sirtuins in different model organisms
have suggested that sirtuin genes play a role in life span, caloric-
restriction, nutrient responses and bioenergetics (Lin et al., 2000;
Finkel et al., 2009).

Deacetylase and Autosomal Dominant
Polycystic Ribosylase Activity
In humans, the deacetylase domain of SIRTs is distinct from class
I and class II HDACs, which are zinc dependent. SIRTs utilize one
NAD+ to produce acetyl-ADP-ribose and NAM in the
deacetylation process. Defective mitochondrial pathways can
lead to metabolic diseases, oxidative damage, organ fibrosis
and cancer (Pearce et al., 2009; Kang et al., 2015; Carrico
et al., 2018; Srivastava et al., 2018). A proteomic approach
revealed that twenty percent of mitochondrial proteins that are
involved in life-span control and in metabolic control are present
in the acetylated form (Kim et al., 2006). Reversible deacetylation
of mitochondrial proteins is a crucial mechanism of metabolic
control (Carrico et al., 2018). Acetyl-CoA and NAD+ are critical
markers of energy levels in cells. Acetyl CoA is the substrate for
histone acyl transferases while NAD+ is a co-substrate for SIRTs
(Carrico et al., 2018). The deacetylation processes of
mitochondrial SIRTs are known to have key roles in metabolic
shifts in cancer cells (Carrico et al., 2018).

The deacetylation ability of the histone H4 peptide is different
among the sirtuins. SIRT 1, 2, 3, 4, 5, 6, and 7 show increased
tendencies toward histone H4 polypeptide whereas, SIRT 1,4,6
have mono-ADP-ribosylation activity (Lee et al., 2019). SIRT1
deacetylates histones, p53, Ku70 and FOXO. Among the sirtuins,
only SIRT 2 deacetylates tubulin (Morigi et al., 2018). Similarly,
the mono-ADP-ribosylating activity of sirtuins differs among
different groups and is associated with SIRT4 and SIRT6. Mono-
ADP-ribosylation is a process in which ADP-ribose from
nicotinamide-adenine-dinucleotide is moved to the target
acetylated protein (Carrico et al., 2018). This process is highly
conserved from bacteria to humans (Saunders and Verdin, 2007).
In addition to mono-ADP-ribosylation, SIRT4 has robust
deacylase activity as well as substrate-dependent lipoamidase
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and deacetylase properties (Lee et al., 2019; Tomaselli et al., 2020).
Beside deacetylase activity, SIRT5 has also been found to have
demalonylase and desuccinylase activity (Lee et al., 2019).

Regulation of Mitochondrial Sirtuins
Among all mitochondrial SIRTs, SIRT3 mainly targets those
proteins that are involved in metabolic homeostasis (Lombard
et al., 2007; Houtkooper et al., 2012). For example, SIRT3 targets
long-chain acyl CoA dehydrogenase, a key protein in FAO in
prolonged fasting conditions (Hirschey et al., 2010). Deficiency of
Sirt3 disrupts lipolysis, and lipid catabolism, and thus promotes
diet-induced obesity (Hirschey et al., 2011). SIRT3 deacetylates 3-
hydroxy-3-methylglutaryl-CoA-synthase 2, which controls the
synthesis of ketone bodies, a crucial energy source for the brain
under fasting conditions (Shimazu et al., 2010). During caloric
restriction, SIRT3 induces the enzyme activitiy of isocitrate
dehydrogenase (Someya et al., 2010), glutamate dehydrogenase
and the enzymes of the TCA cycle (Lombard et al., 2007). SIRT3
deacetylates components of ETC such as complex I, complex II
and complex III, and these are associated with oxidative-
phosphorylation, the final stage of aerobic respiration (Ahn
et al., 2008; Finley et al., 2011b; Jing et al., 2011). In addition,
SIRT3 protects cells from oxidative stress by mitigating ROS
levels (Someya et al., 2010; Jing et al., 2011) and activating the
enzyme activity of superoxide-dismutase 2, a key antioxidant
enzyme in mitochondria (Qiu et al., 2010). Caloric restriction
increases SIRT3-associated deacetylation of IDH2, thereby
increasing the reduced-to-oxidized glutathione ratio, and
hence iinhibiting ROS (Someya et al., 2010).

