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The kidneys carry out fundamental life-sustaining functions by removing waste sub-
stances, controlling salt and water balance, retaining substances vital to the body such as
glucose and proteins, and maintaining blood pH balance [1]. By performing these func-
tions, the kidneys are heavily dependent on mitochondrial ATP production that not only
consumes a large amount of oxygen, but also exposes each kidney to a variety of damages,
such as diabetic hyperglycemia, drug toxicity, ischemic injury, heavy metal toxicity, and
sepsis [2]. All these damages are thought to be associated with cellular redox imbalance and
mitochondrial oxidative stress, as well as mitochondrial abnormalities. The clinical symp-
toms of these insults can be anywhere from acute kidney injury (AKI) to chronic kidney
disease (CKD) that, if left untreated, can eventually lead to end-stage kidney failure [3].

To fend off the abovementioned insults, it is necessary to understand the underly-
ing mechanisms of redox imbalance, oxidative stress, and mitochondrial abnormalities
involved in kidney disease. In this Special Issue of Biomolecules entitled “Redox Imbalance
and Mitochondrial Abnormalities in Kidney Disease”, we have collected 11 papers that
cover a variety of topics focusing on oxidative stress, mitochondrial dysfunction, and
antioxidation enhancement implicated in kidney disease or kidney transplantation.

Among the 11 papers, seven are review articles, and four are original research articles.
Yan reviewed the sources of NAD+/NADH redox imbalance and their roles in diabetic kid-
ney disease (DKD) [3]. The gist of the paper is that NAD+/NADH redox imbalance leads to
the disruption of mitochondrial homeostasis, and an increase in nephron oxidative damage
that culminates as diabetic nephropathy reflected by deteriorating kidney functions. While
mitochondrial oxidative stress is a central event in DKD, it is also hypothesized by Yan and
Allen to be a unifying mechanism underlying cadmium-induced kidney toxicity [2] that
mainly involves oxidative damage to proximal tubule epithelial cells within the nephrons.
Moreover, Zhu et al. also stressed in their review article that mitochondrial oxidative stress-
induced cell death is the major mechanism of podocytopathies involving the dysregulation
of p53, PI3K/Akt, P38/MAPK, unfolded protein response, and endoplasmic reticulum that
may all be the downstream targets of oxidative stress and redox imbalance [4].

In the article “Glucose- and non-glucose-induced mitochondrial dysfunction in dia-
betic kidney disease” [5], Ito et al. summarized the effects of toxic metabolites of glucose,
such as advanced glycation end-products and the detrimental effects of non-glucose events,
such as lipotoxicity, hypoxia, and endothelin-1 receptor signaling on the pathogenesis of
DKD [4]. It should be noted that lipotoxicity can also be caused by the accumulation of
acetyl-CoA, which is not only a substrate for lipid biosynthesis, but can also lead to an
increase in protein acetylation [6]. Both processes are thought to contribute to the patho-
genesis of kidney disease, along with the potential contributions of Krebs cycle metabolites,
such as citrate, succinate, and fumarate [6].

Given that mitochondrial redox imbalance and oxidative stress are the central themes
of kidney disease, it is natural to explore therapeutic approaches that can counteract kidney
injury by mitigating oxidative stress and mitochondrial dysfunction. Indeed, several papers
in this Special Issue have just explored such approaches. For example, the role of SGLT2
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inhibitors as antioxidants in the kidney was reviewed by Liorens-Cebria et al. [7]. Addi-
tionally, Wongmekiat et al. provided evidence that purple rice husk is nephoprotective in
DKD, with an underlying mechanism involving PGC-1α, Sirt3, and SOD2 [8]. Interestingly,
renalase, as a flavin-dependent detoxifying enzyme, may be regarded as a risk factor for
death in patients with CKD [9], though further studies are needed to confirm the link
between renalase levels and death. Approaches that can prevent mitochondrial uncoupling
and preserve renal function in transplanted kidneys have also been discussed in this Special
Issue. These include the controlled oxygenated rewarming of kidney grafts [10] and the
suppression of inflammation-induced kidney damage by the use of a free radical scavenger
Prc-210 [11]. The underlying protective mechanisms of these approaches likely involve the
mitigation of mitochondrial oxidative stress and the restoration of redox balance.

In summary, mitochondrial oxidative stress and redox imbalance drive renal mito-
chondrial abnormalities, which can be attributed to the over-production of mitochondrial
reactive oxygen species. As summarized by Aranda-Rivera et al. and Ito et al. in their
review articles published in this Special Issue [5,12], numerous processes and signaling
pathways are involved, and these can collectively contribute to the pathogenesis of a given
kidney disease. These pathways include posttranslational modifications of proteins, mito-
chondrial fusion and fission, mitophagy, biogenesis, Warburg effects, Krebs cycle, electron
transport chain, oxidative phosphorylation, and mitochondrial uncoupling. Further dis-
section of each of these processes or signaling pathways may provide novel insights into
designing additional therapeutic approaches to fight kidney disease.

Conflicts of Interest: The author declares no conflict of interest.
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K. Elevated levels of renalase, the β-nad(p)h isomerase, can be used as risk factors of major adverse cardiovascular events and
all-cause death in patients with chronic kidney disease. Biomolecules 2021, 11, 1514. [CrossRef] [PubMed]

10. Zlatev, H.; von Horn, C.; Minor, T. Preservation of mitochondrial coupling and renal function by controlled oxygenated rewarming
of porcine kidney grafts. Biomolecules 2021, 11, 1880. [CrossRef] [PubMed]

11. Goesch, T.R.; Wilson, N.A.; Zeng, W.; Verhoven, B.M.; Zhong, W.; Coumbe Gitter, M.M.; Fahl, W.E. Suppression of inflammation-
associated kidney damage post-transplant using the new prc-210 free radical scavenger in rats. Biomolecules 2021, 11, 1054.
[CrossRef] [PubMed]

12. Aranda-Rivera, A.K.; Cruz-Gregorio, A.; Aparicio-Trejo, O.E.; Pedraza-Chaverri, J. Mitochondrial redox signaling and oxidative
stress in kidney diseases. Biomolecules 2021, 11, 1144. [CrossRef] [PubMed]

2



biomolecules

Review

Cadmium-Induced Kidney Injury: Oxidative Damage as a
Unifying Mechanism

Liang-Jun Yan * and Daniel C. Allen

Citation: Yan, L.-J.; Allen, D.C.

Cadmium-Induced Kidney Injury:

Oxidative Damage as a Unifying

Mechanism. Biomolecules 2021, 11,

1575. https://doi.org/10.3390/

biom11111575

Academic Editor:

Theodoros Eleftheriadis

Received: 16 September 2021

Accepted: 20 October 2021

Published: 23 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Pharmaceutical Sciences, College of Pharmacy, University of North Texas Health Science Center,
Fort Worth, TX 76107, USA; danielallen@my.unthsc.edu
* Correspondence: liang-jun.yan@unthsc.edu; Tel.: +1-817-735-2386; Fax: +1-817-735-2603

Abstract: Cadmium is a nonessential metal that has heavily polluted the environment due to hu-
man activities. It can be absorbed into the human body via the gastrointestinal tract, respiratory
tract, and the skin, and can cause chronic damage to the kidneys. The main site where cadmium
accumulates and causes damage within the nephrons is the proximal tubule. This accumulation can
induce dysfunction of the mitochondrial electron transport chain, leading to electron leakage and
production of reactive oxygen species (ROS). Cadmium may also impair the function of NADPH
oxidase, resulting in another source of ROS. These ROS together can cause oxidative damage to
DNA, proteins, and lipids, triggering epithelial cell death and a decline in kidney function. In this
article, we also reviewed evidence that the antioxidant power of plant extracts, herbal medicines,
and pharmacological agents could ameliorate cadmium-induced kidney injury. Finally, a model
of cadmium-induced kidney injury, centering on the notion that oxidative damage is a unifying
mechanism of cadmium renal toxicity, is also presented. Given that cadmium exposure is inevitable,
further studies using animal models are warranted for a detailed understanding of the mechanism
underlying cadmium induced ROS production, and for the identification of more therapeutic targets.

Keywords: cadmium; kidney injury; renal toxicity; mitochondria; oxidative damage; proximal tubule

1. Introduction

The kidney is a vital organ that performs critical physiological functions by actively
filtering excess fluid and secreting waste products including urea, uric acid, and creati-
nine [1,2]. It is through the process of filtration and reabsorption that the kidneys maintain
homeostasis of water, acid-base and, electrolytes [3]. Moreover, the kidney also secretes
hormones that participate in the control and regulation of hemodynamics, red blood cell
production, and vitamin D maturation [3]. Under abnormal conditions such as fasting and
insulin resistance, the kidney can also make glucose via the gluconeogenic pathway [4–6]
using noncarbohydrate precursors such as pyruvate, alanine, lactate, and glycerol [7].

The kidney is also vulnerable to injuries caused by numerous challenges such as is-
chemia [8–12], drug toxicity [13–19], environmental heavy metal exposure [20–27], hyper-
tension [28–30], immune injury [31,32], and diabetes [33–36]. In terms of environmental risk
factors, human kidney disease caused by environmental pollutants and occupational-linked
toxins is a major public health issue [37]. Cadmium is a toxic heavy metal mainly derived from
chemical stabilizers, pigments, nickel-cadmium batteries, and metal coatings and alloys [38].
It is also a toxic element in cigarettes [38]. Accordingly, contaminated soil, air, drinking
water, food chains [39,40], and cigarettes, as well as children’s plastic toys [41], are the major
sources of human cadmium exposure. Numerous studies focusing on cadmium toxicity have
established that the kidney is a primary organ site for cadmium accumulation [42,43]. Indeed,
cadmium exposure has been tightly associated with renal dysfunction and kidney damage,
causing polyuria and proteinuria [23,24]. The proximal tubule is the major site of cadmium
deposition, accumulation, and damage because of the development of proximal tubular

Biomolecules 2021, 11, 1575. https://doi.org/10.3390/biom11111575 https://www.mdpi.com/journal/biomolecules
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epithelial cell hypertrophy with occurrence of polyuria and proteinuria [44–46]. Therefore,
it is important to counteract cadmium-induced kidney injury to safeguard kidney function.

2. Cadmium Absorption, Transportation, and Accumulation in the Kidney

Cadmium has a high affinity toward thiol groups and can selectively form complexes with
proteins and peptides whose cysteine residues are available for cadmium binding [47,48]. After
ingestion of cadmium-contaminated water, food, and/or cigarette smoking, cadmium can be
absorbed into circulation via the gastrointestinal tract, respiratory tract, or the skin [49–51].
Once in the blood, cadmium binds to albumin and other cysteine-containing proteins and
peptides such as glutathione [37] and gets transported via many avenues to the liver [37]
whereby the heavy metal is then released and induces the expression of metallothionein that
then binds tightly to cadmium [52,53]. This binding serves the purpose of detoxification as
the cadmium-metallothionein complex is usually considered nontoxic [54]. The cadmium-
metallothionein complex can be released into the bloodstream and is then filtered at the
glomerulus and reabsorbed by the proximal tubular epithelial cells [55]. This is followed by
release of cadmium from the degradation of the cadmium-metallothionein complex [55]. The
free form of cadmium in the proximal tubular region of the nephron can then bind to pre-
existing renal metallothionein and induce further renal expression of metallothionein [50].
When renal metallothionein is exhausted [56,57], the nonmetallothionein bound cadmium
accumulates and induces nephrotoxicity [49–51,58,59], primarily in the proximal tubular
region (Figure 1) via generation of oxygen free radicals [60–62]. As up to 50% of the body’s
cadmium pool can deposit in the kidney [37] and the half-life of cadmium in the kidney
is approximately 45 years [63–67], cadmium-caused renal toxicity can pose a major threat
to human health, particularly in countries where environmental control and regulation
are lacking. It should be noted that while the binding of cadmium to metallothionein
is a well-established mechanism, other thiol-containing proteins and peptides such as
albumin and glutathione can also bind cadmium, leading to functional impairment of these
cadmium bound target proteins and peptides [50].

Figure 1. Diagram showing the proximal convoluted tubule as the major site of cadmium accumula-
tion and toxicity in the nephrons “*”.

3. Cadmium-Induced Animal Models of Kidney Injury

Given the fact that human cadmium exposure is a chronic process at a very low level,
any investigation of cadmium renal toxicity would require many years of monitoring and
follow-up studies. Therefore, animal models using mice or rats have been widely used to
replicate the pathophysiological mechanisms of cadmium renal toxicity [39,40,42,68]. In
numerous cases, high doses of cadmium were applied in these animal models to shorten the
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duration of the studies and facilitate the process of obtaining insights into the mechanisms
of cadmium renal toxicity. As mentioned above, studies using rodent models as well
as results from human subjects have established that the primary target of cadmium in
the nephron is the proximal tubule, whereby cadmium causes overall dysfunction of the
epithelial cells [51,69,70], resulting in polyuria and proteinuria [50,51]. There is also an
increase in urinary excretion of amino acids, glucose, and electrolytes such as Na+. K+,
and Ca2+ [50,51]. Increasing evidence also indicates that a variety of risk factors such as
aging [71], malnutrition [72], obesity [73–75], and diabetes [27,76] can further superimpose
on cadmium renal toxicity and aggravate cadmium-induced renal dysfunction.

It should be stressed that in animal model studies of cadmium renal injury, a variety
of doses, routes, and duration of exposures have been performed. The purpose of all
these approaches is to try to replicate or recapitulate the toxico-kinetics and underlying
mechanisms of long-term, low-level exposure that commonly occur in humans [50].

4. Mechanisms of Cadmium-Induced Renal Toxicity

What is the proposed mechanism of cadmium-induced kidney injury? Based on numer-
ous studies, all injurious pathways converge on ROS production and culminate in oxidative
stress [77–81], which suggests that oxidative damage is a unifying mechanism of cadmium-
induced renal toxicity and injury. We also think that the major sources of ROS causing
oxidative damage in this context are mitochondria and NADPH oxidase, described as follows.

5. Sources of Reactive Oxygen Species

5.1. Mitochondria

Mitochondria are well known as the intracellular site of ROS production [82–85].
Among the electron transport chain components complexes I, II and III have all been
established as major sites of ROS production [86–89]. These sites are not perfect even
under normal conditions and can leak electrons out of the transport chain [90,91] (Figure 2).
The leaked electrons can then partially reduce oxygen to form superoxide anion, which is
the precursor of all other reactive oxygen species including H2O2, hydroxyl radical, and
peroxynitrite [92,93] (Figure 3). Additionally, dihydrolipoamide dehydrogenase involved
enzyme complexes such as pyruvate dehydrogenase, α-ketoglutarate dehydrogenase, and
branched chain amino acid dehydrogenase can also produce superoxide anion in a variety
of experimental and pathological conditions [94–97].

