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Abstract

More than 800 million people suffer from kidney disease. Genetic studies, and follow-up animal
model and cell biological experiments indicate the key role of proximal tubule metabolism. The
kidney has one of the highest mitochondrial density. Mitochondrial biogenesis, mitochondrial
fusion, fission, and mitochondrial recycling, such as mitophagy are critical for proper
mitochondrial function. Mitochondrial dysfunction can lead to an energetic crisis, orchestrate
different types of cell death (apoptosis, necroptosis, pyroptosis, ferroptosis), influence cellular
calcium levels and redox status. Collectively, mitochondrial defect in renal tubules contributes to
epithelial atrophy, inflammation, or cell death, orchestrating kidney disease development.
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The key contribution of proximal tubule metabolism to kidney disease
development

The kidney maintains electrolyte, fluid balance and secretes hormones. More than 800
million people suffer from kidney disease. Kidney dysfunction will cause toxins, fluid, and
electrolyte build-up. Without treatment, kidney disease can progress to end-stage kidney
failure requiring life-sustaining renal replacement therapy. New drug development for
kidney disease is limited by our poor mechanistic understanding of disease pathogenesis.
Kidney function genetic studies highlighted important enrichment of disease-causing genes
in the kidney proximal tubules. Follow-up animal model and cell biological experiments
highlighted specific genes and pathways supporting the key role of metabolism and
mitochondrial dysfunction in kidney disease development. Monogenic gene mutations of
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mitochondrial genes such as MELAS (mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like symptoms), MERRF (myoclonus, epilepsy with ragged red fibers), and
Leigh syndrome also present with renal phenotypes further supporting the role of
mitochondria and metabolism in kidney disease [2].

The renal glomerulus has size and charge selectivity, so all metabolites, electrolytes,

and proteins under 60kD are filtered into the tubules. The kidney proximal tubules are
responsible for the reabsorption of all filtered nutrients, most electrolytes, and the secretion
of some toxins. Electrolyte and nutrient reabsorption have a high-energy requirement;
therefore the kidney tubules have one of the highest mitochondrial contents in the body[1].

Fatty acids are the preferred energy source for kidney tubules, which are then metabolized
by fatty acid oxidation (FAO) and oxidative phosphorylation (OX-PHQOS). Changes in
metabolism and the potential build-up of intermediates could influence cellular functions[3].
Damaged mitochondria fail to supply sufficient ATP, causing an energetic deficit, resulting
in atrophy or dedifferentiation of kidney tubule cells. Kidney tubule cell atrophy or
dedifferentiation is defined by the loss of expression of markers of terminally differentiated
tubule cells and sometimes loss of apical and basal polarity. A more severe hypoxic or toxic
injury to kidney tubule cells will cause not only dedifferentiation but also epithelial cell
death. Key molecules and interactions between cellular dysfunction, death pathways playing
role in kidney disease are discussed in this review.

Inflammation is a key feature of acute and chronic kidney disease. Mitochondrial alterations
in tubule cells are sufficient to induce sterile inflammation observed in acute and

chronic kidney disease. Generation of mitochondrial reactive oxygen species play role

in inflammasome activation [4]. Mitochondrial defect or improper clearing of damaged
mitochondria can lead to the cytosolic release of mitochondrial DNA and activation of the
cytosolic nucleotide sensors[5]. Inflammatory cell death mechanisms, such as pyroptosis
and ferroptosis attract immune cells due to cytokine release[6]. Here we will review the
multifaceted role of mitochondria and proximal tubule metabolism in kidney disease and
dysfunction, including the contribution of energy deficit, dysfunctional metabolism, cell
death, and sterile inflammation. Defining the molecular mechanism of kidney dysfunction
would enable much-needed drug development and the application of precision medicine
tools for kidney disease.

Energy balance

The primary function of the mitochondria is to generate ATP via a chain of biochemical
reactions called the Krebs cycle [7]. Kidney tubules, especially proximal tubules transport
kilograms of sodium chloride, other electrolytes, and nutrients daily. Kidney tubule cells
preferentially oxidase fatty acids to generate energy (Fig.1). It has been known that kidney
tubules can also burn ketones and lactate. While glucose utilization is almost undetectable
in proximal renal tubules, it could be utilized in distal tubule segments [3]. Proximal