SIRT4 primarily plays a role in metabolic control (Han et al.,
2019). SIRT4 inhibits the GDH enzyme activity by ADP-
ribosylation, and hence, blocks amino-acid-linked insulin
secretion (Argmann and Auwerx, 2006). As a result, SIRT4
knock out mice have elevated levels of plasma insulin, in fed,

as well as fasted,conditions (Argmann and Auwerx, 2006). In
addition, SIRT4 controls FAO in cultured hepatocytes and
myotubes, and knockdown of SIRT4 in the liver is associated
with higher FAO (Nasrin et al., 2010). Interestingly, SIRT3 and
SIRT4 have shown antagonistic properties in the regulation of
GDH (Haigis et al., 2006; Lombard et al., 2007) and FAO
(Hirschey et al., 2010; Nasrin et al., 2010). Further scientific
advancement is required to analyze how SIRT3 and SIRT4
coordinate similar nutrient states to achieve opposite responses.

SIRT5 deacetylates CPS1 in a fasting state and promotes
ammonia detoxification in the urea cycle (Nakagawa et al.,
2009). SIRT5 may not primarily act as a deacetylase
(Nakagawa et al., 2009) however, it acts as a demalonylase and
desuccinylase (Peng et al., 2011), even for the described
deacetylase target CPS1 (Du et al., 2011).

Sirtuin3 Regulates Mitochondrial Dynamics
In spite of the oval-shaped structure of mitochondria, these
organelles can exist in an active, dynamic nexus and
continuously go through fission and fusion phenomena
(Lesnefsky et al., 2001; Otera and Mihara, 2011; Chan, 2012).

Mitochondria divide by a simple binary fission process which
requires only mtDNA for its function (Otera and Mihara, 2011;
Chan, 2012). Both fission and fusion are highly linked to
replication of mtDNA. Several proteins involved in the fission
process have been implicated in mitochondrial diseases (Otera
and Mihara, 2011; Chan, 2012).

Mitochondria maintain their active dynamic form by
coordinating networks and sustaining a series of fusion
(mitofusin-2, MFN-2; optic atrophy protein 1, OPA1) and
fission cycles (dynamin-related protein-1, DRP1) (Dorn et al.,
2015; Wada and Nakatsuka, 2016). The effector molecules differ
in the outer and inner membranes of the mitochondria (Wada
and Nakatsuka, 2016). Membrane-bound dynamins arbitrate

FIGURE 3 | Sub-cellular localization of diverse types of sirtuins and their functional properties. SIRT1, SIRT6, and SIRT7 localize in the nucleus; SIRT3, SIRT4, and
SIRT5 localize in mitochondrial; however only SIRT4 is known to reside in the cytosol. SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, and SIRT7 have deacetylation
properties; SIRT1, SIRT4 and, SIRT6 have ADP-ribosylation activity, however, SIRT5 has two unique properties of demalonylation and desuccinylation. These functional
differences make each sirtuin of diverse biological importance in renal health.
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fusion between outer-membranes and are identified asMFN1 and
MFN2 proteins (Wada and Nakatsuka, 2016). However, a single-
dynamin OPA1 coordinates fusion processes between inner-
membranes (Wada and Nakatsuka, 2016). This protein is well-
conserved among mammals, flies, and yeast. OPA1 is anchored to
the inner membrane of mitochondria. OPA1 assists in preserving
cristae structure and protectscells from apoptosis (Frezza et al.,
2006). SIRT3 can directly target OPA1 (Samant et al., 2014).
OPA1 is hyper-acetylated under stress conditions, and
hyperacetylated OPA1 reduces its GTPase enzyme activity,
thereby mitigating its biological functions (Frezza et al., 2006).
SIRT3 activates OPA1 by deacetyation and consequently alters
mitochondrial dynamics (Samant et al., 2014). Therefore, SIRT3
activates the function of mitochondria not only by affecting the
enzyme activity level but by directly regulating mitochondrial
dynamics by activating OPA1 (Samant et al., 2014). The DRP1
protein, a dynamin protein of large GTPases, positively regulates
the mitochondrial fission process by pinching off the membrane
stalk between two forming daughter mitochondria (Dorn et al.,
2015; Wada and Nakatsuka, 2016). SIRT3-loss is associated with
activation of mitochondrial-fission by moldulating DRP1
protein level.

Sirtuin3 in Renal Health and Metabolism
SIRT3 plays a major role in kidney health. Available evidence
suggests that SIRT3 maintains mitochondrial energy homeostasis
in proximal and distal tubule compartments (Morigi et al., 2018).
A role for SIRT3 in the regulation of tubular-cell homeostasis has
also been demonstrated and suggests that SIRT3 regulates
microtubule-dependent transport of mitochondria among
tubular epithelial cells, which is a process that conserves cell
bioenergetic profiles and antioxidant mechanisms (Morigi et al.,
2018).