Figure 2. Diagram showing mitochondrial electron transport chain and oxidative phosphoryla-
tion. Complexes I, II, and III all can generate superoxide anion. This process can be enhanced by
pathophysiological conditions such as cadmium exposure and accumulation. Note that it has been
suggested that complexes II and III are the likely sites interacting with cadmium [98].
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Figure 3. Production of other reactive oxygen species and reactive nitrogen species from the initial species superoxide.
Superoxide can be dismutated by superoxide dismutase to form H2O2, which can be further detoxified by catalase. In the
presence of metal ions such as iron, H2O2 can also generate very reactive species hydroxyl radical. Additionally, superoxide
can react with nitric oxide to form peroxynitrite that is also very reactive toward macromolecules.

5.2. NADPH Oxidase

NADPH oxidase (NOX) can generate superoxide anion using NADPH as its reducing
agent [99]. So far, seven NOXs have been identified (NOX 1-5, Duox1 and DuoX2) [99].
These isoforms differ in many aspects including catalytic oxidase subunit, tissue distri-
bution, intra-cellular location, and mechanisms of regulation [100,101]. All NOXs are
composed of multiple subunits. Upon stimulation, these subunits will come together and
assemble to form a membrane-associated complex to generate superoxide at the expense of
NADPH [102]. Figure 4 shows a representative diagram of NOX assembly upon stimula-
tion whereby the major site of ROS production is the gp91phox subunit with other proteins
being the ancillary units required for the regulation and functioning of the whole enzyme
complex. It should be noted that Figure 4 only shows the assembly of NOX2. The structural
and compositional variations of other NOX isoforms [103] and their potential interaction
with cadmium may also play a role in cadmium induced renal toxicity. Under normal
conditions, these NOXs function in a beneficial way by regulating kidney metabolism
and homeostasis including glucose transport, gluconeogenesis, renal hemodynamics, and
electrolyte transport and balance [99]. Under pathophysiological conditions, these NOXs,
in particular NOX2 and NOX4 in the kidney, can overgenerate ROS that are damaging to
cellular components including DNA, proteins, and lipids, causing cell death and kidney in-
jury [99,104–106]. It has been reported that cadmium exposure can increase the expression
of NOX1 subunits, leading to increased ROS production from the enzyme [107]. Never-
theless, it is not known exactly which subunit in the NADPH oxidase physically interacts
with cadmium at the present time. It should be noted that xanthine oxidase [108,109] and
nitric oxide synthase [110–112], although not a major source of ROS in the kidney, may
also contribute to renal oxidative stress under a variety of pathological and experimental
conditions including cadmium exposure. It should also be pointed out that comprehensive
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evaluations of the roles of NADPH oxidases, xanthine oxidase, and nitric oxide synthase in
cadmium-induced kidney injury remain to be conducted.

 

Figure 4. NADPH oxidase assembly and superoxide production at the expense of NADPH. Upon
stimulation, each individual subunit of the enzyme is recruited to the membrane and form a
membrane-associated complex. Only one subunit GP91 catalyzes partial reduction of oxygen. This
figure is adapted from reference [102]. Please not that shown here is NOX2 assembly. For structures
and components of other NXO isoforms, please refer reference [103].

6. Effects of Cadmium on Mitochondrial Function

Cadmium can enter mitochondria and accumulate therein [113,114]. This is likely
facilitated by mitochondrial membrane channels, and solute molecule carriers and recep-
tors [114]. Once inside the mitochondria, cadmium can bind thiol-containing proteins and
impair the corresponding protein function [80]. Studies have demonstrated that upon
exposure to cadmium, kidney mitochondria displayed deformation, swelling, and vac-
ulation, concurrent with increased SOD1 expression and decreased SOD2 and catalase
expression [115]. Additionally, the anti-apoptotic protein BCL-2 was also found decreased
by cadmium exposure [115]; so was the ratio between reduced glutathione and oxidized
glutathione [60]. All these could be a generalized cadmium mitochondrial toxicity and the
ultimate outcome would be reflected by overproduction of mitochondrial ROS, disruption
of mitochondrial metabolic pathways, and impairment of mitochondrial pores, membrane
channels and transporters [80]. It has been reported that complex II and complex III may
be the major sites impaired by cadmium in the nephrons [98] while the effects of cadmium
on proximal tubular mitochondrial complex I (NADH-ubiquinone oxidoreductase) remain
unclear. Disruption of all these processes by cadmium would increase mitochondrial ROS
production and eventually lead to cell death and kidney injury [80,114,116–119]. An outline
of cadmium induced ROS production, oxidative damage to macromolecules, cell death,
and kidney injury is shown in Figure 5, highlighting the concept that oxidative damage is
a unifying mechanism of cadmium-induced kidney injury.
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Figure 5. ROS can damage DNA, proteins, and lipids. Damage of the molecules impairs the biological
function of each molecule, leading to cell death and kidney injury. Cell death may include both
necrosis and apoptosis.

7. Counteracting Effects of Natural Products, Chemicals and Pharmacological Agents
on Cadmium-Induced Kidney Injury

In further support of the notion that oxidative stress and oxidative damage are the
universal mechanisms underlying renal toxicity by cadmium, we herein tabulate evidence
that numerous natural products such as plant extracts and herbal medicines have been used
to counteract the oxidative, deleterious effects of cadmium on the kidney. Many of these
studies used cadmium-induced animal models of kidney injury as a platform [120]. Table 1
selectively shows some of the reported plant extracts and herbs as well as exogenous
chemicals and pharmacological agents that can attenuate cadmium-induced oxidative
stress involved in kidney injury. Additionally, many of these approaches can also induce
the activation of endogenous cellular defense systems such as Nrf2, superoxide dismutase,
glutathione peroxidase, and catalase [74,121–124]. Some studies using kidney cell lines
such as HEK293 are also included in the table. It should be pointed out that among all the
compounds and chemicals listed in Table 1, it is very difficult to identify which one would
be the most efficient in terms of combating confirmed cadmium-induced kidney injury as
cross examination and comparison of these natural products on a same platform under
exactly the same experimental conditions have not been conducted. In addition, whether
administration of these natural antioxidants could increase the efflux of cadmium out of
the body remains to be investigated.
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Table 1. Counteracting effects of exogenous compounds such as plant extracts, herbs, chemicals and pharmacological
agents on cadmium induced renal toxicity.

Plant/Extract/Chemical Rodent Model Mechanism Reference

Allium hirtifolium boiss Rats Anti-oxidative stress [125]
Apple juice Rats Anti-oxidative stress [126]

Arctium lappa Rats Anti-oxidative stress [127]
Carnosic acid Mice and cells Anti-oxidative damage [128]

Catechin Rats Anti-oxidative damage [129]
Caffeic acid phenethyl ester Rats Anti-oxidative stress [130,131]

Chelidonium majus leaves Rats Antidiuretic [132]
Chorella pyrenoidosa Rats Antihyperglycemic [133]

Cleistocalyx nervosum var. paniala Rats Increasing antioxidation power [134]
Coriandrum sativum leaf Mice Anti-oxidative stress [135]

Curcumin Rats Anti-oxidative stress [136]
Edaravone Mice/Cells Inhibiting oxidative stress [137]
Elderberry Rats Increasing antioxidant enzymes [138]

Epigallocatechin-3-gallate Rats Increasing antioxidant defense [139]
Eucommia ulmoides bark Rats Anti-oxidative damage [140]

Ferulic acid Rats Anti-oxidative stress [78]
Fragaria ananassa Rats Anti-oxidative stress [141]

Ginger Rats Decrease lipid peroxidation [142]
Glutathione Rats Anti-oxidative stress [143]

Glycyrrhiza glabra Rats Anti-oxidative stress [144]
Grape seed procyanidin Mice Antioxidants [145]

Grape skin/purple carrot Rats Anti-oxidative damage [146]
Green/black/red/white tea Rats Anti-oxidative damage [147]

Green olive leaf Renal cells (MCD4) Anti-oxidative stress [148]
Herbal adaptogens Chicken Anti-oxidative damage [21]

Ipomoea aquatic/Enhydra fluctuans Mice Anti-oxidation/anti-apoptosis [149]
Irvingia gabonesis stem bark Rats Increasing antioxidant defense [150]

Licorice Rats Anti-oxidative damage [151] **
Ligustrazine Rats Restoring renal function [152]
Lipoic acid Rats Anti-apoptosis [68,153]

Onion/garlic Rats Anti-oxidative stress [154]
Origanum majorana L. Rats Anti-oxidative damage [155]
Persea americana seeds Rats Mitigating oxidative stress [156]

Physalis peruviana L Rats Anti-oxidation/Anti-apoptosis [157]
Picroliv Rats Anti-oxidative stress [158]

Plantamajoside Rats Decrease oxidative damage [159]
Pleurotus ostreatus Rats (female) Mitigating oxidative damage [160]
Potentilla anserine Mice and cells Anti-oxidative stress [161]

Puerarin Rat proximal tubule cells Restoring mitochondrial function [162]
Quercetin Rats Suppressing ER stress [163]

Resveratrol Chickens Anti-oxidative stress [164]
Roflumilast Rats Increasing antioxidant defense [165]

Rosmarinic acid Mice Anti-oxidative damage [166]
Royal jelly Mice (male) Antioxidation/Nrf2 activation [39]

Rutin Rats Inhibiting oxidative stress [167]
Salvia officinalis Rats Anti-oxidative damage [168]

Salvia miltiorrhiza Rats Anti-oxidative injury [169]
Sana Makki Rats Anti-oxidative stress/Nrf2 [170]

Selenium yeast Chicken Mitigating necroptosis [171]
Sesamol Rats Inhibiting oxidative stress [172]

SInapic acid Rats Inhibiting oxidative stress [173]
Solanum torvum Swartz Rats Anti-oxidative stress [174]

Spinacia oleracea polysaccharides HEK293 cells Anti-oxidative stress [175]
Telmisartan Mice Suppressing oxidative stress [176]

Tetrahydrobiopterin Rats Maintaining mitochondria integrity [177]
Thunbergia laurifolia leaf Kidney cells Increasing antioxidant enzymes [178]

9



Biomolecules 2021, 11, 1575

Table 1. Cont.

Plant/Extract/Chemical Rodent Model Mechanism Reference

Thymus serrulatus essential oil Rats Anti-oxidative stress [179]
Thymoquinone Rats Increasing glutathione [180]

Tinospora cordifolia Rats Anti-oxidative stress [181]
Trehalose Rats Inhibiting oxidative stress [182]

Tribulus terrestris linn Rats Anti-oxidation [183]
Vitamin C Rabbits Anti-oxidative stress [184]
Vitamin E Rats Enhancing antioxidant defense [185]

** Please note that licorice could also pose renal toxicity under certain conditions [186].

8. Other Potential Interventional Approaches

In addition to the plant extracts, herbs and pharmacological agents as shown in Table 1,
there are other approaches that have also been applied to counteract cadmium-induced
kidney injury. For example, caloric restriction as an established interventional approach
for aging and age-related diseases [187–190] has been demonstrated to mitigate cadmium-
induced renal toxicity and kidney dysfunction [191]. Dietary restriction of calcium intake
has also been shown to enhance cadmium-induced expression of metallothionein, which
could minimize cadmium toxicity [192]. The protective effects of preconditioning and
postconditioning observed in numerous studies [193–195], if any, elicited by a variety of
approaches including ischemia, hypoxia, chemicals or pharmacological agents are yet to
be investigated. Additionally, metal chelation using specific chelating agents may also
be considered as an interventional approach [196]. Recent findings that persulfide and
polysulfide can bind to cadmium thereby decreasing cadmium toxicity [197–199] may also
provide potential approaches for counteracting cadmium-induced kidney injury.

9. Postulated Model of Cadmium-Induced Proximal Tubule Lesion

Prozialeck and Edwards proposed a model of proximal convoluted tubular cell in-
jury in 2012 [50] that we think elaborates very well the mechanism of cadmium-induced
kidney injury in terms of oxidative damage as a unifying mechanism. This model is
similar to what has been proposed to explain the mechanisms of ischemic acute kidney
injury [8,10,200,201]. Essentially, as diagramed in Figure 6, under healthy conditions and
in the absence of cadmium deposit and accumulation, epithelial cells in the proximal
tubule are closely associated with each other via specialized junctional structures. These
epithelial cells align orderly and tightly on the tubular basement membrane via local
adhesion molecules to collectively achieve filtration and reabsorption. In the presence
of cadmium, which can accumulate in the cytosolic and mitochondrial compartments,
cadmium binds thiol-containing proteins and peptides, leading to functional impairment
of these cadmium-bound proteins and peptides. Consequently, such impairments cause
mitochondrial electron leakage or NADPH oxidase dysfunction, resulting in enhanced
production of ROS and elevated levels of oxidative stress. If the oxidative stress is mild,
the tubular cells can repair themselves and resume normal function. It should be noted
that this self-repair is likely achieved by de-differentiated tubular epithelial cells instead
of differentiated and fixed tubular progenitor cells [202,203]. However, if the oxidative
stress is severe and overwhelms cellular repair capacity, an irreversible damage process
occurs and cells die by means of apoptosis, necrosis or both [204,205], leading to cell-cell
and cell-basement membrane dissociations. This would lead to proteinuria, polyuria, and
a progressive decline in kidney function. This functional decline, however, may be inter-
vened and halted by the antioxidative approaches shown in Table 1 if applied appropriately.
It should be pointed out that in order to distinguish cadmium-induced proteinuria from
primary glomerular lesion, the magnitude of proteinuria and a cadmium concentration
dependent manner will need to be characterized.

10



Biomolecules 2021, 11, 1575

Figure 6. Schematic diagram depicting cadmium-induced injury to proximal tubular epithelial cells. When oxidative
damage is mild, the cells can mobilize their repair defense system and self-repair, leading to maintenance of cellular function.
When oxidative damage is severe, cells lose their self-repair capacity and die, leading to widespread cell death and kidney
injury. (Adapted from reference [50]).