kidney tubule cells can also generate glucose via a process called gluconeogenesis [8]. Gene
expression analysis of diseased kidneys revealed lower expression of genes associated with
fatty acid oxidation and oxidative phosphorylation [9].
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The rate-limiting enzyme in the mitochondrial oxidative phosphorylation is the carnitine
palmitoyltransferase-1 (CPT1). Expression of CPT1A was lower in patients and animal
models of kidney fibrosis [10]. Accumulation of short- and middle-chain acylcarnitine was
observed in diseased human Kkidneys, likely reflecting impaired FAO [11]. Inhibition of
CPT1 with etoxomir caused intracellular lipid deposition, ATP depletion, and epithelial
dedifferentiation in mice, cellular changes observed in AKI and CKD [10]. Conversely,
tubule-specific CPT1A transgenic mice had improved FAO and were protected from fibrosis
and showed better kidney function following injury [11]. The dysfunctional mitochondria-
induced epithelial impairment was largely attributed to the energetic deficit, however, the
role of metabolic intermediate build-up cannot be excluded.

Peroxisome proliferator-activated receptor a (PPARA) is one of the key transcriptional
regulators of lipid metabolism. PPARA is highly expressed by kidney proximal tubule
cells. Genetic deletion of PPARA in mice caused increased lipid accumulation due to
reduced FAO and exacerbated fibrosis in aging and diabetic kidneys [12]. The PPARA
agonist, fenofibrate attenuated glomerular injury in obese animals. Fenofibrate also
lowered tubulointerstitial injury in a mouse model of fatty acid-overload, folic acid injury
nephropathy (FAN), unilateral ureteral obstruction (UUO) injury, and polycystic kidney
disease [13, 14]. In patients, fenofibrate use was associated with reduced albuminuria and
slower eGFR decline, irrespective of serum lipid levels. Unfortunately, fenofibrate leads to
an acute rise of serum creatinine, likely due to directly interfering with tubule creatinine
secretion [15].

Nicotinamide adenine dinucleotide (NAD) is essential for mitochondrial respiration, as it

is one of the key oxidizing agents in cells. It acts as a coenzyme in redox reactions,

as a donor in ADP-ribosylation reactions, as a precursor of the second messenger for

cyclic ADP-ribose, as well as a substrate for sirtuins that remove acetyl groups from
proteins. Amongst the 7 mammalian sirtuins, SIRT3, SIRT4, and SIRTS5 are located in

the mitochondria [16]. SIRT3 interacts with enzymes responsible for energy generation and
oxidative stress, including the long-chain acyl-coenzyme A dehydrogenase [17], pyruvate
dehydrogenase [18], and MnSOD [19]. Sirt3 KO mice showed increased oxidative stress,
apoptosis, resulting in an increase in susceptibility to ischemic, toxic [20], or obstructive
(UUO) kidney injury [18]. The role of SIRT4, and 5 remains controversial. One study
reported impaired energy metabolism and enhanced mitochondrial fragmentation in SIRTS
deficient human proximal tubular epithelial cells [21]. Another study showed improved
kidney function and less tissue damage following either ischemia- or cisplatin-induced AKI
in SIRT5 KO mice [22]. In addition, while SIRT1 is localized to the nucleus, it has been
shown to regulate mitochondrial biogenesis and fatty acid oxidation by deacetylating the
metabolic transcription factor PGCla [23].

De novo biosynthesis is a key regulator of NAD levels. Impaired de novo NAD+
biosynthesis has been reported in acute kidney injury (AKI). Mice with heterozygous loss
of quinolinate phosphoribosyltransferase (QPRT) had lower NAD+ levels and increased AKI
susceptibility [24]. NAD supplementation was shown to be protective from kidney injury.
The NAD precursor nicotinamide (NAM) restored solute uptake, oxygen consumption

rate (OCR), and lipid metabolism in acute kidney injury models [25]. NAM treatment
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also reduced tubular atrophy, apoptosis, and inflammation in renal fibrosis induced by

UUO [26]. Supplementation with nicotinamide mononucleotide (NMN), a NAD+ precursor,
restored mitochondrial density, renal SIRT1 activity in aging mice, and protected mice from
cisplatin-induced AKI [27]. These results indicate that NAD precursors could be promising

for patients with kidney disease via improving mitochondrial dysfunction [28].

In summary, transcriptome profiling and animal model studies indicated an impaired FAO
and OX-PHOS in acute and chronic kidney disease leading to an energy deficit and
causing tubule dedifferentiation or atrophy. Increasing the activity of PPARA, CPTL1, or
supplementing mice with NAD or its precursors could improve FAO and OX-PHOS and
kidney function, indicating the key role of tubule energy deficit in kidney disease.