However, our recent studies suggest that SIRT3 has a
protective role in renal fibrosis and diabetic kidney disease
(Srivastava et al., 2018). Renal fibrosis is the dominant cause
of end-stage renal disease across the world (Roxburgh et al.,
2009). It is characterized by deposition of collagen,
myofibroblasts, and pro-inflammatory cells (Zeisberg et al.,
2003; LeBleu et al., 2013). Renal fibroblasts have a crucial role
in such fibrotic events, but, the genesis of these fibroblasts is not
clear (Grande and Lopez-Novoa, 2009; Zeisberg and Neilson,
2010; Liu, 2011; Schrimpf and Duffield, 2011; Grgic et al., 2012;
Srivastava et al., 2013; Srivastava et al., 2019b).

Available data suggest that activated myofibroblasts and
fibroblast formation are caused by activated resident
fibroblasts and/or activation of mesenchymal cell
differentiation processes in neighboring cells such as epithelial
cells, endothelial cells, pericytes and M2-derived macrophages.
(Srivastava et al., 2013; Srivastava et al., 2019b). SIRT3 acts as a
tumour-suppressor, maintains stability in the genome (Kim et al.,
2010) and inhibits the features of organ fibrosis by mitigating
TGF-β/Smad signaling (Sundaresan et al., 2009; Chen et al., 2015;
Sundaresan et al., 2015; Bindu et al., 2017; Sosulski et al., 2017).
However, during the cell-to-cell transition process, the metabolic
switch is altered (Jiang et al., 2013b; DeNicola and Cantley, 2015;
Liu et al., 2016). Thus, the fuel choice or energy sources of these

injured cells is a matter of ongoing debate (Jiang et al., 2013b;
DeNicola and Cantley, 2015; Liu et al., 2016). These
reprogrammed metabolic shifts cause production of
myofibroblast precursors and may assist in fibroblast growth
and survival (Zeisberg et al., 2003; Kalluri and Weinberg, 2009;
Jiang et al., 2013b).

Sirtuin3, in Association With Activated
STAT3, Regulates Aberrant Glycolysis
In response to cytokines, signal transducer and activator of
transcription (STAT)3 phosphorylation on its tyrosine 705
residue (Y-P) is mediated by receptor-associated JAK kinases
(Schindler et al., 2007). Tyrosine705 phosphorylation causes
dimerization and translocation from the cytosol to the nucleus
where it binds to gene promoters and modulates the transcription
(Yu et al., 2014). Besides regulation by phosphorylation on Tyr705,
STAT3 is also regulated by phosphorylation on Ser727 by some
members of the MAP kinases. Ser727 phosphorylation is a
secondary step for enhancing transcriptional activity of STAT3
(Wen et al., 1995). STAT3 is mainly regulated by the cytokine IL-
6 and other cytokines such as IL-11 and IL-27 which work
through a gp130 signal transducer in their receptors (Zhong
et al., 1994; Niemand et al., 2003). IL-10, IL-21 and leptin can also
activate STAT3 which is independent of gp130 signal
transduction (Niemand et al., 2003). STAT3 activation is also
regulated by phosphatases and by the Suppressors of Cytokine
Signaling (SOCS), which interfere with nuclear translocation or
promote STAT3 degradation (Ward et al., 1994).

STAT3 affects energy metabolism by influencing the pathways
both at nucleus and the mitochondrion, depending on specific
post-transcriptional modifications (Y-P or S-P) triggered by
diverse stimuli (Poli and Camporeale, 2015). Y-P nuclear
STAT3 accumulation mediates transcriptional upregulation of
HIF1α and the downregulation of mitochondrial genes (Poli and
Camporeale, 2015). This leads to aberrant aerobic glycolysis,
suppressed ETC activity, and decreased ROS generation, thus
enhancing cell-proliferation and inhibiting apoptosis (Poli and
Camporeale, 2015). S-P STAT3 mitochondrial activity also leads
to increased cell-proliferation and limits apoptosis through
retaining ETC activity, stimulating aerobic glycolysis,
decreasing ROS generation, and inhibiting the opening of the
mitochondrial permeability transition pore (Poli and
Camporeale, 2015; Meier et al., 2017).