10. Diagnosis of Cadmium-Induced Kidney Injury

While diagnosis of cadmium-induced kidney injury is complicated by factors such as
dosage of exposure, duration of exposure, early stage injury or late stage irreversible injury
as well as whether there does any exist underlying disease, a series of parameters could
be combined to indicate whether a kidney injury is caused by cadmium exposure. These
parameters include measurements of blood and urine cadmium, urinary metallothionein,
urinary β2-microglobulin and N-acetyl-β-glucosaminidase. In addition, kidney injury
molecule-1 (Kim-1) could also be used to indicate early stage of cadmium-induced proximal
tubular injury [50]. Moreover, severe cadmium poisoning could also cause pains in the
spine and joints [24]. Collectively, measurements of these biomarkers or indices should
provide good evidence that a cadmium-caused kidney injury has occurred. It should be
noted that once these biomarkers appear and are detectable, cadmium induced kidney
injury might be at an advanced stage that is irreversible. Therefore, novel biomarkers of
cadmium-induced early stage kidney injury remain to be explored.

11. Summary

Cadmium exposure and cadmium-induced kidney disease are major public health
issues. Mitochondria and NADPH oxidase can be impaired by cadmium that accumulates
in the proximal tubular site of nephrons, and thus, are the major sources of ROS. Therefore,
the main underlying mechanism of cadmium renal toxicity is enhanced oxidative stress
and associated damage to DNA, proteins, and lipids, eventually leading to cell death,
kidney injury, and decline in kidney function (Figure 5). Given that cadmium exposure is
inevitable in the foreseeable future, cadmium-induced animal models of kidney disease
should continue to play an important role in investigating the etiological, pathological,
pharmacogenetic, pharmacological, and therapeutic aspects of cadmium-induced kidney
disorders. Finally, in addition to elucidating the detailed mechanisms of cadmium-caused
mitochondrial oxidative stress and redox imbalance, future studies should also explore
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novel biomarkers that can be used to diagnose early kidney injury by cadmium exposure.
Moreover, whether administration of natural products such as those listed in Table 1 could
increase the efflux of cadmium out of the body remains to be investigated.
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Abstract: Diabetic kidney disease (DKD) is a common and severe complication of diabetes mellitus.
If left untreated, DKD can advance to end stage renal disease that requires either dialysis or kidney
replacement. While numerous mechanisms underlie the pathogenesis of DKD, oxidative stress driven
by NADH/NAD+ redox imbalance and mitochondrial dysfunction have been thought to be the
major pathophysiological mechanism of DKD. In this review, the pathways that increase NADH
generation and those that decrease NAD+ levels are overviewed. This is followed by discussion
of the consequences of NADH/NAD+ redox imbalance including disruption of mitochondrial
homeostasis and function. Approaches that can be applied to counteract DKD are then discussed,
which include mitochondria-targeted antioxidants and mimetics of superoxide dismutase, caloric
restriction, plant/herbal extracts or their isolated compounds. Finally, the review ends by pointing
out that future studies are needed to dissect the role of each pathway involved in NADH-NAD+

metabolism so that novel strategies to restore NADH/NAD+ redox balance in the diabetic kidney
could be designed to combat DKD.

Keywords: diabetic kidney disease; caloric restriction; NADH/NAD+; redox imbalance; mitochon-
drial homeostasis; mitophagy; oxidative stress

1. Introduction

Constituting approximately 0.51% to 1.08% of the body weight, the kidneys are an energy-
demanding organ and receive approximately 20–25% of the cardiac output [1–3]. Every 24 min,
it filters a volume equal to that of whole plasma volume; and every 6 h, it filters a volume
equal to that of total body water [3]. Given this workload, the kidney needs a large amount of
ATP produced by mitochondria, which, unfortunately, also generate reactive oxygen species
(ROS) as metabolic byproducts [4–6]. Therefore, the kidney is under constant attack from ROS.
Such is indeed the case in diabetic kidney disease (DKD) whereby oxidative stress is elevated
and mitochondrial dysfunction is aggravated, leading to renal injury [7,8]. DKD, also known
as diabetic nephropathy [9–13], is a common complication of diabetic mellitus, including
both type 1 and type 2 diabetes. While type 1 diabetes is caused by lack of insulin due to
pancreatic β cell destruction [14–16], type 2 diabetes could be caused by insulin resistance or
insulin deficiency [17–22]. The hallmark of diabetes is a persistent high blood glucose content
(hyperglycemia) that can damage a variety of tissues and cells [15,21–23]. In the kidney, renal
microvascular structures are the major targets of high blood glucose [24–27]. Additionally,
given the facts that the kidney is the organ where mature or active form of vitamin D is
made [28–30] and erythropoiesis erythropoietin is produced [31–33], DKD can also lead to
vitamin D deficiency and anemia [34–40]. Therefore, while there is great understanding of the
pathophysiology and progression of DKD, novel and effective treatment approaches are still
needed as current therapeutic options remain limited.

While many mechanisms underlie the pathogenesis of DKD including protein kinase
C pathway [41,42], hexosamine pathway [43,44], formation of advanced glycation end
products [45,46] and the polyol pathway [47,48]; at the molecular level, redox imbalance of
NADH/NAD+ caused by deranged glucose metabolism [49–51] may stand out as a distinct
mechanism of diabetic kidney injury [52–55]. This is because electrons from breakdown
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of glucose and other nutrients such as fatty acids and amino acids are stored in NADH
using NAD+ as the electron acceptor [56–58]. Therefore, a key feature of diabetes mellitus
is oversupply of NADH and under supply of NAD+ [48,51,59].

2. Sources of Elevated NADH in Diabetes

In addition to the conventional metabolic pathways that extract electrons by breaking
the chemical bonds in carbohydrates and fatty acids (Figure 1), other glucose utilization
pathways are activated by hyperglycemia [47]. One of these pathways is the polyol
pathway [60,61] (Figure 2), which can burn up to 30% of the glucose pool in a diabetic
patient [62]. This pathway converts glucose to fructose and also converts NADPH to
NADH. There is also an intermediate product known as sorbitol, which could accumulate
and impair cellular osmosis in the kidney [63,64]. While the first reaction from glucose
to sorbitol is catalyzed by aldose reductase, the second reaction from sorbitol to fructose
is catalyzed by sorbitol dehydrogenase. In this pathway, aldose reductase is the rate-
limiting enzyme that has a high Km value for glucose [65]. Therefore, numerous studies
have focused on aldose reductase as a potential therapeutic target in diabetes [66–71].
In particular, attention has been paid to develop small molecule compounds that can
inhibit aldose reductase [72–76] to prevent accumulation of sorbitol and fructose and to
prevent build-up of NADH, the elevation of which can perturb NADH/NAD+ redox
balance, initiating reductive stress and oxidative stress. Furthermore, the contribution of
the polyol pathway to diabetes development has been demonstrated by the use of aldose
reductase animal models whereby lack of aldose reductase prevents the development of
diabetes [76]. It should be noted that this NADH/NAD+ redox imbalance is also termed
as pseudohypoxia in diabetes [77,78] because hypoxia and ischemia often leads to NADH
accumulation and NAD+ depletion [79–81]. It should also be noted that endogenous
production of fructose via the polyol pathway has been shown to cause increased fructose
and fructose-1-phosphate contents in the kidney, leading to aggravation of DKD [82].

Figure 1. The conventional metabolic pathways that generate NADH from NAD+. Shown are the
glycolytic pathway, fatty acid oxidation, and the Krebs cycle. These are the major pathways that store
electrons in NADH by breaking the chemical bonds in dietary components including glucose, fatty
acids. Enzymes involved in direct production of NADH are also indicated in the diagram.
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Figure 2. The polyol pathway. This pathway contains two reactions. The first reaction converting
glucose to sorbitol is catalyzed by aldose reductase. This enzyme is rate-limiting for the whole
pathway. The second reaction converting sorbitol to fructose is catalyzed by sorbitol dehydrogenase.
The final products are NADH and fructose, and sorbitol is an intermediate product. Note that
NADPH is consumed by aldose reductase in the first reaction. Additionally, accumulation of sorbitol
in the kidney could cause osmotic problems for nephrons [63,64].

3. Pathways of NAD+ Consumption in Diabetes

3.1. The Poly ADP Ribosylase Pathway

While NADH is over-supplied in diabetes, NAD+ could be depleted in diabetes. One
major pathway utilizing NAD+ is the poly ADP ribosylase catalyzed reaction (Figure 3A),
which is activated due to DNA damage by ROS in diabetes and uses NAD+ as a substrate
thereby leading to degradation of NAD+ [83–85]. The contribution of this pathway to
the pathogenesis of diabetes has been confirmed by studies using poly ATP ribosylase
deficient mouse, in which lack of the enzyme prevents development of diabetes [86,87],
demonstrating the detrimental effects of NAD+ depletion in diabetes.

Figure 3. Major pathways that consume NAD+. Shown are (A) the poly ADP ribosylase reaction;
(B) the sirtuin-catalyzed deacetylation reaction; (C) the CD38 NAD+ degradation pathway; (D) the
NAD kinase pathway converting NAD+ to NADP+. All the shown pathways or reactions use NAD+

as the respective enzyme’s substrate.

23



Biomolecules 2021, 11, 730

3.2. The Sirtuins Pathway

Another pathway that also consumes NAD+ is the sirtuin proteins [88,89] (Figure 3B),
which remove acetyl groups from acetylated proteins using NAD+ as a substrate. This
pathway may play an important role in lowering NAD+ levels in early stages of diabetes,
but at advanced stages of diabetes, sirtuin protein contents tend to be down regulated [90].
Therefore, it is likely that sirtuin deficiency in advanced stages of diabetes contributes less
to NAD+ depletion in diabetes.

3.3. The CD38 Pathway

CD38 is an NADase that catalyzes the degradation of NAD+ [91–93] (Figure 3C). This
enzyme has been shown to be upregulated in a variety of diseases as well as aging [92,94],
leading to decreased content of NAD+ that would impair the function of sirtuins and poly
ADP ribosylase [95,96]. CD38-driven NAD+ deficiency has been shown to be responsible
for organ fibrosis and diabetic kidney dysfunction [97]. Conversely, CD38 inhibitors
have been shown to mitigate mitochondrial oxidative stress in DKD via restoration of
NADH/NAD+ redox balance [98].

3.4. The NAD Kinase Pathway

NAD kinase (NADK) exists both in the cytosol and in the mitochondria [99,100].
This protein is the sole enzyme responsible for conversion of NAD+ to NADP+ [101,102]
(Figure 3D). Given the key role of NADP+ in maintaining the levels of cellular antioxidant
glutathione [103–105], NADK is an indispensable element in the redox metabolic pathways.
Although many studies have been conducted on NADK in a variety of experimental
systems, the role of this protein in DKD has yet to be explored. Furthermore, as NADK
consumes NAD+, how it is involved in maintaining or perturbing NADH/NAD+ redox
balance in DKD will also need to be investigated. The major pathways causing increase in
NADH and decrease in NAD+ as well as NAD+ regeneration by mitochondrial complex I
and lactate dehydrogenase (under hypoxia) are summarized in Figure 4.

Figure 4. Diagram summarizing the pathways that cause NADH increase and NAD+ decrease in the
diabetic kidneys. Regeneration of NAD+ from NADH by either mitochondrial complex I or lactate
dehydrogenase (under hypoxic conditions) is also shown.

4. Redox Imbalance-linked Mitochondrial Dysfunction in DKD

One of the major consequences of NADH/NAD+ redox imbalance is mitochondrial ox-
idative stress due to oversupply of NADH to the mitochondrial electron transport
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chain [47,106,107]. This is caused by electron leakage from the electron transport
chain [6,108–112], as it cannot use all of the NADH for ATP production [90,113]. As such,
oxygen is partially reduced to form superoxide anion via the electron transport chain, mainly
through complexes I, III and IV [114,115]. This mitochondrial superoxide, regardless of the
exact site of its generation, is the original source of oxidative stress that can cause oxidative
damage to DNA, proteins and lipids [116–119]. Accumulation of these oxidatively damaged
macromolecule adducts can eventually lead to cell death and kidney failure [120,121].

While NADH/NAD+ redox imbalance drives the initial event of superoxide produc-
tion in mitochondria [47,48,122], other abnormalities of mitochondria could also manifest
in DKD, culminating in decreased oxygen consumption and ATP production. As mito-
chondrion is a dynamic organelle, disruption of its fission and fusion processes [123],
also knowns as mitochondrial homeostasis [123–125], can also worsen diabetic kidney in-
jury [126]. Indeed, dynamin-related protein 1 (Drp1), well known for its role in regulating
mitochondrial fission, has been shown to be upregulated to cause mitochondrial fragmenta-
tion in DKD [127–129]. Conversely, mitochondrial fusion regulating proteins such as optic
atrophy-1 (opa1) and mitochondrial fusion proteins, in particular, mitochondrial fusion
protein 2 (Mfn2), have been shown to be down regulated to impair mitochondrial fusion
in DKD [130–132]. This disruption of mitochondrial homeostasis is linked with redox
imbalance and oxidative stress accompanied with impairment of mitochondrial membrane
potential and release of apoptosis stimulating factors such as cytochrome c and apoptosis
inducing factor (AIF) [133–136]. These deranged mitochondrial dynamics, if left unat-
tended or uncorrected, would eventually lead to accumulation of damaged mitochondria,
which could overwhelm the mitophagy capacity that is regulated by key proteins such as
PINK1 and Parkin [137–140], resulting in cell death and worsened diabetic kidney injury.
Therefore, mitochondrial homeostasis and dynamics can also serve as targets for renal
therapy in DKD. Figure 5 outlines the potential deleterious mitochondrial consequences of
NADH/NAD+ redox imbalance implicated in the pathogenesis of DKD.

Figure 5. Mitochondrial dysfunction driven by NADH/NAD+ redox imbalance and the potential mi-
tochondrial mechanisms underlying pathophysiology of DKD. These mechanisms include increased
mitochondrial oxidative damage, decreased ATP production, perturbed mitochondrial membrane
potential and deranged mitochondrial homeostasis and impaired sirt3 pathway as well as Nrf2
signaling pathway. The ultimate manifestation of these mitochondrial dysfunctional mechanisms is
renal inflammation, fibrosis and diabetic kidney injury.
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It is also worth mentioning that a hallmark of the diabetic kidney is hyperfiltration,
so that the energy demands of the proximal tubule are greatly increased [141–143]. This
may temporarily ameliorate the NADH/NAD+ redox imbalance as NADH utilization
is increased for ATP production. However, as increased NADH consumption means
more oxygen consumption and more electron leakage from mitochondria for superoxide
production [114,144,145], tubular cells could exhibit increased oxidative stress, which
could eventually lead to hyperfiltration linked diabetic nephropathy [53,146]. Nonetheless,
whether there is an increased mitochondrial superoxide production linked to hyperfiltration
and increased ATP demands remains to be determined.