Redox regulation and Oxidative stress

Defective mitochondria fail to maintain the proton gradient across the inner mitochondrial
membrane and are the main source of reactive oxygen species (ROS) in most cells (Fig.2).
Under physiological conditions, 0.2—-2% of the electrons in the electron transport chain do
not follow the normal transfer but directly leak out of the electron transport chain and
interact with oxygen to produce superoxide or hydrogen peroxide. Complex | and complex
I11 are considered to be the main sites for ROS production. In addition, NADPH oxidases
located in the mitochondria or at the plasma membrane might also generate ROS. Kidney
utilizes about 20% of the cardiac output, and are very susceptible to hypoxic injury [30].
Oxygen is required for the electron transport chain reaction, therefore, hypoxia leads to ROS
production mainly at the complex 111 [29].

Cells possess a robust ROS defense system. The mtROS (O,7) is first converted to

H202 and further degraded to H20 by multiple antioxidant enzymes such as Cu/Zn

SOD, MnSOD, catalase, thioredoxin peroxidase, or glutathione peroxidase. The role of
these defense enzymes in kidney disease development has been demonstrated in multiple
prior studies. Catalase deficient mice presented with enhanced mitochondrial oxidative
stress when made diabetic [31]. Similarly, endothelial-specific thioredoxin reductase 2
knockout mice display renal abnormalities with greater oxidative stress [32]. Transgenic
mice expressing glutathione peroxidase-1 had lower mitochondrial ROS and subsequently
improved aging-associated fibrosis [33]. Uncoupling protein 2 (UCP2), a proton transporter
lowers mtROS. Higher UCP2 expression was observed in UUO kidneys [34]. Deletion

of UCP2 worsened ischemia [35] or bacterial lipopolysaccharide (LPS) injection-induced
tubular injury [36].

Multiple antioxidants have been developed and marketed to prevent kidney disease in
animal models. For example, the Nox1/4 inhibitor, GKT137831 reduced ROS production
and subsequently lowered expression of proinflammatory and profibrotic markers in
animal models of diabetic kidney disease [37]. A clinical trial with GKT137831 has

been initiated in 2013, but its results still have not been made public (ClinicalTrials.gov
Identifier: NCT02010242). Other anti-oxidants, for example, the citrate functionalized
Mn304 nanoparticles (C-Mn304 NPs), biocompatible redox nanomedicine augmented the
intracellular antioxidant defense system and protected from cisplatin-induced kidney tubule
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injury [38]. SS31 is a peptide-based antioxidant with mitochondrial targeting ability. SS31
treatment reduced mitochondrial damage, oxidative stress, inflammation, and apoptosis in
streptozotocin-induced diabetic mice [39] or ischemia reperfusion-induced kidney injury
[40]. MitoQ is yet another mitochondrial anti-oxidant with the potential to lower apoptosis
and oxidative stress in human renal tubule cells exposed to high glucose [41].

The mechanism of increased ROS-induced tubule injury is not fully understood.
Mitochondrial ROS can oxidize DNA, proteins, and lipids, and sensitize to inflammatory
cell death pathways [4]. Mitochondrial ROS promote RIPK1 autophosphorylation, followed
by recruitment of RIPK3 and MLKL to activate necroptosis [42]. Necroptosis plays an
important role in kidney dysfunction [43]. RIPK3 deficient mice [44], catalytically inactive
RIPK1 mice [45], MLKL knock-out mice [44], or mice treated with RIPK1 inhibitors;
Necrostatin-1 [46], or Cpd-71 [47] had improved renal function and attenuated acute tubular
injury. The role of necroptosis in kidney fibrosis and chronic kidney disease has also been
demonstrated using the RIPK3 knock-out mice [48] and by Necrostatin-1 treatment [49].
Similarly, the ROS scavenger NAC (N-acetyl-L-cysteine) lowered necroptosis and alleviated
kidney tubule injury after cisplatin injection [50].