STAT3 promotes Complex I activity and mitochondrial
respiration by binding on GRIM-19, which is a component of
Complex I of the electron transport chain (ETC) (Lufei, 2003). In
addition, STAT3 can bind to Complex II or Complex V (ATP
synthase) and modulates ATP production (Gough et al., 2009).
Mitochondrial STAT3 binds to cyclophilin D, and inhibits the
opening of the mitochondrial permeability transition pore, hence
reducing ROS generation (Meier et al., 2017). GRIM-19 functions
as a chaperone which helps in recruiting STAT3 to the
mitochondrial inner membrane complex and the
mitochondrial importer Tom20 is involved in STAT3
recruitment into mitochondria (Boengler et al., 2010;
Tammineni et al., 2013). Mitochondrial recruitment of Stat3 is
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enhanced by its acetylation, but the mechanism remains unclear;
mitochondrial sirtuins may be involved in this mechanism (Xu
et al., 2016b). The role of mitochondrial STAT3 has been
demonstrated primarily in cancer, cardiology, neuroscience,
organ fibrosis and in diabetic kidney disease (Yang and
Rincon, 2016). JAK inhibitors and STAT3 inhibitors may have
the potential to develop a new generation of therapeutics (Rincon
and Pereira, 2018).

Recent studies suggest that SIRT3 deficiency in diabetic
kidneys leads to the induction of aberrant glycolysis and
linked fibrogenic programming through activation of the
TGFβ/Smad3 signaling pathway in tubular epithelial cells that
promotes an epithelial-to-mesenchymal transition program
(Srivastava et al., 2018). SIRT3 deficiency-linked abnormal
glycolysis is due to higher PKM2-dimer formation, HIF1α and
activated STAT3 signaling (Srivastava et al., 2018; Li et al., 2020b).
Disruption in glucose metabolism is associated with metabolic
reprogramming in damaged cells and mesenchymal activation
and gain of fibrogenic properties in diabetic kidneys (Srivastava
et al., 2018). Suppression of SIRT3, HIF-1α accumulation and
STAT3 phosphorylation are linked with EMT phenotype and
defective glucose metabolism (Finley et al., 2011a; Palmirotta
et al., 2016). Inhibition of glycolysis by either by 2-deoxy-glucose
(2-DG) or with dichloroacetate (DCA) leads to reduction in EMT
processes and cancer cell metastasis (Sottnik et al., 2011; Lu et al.,
2015; Zhao et al., 2017a). HIF-1α and STAT3 phosphorylation in
renal epithelial cells is linked to mesenchymal activation and
renal fibrogenesis (Higgins et al., 2007; Sun et al., 2009).
Proximal-tubular-cells (PTCs) are widely unprotected to
excessive glucose uptake from the urine in severe-diabetes; it
may possible that the urinary glucose can be utilized as a substrate
for glycose catabolism by TECs (Hato et al., 2016). Hence,
cumulative effects of SIRT3 deficiency and HIF-1α
accumulation and defective central metabolism, triggered by
higher glucose reabsorption, stimulate PTCs to transform into
an intermediate-type mesenchymal- and complete-mesenchymal
cell phenotype (Srivastava et al., 2018). In our study, it was
demostated that loss of SIRT3-linked PKM2 tetramer-to-
dimerization occurred in diabetic kidneys and in cultured
TECs exposed to high-glucose-stimulated cell media
(Srivastava et al., 2018). PKM2-dimerization causes
transactivation of HIF1α and is a crucial mechanism for
abnormal glucose metabolism in cancer cells by enhancing the
Warburg effect (Greer et al., 2012; Soga, 2013; Palsson-
McDermott et al., 2015).

The pathogenic role of defective glucose metabolism has been
demonstrated in diabetic kidney disease (Qi et al., 2017). Tubular
interstitial pathology was improved with increased enzyme
activity of the PKM2 tetramer (Qi et al., 2017). TEPP-46
induced PKM2 tetramer formation, suppresseed accumulation
of fibronectin and type-I-collagen, and mitigated TGFβ1 levels in
the injured tubules. Conversely, TEPP-46 has less effect on
glomerular collagen deposition since TGFβ1 signaling is higher
in damaged tubules and not induced in the glomeruli of diabetic
kidneys (Qi et al., 2017). This study suggests that aberrant
glycolysis in TECs confers a renal disease phenotype in
diabetes. Higher SIRT3 expression levels inhibit glucose-

stimulated cell-senescence through FOXO1-mediated signaling
mechanisms (Zhang et al., 2013) and enhance cellular resistance
to oxidative stress damage (Morigi et al., 2018).