5. Therapeutic Approaches to Counteracting DKD

5.1. Superoxide Dismutation and Suppression

There are at least 11 mitochondrial sites that are involved in superoxide gener-
ation [147]. Therefore, overall approaches of dismutating superoxide could alleviate
DKD [148]. Recently, small molecules that can suppress or inhibit mitochondrial super-
oxide production have been developed. Typical examples of these small molecules are
S1QELs and S3QELs [145,149], which do not interfere with the process of oxidative phos-
phorylation or ATP production [144]. S1QELs acts at the site IQ of complex I [145,147] while
S3QELs acts at the Q site of complex III [150,151]. The usefulness of these suppressors
in combating oxidative stress has been tested in certain experimental systems [151–154].
However, studies of these suppressors in alleviation of DKD have yet to be conducted. It is
anticipated that these compounds could attenuate the severity of DKD in diabetic subjects.

5.2. Mitochondria-targeted Antioxidants and Superoxide Dismutase (SOD) Mimetics

Antioxidants that go into mitochondria are a class of compounds that can be used to
counteract mitochondrial oxidative stress. These are generally purposely synthesized for
targeting mitochondria. One well-known compound is mitoQ that has been investigated in
a variety of diseases including kidney disease [155–162]. Using type 1 diabetic Akita mouse
model, Chacko et al. [163] demonstrated that mitoQ administration over a 12-week period
improved tubular and glomerular function in the Akita diabetic mice and decreased urinary
albumin content to the level as observed in healthy controls. Moreover, mitoQ-treated
Akita mice yielded mitochondria that functioned similar to those isolated from healthy
control animals, resulting in attenuation of interstitial fibrosis and glomerular damage.
MitoQ could also ameliorate tubular injury by enhancing mitophagy via the Nrf2/PINK1
pathway [164]. In fact, the efficacy of mitoQ in diabetic renal protection is nearly equal
to that of angiotensin converting enzyme inhibition [165]. MitoQ could also decrease
mitochondrial fragmentation mediated by the JNK signaling pathway in DKD [166]. All
these protective effects of mitoQ on DKD can be attributed to its capacity in destroying
ROS [167]. It should be noted that while the protective effects of an SOD mimetic tempol
has been investigated in DKD [168–171], the protective effects of other SOD mimetics such
as GC4419 [172,173] and EUK189 [174–176] are yet to be evaluated in DKD.

5.3. Plant and Herb Derived Antioxidants

Numerous plant- or herbal extracts or plant/herb-derived natural products have
been tested for their capacity in fighting DKD. A major representative of these extracts is
polyphenols that can scavenge ROS [177], leading to correction of redox imbalance and
enhancement of mitochondrial function [178–180]. Moreover, these plants extracts can
also activate the Nrf2 signaling pathway thereby leading to upregulation of the so-called
second cellular defense system including antioxidant proteins such as heme oxygenase-1
and NQO1 [181]. As chronic inflammation is implicated in the pathogenesis of DKD, many
studies involving plant extracts have also demonstrated their anti-inflammation properties
in preclinical DKD [182]. Table 1 shows selected representatives of plant/herb extracts or
plant/herb-derived compounds and their redox balanced-related anti-DKD mechanisms.
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Table 1. Selected representatives of plant/herbal extracts/components in DKD from the literature.
Experimental models and the major underlying renoprotective mechanisms are also given in the table.

Extracts/Components Experimental Model Major Mechanisms Refs.

Azuki bean extract * STZ-rat Autophagy stimulation [183]

Acacia nilotica STZ-rat Antioxidant/anti-
hyperglycemia [184]

Anogeissus acuminate leaf STZ-rat Antioxidation [185]

Broccoli STZ-rat Mitigating oxidative damage [186]

Curcumin STZ-rat Inhibiting PKC beta [187]

Coccinia indica STZ-rat Increased antioxidant enzymes [188]

Coffea arabica pulp HFD/STZ Antioxidation upregulation [189]

Ganoderma lucidum STZ-rat TGFβ-1, NFkB [190]

Garlic extract STZ-rat Anti-glycation [191]

Geraniin * HFD Inhibiting oxidative stress [192]

Ginger extract STZ-rat Apoptosis attenuation [193]

Ginkgo biloba EGB761 HFD/STZ mouse Mitigating ECM * accumulation [194]

Berberine db/db mouse Mitochondrial fission [195]

Cupuacu extract STZ-rat Mitigating nitrosation [196]

Anchomanes difformis (leaf) STZ-rat Nrf2 activation [197]

Abelmoschus manihot HFD/STZ mouse Autophagy activation [198]

Hibiscus sabdariffa Linnaeus STZ-rat Akt regulating [199]

Mulberry leaf HFD/STZ rat Inhibiting TGF-β1 [200]

Liriope spicata var. prolifera STZ-rat Suppressing inflammation [201]

Nelumbo nucifera leaf HFD/STZ rat Antioxidative [202]

Coreopsis tinctoria nutt High glucose/HFD/STZ Anti-fibrotic [203]

Oil palm STZ-rat Attenuating oxidative stress [204]

Armillariella tabescens STZ-mouse Anti-inflammation [205]

Red ginseng STZ-rat Autophagy acceleration [206]

Paederia foetida leaf Alloxan-rat Antioxidative effects [207]

Tiliacora triandra HFD/STZ rat Redox imbalance modulation [208]

Flavonoids (review article) Numerous models Miscellaneous mechanisms [209]

Grape seed STZ-rat Reduce apoptosis [210]

Grape
seed/proanthocyanidins STZ-rat Mitigating ER stress [211]

Grape seed procyanidin B2 db/db mouse Targeting MFG-E8* [212]

Grape seed polyphenols Cell culture Mitigating oxidative stress [213]

Catlpol db/db mouse Improving lipid metabolism [214]

Cudrania tricuspidata root Human kidney cells Preventing inflammation [215]

Hyperoside HFD/STZ mouse Targeting miR-499-5p?APC [216]

Phyllanthus niruri leaf STZ/nicotinamide rat Anti-fibrosis/apoptosis [217]

Pomegranate peel extract STZ-mouse Nrf2 signaling pathway [218]

Quercetin STZ-mouse Anti-apoptosis/oxidative stress [219]

Resveratrol STZ-mouse Sirt1 activation [220]
* Abbreviations: HFD, high fat diet; STZ, streptozotocin; ECM, extracellular matrix; MFG-E8, milk fat globule
EGF-8. Please note that this table is not meant to exhaust the literature on plant/herbal extracts and DKD.
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5.4. Caloric Restriction

Caloric restriction (CR) [221–223], sometimes also called energy restriction [224,225], is a
well-established approach for extending the lifespan of many species. CR can also prolong
the health span of many organs including the kidney [226–229]. As CR has a direct impact on
energy supply that involves NADH and NAD+, it thus is involved in eliciting antioxidative
responses in DKD by restoring redox balance and mitigating diabetic kidney injury [230,231].
Such responses include AMPK activation, autophagy, ROS elimination, Nrf2 signaling path-
way activation and enhancement of antioxidative capacity in the kidney [231–235]. In certain
studies, exercise has been shown to have a synergistic effect on CR [236,237]. Therefore, CR
and exercise may be applied simultaneously to enhance kidney function in diabetes [238,239].
Moreover, intermittent fasting, a different version of CR, has also been demonstrated to
prevent progression of DKD via NAD+ dependent sirtuin pathway [230]. Additionally, the
restriction of single element in a given diet such as iron can also afford renoprotection in
diabetes via attenuation of oxidative stress [240].

6. Magnitude of Redox Imbalance and Progression of DKD

While it is now known that NADH/NAD+ redox imbalance is one of the under-
lying mechanisms of DKD and this redox imbalance drives reductive stress to oxida-
tive stress [47], culminating in renal dysfunction in DKD, whether the magnitude of
NADH/NAD+ redox imbalance can be associated with the indices of DKD progression
has not been established. DKD progression can be determined by the ratio of urinary
albumin to urinary creatinine [127] and by estimated glomerular flow rate (eGFR) [241,242],
but whether NADH/NAD+ ratio would also advance from low to high during DKD
progression is unknown at this time and needs to be investigated. It is conceivable that
with the progression of DKD quantitated by the above-mentioned parameters, values
of the NADH/NAD+ ratio would also increase gradually to reflect the severity of DKD.
Conversely, the value of the NADH/NAD+ ratio should go down upon remission of DKD
after treatment. Regardless, this would need to be evaluated using proper animal models
that can show clearly an association of the value of NADH/NAD+ to progression of DKD
until the end stage of renal disease.

7. Conclusions

NADH/NAD+ redox imbalance, driven by persistent hyperglycemia and oversupply
of other nutrients, is the initiator of reductive stress and oxidative stress in DKD [47].
More studies would be needed to dissect the role of each and every player in this cascade
of redox imbalance biochemistry mechanism. Complete and comprehensive studies not
only will shed insights into the mechanisms of DKD but will also facilitate identification
of targets that can be explored for DKD therapy. As indicated in a recent review article
by Matoba et al. [243], targeting NADH/NAD+ redox imbalance would be a valuable
approach for combating DKD. Finally, it should be pointed out that in terms of potential
injury caused by redox imbalance, which part of the kidney or what type of cells that
sustain the most damage have not been comprehensively evaluated. Therefore, future
efforts should be made to assess redox imbalance-induced damage to endothelial cells
of the renal vasculature, the podocytes and mesangial cells of the glomerulus and the
epithelial cells of the tubule. Additionally, how redox imbalance differs within the tubule
should also be measured.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author’s work was supported in part by UNTHSC seed grants RI10015 and
RI10039.

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

28



Biomolecules 2021, 11, 730

References

1. Radi, Z.A. Kidney Pathophysiology, Toxicology, and Drug-Induced Injury in Drug Development. Int. J. Toxicol. 2019, 38, 215–227.
[CrossRef]

2. Koeppen, B.M.; Stanton, B.A. Renal Physiology, 5th ed.; Elsevier: Philadelphia, PA, USA, 2013.
3. Carroll, R.G. Elsevier’s Integrated Physiology; Elsevier: Philadelphia, PA, USA, 2007.
4. Zorov, D.B.; Filburn, C.R.; Klotz, L.O.; Zweier, J.L.; Sollott, S.J. Reactive oxygen species (ROS)-induced ROS release: A new

phenomenon accompanying induction of the mitochondrial permeability transition in cardiac myocytes. J. Exp. Med. 2000, 192,
1001–1014. [CrossRef] [PubMed]

5. Kim, J.; Jang, H.S.; Park, K.M. Reactive oxygen species generated by renal ischemia and reperfusion trigger protection against
subsequent renal ischemia and reperfusion injury in mice. Am. J. Physiol. Renal Physiol. 2010, 298, F158–F166. [CrossRef] [PubMed]

6. Rosca, M.G.; Vazquez, E.J.; Chen, Q.; Kerner, J.; Kern, T.S.; Hoppel, C.L. Oxidation of fatty acids is the source of increased
mitochondrial reactive oxygen species production in kidney cortical tubules in early diabetes. Diabetes 2012, 61, 2074–2083.
[CrossRef] [PubMed]

7. Wei, P.Z.; Szeto, C.C. Mitochondrial dysfunction in diabetic kidney disease. Clin. Chim. Acta 2019, 496, 108–116. [CrossRef] [PubMed]
8. Hallan, S.; Sharma, K. The Role of Mitochondria in Diabetic Kidney Disease. Curr. Diab. Rep. 2016, 16, 61. [CrossRef] [PubMed]
9. Cui, J.; Bai, X.; Chen, X. Autophagy and Diabetic Nephropathy. Adv. Exp. Med. Biol. 2020, 1207, 487–494. [CrossRef]
10. Ji, J.; Tao, P.; Wang, Q.; Li, L.; Xu, Y. SIRT1: Mechanism and Protective in Diabetic Nephropathy. Endocr. Metab. Immune Disord.

Drug Targets 2020. [CrossRef]
11. Zoja, C.; Xinaris, C.; Macconi, D. Diabetic Nephropathy: Novel Molecular Mechanisms and Therapeutic Targets. Front. Pharmacol.

2020, 11, 586892. [CrossRef]
12. Wang, Y.; Tian, J.; Mi, Y.; Ren, X.; Lian, S.; Kang, J.; Wang, J.; Zang, H.; Wu, Z.; Yang, J.; et al. Experimental study on renoprotective

effect of intermedin on diabetic nephropathy. Mol. Cell. Endocrinol. 2021, 528, 111224. [CrossRef] [PubMed]
13. Lodhi, A.H.; Ahmad, F.U.; Furwa, K.; Madni, A. Role of Oxidative Stress and Reduced Endogenous Hydrogen Sulfide in Diabetic

Nephropathy. Drug Des. Devel. Ther. 2021, 15, 1031–1043. [CrossRef]
14. Powers, A.C. Type 1 diabetes mellitus: Much progress, many opportunities. J. Clin. Investig. 2021, 131. [CrossRef]
15. Tuch, B.; Dunlop, M.; Proietto, J. Diabetes Research: A Guide for Postgraduates; Harwood Academic Publishers: Reading, UK, 2000.
16. Volfson-Sedletsky, V.; Jones, A., IV; Hernandez-Escalante, J.; Dooms, H. Emerging Therapeutic Strategies to Restore Regulatory T

Cell Control of Islet Autoimmunity in Type 1 Diabetes. Front. Immunol. 2021, 12, 635767. [CrossRef]
17. Szkudelski, T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol. Res. 2001, 50, 537–546.

[PubMed]
18. Szkudelski, T. Streptozotocin-nicotinamide-induced diabetes in the rat. Characteristics of the experimental model. Exp. Biol. Med.