Mitochondrial ROS can trigger the activation of the NLRP3 inflammasome, a key molecule
in the pyroptosis pathway [51]. NLRP3 can activate caspase-1, and induce gasdermin

D (GSDMD) cleavage, which is essential for pore formation and inflammatory cytokine
release (IL-1B, 1L-18). Caspase-1 KO mice showed protection from diabetic kidney disease
and APOL 1-associated glomerulosclerosis [52]. GSDMD knockout mice exhibited less
tubular damage after toxic (cisplatin) or ischemic kidney injury [53]. Caspase-11 (human
homolog caspase-4, -5) is also capable of cleaving GSDMD. Caspase-11 KO mice showed
decreased tubule injury in contrast-induced acute kidney injury [54] and renal fibrosis in the
UUO model of injury [55]. IL-1B blockade using a monoclonal antibody in diabetic db/db
mice attenuated kidney dysfunction [56]. The effect of IL-18 in ischemic AKI has been
demonstrated both in the IL-18 KO mice and via the therapeutic neutralization of 1L-18 [57].

Ferroptosis is a recently identified cell death mechanism characterized by lipid peroxidation.
ROS released by defective mitochondria can induce lipid peroxidation. The glutathione
peroxidase 4 (GPX4) and the glutathione independent ferroptosis suppressor 1 (FSP1) are
the key cellular defense systems against ferroptosis. GPX4 uses reduced glutathione (GSH)
to detoxify lipid hydroperoxide, and FSP1 reduces ubiquinone (CoQ) to form ubiquinol
(CoQH2). Increased tubule cell ferroptosis was reported both in acute and chronic kidney
injury [58]. The main phenotype of the global GPX4 KO mice is tubule cell death and
kidney injury, indicating the key role of GPX4 and ferroptosis in kidney tubule cells [59].
While GPX4 and FSP1 are mainly located in the plasma membrane, a recent paper identified
dihydroorotate dehydrogenase (DHODH), as another ferroptosis defense system located in
the mitochondrial membrane, suggesting the important role of mitochondria in ferroptosis
[60]. DHODH catalyzes the conversion of dihydroorotate to orotate and generates ubiquinol
to lower lipid peroxidation [60]. Ferrostatin-1 (Fer-1), a small-molecular inhibitor of lipid
oxidation ameliorated both ischemic injury and diabetic kidney disease [61, 62]. Newly
developed ferroptosis inhibitors, for example, XJB-5-131, showed a similar protective effect
[63].
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Important to note, that kidney function GWAS studies indicated the role of ferroptosis
pathway genes in kidney disease. Functional annotation of an eGFR genetic locus prioritized
Dipeptidase 1 (DPEP1) and Charged Multivesicular Body Protein 1 A (CHMP1A) as kidney
disease risk genes [64]. Gene knock-out experiments confirmed the role of CHMP1A and
DPEP1 in kidney disease. DPEP1 and CHMP1A seem to play role in iron import and export,
respectively [65]. Higher iron concentration and increased ferroptosis were observed in
CHMP1A haploinsufficient renal tubules. DPEP1 KO mice showed lower, while CHMP1A
haploinsufficiency mice had more severe cisplatin or folic-acid injection-induced kidney
injury [65].

In summary increased accumulation of reactive oxygen species in proximal tubules is

a major contributor to pathology. Compounds that inhibit ROS generation or improve
neutralization showed promise in animal models. Cellular ROS is an important trigger for
inflammatory cell death pathways such as pyroptosis and ferroptosis.

Mitochondria Biogenesis

Mitochondrial numbers are a key determinant of mitochondrial function and it is the

key mechanism to adapt to higher energy demand (Fig.2). Mitochondrial biogenesis is

an important determinant of mitochondrial number. The peroxisome proliferator-activated
receptor y (PPARG) coactivator-1 of transcriptional coactivator a (PGC1la) is a master
transcriptional regulator of mitochondrial biogenesis. Expression of PGCla was lower in
kidneys of patients with acute and chronic kidney disease [10]. Mice with genetic deletion of
PCG1la appeared healthy at baseline but showed increased susceptibility to acute and chronic
injury [28]. At the same time, tubule-specific transgenic expression PGC1la protected from
acute kidney injury and fibrosis. PGC1a overexpression in tubule cells reversed the energy
deficit via improving fatty acid oxidation [66]. In addition, PGC1la also increased levels