SGLT2 inhibitors and glycolysis inhibitors act primarily on
kidney proximal tubular cells. One recent study suggests that
SGLT2 inhibition and glycolysis inhibition in diabetic tubules
impact central metabolism through restorating SIRT3 protein
level, by causing a reduction in EMT events reducing abnormal
glycolysis attributed to STAT3-phosphorylation, HIF1α-
transactivation and PKM2-dimerization (Li et al., 2020b).
SGLT2 inhibition suppresses EMT events in proximal tubular
cells and linked EndMT in perivascular endothelial cells (Li et al.,
2020b) and has been the focus of intensive discussion as a
potential source of myofibroblasts (Srivastava et al., 2019a).
TECs are injured in diabetic kidneys. They undergo
phenotypic changes and acquire the features of matrix-
generating mesenchymal cells, and fibrogenesis markers such
as αSMA, fibronectin and FSP1. Renal fibrosis is influenced by
intercommunication among several cell types in the kidney
(Srivastava et al., 2019b). EMT influences the mesenchymal
activation of perivascular endothelial cells, pericytes and
macrophages through soluble-factors. Figure 4 represents the
role of aberrant glucose metabolism in the induction of EMT
events. EMT releases soluble factors that may accelerate EndMT
events in diabetic kidneys.

Sirtuin3 Deficiency Disrupts Fatty Acid
Oxidation
PTECs require excessive energy for proper function and have
enormous quantities of functional mitochondria. Free fatty acids
(FAs) are used as the most favored metabolic fuel for TECs, since
catabolism of FAs synthesizes more ATP per molecule than does
glucose catabolism (Kang et al., 2015). FA uptake is facilited by
the transporter protein CD36, and fatty acids transporter proteins
(Susztak et al., 2005). Catabolism of FFAs is dependent on
transport into mitochondria that is catalyzed thorugh
carnitine-palmitoyltransferase 1 (CPT1) (Schug and Li, 2011).
The peroxisome-proliferator-activated-receptor-α (PPARα) and
PPAR-γ-coactivator-1α (PGC1α) are crucial transcription factors
that control the expression of genes/proteins in FA uptake and
oxidation (Tran et al., 2011; Kang et al., 2015). In healthy TECs,
FA uptake, FAO and FA biosynthesis are highly regulated to
abstain from intra-cellular lipid deposition (Kang et al., 2015).
The accumulation of lipids in TECs and their pathological role in
acute and diabetic kidney disease is the subject of debate among
researchers (Decleves et al., 2014; Srivastava et al., 2014). In
addition, defective FA utilization and oxidations leads to
mesenchymal activation and fibrogensis (Kang et al., 2015)
since higher triglyceride accumulation in TECs catalyzes
lipotoxicity, and augments the induction of mesenchymal
activation and progression of kidney fibrosis (Decleves et al.,
2014).

In diabetic kidneys with tubules undergoing mesenchymal cell
formation, SIRT3 suppression is associated with defective FAO
and concomitant induction of abnormal glycolysis (Srivastava
et al., 2018; Srivastava et al., 2020b). Defective fatty acid oxidation
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has been found to play a critical role in humans and in mouse
models of tubulointerstitial fibrosis (Kang et al., 2015; Srivastava
et al., 2020b). Injured tubulointerstitial cells have been shown to
have suppressed levels of regulatory enzymes of FAO and
accumulation of intracellular lipids (Kang et al., 2015). FAO
inhibition in TECs by the small molecule etomoxir causes ATP-
deficits, cell-death, cell-differentiation, and lipid-accumulation,
mimicking features of renal fibrosis (Kang et al., 2015). However,
normalizing FAO by genetic or pharmacological means using
small chemicals protects against renal fibrosis, suggesting that
normalization of the renal-metabolic abnormality might be
utilized for the treatment of chronic kidney disease (Kang
et al., 2015).

Sirtuin4 in Renal Health and Metabolism
SIRT4 is a critical molecule in mitochondrial physiology.
Researchers have investigated a pathological connection
between SIRT4 and diabetic nephropathy in high-glucose-
stimulated cultured podocytes (Shi et al., 2017). Glucose
stimulation remarkably induces podocyte apoptosis which is
associated with diminished protein levels of SIRT4, suggesting
that SIRT4 suppression is critical in diabetic nephropathy (Shi
et al., 2017). Over-expression of SIRT4 suppresses podocyte
apoptosis, stimulates mitochondrial-membrane potential and
decreases ROS generation (Shi et al., 2017). SIRT4-
overexpression suppresses the level of apoptosis-linked effector
molecules such as NOX1, Bax and p38 phosphorylation and
increases the Bcl-2 protein expression in high-glucose-treated
cultured podocyte cells (Shi et al., 2017). These results
demonstrate that SIRT4 overexpression protects against
hyperglycemia-associated podocyte cell death and ROS
generation and that deficiency of podocyte SIRT4 represents a
critical development in the understanding of diabetic
nephropathy (Shi et al., 2017).