2012, 237, 481–490. [CrossRef] [PubMed]
19. Kahn, S.E.; Cooper, M.E.; Del Prato, S. Pathophysiology and treatment of type 2 diabetes: Perspectives on the past, present, and

future. Lancet 2014, 383, 1068–1083. [CrossRef]
20. DeFronzo, R.A. Pathogenesis of type 2 diabetes mellitus. Med. Clin. N. Am. 2004, 88, 787–835, ix. [CrossRef] [PubMed]
21. DeFronzo, R.A. Insulin resistance: A multifaceted syndrome responsible for NIDDM, obesity, hypertension, dyslipidaemia and

atherosclerosis. Neth. J. Med. 1997, 50, 191–197. [CrossRef]
22. Barnett, A.H. Type 2 Diabetes, 2nd ed.; Oxford University Press: New York, NY, USA, 2012; p. 162.
23. Abdul-Ghani, M.A.; DeFronzo, R.A. Oxidative stress in type 2 diabetes. In Oxidative Stress in Aging; Miwa, S., Beckman, K.B.,

Muller, F.L., Eds.; Humana Press: Totowa, NJ, USA, 2008; pp. 191–212.
24. Maqbool, M.; Cooper, M.E.; Jandeleit-Dahm, K.A.M. Cardiovascular Disease and Diabetic Kidney Disease. Semin. Nephrol. 2018,

38, 217–232. [CrossRef]
25. Su, J.; Ye, D.; Gao, C.; Huang, Q.; Gui, D. Mechanism of progression of diabetic kidney disease mediated by podocyte mitochon-

drial injury. Mol. Biol. Rep. 2020, 47, 8023–8035. [CrossRef] [PubMed]
26. Sharma, K.; McCue, P.; Dunn, S.R. Diabetic kidney disease in the db/db mouse. Am. J. Physiol. Renal Physiol. 2003, 284, F1138–F1144.

[CrossRef]
27. Tesch, G.H.; Lim, A.K. Recent insights into diabetic renal injury from the db/db mouse model of type 2 diabetic nephropathy.

Am. J. Physiol. Renal Physiol. 2011, 300, F301–F310. [CrossRef]
28. Martin, K.J.; Gonzalez, E.A. Vitamin D and the kidney. Mo. Med. 2012, 109, 124–126.
29. Dusso, A.S. Kidney disease and vitamin D levels: 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, and VDR activation. Kidney Int.

Suppl. 2011, 1, 136–141. [CrossRef]
30. Iida, K.; Shinki, T.; Yamaguchi, A.; DeLuca, H.F.; Kurokawa, K.; Suda, T. A possible role of vitamin D receptors in regulating

vitamin D activation in the kidney. Proc. Natl. Acad. Sci. USA 1995, 92, 6112–6116. [CrossRef] [PubMed]
31. Souma, T.; Suzuki, N.; Yamamoto, M. Renal erythropoietin-producing cells in health and disease. Front. Physiol. 2015, 6, 167.

[CrossRef] [PubMed]
32. Suzuki, N.; Yamamoto, M. Roles of renal erythropoietin-producing (REP) cells in the maintenance of systemic oxygen homeostasis.

Pflugers Arch. 2016, 468, 3–12. [CrossRef] [PubMed]
33. Hu, X.; Xie, J.; Chen, N. Hypoxia-Inducible Factor-Proline Hydroxylase Inhibitor in the Treatment of Renal Anemia. Kidney Dis.

2021, 7, 1–9. [CrossRef] [PubMed]

29



Biomolecules 2021, 11, 730

34. Galuska, D.; Pacal, L.; Kankova, K. Pathophysiological Implication of Vitamin D in Diabetic Kidney Disease. Kidney Blood Press
Res. 2021, 46, 152–161. [CrossRef] [PubMed]

35. Xiao, X.; Wang, Y.; Hou, Y.; Han, F.; Ren, J.; Hu, Z. Vitamin D deficiency and related risk factors in patients with diabetic
nephropathy. J. Int. Med. Res. 2016, 44, 673–684. [CrossRef] [PubMed]

36. Xie, S.; Huang, L.; Cao, W.; Hu, Y.; Sun, H.; Cao, L.; Liu, K.; Liu, C. Association between serum 25-hydroxyvitamin D and diabetic
kidney disease in Chinese patients with type 2 diabetes. PLoS ONE 2019, 14, e0214728. [CrossRef]

37. Tsai, S.F.; Tarng, D.C. Anemia in patients of diabetic kidney disease. J. Chin. Med. Assoc. 2019, 82, 752–755. [CrossRef]
38. Sonkar, S.K.; Singh, H.P.; Sonkar, G.K.; Pandey, S. Association of Vitamin D and secondary hyperparathyroidism with anemia in

diabetic kidney disease. J. Family Med. Prim. Care 2018, 7, 815–818. [CrossRef]
39. Thomas, M.; Tsalamandris, C.; MacIsaac, R.; Jerums, G. Anaemia in diabetes: An emerging complication of microvascular disease.

Curr. Diabetes Rev. 2005, 1, 107–126. [CrossRef]
40. Ravanan, R.; Spiro, J.R.; Mathieson, P.W.; Smith, R.M. Impact of diabetes on haemoglobin levels in renal disease. Diabetologia 2007,

50, 26–31. [CrossRef]
41. Feng, B.; Ruiz, M.A.; Chakrabarti, S. Oxidative-stress-induced epigenetic changes in chronic diabetic complications. Can. J. Physiol.

Pharmacol. 2013, 91, 213–220. [CrossRef] [PubMed]
42. Naruse, K.; Rask-Madsen, C.; Takahara, N.; Ha, S.W.; Suzuma, K.; Way, K.J.; Jacobs, J.R.; Clermont, A.C.; Ueki, K.; Ohshiro,

Y.; et al. Activation of vascular protein kinase C-beta inhibits Akt-dependent endothelial nitric oxide synthase function in
obesity-associated insulin resistance. Diabetes 2006, 55, 691–698. [CrossRef]

43. Gurel, Z.; Sieg, K.M.; Shallow, K.D.; Sorenson, C.M.; Sheibani, N. Retinal O-linked N-acetylglucosamine protein modifications:
Implications for postnatal retinal vascularization and the pathogenesis of diabetic retinopathy. Mol. Vis. 2013, 19, 1047–1059.
[PubMed]

44. McLarty, J.L.; Marsh, S.A.; Chatham, J.C. Post-translational protein modification by O-linked N-acetyl-glucosamine: Its role in
mediating the adverse effects of diabetes on the heart. Life Sci. 2013, 92, 621–627. [CrossRef] [PubMed]

45. Lovestone, S.; Smith, U. Advanced glycation end products, dementia, and diabetes. Proc. Natl. Acad. Sci. USA 2014, 111, 4743–4744.
[CrossRef] [PubMed]

46. Mellor, K.M.; Brimble, M.A.; Delbridge, L.M. Glucose as an agent of post-translational modification in diabetes—New cardiac
epigenetic insights. Life Sci. 2014. [CrossRef] [PubMed]

47. Yan, L.J. Pathogenesis of Chronic Hyperglycemia: From Reductive Stress to Oxidative Stress. J. Diabetes Res. 2014, 2014, 137919.
[CrossRef] [PubMed]

48. Yan, L.J. Redox imbalance stress in diabetes mellitus: Role of the polyol pathway. Animal Model. Exp. Med. 2018, 1, 7–13. [CrossRef]
49. Berg, D.; Youdim, M.B.; Riederer, P. Redox imbalance. Cell Tissue Res. 2004, 318, 201–213. [CrossRef] [PubMed]
50. Hayden, M.R.; Sowers, J.R. Redox imbalance in diabetes. Antioxid. Redox Signal. 2007, 9, 865–867. [CrossRef] [PubMed]
51. Wu, J.; Jin, Z.; Zheng, H.; Yan, L.J. Sources and implications of NADH/NAD+ redox imbalance in diabetes and its complications.

Diabetes Metab. Syndr. Obes. 2016, 9, 145–153. [CrossRef] [PubMed]
52. Zhan, M.; Usman, I.M.; Sun, L.; Kanwar, Y.S. Disruption of renal tubular mitochondrial quality control by Myo-inositol oxygenase

in diabetic kidney disease. J. Am. Soc. Nephrol. 2015, 26, 1304–1321. [CrossRef]
53. Miranda-Diaz, A.G.; Pazarin-Villasenor, L.; Yanowsky-Escatell, F.G.; Andrade-Sierra, J. Oxidative Stress in Diabetic Nephropathy

with Early Chronic Kidney Disease. J. Diabetes Res. 2016, 2016, 7047238. [CrossRef] [PubMed]
54. Yanar, K.; Coskun, Z.M.; Beydogan, A.B.; Aydin, S.; Bolkent, S. The effects of delta-9-tetrahydrocannabinol on Kruppel-like

factor-4 expression, redox homeostasis, and inflammation in the kidney of diabetic rat. J. Cell. Biochem. 2019, 120, 16219–16228.
[CrossRef] [PubMed]

55. Amorim, R.G.; Guedes, G.D.S.; Vasconcelos, S.M.L.; Santos, J.C.F. Kidney Disease in Diabetes Mellitus: Cross-Linking between
Hyperglycemia, Redox Imbalance and Inflammation. Arq. Bras. Cardiol. 2019, 112, 577–587. [CrossRef] [PubMed]

56. Tilton, R.G.; Baier, L.D.; Harlow, J.E.; Smith, S.R.; Ostrow, E.; Williamson, J.R. Diabetes-induced glomerular dysfunction: Links to
a more reduced cytosolic ratio of NADH/NAD+. Kidney Int. 1992, 41, 778–788. [CrossRef]

57. Luo, X.; Li, R.; Yan, L.J. Roles of Pyruvate, NADH, and Mitochondrial Complex I in Redox Balance and Imbalance in β Cell
Function and Dysfunction. J. Diabetes Res. 2015, 2015, 512618. [CrossRef]

58. Luo, X.; Wu, J.; Jing, S.; Yan, L.J. Hyperglycemic stress and carbon stress in diabetic glucotoxicity. Aging Dis. 2016, 7, 90–110.
[CrossRef]

59. Ido, Y. Pyridine nucleotide redox abnormalities in diabetes. Antioxid. Redox Signal. 2007, 9, 931–942. [CrossRef] [PubMed]
60. Chung, S.S.; Ho, E.C.; Lam, K.S.; Chung, S.K. Contribution of polyol pathway to diabetes-induced oxidative stress. J. Am. Soc.

Nephrol. 2003, 14, S233–S236. [CrossRef]
61. Dunlop, M. Aldose reductase and the role of the polyol pathway in diabetic nephropathy. Kidney Int. Suppl. 2000, 77, S3–S12.

[CrossRef]
62. Fantus, I.G. The pathogenesis of the chronic complications of the diabetes mellitus. Endocrinol. Rounds 2002, 2, 1–8.
63. Chatzilias, A.A.; Whiteside, C.I. Cellular mechanisms of glucose-induced myo-inositol transport upregulation in rat mesangial

cells. Am. J. Physiol. 1994, 267, F459–F466. [CrossRef] [PubMed]
64. Yancey, P.H.; Haner, R.G.; Freudenberger, T.H. Effects of an aldose reductase inhibitor on organic osmotic effectors in rat renal

medulla. Am. J. Physiol. 1990, 259, F733–F738. [CrossRef] [PubMed]

30



Biomolecules 2021, 11, 730

65. Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes 2005, 54, 1615–1625. [CrossRef]
[PubMed]

66. Veeresham, C.; Rama Rao, A.; Asres, K. Aldose reductase inhibitors of plant origin. Phytother. Res. 2014, 28, 317–333. [CrossRef]
[PubMed]

67. El Gamal, H.; Eid, A.H.; Munusamy, S. Renoprotective Effects of Aldose Reductase Inhibitor Epalrestat against High Glucose-
Induced Cellular Injury. Biomed. Res. Int. 2017, 2017, 5903105. [CrossRef] [PubMed]

68. Shukla, K.; Pal, P.B.; Sonowal, H.; Srivastava, S.K.; Ramana, K.V. Aldose Reductase Inhibitor Protects against Hyperglycemic
Stress by Activating Nrf2-Dependent Antioxidant Proteins. J. Diabetes Res. 2017, 2017, 6785852. [CrossRef] [PubMed]

69. Artasensi, A.; Pedretti, A.; Vistoli, G.; Fumagalli, L. Type 2 Diabetes Mellitus: A Review of Multi-Target Drugs. Molecules 2020, 25,
1987. [CrossRef]

70. Sonowal, H.; Ramana, K.V. Development of aldose reductase inhibitors for the treatment of inflammatory disorders and cancer:
Current drug design strategies and future directions. Curr. Med. Chem. 2020. [CrossRef]

71. Jannapureddy, S.; Sharma, M.; Yepuri, G.; Schmidt, A.M.; Ramasamy, R. Aldose Reductase: An Emerging Target for Development
of Interventions for Diabetic Cardiovascular Complications. Front. Endocrinol. 2021, 12, 636267. [CrossRef]

72. Zhou, X.; Liu, Z.; Ying, K.; Wang, H.; Liu, P.; Ji, X.; Chi, T.; Zou, L.; Wang, S.; He, Z. WJ-39, an Aldose Reductase Inhibitor,
Ameliorates Renal Lesions in Diabetic Nephropathy by Activating Nrf2 Signaling. Oxid. Med. Cell. Longev. 2020, 2020, 7950457.
[CrossRef]

73. Suzen, S.; Buyukbingol, E. Recent studies of aldose reductase enzyme inhibition for diabetic complications. Curr. Med. Chem.
2003, 10, 1329–1352. [CrossRef] [PubMed]

74. Reddy, A.B.; Ramana, K.V. Aldose reductase inhibition: Emerging drug target for the treatment of cardiovascular complications.
Recent Pat. Cardiovasc. Drug Discov. 2010, 5, 25–32. [CrossRef]

75. Ohmura, C.; Watada, H.; Azuma, K.; Shimizu, T.; Kanazawa, A.; Ikeda, F.; Yoshihara, T.; Fujitani, Y.; Hirose, T.; Tanaka, Y.; et al.
Aldose reductase inhibitor, epalrestat, reduces lipid hydroperoxides in type 2 diabetes. Endocr. J. 2009, 56, 149–156. [CrossRef]

76. Tang, J.; Du, Y.; Petrash, J.M.; Sheibani, N.; Kern, T.S. Deletion of aldose reductase from mice inhibits diabetes-induced retinal
capillary degeneration and superoxide generation. PLoS ONE 2013, 8, e62081. [CrossRef]

77. Williamson, J.R.; Chang, K.; Frangos, M.; Hasan, K.S.; Ido, Y.; Kawamura, T.; Nyengaard, J.R.; van den Enden, M.; Kilo, C.; Tilton,
R.G. Hyperglycemic pseudohypoxia and diabetic complications. Diabetes 1993, 42, 801–813. [CrossRef] [PubMed]

78. Ido, Y.; Williamson, J.R. Hyperglycemic cytosolic reductive stress ‘pseudohypoxia’: Implications for diabetic retinopathy.
Invest. Ophthalmol. Vis. Sci. 1997, 38, 1467–1470.