of the de novo NAD biosynthetic enzymes [28]. PGC1la works in concert with other
transcription factors such as nuclear factor erythroid 2-related factor 1 (NRF1) and NRF2.
NRF1 and NRF2 regulate the expression of the electron transfer chain subunits encoded by
the nuclear genome. NRF1 binds to the promoter and regulates the expression of TFAM
(transcription factor A mitochondrial). NRF2 knockout mice exhibited increased tissue
damage and fibrosis in disease models [67]. TFAM is essential for mitochondrial encoded
gene transcription and replication [68]. Mice with tubule-specific deletion of TFAM showed
abnormal OXPHQOS, energy depletion (low ATP), cell death, and renal fibrosis [69]. The
estrogen-related receptor alpha and gamma (ESRRA, ESRRRG) transcription factors are
shown to play role in regulating mitochondrial biogenesis. Mice with ESRRA deletion
appeared healthy at baseline but showed increased tubule injury in disease settings [70].
Mice with Kidney tubule-specific ESRRG died of renal failure due to epithelial atrophy,
tubule dilation, and cyst formation [71]. Pharmacological approaches have been developed
for the restoration of mitochondrial biogenesis, for example via the beta 2-adrenergic
receptor (B2AR) agonist, formoterol [72, 73], and a selective 5-HT1F receptor agonist,
LY344864 [74], LY 334370 [75, 76]. This approach showed therapeutic benefit in ischemic
kidney injury.
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Mitochondria Dynamics, Shape, Size and Turn-over

Mitochondrial shape and size, which is controlled by fission and fusion, are yet another less
well-understood determinant of function (Fig.2). Abnormalities in mitochondrial dynamics
have been observed both in acute and chronic disease conditions [77]. DRP1 (dynamin-
related protein 1) is the master regulator of mitochondrial fission. Proximal tubule-specific
deletion of DRP1 or mdivi-1 treatment, a pharmacological inhibitor of DRP1, preserved
mitochondrial structure, reduced oxidative stress, and protected against ischemic- or
cisplatin-induced renal injury, inflammation, apoptosis [78, 79]. Mitofusin (MFN) 1 and 2
control mitochondrial fusion. Mice with proximal tubule-specific MFN2 deficiency showed
accelerated kidney function recovery and enhanced survival after acute kidney injury [80].

Damaged or old mitochondria are degraded in the proteasome or via mitophagy. Mitophagy
allows the selective degradation of damaged mitochondria by the autophagy machinery. Loss
of mitochondrial membrane potential serves as a trigger for mitophagy (Fig.3). Mitophagy
plays a role both in acute and chronic kidney disease. PINK1 and PARKIN are the

key mitophagy inducers. PINKL1 insertion into healthy mitochondria will induce PARL
(rhomboid-like protein)-mediated PINK1 cleavage and rapid removal by the proteasome-
dependent pathway. Under cellular stress, defective mitochondria with impaired membrane
potential accumulate PINKZ1 in the outer membrane. PINK1 on the outer mitochondrial
membrane recruit PARKIN for mitophagosome formation. PINK1 or PARKIN knockout
mice have low mitophagy, develop severe mitochondrial damage, higher mtROS production,
and increased cell death and kidney injury after injection of LPS [81], cisplatin [82],

or UUO surgery [83]. The deficiency of the mitochondrial methylmalonyl-coenzyme A
mutase (MMUT) is an inherited metabolic disorder associated with kidney injury. MMUT
knock-out mice had blunted PINK1-directed mitophagy, leading to the accumulation of
dysfunctional mitochondria, and kidney epithelial dysfunction [84].

Bcl2 interacting protein 3 (BNIP3), BNIP3L (NIX) and FUNDC1 are PINK1/Parkin
independent mitophagy receptors. Mice with BNIP3 overexpression had lower apoptosis
and dampened acute kidney injury [85]. BNIP3 is transcriptionally controlled by hypoxia-
inducible factor 1-alpha (HIF1a). BNIP3 is an important mediator of the adaptive metabolic
response by regulating mitochondrial ROS via mitophagy [86]. Overexpression of NIX

by a recombinant adenoviral vector, reduced mitochondrial fragmentation and tubular cell
apoptosis in high-protein diet-challenged mice [87]. FUNDCL1 knock-out mice had higher
ROS levels, enhanced inflammation, and impaired erythropoietin production [88]. A recent
paper demonstrated that PHB2 (Prohibitin2) is another inner mitochondrial membrane
mitophagy receptor [89]. PHB2 knockdown lowered mitophagy and augmented cell death
while overexpression of PHB2 protected from inflammasome activation [90]. In addition to
the genetic models, pharmacological enhancement of mitophagy has also been shown to be
beneficial. MitoQ treatment (a mitochondria-targeted antioxidant) improved mitophagy and
protected from diabetes-induced tubule injury [41]. Coenzyme Q10 (CoQ10) is an electron
carrier in the mitochondrial respiration system. CoQ10 administration restored mitophagy in
diabetic kidney disease and improved kidney function [91].
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Mitochondrial dynamics and quality control is critical for kidney function, especially
mitophagy plays an important role in the elimination and recycling of damaged
mitochondria. Enhancing mitophagy is a potential strategy to improve mitochondrial health
and showed benefit in animal models.