SIRT4 inhibits renal tumor metabolism, especially glutamine
metabolism, and therefore functions as a tumor suppressor gene
in the kidneys (Jeong et al., 2013). It is thought to be a gatekeeper
of glutamine metabolism energetics (Mathias et al., 2014). Indeed,
a metabolic shift is a hallmark of all types of tumors (Faubert
et al., 2013). Tumor cells typically showWarburg metabolism and
are dependent on enhanced glucose and glutamine uptake and
catabolism to meet the large energy demand for tumor
development (Daye and Wellen, 2012). In the future, it will be
desirable to determine the corelation between SIRT4 levels and
the prognosis of renal clear cell carcinoma, pending the existence
of a suitable number of patients, which would allow further
analysis of the influence of SIRT4 on the biological behavior
of these cancer cells.

Sirtuin5 in Renal Health and Metabolism
SIRT5 has diverse, unique functional properties in its substrate
choice for succinyllysine, malonyllysine, and glutaryllysine; it
enhances fatty acid oxidation in hepatcytes and cardiac
myocytes (Rardin et al., 2013; Du et al., 2018). Intriguingly,
SIRT5 has been shown to localize to peroxisomes as well
(Chiba et al., 2019). In contrast to its effect on mitochondrial
FAO, SIRT5 suppresses peroxisomal FAO in vitro and in rodent
liver (Chiba et al., 2019). SIRT5 knock out mice are protected
against ischemic- and cisplatin-mediated AKI (Chiba et al., 2019).
Although the mitochondrial function is moderately suppressed in
SIRT5 KO kidneys, the peroxisome function is increased in
kidneys from mice subjected to acute kidney injury (Chiba
et al., 2019). These results suggest that SIRT5 controls the
balance of mitochondrial versus peroxisomal FAO in PTECs
and protects from acute kidney injury (Chiba et al., 2019).

The loss-of-function of SIRT5 is renoprotective (Chiba et al.,
2019). The role of SIRT5 is antagonistic to that of SIRT1 and
SIRT3, as their loss promotes acute kidney injury. Knock-down of

FIGURE 4 | Defective central metabolism in diabetic tubular epithelial cells. Diabetic tubular epithelial cells have higher expression of SGLT-2 which transports urine
glucose into tubular cells. Excess glucose accumulates in the cytosol which results in activation of SIRT3 deficiency-linked disruption in central metabolism. This defective
central metabolism is characterized by PKM2-and STAT3-linked aberrant glycolysis and suppression of fatty acid oxidation. Defective central metabolism contributes to
EMT events. These EMT events produce and release soluble factors which affect the homeostasis of endothelial cells and induce EndMT events in the kidneys.
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SIRT3 in proximal tubular epithelial cells disrupts mitochondrial-
fatty acid oxidation through hypersuccinylation and therefore,
reduces the enzyme activity of key proteins involved in FAO
(Chiba et al., 2019). Metabolic adaptation to blocked
mitochondrial-FAO in proximal tubular epithelial cells reveals
the compensatory FAO in the peroxisome, hence mitigating
oxygen necessity, reducing reactive oxygen species, and
protecting against kidney injury (Chiba et al., 2019).

METABOLIC AND MITOCHONDRIAL
REPROGRAMMING IN POLYCYSTIC
KIDNEY DISEASE
Autosomal dominant polycystic kidney disease (ADPKD) is one
of the most common, monogenic disorders and is caused mostly
by gene mutations in polycystic kidney disease 1 (PKD1) and 2
(PKD2), which encode polycystin 1 and polycystin 2, respectively
(Harris and Torres, 2009). ADPKD is characterized by bilateral
renal cyst development that impairs kidney function, leading to
ESRD (Torres et al., 2007). Multiple pathways are dysregulated in
the cystic epithelium including alterations in cell metabolism
which have emerged as a hallmark of ADPKD (Rowe et al., 2013;
Menezes et al., 2016; Podrini et al., 2020). Evidence suggests that
the cystic epithelial lining shares neoplastic features (Rowe et al.,
2013). Impaired mitochondrial structure and function play a role
in ADPKD disease progression (Cassina et al., 2020). Metabolic
reprogramming in PKD is similar to that reported in cancer
(Rowe et al., 2013). Studies suggest that aerobic glycolysis is
present in the disease, along with other metabolic defects such as
augmentation of the pentose phosphate pathway, and increases in
glutamine anaplerosis and fatty acid biosynthesis,; fatty acid
oxidation and mitochondrial metabolism are suppressed
(Podrini et al., 2020). ADPKD cells alter their energy
dependency from oxidative phosphorylation to glycolysis
(Podrini et al., 2020).