79. Yang, L.; Garcia Canaveras, J.C.; Chen, Z.; Wang, L.; Liang, L.; Jang, C.; Mayr, J.A.; Zhang, Z.; Ghergurovich, J.M.; Zhan, L.; et al.
Serine Catabolism Feeds NADH when Respiration Is Impaired. Cell. Metab. 2020, 31, 809–821. [CrossRef]

80. Harden, W.R., III; Barlow, C.H.; Simson, M.B.; Harken, A.H. Temporal relation between onset of cell anoxia and ischemic
contractile failure. Myocardial ischemia and left ventricular failure in the isolated, perfused rabbit heart. Am. J. Cardiol. 1979, 44,
741–746. [CrossRef]

81. He, M.D.; Xu, S.C.; Zhang, X.; Wang, Y.; Xiong, J.C.; Zhang, X.; Lu, Y.H.; Zhang, L.; Yu, Z.P.; Zhou, Z. Disturbance of aerobic
metabolism accompanies neurobehavioral changes induced by nickel in mice. Neurotoxicology 2013, 38, 9–16. [CrossRef]

82. Doke, T.; Ishimoto, T.; Hayasaki, T.; Ikeda, S.; Hasebe, M.; Hirayama, A.; Soga, T.; Kato, N.; Kosugi, T.; Tsuboi, N.; et al. Lacking
ketohexokinase-A exacerbates renal injury in streptozotocin-induced diabetic mice. Metabolism 2018, 85, 161–170. [CrossRef]

83. Zakaria, E.M.; El-Maraghy, N.N.; Ahmed, A.F.; Ali, A.A.; El-Bassossy, H.M. PARP inhibition ameliorates nephropathy in an
animal model of type 2 diabetes: Focus on oxidative stress, inflammation, and fibrosis. Naunyn Schmiedebergs Arch. Pharmacol.
2017, 390, 621–631. [CrossRef] [PubMed]

84. Massudi, H.; Grant, R.; Guillemin, G.J.; Braidy, N. NAD+ metabolism and oxidative stress: The golden nucleotide on a crown of
thorns. Redox Rep. 2012, 17, 28–46. [CrossRef] [PubMed]

85. Nikiforov, A.; Kulikova, V.; Ziegler, M. The human NAD metabolome: Functions, metabolism and compartmentalization.
Crit. Rev. Biochem. Mol. Biol. 2015, 50, 284–297. [CrossRef]

86. Pieper, A.A.; Brat, D.J.; Krug, D.K.; Watkins, C.C.; Gupta, A.; Blackshaw, S.; Verma, A.; Wang, Z.Q.; Snyder, S.H. Poly (ADP-ribose)
polymerase-deficient mice are protected from streptozotocin-induced diabetes. Proc. Natl. Acad. Sci. USA 1999, 96, 3059–3064.
[CrossRef]

87. Masutani, M.; Suzuki, H.; Kamada, N.; Watanabe, M.; Ueda, O.; Nozaki, T.; Jishage, K.; Watanabe, T.; Sugimoto, T.; Nakagama,
H.; et al. Poly (ADP-ribose) polymerase gene disruption conferred mice resistant to streptozotocin-induced diabetes. Proc. Natl.
Acad. Sci. USA 1999, 96, 2301–2304. [CrossRef]

88. Vedantham, S.; Thiagarajan, D.; Ananthakrishnan, R.; Wang, L.; Rosario, R.; Zou, Y.S.; Goldberg, I.; Yan, S.F.; Schmidt, A.M.; Ra-
masamy, R. Aldose reductase drives hyperacetylation of Egr-1 in hyperglycemia and consequent upregulation of proinflammatory
and prothrombotic signals. Diabetes 2014, 63, 761–774. [CrossRef]

89. Sauve, A.A. Sirtuin chemical mechanisms. Biochim. Biophys. Acta 2010, 1804, 1591–1603. [CrossRef]
90. Wu, J.; Jin, Z.; Yan, L.J. Redox imbalance and mitochondrial abnormalities in the diabetic lung. Redox Biol. 2017, 11, 51–59.

[CrossRef] [PubMed]
91. Chini, C.C.S.; Tarrago, M.G.; Chini, E.N. NAD and the aging process: Role in life, death and everything in between. Mol. Cell.

Endocrinol. 2017, 455, 62–74. [CrossRef] [PubMed]

31



Biomolecules 2021, 11, 730

92. Benzi, A.; Sturla, L.; Heine, M.; Fischer, A.W.; Spinelli, S.; Magnone, M.; Sociali, G.; Parodi, A.; Fenoglio, D.; Emionite, L.; et al.
CD38 downregulation modulates NAD+ and NADP (H) levels in thermogenic adipose tissues. Biochim. Biophys. Acta Mol. Cell.
Biol. Lipids 2021, 1866, 158819. [CrossRef] [PubMed]

93. Peclat, T.R.; Shi, B.; Varga, J.; Chini, E.N. The NADase enzyme CD38: An emerging pharmacological target for systemic sclerosis,
systemic lupus erythematosus and rheumatoid arthritis. Curr. Opin. Rheumatol. 2020, 32, 488–496. [CrossRef]

94. Covarrubias, A.J.; Kale, A.; Perrone, R.; Lopez-Dominguez, J.A.; Pisco, A.O.; Kasler, H.G.; Schmidt, M.S.; Heckenbach, I.; Kwok,
R.; Wiley, C.D.; et al. Senescent cells promote tissue NAD+ decline during ageing via the activation of CD38+ macrophages.
Nat. Metab. 2020, 2, 1265–1283. [CrossRef]

95. Zuo, W.; Liu, N.; Zeng, Y.; Liu, Y.; Li, B.; Wu, K.; Xiao, Y.; Liu, Q. CD38: A Potential Therapeutic Target in Cardiovascular Disease.
Cardiovasc. Drugs Ther. 2020, 1–14. [CrossRef]

96. Sun, L.; Adebanjo, O.A.; Moonga, B.S.; Corisdeo, S.; Anandatheerthavarada, H.K.; Biswas, G.; Arakawa, T.; Hakeda, Y.; Koval, A.;
Sodam, B.; et al. CD38/ADP-ribosyl cyclase: A new role in the regulation of osteoclastic bone resorption. J. Cell. Biol. 1999, 146,
1161–1172. [CrossRef] [PubMed]

97. Shi, B.; Wang, W.; Korman, B.; Kai, L.; Wang, Q.; Wei, J.; Bale, S.; Marangoni, R.G.; Bhattacharyya, S.; Miller, S.; et al. Targeting
CD38-dependent NAD+ metabolism to mitigate multiple organ fibrosis. iScience 2021, 24, 101902. [CrossRef] [PubMed]

98. Ogura, Y.; Kitada, M.; Xu, J.; Monno, I.; Koya, D. CD38 inhibition by apigenin ameliorates mitochondrial oxidative stress through
restoration of the intracellular NAD+/NADH ratio and Sirt3 activity in renal tubular cells in diabetic rats. Aging 2020, 12,
11325–11336. [CrossRef] [PubMed]

99. Tedeschi, P.M.; Bansal, N.; Kerrigan, J.E.; Abali, E.E.; Scotto, K.W.; Bertino, J.R. NAD+ Kinase as a Therapeutic Target in Cancer.
Clin. Cancer Res. 2016, 22, 5189–5195. [CrossRef]

100. Zhang, R. MNADK, a Long-Awaited Human Mitochondrion-Localized NAD Kinase. J. Cell. Physiol. 2015, 230, 1697–1701. [CrossRef]
101. Shi, F.; Li, Y.; Li, Y.; Wang, X. Molecular properties, functions, and potential applications of NAD kinases. Acta Biochim. Biophys.

Sin. 2009, 41, 352–361. [CrossRef] [PubMed]
102. Hoxhaj, G.; Ben-Sahra, I.; Lockwood, S.E.; Timson, R.C.; Byles, V.; Henning, G.T.; Gao, P.; Selfors, L.M.; Asara, J.M.; Manning, B.D.

Direct stimulation of NADP+ synthesis through Akt-mediated phosphorylation of NAD kinase. Science 2019, 363, 1088–1092.
[CrossRef] [PubMed]

103. Chen, L.; Zhang, Z.; Hoshino, A.; Zheng, H.D.; Morley, M.; Arany, Z.; Rabinowitz, J.D. NADPH production by the oxidative
pentose-phosphate pathway supports folate metabolism. Nat. Metab. 2019, 1, 404–415. [CrossRef]

104. Spencer, N.Y.; Stanton, R.C. Glucose 6-phosphate dehydrogenase and the kidney. Curr. Opin. Nephrol. Hypertens. 2017, 26, 43–49.
[CrossRef]

105. Yan, L.J.; Christians, E.S.; Liu, L.; Xiao, X.; Sohal, R.S.; Benjamin, I.J. Mouse heat shock transcription factor 1 deficiency alters
cardiac redox homeostasis and increases mitochondrial oxidative damage. EMBO J. 2002, 21, 5164–5172. [CrossRef]

106. Ogura, Y.; Kitada, M.; Monno, I.; Kanasaki, K.; Watanabe, A.; Koya, D. Renal mitochondrial oxidative stress is enhanced by the
reduction of Sirt3 activity, in Zucker diabetic fatty rats. Redox Rep. 2018, 23, 153–159. [CrossRef] [PubMed]

107. Forbes, J.M.; Coughlan, M.T.; Cooper, M.E. Oxidative stress as a major culprit in kidney disease in diabetes. Diabetes 2008, 57,
1446–1454. [CrossRef] [PubMed]

108. Turrens, J.F. Superoxide production by the mitochondrial respiratory chain. Biosci. Rep. 1997, 17, 3–8. [CrossRef]
109. Turrens, J.F.; Alexandre, A.; Lehninger, A.L. Ubisemiquinone is the electron donor for superoxide formation by complex III of

heart mitochondria. Arch. Biochem. Biophys. 1985, 237, 408–414. [CrossRef]
110. Vujic, A.; Koo, A.N.M.; Prag, H.A.; Krieg, T. Mitochondrial redox and TCA cycle metabolite signaling in the heart. Free Radic. Biol.

Med. 2021, 166, 287–296. [CrossRef] [PubMed]
111. Lee, S.R.; An, E.J.; Kim, J.; Bae, Y.S. Function of NADPH Oxidases in Diabetic Nephropathy and Development of Nox Inhibitors.

Biomol. Ther. 2020, 28, 25–33. [CrossRef]
112. Granata, S.; Dalla Gassa, A.; Tomei, P.; Lupo, A.; Zaza, G. Mitochondria: A new therapeutic target in chronic kidney disease.

Nutr. Metab. 2015, 12, 49. [CrossRef]
113. Wu, J.; Luo, X.; Thangthaeng, N.; Sumien, N.; Chen, Z.; Rutledge, M.A.; Jing, S.; Forster, M.J.; Yan, L.J. Pancreatic mitochondrial

complex I exhibits aberrant hyperactivity in diabetes. Biochem. Biophys. Rep. 2017, 11, 119–129. [CrossRef]
114. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef]
115. Drose, S.; Brandt, U. Molecular mechanisms of superoxide production by the mitochondrial respiratory chain. Adv. Exp. Med.

Biol. 2012, 748, 145–169.
116. Yan, L.J.; Sumien, N.; Thangthaeng, N.; Forster, M.J. Reversible inactivation of dihydrolipoamide dehydrogenase by mitochondrial

hydrogen peroxide. Free Radic. Res. 2013, 47, 123–133. [CrossRef]
117. Zheng, H.; Wu, J.; Jin, Z.; Yan, L.J. Protein Modifications as Manifestations of Hyperglycemic Glucotoxicity in Diabetes and Its

Complications. Biochem. Insights 2016, 9, 1–9. [CrossRef]
118. Yan, L.J.; Lodge, J.K.; Traber, M.G.; Matsugo, S.; Packer, L. Comparison between copper-mediated and hypochlorite-mediated

modifications of human low density lipoproteins evaluated by protein carbonyl formation. J. Lipid Res. 1997, 38, 992–1001.
[CrossRef]

119. Ames, B.N.; Shigenaga, M.K. Oxidants are a major contributor to aging. Ann. N. Y. Acad. Sci. 1992, 663, 85–96. [CrossRef] [PubMed]

32



Biomolecules 2021, 11, 730

120. Stefek, M.; Gajdosik, A.; Tribulova, N.; Navarova, J.; Volkovova, K.; Weismann, P.; Gajdosikova, A.; Drimal, J.; Mihalova, D.
The pyridoindole antioxidant stobadine attenuates albuminuria, enzymuria, kidney lipid peroxidation and matrix collagen
cross-linking in streptozotocin-induced diabetic rats. Methods Find. Exp. Clin. Pharmacol. 2002, 24, 565–571.

121. Wang, W.X.; Luo, S.B.; Jiang, P.; Xia, M.M.; Hei, A.L.; Mao, Y.H.; Li, C.B.; Hu, G.X.; Cai, J.P. Increased Oxidative Damage of RNA
in Early-Stage Nephropathy in db/db Mice. Oxid. Med. Cell. Longev. 2017, 2017, 2353729. [CrossRef]

122. Wu, J.; Luo, X.; Jing, S.; Yan, L.J. Two-dimensional gel electrophoretic detection of protein carbonyls derivatized with biotin-
hydrazide. J. Chromatogr. B 2016, 1019, 128–131. [CrossRef]

123. Bhargava, P.; Schnellmann, R.G. Mitochondrial energetics in the kidney. Nat. Rev. Nephrol. 2017, 13, 629–646. [CrossRef] [PubMed]
124. Higgins, G.C.; Coughlan, M.T. Mitochondrial dysfunction and mitophagy: The beginning and end to diabetic nephropathy? Br. J.