The role of mitochondria in controlling inflammation

Severe mitochondrial damage and defect in mitochondrial clearance can lead to a leakage

of the mitochondrial DNA (mtDNA) into the cytosol. The exact mechanism of the mtDNA
leakage is still not fully understood (Fig.4). BAK and BAX pores in the mitochondrial

outer membrane can lead to inner mitochondrial membrane herniation and cytosolic release
of mtDNA [6]. The presence of mtDNA in the cytosol is a sign of pathogenic infection

and is recognized by the cytosolic nucleotide sensing pathways. The nucleic acid receptors
can be divided into two main categories: immune sensing receptors, which include Toll-

like receptor 3 (TLR3), TLR7, TLR8, TLRY, retinoic acid inducible gene I (RIG-1),
melanoma differentiation associated gene 5 (MDADb), absent in melanoma 2 (AIM2) and
cyclic GMP-AMP synthetase (cGAS); and nucleic acid receptors, including double-stranded
RNA (dsRNA)-activated protein kinase R (PKR), IFN-induced protein with tetratricopeptide
repeats 1 (IFIT1), 2"-5"-oligoadenylate synthetase 1 (OAS1) and ribonuclease L (RNase L),
and adenosine deaminase acting on RNA 1 (ADAR1). Two teams independently reported the
activation of cGAS-stimulator of interferon genes (STING) cytosolic DNA sensing pathway
in diseased kidney tubule cells including the cisplatin-induced injury model [92] and tubule
specific TFAM knock-out mice [69]. Pharmacological inhibition of STING, using C176,

or genetic deletion of STING attenuated kidney injury both in acute and chronic kidney
disease models [69]. A recent study, analyzing the risk variant APOL1 induced glomerular
disease model indicated that kidney disease-associated APOL1 variant altered mitophagy,
leading to cytosolic leakage of mtDNA and activation of cGAS and STING [93, 94].

STING activates downstream molecules, including TBK1, IRF3, and IRF7, and induces the
expression of interferon-stimulated genes (ISGs). ISG15 is reported to be released to the
extracellular space and regulate immune cells migration and activation [95]. Bst2, called
Tetherin, promotes dendric cell activation [96] or T cell proliferation [97]. NFKB is also

a downstream target of STING. The role of NFKB in kidney inflammation has been well
described [98].

The cytosolic mitochondrial DNA or necrotic cell DNA taken up by macrophages can also
activate AIM2, another cytosolic nucleotide sensing pathway [99]. In one study, AIM2

KO mice showed reduced caspase-1 activation and IL-1B expression and were protected
from kidney injury induced by UUO [100]. On the other hand, in a nephrotoxic serum
(NTS)-induced glomerulonephritis model study, the AIM2 KO mice exhibited more severe
glomerular crescent formation, tubular injury and inflammation [101], implying context-
depend roles of AIM2. Mice with genetic deletion of RIG-I were also protected from tissue
fibrosis and kidney disease [102].

Toll-like receptors (TLRS) expressed on endosomes recognize cytosolic nucleotides and
trigger the innate immune response and inflammatory cascades. Cytosolic mtDNA has been
shown to activate TLR9 [103], however, the role of TLR9 in kidney disease is not fully
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understood. Kidney injury was attenuated in the cecal ligation and puncture (CLP)-induced
sepsis model in mice with global TLR9 loss [104]. Mice lacking TLR9 only in renal
proximal tubules presented with a more severe AKI [105].

Apoptosis

The mitochondria play a key role in orchestrating a multitude of cell death mechanisms.
Apoptosis is a non-inflammatory cell death mechanism occurring without the rupture of the
cell membrane. The release of cytochrome ¢ from the mitochondria to the cytosol through
BAX/BAK pores activates subsequent caspases such as caspase-9, followed by the activation
of the execution caspases such as caspase-3 (Fig.5). Apoptosis has been observed both in
acute and chronic kidney disease and is likely a leading mechanism resulting in tubule cell
and podocyte loss in acute and chronic kidney disease. The effect of pan-caspase inhibitors
in acute kidney injury and kidney fibrosis remains inconclusive. An earlier study showed
that z-VVAD (pan-caspase inhibitor) inhibited apoptosis of kidney tubule cells, and prevented
inflammation and tissue injury following ischemia [106]. In a later study, z-VVAD treatment
failed to ameliorate renal injury in the ischemia-reperfusion model [107]. In addition, the
specificity of z-VAD has also been questioned, including its potential effect on autophagy
[108]. Caspase-3 KO mice had less severe microvascular endothelial cell apoptosis and
reduced renal fibrosis after ischemic injury [109]. Renal tubular cell apoptosis was also
attenuated in BAX/BAK double KO mice with improved renal function after ischemic injury
[110]. Kidney function genome-wide association study identified caspase-9 as a kidney
disease risk gene. Lowering caspase-9 expression protected mice from kidney injury and
fibrosis [111], indicating the causal role of apoptosis in disease development.