The precise origin of metabolic shifts has not been clearly
demonstrated, however, two hypotheses has been postulated
(Podrini et al., 2020). First, the polycystins have the ability to
regulate mitochondrial function and structure either by
regulating Ca++ uptake in mitochondria, or by a direct
translocation of a small fragment protein into the
mitochondrial matrix (Kuo et al., 2019). Second, loss of
mitochondrial functions in ADPKD is driven by multiple
signaling pathways, which include AMPK, PPARα, PGC1α,
mTORC1, cAMP and cystic fibrosis transmembrane
conductance regulator (CFTR)-mediated ion transport as well
as the expression of crucial components of the mitochondrial
energy production apparatus (Hajarnis et al., 2017). PKD1-
deficient mouse embryonic fibroblasts were found to have
increased glucose uptake and glycolysis as their primary
source of energy, even in normoxic conditions (Rowe et al.,
2013). Importantly, these effects are dependent on the
upregulation of mTORC1 signaling, resulting in the inhibition
of AMP-activated protein kinase (AMPK), which led to the
hypothesis that, in ADPKD, cells preferentially use aerobic
glycolysis for energy production (Rowe et al., 2013). Menezes

et al. found reduced oxidative phosphorylation in Pkd-/- cells that
had fatty acids as their main energy source, suggesting that FAO
is reduced (Menezes et al., 2016), and is accompanied by a
compensatory glycolysis and administration of 2-deoxyglucose
slowed disease progression (Riwanto et al., 2016).

In adition, a renal transcriptomic analysis and urine
metabolomic analysis in a mouse model of ADPKD revealed
altered metabolic pathways that are associated with cyst
formation (Menezes et al., 2012). Among these altered
pathways were high levels of acetylcarnitine in the urine of
ADPKD mice, suggesting the presence of defective fatty acid
metabolism in mitochondria. Transcriptional profiling and
metabolomic analysis of progressive ADPKD found alterations
in lipid metabolism (Menezes et al., 2016). The defective FAO in
mice with renal tubule-specific Pkd1 deletion occurs via signaling
involving miR-17 and PPARα (Hajarnis et al., 2017). Inhibition of
miR-17 restored defective FAO and suppressed cyst formation in
PKD mouse models (Hajarnis et al., 2017). Moreover, mutations
in genes encoding components of the OXPHOS and FAO
pathways, as well as in PPARα target genes, result in clinical
disorders that include cystic kidneys (Hackl et al., 2017). Renal
cysts develop in patients with glutaric acidaemia type II
(Whitfield et al., 1996), which is caused by gene mutations in
electron transfer flavoprotein subunit-α (ETFα), ETFβ or ETF
dehydrogenase (ETFDH), which are components of an OXPHOS
enzyme, ETF complex. Polycystins affect the function and
morphology of mitochondria (Padovano et al., 2017; Lin et al.,
2018a). The clear mechanisms underlying these alterations
identified in ADPKD will need further investigation.

PERSPECTIVES AND FUTURE
DIRECTIONS

TFAM is important for mitochondrial integrity and its loss causes
metabolic insults in tubular cells and cytosolic mtDNA leak,
resulting in activation of an inflammatory response and kidney
damage (Chung et al., 2019). Loss of TFAM causes tubular cell
inflammation which is key for the activation of mesenchymal
programming in epithelial cells and in neighboring cells.
However, it is hard to determine the severity of mitochondrial
DNA leakage in CKD or DKD subjects, and it would be striking to
unravel the contribution of the upstream-effectors of STING that
could have a potential impact on disease progression.
Mitochondrial sirtuins and their association with TFAM may
be a key link in the pathogenesis of kidney disease.