Pharmacol. 2014, 171, 1917–1942. [CrossRef] [PubMed]
125. Yi, H.S.; Chang, J.Y.; Shong, M. The mitochondrial unfolded protein response and mitohormesis: A perspective on metabolic

diseases. J. Mol. Endocrinol. 2018, 61, R91–R105. [CrossRef] [PubMed]
126. Galvan, D.L.; Green, N.H.; Danesh, F.R. The hallmarks of mitochondrial dysfunction in chronic kidney disease. Kidney Int. 2017,

92, 1051–1057. [CrossRef]
127. Ayanga, B.A.; Badal, S.S.; Wang, Y.; Galvan, D.L.; Chang, B.H.; Schumacker, P.T.; Danesh, F.R. Dynamin-Related Protein 1

Deficiency Improves Mitochondrial Fitness and Protects against Progression of Diabetic Nephropathy. J. Am. Soc. Nephrol. 2016,
27, 2733–2747. [CrossRef]

128. Galvan, D.L.; Long, J.; Green, N.; Chang, B.H.; Lin, J.S.; Schumacker, P.; Truong, L.D.; Overbeek, P.; Danesh, F.R. Drp1S600
phosphorylation regulates mitochondrial fission and progression of nephropathy in diabetic mice. J. Clin. Investig. 2019, 129,
2807–2823. [CrossRef]

129. Wang, Y.; Lu, M.; Xiong, L.; Fan, J.; Zhou, Y.; Li, H.; Peng, X.; Zhong, Z.; Wang, Y.; Huang, F.; et al. Drp1-mediated mitochondrial
fission promotes renal fibroblast activation and fibrogenesis. Cell. Death Dis. 2020, 11, 29. [CrossRef] [PubMed]

130. Wang, Y.; Zhang, X.; Wang, P.; Shen, Y.; Yuan, K.; Li, M.; Liang, W.; Que, H. Sirt3 overexpression alleviates hyperglycemia-induced
vascular inflammation through regulating redox balance, cell survival, and AMPK-mediated mitochondrial homeostasis. J. Recept.
Signal Transduct. 2019, 39, 341–349. [CrossRef] [PubMed]

131. Wang, Y.; Katayama, A.; Terami, T.; Han, X.; Nunoue, T.; Zhang, D.; Teshigawara, S.; Eguchi, J.; Nakatsuka, A.; Murakami, K.;
et al. Translocase of inner mitochondrial membrane 44 alters the mitochondrial fusion and fission dynamics and protects from
type 2 diabetes. Metabolism 2015, 64, 677–688. [CrossRef]

132. Agil, A.; Chayah, M.; Visiedo, L.; Navarro-Alarcon, M.; Rodriguez Ferrer, J.M.; Tassi, M.; Reiter, R.J.; Fernandez-Vazquez, G.
Melatonin Improves Mitochondrial Dynamics and Function in the Kidney of Zucker Diabetic Fatty Rats. J. Clin. Med. 2020, 9,
2916. [CrossRef]

133. Zhan, M.; Usman, I.; Yu, J.; Ruan, L.; Bian, X.; Yang, J.; Yang, S.; Sun, L.; Kanwar, Y.S. Perturbations in mitochondrial dynamics by
p66Shc lead to renal tubular oxidative injury in human diabetic nephropathy. Clin. Sci. 2018, 132, 1297–1314. [CrossRef] [PubMed]

134. Mishra, R.; Emancipator, S.N.; Kern, T.; Simonson, M.S. High glucose evokes an intrinsic proapoptotic signaling pathway in
mesangial cells. Kidney Int. 2005, 67, 82–93. [CrossRef]

135. Coughlan, M.T.; Higgins, G.C.; Nguyen, T.V.; Penfold, S.A.; Thallas-Bonke, V.; Tan, S.M.; Ramm, G.; van Bergen, N.J.; Hen-
stridge, D.C.; Sourris, K.C.; et al. Deficiency in Apoptosis-Inducing Factor Recapitulates Chronic Kidney Disease via Aberrant
Mitochondrial Homeostasis. Diabetes 2016, 65, 1085–1098. [CrossRef]

136. Kostic, S.; Hauke, T.; Ghahramani, N.; Filipovic, N.; Vukojevic, K. Expression pattern of apoptosis-inducing factor in the kidneys
of streptozotocin-induced diabetic rats. Acta Histochem. 2020, 122, 151655. [CrossRef]

137. Zhao, Y.; Guo, Y.; Jiang, Y.; Zhu, X.; Liu, Y.; Zhang, X. Mitophagy regulates macrophage phenotype in diabetic nephropathy rats.
Biochem. Biophys. Res. Commun. 2017, 494, 42–50. [CrossRef] [PubMed]

138. Zuo, Z.; Jing, K.; Wu, H.; Wang, S.; Ye, L.; Li, Z.; Yang, C.; Pan, Q.; Liu, W.J.; Liu, H.F. Mechanisms and Functions of Mitophagy
and Potential Roles in Renal Disease. Front. Physiol. 2020, 11, 935. [CrossRef] [PubMed]

139. Nguyen, T.N.; Padman, B.S.; Lazarou, M. Deciphering the Molecular Signals of PINK1/Parkin Mitophagy. Trends Cell Biol. 2016,
26, 733–744. [CrossRef]

140. Springer, M.Z.; Macleod, K.F. In Brief: Mitophagy: Mechanisms and role in human disease. J. Pathol. 2016, 240, 253–255.
[CrossRef] [PubMed]

141. Persson, M.F.; Franzen, S.; Catrina, S.B.; Dallner, G.; Hansell, P.; Brismar, K.; Palm, F. Coenzyme Q10 prevents GDP-sensitive
mitochondrial uncoupling, glomerular hyperfiltration and proteinuria in kidneys from db/db mice as a model of type 2 diabetes.
Diabetologia 2012, 55, 1535–1543. [CrossRef]

142. Fabris, B.; Candido, R.; Armini, L.; Fischetti, F.; Calci, M.; Bardelli, M.; Fazio, M.; Campanacci, L.; Carretta, R. Control of
glomerular hyperfiltration and renal hypertrophy by an angiotensin converting enzyme inhibitor prevents the progression of
renal damage in hypertensive diabetic rats. J. Hypertens. 1999, 17, 1925–1931. [CrossRef] [PubMed]

143. Tan, A.L.; Sourris, K.C.; Harcourt, B.E.; Thallas-Bonke, V.; Penfold, S.; Andrikopoulos, S.; Thomas, M.C.; O’Brien, R.C.; Bierhaus,
A.; Cooper, M.E.; et al. Disparate effects on renal and oxidative parameters following RAGE deletion, AGE accumulation
inhibition, or dietary AGE control in experimental diabetic nephropathy. Am. J. Physiol. Renal Physiol. 2010, 298, F763–F770.
[CrossRef] [PubMed]

33



Biomolecules 2021, 11, 730

144. Brand, M.D. Riding the tiger—Physiological and pathological effects of superoxide and hydrogen peroxide generated in the
mitochondrial matrix. Crit. Rev. Biochem. Mol. Biol. 2020, 55, 592–661. [CrossRef]

145. Brand, M.D.; Goncalves, R.L.; Orr, A.L.; Vargas, L.; Gerencser, A.A.; Borch Jensen, M.; Wang, Y.T.; Melov, S.; Turk, C.N.;
Matzen, J.T.; et al. Suppressors of Superoxide-H2O2 Production at Site IQ of Mitochondrial Complex I Protect against Stem Cell
Hyperplasia and Ischemia-Reperfusion Injury. Cell Metab. 2016, 24, 582–592. [CrossRef]

146. Apakkan Aksun, S.; Ozmen, B.; Ozmen, D.; Parildar, Z.; Senol, B.; Habif, S.; Mutaf, I.; Turgan, N.; Bayindir, O. Serum and urinary
nitric oxide in Type 2 diabetes with or without microalbuminuria: Relation to glomerular hyperfiltration. J. Diabetes Complicat.
2003, 17, 343–348. [CrossRef]

147. Fang, J.; Wong, H.S.; Brand, M.D. Production of superoxide and hydrogen peroxide in the mitochondrial matrix is dominated by
site IQ of complex I in diverse cell lines. Redox Biol. 2020, 37, 101722. [CrossRef] [PubMed]

148. Kuo, C.W.; Shen, C.J.; Tung, Y.T.; Chen, H.L.; Chen, Y.H.; Chang, W.H.; Cheng, K.C.; Yang, S.H.; Chen, C.M. Extracellular
superoxide dismutase ameliorates streptozotocin-induced rat diabetic nephropathy via inhibiting the ROS/ERK1/2 signaling.
Life Sci. 2015, 135, 77–86. [CrossRef] [PubMed]

149. Watson, M.A.; Wong, H.S.; Brand, M.D. Use of S1QELs and S3QELs to link mitochondrial sites of superoxide and hydrogen
peroxide generation to physiological and pathological outcomes. Biochem. Soc. Trans. 2019, 47, 1461–1469. [CrossRef] [PubMed]

150. Plecita-Hlavata, L.; Engstova, H.; Jezek, J.; Holendova, B.; Tauber, J.; Petraskova, L.; Kren, V.; Jezek, P. Potential of Mitochondria-
Targeted Antioxidants to Prevent Oxidative Stress in Pancreatic beta-cells. Oxid. Med. Cell. Longev. 2019, 2019, 1826303. [CrossRef]

151. Homma, T.; Kobayashi, S.; Sato, H.; Fujii, J. Superoxide produced by mitochondrial complex III plays a pivotal role in the
execution of ferroptosis induced by cysteine starvation. Arch. Biochem. Biophys. 2021, 700, 108775. [CrossRef]

152. Heslop, K.A.; Rovini, A.; Hunt, E.G.; Fang, D.; Morris, M.E.; Christie, C.F.; Gooz, M.B.; DeHart, D.N.; Dang, Y.; Lemasters, J.J.;
et al. JNK activation and translocation to mitochondria mediates mitochondrial dysfunction and cell death induced by VDAC
opening and sorafenib in hepatocarcinoma cells. Biochem. Pharmacol. 2020, 171, 113728. [CrossRef] [PubMed]

153. Wong, H.S.; Mezera, V.; Dighe, P.; Melov, S.; Gerencser, A.A.; Sweis, R.F.; Pliushchev, M.; Wang, Z.; Esbenshade, T.; McKibben, B.;
et al. Superoxide produced by mitochondrial site IQ inactivates cardiac succinate dehydrogenase and induces hepatic steatosis in
Sod2 knockout mice. Free Radic. Biol. Med. 2021, 164, 223–232. [CrossRef]

154. Hatinguais, R.; Pradhan, A.; Brown, G.D.; Brown, A.J.P.; Warris, A.; Shekhova, E. Mitochondrial Reactive Oxygen Species
Regulate Immune Responses of Macrophages to Aspergillus fumigatus. Front. Immunol. 2021, 12, 641495. [CrossRef]

155. Dare, A.J.; Bolton, E.A.; Pettigrew, G.J.; Bradley, J.A.; Saeb-Parsy, K.; Murphy, M.P. Protection against renal ischemia-reperfusion
injury in vivo by the mitochondria targeted antioxidant MitoQ. Redox Biol. 2015, 5, 163–168. [CrossRef]

156. Dare, A.J.; Logan, A.; Prime, T.A.; Rogatti, S.; Goddard, M.; Bolton, E.M.; Bradley, J.A.; Pettigrew, G.J.; Murphy, M.P.; Saeb-Parsy,
K. The mitochondria-targeted anti-oxidant MitoQ decreases ischemia-reperfusion injury in a murine syngeneic heart transplant
model. J. Heart Lung Transplant. 2015, 34, 1471–1480. [CrossRef]

157. James, A.M.; Sharpley, M.S.; Manas, A.R.; Frerman, F.E.; Hirst, J.; Smith, R.A.; Murphy, M.P. Interaction of the mitochondria-
targeted antioxidant MitoQ with phospholipid bilayers and ubiquinone oxidoreductases. J. Biol. Chem. 2007, 282, 14708–14718.
[CrossRef] [PubMed]

158. Saretzki, G.; Murphy, M.P.; von Zglinicki, T. MitoQ counteracts telomere shortening and elongates lifespan of fibroblasts under
mild oxidative stress. Aging Cell 2003, 2, 141–143. [CrossRef]

159. Yang, M.Y.; Fan, Z.; Zhang, Z.; Fan, J. MitoQ protects against high glucose-induced brain microvascular endothelial cells injury
via the Nrf2/HO-1 pathway. J. Pharmacol. Sci. 2021, 145, 105–114. [CrossRef]

160. Hou, L.; Zhang, J.; Liu, Y.; Fang, H.; Liao, L.; Wang, Z.; Yuan, J.; Wang, X.; Sun, J.; Tang, B.; et al. MitoQ alleviates LPS-mediated
acute lung injury through regulating Nrf2/Drp1 pathway. Free Radic. Biol. Med. 2021, 165, 219–228. [CrossRef]

161. Cen, M.; Ouyang, W.; Zhang, W.; Yang, L.; Lin, X.; Dai, M.; Hu, H.; Tang, H.; Liu, H.; Xia, J.; et al. MitoQ protects against
hyperpermeability of endothelium barrier in acute lung injury via a Nrf2-dependent mechanism. Redox Biol. 2021, 41, 101936.
[CrossRef]

162. Fortner, K.A.; Blanco, L.P.; Buskiewicz, I.; Huang, N.; Gibson, P.C.; Cook, D.L.; Pedersen, H.L.; Yuen, P.S.T.; Murphy, M.P.; Perl, A.;
et al. Targeting mitochondrial oxidative stress with MitoQ reduces NET formation and kidney disease in lupus-prone MRL-lpr
mice. Lupus Sci. Med. 2020, 7, e000387. [CrossRef]

163. Chacko, B.K.; Reily, C.; Srivastava, A.; Johnson, M.S.; Ye, Y.; Ulasova, E.; Agarwal, A.; Zinn, K.R.; Murphy, M.P.; Kalyanaraman,
B.; et al. Prevention of diabetic nephropathy in Ins2+/- AkitaJ mice by the mitochondria-targeted therapy MitoQ. Biochem. J. 2010,
432, 9–19. [CrossRef] [PubMed]

164. Xiao, L.; Xu, X.; Zhang, F.; Wang, M.; Xu, Y.; Tang, D.; Wang, J.; Qin, Y.; Liu, Y.; Tang, C.; et al. The mitochondria-targeted
antioxidant MitoQ ameliorated tubular injury mediated by mitophagy in diabetic kidney disease via Nrf2/PINK1. Redox Biol.
2017, 11, 297–311. [CrossRef] [PubMed]