Concluding remarks

The kidney tubules have one of the highest mitochondrial density to generate energy

for the transport of large amounts of sodium and other solutes. Defect in mitochondrial
biogenesis, dynamics and mitophagy contribute to kidney disease development by the cells
failing to meet the cellular energetic requirement. Mitochondrial damage has been widely
recognized in acute or chronic kidney injury. Mitochondrial injury triggers multiple cell
death mechanisms (apoptosis, necroptosis, pyroptosis, ferroptosis) contributing to epithelial
cell loss, inflammation, and kidney disease. Defective mitochondria release ROS and further
mitochondrial damage can cause the cytosolic leakage of mitochondrial DNA, activate
cytosolic nucleotide sensors, induce inflammation, and enhance kidney disease development
(Fig.6). Future studies shall aim to understand the relationship and hierarchy between

the different mitochondrial alterations observed in diseased states. Furthermore, as the
mitochondria interact with other organelles such as the nucleus, endoplasmic reticulum,

and peroxisome, future work should aim to better dissect mitochondrial dysfunction and
organelle interaction in disease. It would also be desirable to develop non-invasive methods
to monitor mitochondria function in patients. Drugs, that target mitochondrial dysfunction
could be promising for the treatment and prevention of renal disease. Some of these drugs
including those that target oxidative stress, mitochondria biogenesis, and cell death show
promising effects in animal models, however, their effectiveness in patients with kidney
disease has not been established.
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Outstanding question box

. Fatty acid oxidation and mitochondrial oxidative phosphorylation play key
roles in maintaining kidney function. What are the specific enzymatic steps,
genes impaired in the pathway? How does altered fatty acid metabolism
lead to kidney dysfunction. Is kidney dysfunction caused by impaired energy
production? Can we observe the accumulation of metabolic intermediates? Do
metabolic intermediates contribute to kidney dysfunction?

. What are the key pathways for mitochondrial quality control? How can we
improve mitochondrial quality control in kidney tubules? Can we enhance
mitophagy to improve kidney function?

. What is the contribution of genetics? Which genes are affected and how do
these genes influence kidney tubule metabolism?

. Mitochondria play a central role in multiple cell death mechanisms
(apoptosis, necroptosis, pyroptosis, ferroptosis). What is the relationship
between different cell death mechanisms? Multiple different cell death
mechanisms have been observed in acute and chronic kidney disease. How
do different cell death mechanisms lead to adaptive or maladaptive kidney
repair?
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Highlight

. Kidney function genetic studies and follow-up omics functional analysis
highlighted the key role of kidney proximal tubules and metabolisms in
kidney disease development.

. The kidney has the second-highest mitochondrial density in the body to
enable the active reabsorption of nutrients and electrolytes.

. Altered redox balance, impaired cellular energetics, increased cell death
and inflammation observed as a consequence of mitochondrial dysfunction
causing kidney disease development.
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Fig.1. Compromised fatty acid metabolism leads to kidney function impairment.
Fatty acids are the main source of energy for kidney tubule epithelial cells and are oxidized

by fatty acid oxidation and mitochondrial oxidative phosphorylation. Several transcription
factors such as Estrogen Related Receptor Alpha (ESRRA), Peroxisome Proliferator
Activated Receptor Alpha (PPARA) play an important role in regulating fatty acid

oxidation in kidney tubules, in addition to peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1a), which regulates mitochondrial biogenesis and metabolism.
Lower expression of ESRRA, PGC1A, PPARA, and Carnitine Palmitoyltransferase 1A
(CPT1A), was observed in acute and chronic kidney disease leading to impairment in fatty
acid oxidation, subsequent reduction in ATP level, cellular lipid accumulation, contributing
to functional impairment and dedifferentiation of tubule cells.
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Fig.2. Increased mitochondrial reactive oxygen species (ROS) in kidney injury.
The citric acid cycle which takes place in the mitochondrial matrix generates cellular