Mitochondrial sirtuins are a prominent class of metabolic
regulators that exert effects on energy metabolism by protein
acetylation and are linked to several biological effects on kidney
health. Restoring SIRT3 has shown to have renal protective effects
in age-associated renal fibrosis, as well as several models of kidney
injury and diabetic models as well (Srivastava et al., 2018).
However, dissecting the diverse functions of SIRT3 in different
cell types remains a challenge. How SIRT3 expression levels
change in different compartments and what the impact of the
distribution of subcellular SIRT3 is on cellular health has not yet
been fully investigated.
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As compared to SIRT3, little is known about the role of SIRT4
and SIRT5 in the regulation of central metabolism in diverse cell
types in the kidney. ADP-ribosylation activity by SIRT4, and
demalonylation and desuccinylation activity by SIRT5,
distinguish them from SIRT3 (Morigi et al., 2018). Available
clinical data describing the effects of SIRT4 and SIRT5 on patients
is not yet sufficient enough to decipher the role of SIRT4 and
SIRT5 in the kidney (Morigi et al., 2018). The understanding of
different sirtuins in renal physiology is still in its early stages.
However, scientific advancement in evaluating the broad-
spectrum of sirtuins targets involved in protective and
developmental mechanisms has been studied but still needs
more attention in the development of suitable therapeutics for
combating kidney diseases.

In mouse models of diabetic kidney disease, SGLT-2 inhibitors
and glycolysis inhibitors have shown protective effects on renal
tubules; however, an unbiased study is needed to test FAO
modulators, DPP-4 inhibitors, Wnt signaling inhibitors,
antifibrotic peptides, ACE inhibitors and ARBs on their ability
to restore SIRT3 levels in injured kidneys (Kanasaki et al., 2014;
Srivastava et al., 2020a; Li et al., 2020b).

Further studies are required to identify small molecules that
activate sirtuins activity, known as sirtuin-activating-
compounds (STAC). Mostly, these STAC are related to
naturally-occuring polyphenols (Morigi et al., 2018).
Resveratrol was a well-known sirtuin activator discovered
from these naturally-occurring polyphenols (Morigi et al.,
2018). Resveratrol induces SIRT1 and SIRT3 and can act as
an allosteric modulator, leading to conformational changes in
the substrate, which can then influence the binding affinity for
sirtuins (Xu et al., 2016a; Morigi et al., 2018). These studies
suggest that there is a need to search for compounds that
influence sirtuin level and activity in diabetic kidneys, such
as flavonoids, chalcones, polyhydroquinolines, propiophenone
derivatives, deoxyandrographolides, 2-methoxy-estradiol (2-
ME) and thiazolidin-4-one derivatives; all of these
compounds have shown protective effects in mouse models
of diabetes mellitus (Kumar et al., 2010; Srivastava et al., 2010;
Srivsatava et al., 2010; Shukla et al., 2011; Jaiswal et al., 2012;

Kumar et al., 2012; Verma et al., 2012; Jaiswal, 2013; Mishra
et al., 2013; Raza et al., 2013; Balaramnavar et al., 2014; Arha
et al., 2015; Kanasaki et al., 2017), and can be further tested and
potentially could be used in the treatment of diabetic kidney
disease. The non-coding microRNAs play a critical role in the
pathogenesis of diabetes mellitus; in spite of certain limitations
about their specificity, the tissue-specific expression of these
microRNAs is needs to be to analyzed (Kaur et al., 2011; Pandey
et al., 2011; Srivastava et al., 2019a).

In current literature, it is reported that curcumin, silybin and
AICAR induce SIRT3 levels, improve renal function and improve
mitochondrial physiology in cisplatin-induced AKI (Li et al.,
2017b; Ortega-Dominguez et al., 2017). Stanniocalcin reduces
renal damage by SIRT3-linked activation of AMPK and UCP2 in
a mouse model of renal ischemia-reperfusion injury (Pan et al.,
2015). Honokiol decreases renal damage by activating SIRT3 in
sepsis-associated AKI and hypertensive nephropathy (Kume
et al., 2010; Li et al., 2014). Of great interest for future
development would be new pharmacological strategies to
target the effector molecules that control NAD + syntheses
such as NAPMT and pharmacological compounds that reduce
the activity of NAD + -depleting enzymes such as ADP-ribosyl-
cyclases (Morigi et al., 2015; Camacho-Pereira et al., 2016).
Further research and large double-blind clinical trials will be
required to advance our understanding in this field. In summary,
mitochondrial SIRT3 could be a novel candidate for treating renal
diseases.
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