energy (ATP). The cycle consumes acetyl-CoA and water, reduces NAD* to NADH, and
releases carbon dioxide and water. Low NAD levels and NAD-dependent mitochondrial
sirtuin activity in kidney disease are associated with impaired mitochondrial respiration,
energy deficiency, and ROS accumulation in kidney tubule cells. The impaired Krebs cycle
in damaged kidney tubule cells cause an energetic crisis. Cellular ATP in kidney tubule cells
is critical for the re-absorptive capacity of proximal tubule cells. Increase cellular ROS can
trigger cell death, specifically necroptosis, ferroptosis, and pyroptosis. Inflammatory cell
death will cause the release of inflammatory cytokines.
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Fig.3. Mitophagy plays key role in degrading impaired mitochondria
Mitophagy selectively eliminates damaged mitochondria. Mitochondrial injury can cause

mitochondrial membrane depolarization and trigger mitophagy. Mitophagy receptors; PTEN
Induced Kinase 1 (PINK1), PARKIN, FUN14 Domain Containing 1 (FUNDC1), BCL2
Interacting Protein 3 (BNIP3), NIX can initiate mitophagosome formation. Induction of
mitophagy is followed by lysosome mitophagosome fusion, forming the mitolysosome.
Impaired mitophagy can lead to the accumulation of defective mitochondria, inflammation,
and worsening kidney injury.

Mitophagosome
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Fig.4. The key role of mitochondria in eliciting an inflammatory response.
The mitochondria can serve as a signaling platform to control inflammation. Mitochondrial

DNA (mtDNA\) is released from damaged mitochondria into the cytosol through BCL2-
associated X protein (BAX)/ BCL2-antagonist/killer (BAK), mitochondrial permeability
transition pore (mPTP), or by mitochondria herniation. Cytosolic nucleotides are

recognized by several nucleotide sensing pathways such as Cyclic GMP-AMP synthase
(cGAS) - Stimulator of interferon genes (STING)- Interferon Regulatory Factor 3

(IRF3)/ IRF7, Retinoic acid-inducible gene I (RIG-1)/ Melanoma differentiation-associated
protein 5 (MDADS)-Mitochondrial antiviral signaling protein (MAVS). These pathways
activate pro-inflammatory genes including interferon-stimulated genes. Genetic deletion or
pharmacological inhibitor of cGAS/STING or RIG-I attenuated Kidney disease development.
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Fig.5. Apoptosis

Proximal tubule apoptosis is a prominent feature of acute and chronic kidney disease.
Intrinsic apoptosis is triggered by mitochondria damage. BCL2-associated X protein (BAX)/
BCL2-antagonist/killer (BAK) pores in the outer membrane of mitochondria will cause
translocation of cytochrome ¢ from the mitochondria to the cytosol to initiate the formation
of the apoptosome consisting of caspase-9, Apafl, and cytochrome-c. The apoptosome will
activate executionary caspases such as caspase-3. Apoptosis will cause epithelial cell loss.
Animal studies, analyzing BAX/BAK double KO, Caspase-9, and Caspase-3 KO mice or
chemical caspase-inhibitors indicated the protective role of apoptosis from kidney disease
development.
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Oxidative

Fig.6. The key role of mitochondria in kidney disease development.
The figure illustrates the overall biological changes in response to mitochondria damage

in kidney tubules following toxic or ischemic injury. Mitochondrial injury in kidney tubule
cells will lead to energy deficiency, increase reactive oxygen species (ROS) generation,

the cytosolic release of mitochondrial DNA. Mitochondria biogenesis, change in shape,
size, and turn-over play role in kidney tubule function. Severe injury will lead to cell

death including apoptosis, necroptosis, pyroptosis, ferroptosis, and enhance inflammation
and fibrosis by releasing pro-inflammatory cytokines, attracting immune cells, or activating
fibroblasts.

Trends Cell Biol. Author manuscript; available in PMC 2022 October 01.




	Abstract
	The key contribution of proximal tubule metabolism to kidney disease development
	Energy balance
	Redox regulation and Oxidative stress
	Mitochondria Biogenesis
	Mitochondria Dynamics, Shape, Size and Turn-over
	The role of mitochondria in controlling inflammation
	Apoptosis
	Concluding remarks
	References
	Fig.1
	Fig.2
	Fig.3
	Fig.4.
	Fig.5.
	Fig.6.