165. Ward, M.S.; Flemming, N.B.; Gallo, L.A.; Fotheringham, A.K.; McCarthy, D.A.; Zhuang, A.; Tang, P.H.; Borg, D.J.; Shaw, H.;
Harvie, B.; et al. Targeted mitochondrial therapy using MitoQ shows equivalent renoprotection to angiotensin converting enzyme
inhibition but no combined synergy in diabetes. Sci. Rep. 2017, 7, 15190. [CrossRef] [PubMed]

166. Gao, P.; Yang, M.; Chen, X.; Xiong, S.; Liu, J.; Sun, L. DsbA-L deficiency exacerbates mitochondrial dysfunction of tubular cells in
diabetic kidney disease. Clin. Sci. 2020, 134, 677–694. [CrossRef]

34



Biomolecules 2021, 11, 730

167. Han, Y.; Xu, X.; Tang, C.; Gao, P.; Chen, X.; Xiong, X.; Yang, M.; Yang, S.; Zhu, X.; Yuan, S.; et al. Reactive oxygen species promote
tubular injury in diabetic nephropathy: The role of the mitochondrial ros-txnip-nlrp3 biological axis. Redox Biol. 2018, 16, 32–46.
[CrossRef]

168. Fujita, H.; Fujishima, H.; Chida, S.; Takahashi, K.; Qi, Z.; Kanetsuna, Y.; Breyer, M.D.; Harris, R.C.; Yamada, Y.; Takahashi, T.
Reduction of renal superoxide dismutase in progressive diabetic nephropathy. J. Am. Soc. Nephrol. 2009, 20, 1303–1313. [CrossRef]

169. Peixoto, E.B.; Pessoa, B.S.; Biswas, S.K.; Lopes de Faria, J.B. Antioxidant SOD mimetic prevents NADPH oxidase-induced
oxidative stress and renal damage in the early stage of experimental diabetes and hypertension. Am. J. Nephrol. 2009, 29, 309–318.
[CrossRef] [PubMed]

170. Asaba, K.; Tojo, A.; Onozato, M.L.; Goto, A.; Fujita, T. Double-edged action of SOD mimetic in diabetic nephropathy. J. Cardiovasc.
Pharmacol. 2007, 49, 13–19. [CrossRef]

171. Rafikova, O.; Salah, E.M.; Tofovic, S.P. Renal and metabolic effects of tempol in obese ZSF1 rats—Distinct role for superoxide and
hydrogen peroxide in diabetic renal injury. Metabolism 2008, 57, 1434–1444. [CrossRef] [PubMed]

172. El-Mahdy, M.A.; Alzarie, Y.A.; Hemann, C.; Badary, O.A.; Nofal, S.; Zweier, J.L. The novel SOD mimetic GC4419 increases
cancer cell killing with sensitization to ionizing radiation while protecting normal cells. Free Radic. Biol. Med. 2020, 160, 630–642.
[CrossRef] [PubMed]

173. Anderson, C.M.; Lee, C.M.; Saunders, D.P.; Curtis, A.; Dunlap, N.; Nangia, C.; Lee, A.S.; Gordon, S.M.; Kovoor, P.; Arevalo-Araujo,
R.; et al. Phase IIb, Randomized, Double-Blind Trial of GC4419 Versus Placebo to Reduce Severe Oral Mucositis Due to Concurrent
Radiotherapy and Cisplatin for Head and Neck Cancer. J. Clin. Oncol. 2019, 37, 3256–3265. [CrossRef] [PubMed]

174. Langan, A.R.; Khan, M.A.; Yeung, I.W.; van Dyk, J.; Hill, R.P. Partial volume rat lung irradiation: The protective/mitigating
effects of Eukarion-189, a superoxide dismutase-catalase mimetic. Radiother. Oncol. 2006, 79, 231–238. [CrossRef]

175. Garcia-Quintans, N.; Prieto, I.; Sanchez-Ramos, C.; Luque, A.; Arza, E.; Olmos, Y.; Monsalve, M. Regulation of endothelial
dynamics by PGC-1alpha relies on ROS control of VEGF-A signaling. Free Radic. Biol. Med. 2016, 93, 41–51. [CrossRef]

176. Hosakote, Y.M.; Komaravelli, N.; Mautemps, N.; Liu, T.; Garofalo, R.P.; Casola, A. Antioxidant mimetics modulate oxidative
stress and cellular signaling in airway epithelial cells infected with respiratory syncytial virus. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2012, 303, L991–L1000. [CrossRef]

177. Torbati, F.A.; Ramezani, M.; Dehghan, R.; Amiri, M.S.; Moghadam, A.T.; Shakour, N.; Elyasi, S.; Sahebkar, A.; Emami, S.A.
Ethnobotany, Phytochemistry and Pharmacological Features of Centella asiatica: A Comprehensive Review. Adv. Exp. Med. Biol.
2021, 1308, 451–499. [CrossRef] [PubMed]

178. Liu, I.M.; Tzeng, T.F.; Liou, S.S.; Chang, C.J. Angelica acutiloba root attenuates insulin resistance induced by high-fructose diet in
rats. Phytother. Res. 2011, 25, 1283–1293. [CrossRef] [PubMed]

179. Wang, H.; Guan, Y.; Widlund, A.L.; Becker, L.B.; Baur, J.A.; Reilly, P.M.; Sims, C.A. Resveratrol ameliorates mitochondrial
dysfunction but increases the risk of hypoglycemia following hemorrhagic shock. J. Trauma Acute Care Surg. 2014, 77, 926–933.
[CrossRef]

180. Bao, L.; Cai, X.; Zhang, Z.; Li, Y. Grape seed procyanidin B2 ameliorates mitochondrial dysfunction and inhibits apoptosis via the
AMP-activated protein kinase-silent mating type information regulation 2 homologue 1-PPARgamma co-activator-1alpha axis in
rat mesangial cells under high-dose glucosamine. Br. J. Nutr. 2015, 113, 35–44. [CrossRef]

181. Guerrero-Hue, M.; Rayego-Mateos, S.; Vazquez-Carballo, C.; Palomino-Antolin, A.; Garcia-Caballero, C.; Opazo-Rios, L.;
Morgado-Pascual, J.L.; Herencia, C.; Mas, S.; Ortiz, A.; et al. Protective Role of Nrf2 in Renal Disease. Antioxidants 2020, 10, 39.
[CrossRef]

182. Menini, S.; Iacobini, C.; Vitale, M.; Pugliese, G. The Inflammasome in Chronic Complications of Diabetes and Related Metabolic
Disorders. Cells 2020, 9, 1812. [CrossRef]

183. Sato, S.; Kataoka, S.; Kimura, A.; Mukai, Y. Azuki bean (Vigna angularis) extract reduces oxidative stress and stimulates autophagy
in the kidneys of streptozotocin-induced early diabetic rats. Can. J. Physiol. Pharmacol. 2016, 94, 1298–1303. [CrossRef]

184. Omara, E.A.; Nada, S.A.; Farrag, A.R.; Sharaf, W.M.; El-Toumy, S.A. Therapeutic effect of Acacia nilotica pods extract on
streptozotocin induced diabetic nephropathy in rat. Phytomedicine 2012, 19, 1059–1067. [CrossRef]

185. Navale, A.M.; Paranjape, A. Antidiabetic and renoprotective effect of Anogeissus acuminata leaf extract on experimentally
induced diabetic nephropathy. J. Basic Clin. Physiol. Pharmacol. 2018, 29, 359–364. [CrossRef] [PubMed]

186. Cho, E.J.; Lee, Y.A.; Yoo, H.H.; Yokozawa, T. Protective effects of broccoli (Brassica oleracea) against oxidative damage in vitro
and in vivo. J. Nutr. Sci. Vitaminol. 2006, 52, 437–444. [CrossRef]

187. ALTamimi, J.Z.; AlFaris, N.A.; Al-Farga, A.M.; Alshammari, G.M.; BinMowyna, M.N.; Yahya, M.A. Curcumin reverses diabetic
nephropathy in streptozotocin-induced diabetes in rats by inhibition of PKCβ/p66Shc axis and activation of FOXO-3a. J. Nutr.
Biochem. 2021, 87, 108515. [CrossRef]

188. Gurukar, M.S.; Mahadevamma, S.; Chilkunda, N.D. Renoprotective effect of Coccinia indica fruits and leaves in experimentally
induced diabetic rats. J. Med. Food 2013, 16, 839–846. [CrossRef]

189. Boonphang, O.; Ontawong, A.; Pasachan, T.; Phatsara, M.; Duangjai, A.; Amornlerdpison, D.; Jinakote, M.; Srimaroeng, C.
Antidiabetic and Renoprotective Effects of Coffea arabica Pulp Aqueous Extract through Preserving Organic Cation Transport
System Mediated Oxidative Stress Pathway in Experimental Type 2 Diabetic Rats. Molecules 2021, 26, 1907. [CrossRef]

190. Hassan, H.M.; Mahran, Y.F.; Ghanim, A.M.H. Ganoderma lucidum ameliorates the diabetic nephropathy via down-regulatory
effect on TGFβ-1 and TLR-4/NFκB signalling pathways. J. Pharm. Pharmacol. 2021. [CrossRef]

35



Biomolecules 2021, 11, 730

191. Shiju, T.M.; Rajesh, N.G.; Viswanathan, P. Renoprotective effect of aged garlic extract in streptozotocin-induced diabetic rats.
Indian J. Pharmacol. 2013, 45, 18–23. [CrossRef]

192. Chung, A.; Gurtu, S.; Chakravarthi, S.; Moorthy, M.; Palanisamy, U.D. Geraniin Protects High-Fat Diet-Induced Oxidative Stress
in Sprague Dawley Rats. Front. Nutr. 2018, 5, 17. [CrossRef]

193. Al Hroob, A.M.; Abukhalil, M.H.; Alghonmeen, R.D.; Mahmoud, A.M. Ginger alleviates hyperglycemia-induced oxidative stress,
inflammation and apoptosis and protects rats against diabetic nephropathy. Biomed. Pharmacother. 2018, 106, 381–389. [CrossRef]

194. Han, J.; Pang, X.; Shi, X.; Zhang, Y.; Peng, Z.; Xing, Y. Ginkgo Biloba Extract EGB761 Ameliorates the Extracellular Matrix
Accumulation and Mesenchymal Transformation of Renal Tubules in Diabetic Kidney Disease by Inhibiting Endoplasmic
Reticulum Stress. Biomed. Res. Int. 2021, 2021, 6657206. [CrossRef]

195. Qin, X.; Zhao, Y.; Gong, J.; Huang, W.; Su, H.; Yuan, F.; Fang, K.; Wang, D.; Li, J.; Zou, X.; et al. Berberine Protects Glomerular
Podocytes via Inhibiting Drp1-Mediated Mitochondrial Fission and Dysfunction. Theranostics 2019, 9, 1698–1713. [CrossRef]

196. Punaro, G.R.; Lima, D.Y.; Rodrigues, A.M.; Pugliero, S.; Mouro, M.G.; Rogero, M.M.; Higa, E.M.S. Cupuacu extract reduces
nitrosative stress and modulates inflammatory mediators in the kidneys of experimental diabetes. Clin. Nutr. 2019, 38, 364–371.
[CrossRef]

197. Alabi, T.D.; Brooks, N.L.; Oguntibeju, O.O. Leaf Extracts of Anchomanes difformis Ameliorated Kidney and Pancreatic Damage
in Type 2 Diabetes. Plants 2021, 10, 300. [CrossRef] [PubMed]

198. Kim, H.; Dusabimana, T.; Kim, S.R.; Je, J.; Jeong, K.; Kang, M.C.; Cho, K.M.; Kim, H.J.; Park, S.W. Supplementation of Abelmoschus
manihot Ameliorates Diabetic Nephropathy and Hepatic Steatosis by Activating Autophagy in Mice. Nutrients 2018, 10, 1703.
[CrossRef]

199. Wang, S.C.; Lee, S.F.; Wang, C.J.; Lee, C.H.; Lee, W.C.; Lee, H.J. Aqueous Extract from Hibiscus sabdariffa Linnaeus Ameliorate
Diabetic Nephropathy via Regulating Oxidative Status and Akt/Bad/14-3-3γ in an Experimental Animal Model. Evid. Based
Complement. Alternat. Med. 2011, 2011, 938126. [CrossRef]

200. Zhang, Q.; Lu, Y.; Ma, Z.; Li, Y.; Guo, J.; Meng, Q.; Bian, H. A novel formula from mulberry leaf ameliorates diabetic nephropathy
in rats via inhibiting the TGF-β1 pathway. Food Funct. 2015, 6, 3307–3315. [CrossRef]

201. Lu, H.J.; Tzeng, T.F.; Hsu, J.C.; Kuo, S.H.; Chang, C.H.; Huang, S.Y.; Chang, F.Y.; Wu, M.C.; Liu, I.M. An Aqueous-Ethanol Extract
of Liriope spicata var. prolifera Ameliorates Diabetic Nephropathy through Suppression of Renal Inflammation. Evid. Based
Complement. Alternat. Med. 2013, 2013, 201643. [CrossRef]

202. Chen, H.W.; Yang, M.Y.; Hung, T.W.; Chang, Y.C.; Wang, C.J. Nelumbo nucifera leaves extract attenuate the pathological
progression of diabetic nephropathy in high-fat diet-fed and streptozotocin-induced diabetic rats. J. Food Drug Anal. 2019, 27,
736–748. [CrossRef]

203. Yao, L.; Li, L.; Li, X.; Li, H.; Zhang, Y.; Zhang, R.; Wang, J.; Mao, X. The anti-inflammatory and antifibrotic effects of Coreopsis
tinctoria Nutt on high-glucose-fat diet and streptozotocin-induced diabetic renal damage in rats. BMC Complement. Altern. Med.
2015, 15, 314. [CrossRef]

204. Rajavel, V.; Abdul Sattar, M.Z.; Abdulla, M.A.; Kassim, N.M.; Abdullah, N.A. Chronic Administration of Oil Palm (Elaeis
guineensis) Leaves Extract Attenuates Hyperglycaemic-Induced Oxidative Stress and Improves Renal Histopathology and
Function in Experimental Diabetes. Evid. Based Complement. Alternat. Med. 2012, 2012, 195367. [CrossRef] [PubMed]

205. Yang, R.; Li, Y.; Mehmood, S.; Yan, C.; Huang, Y.; Cai, J.; Ji, J.; Pan, W.; Zhang, W.; Chen, Y. Polysaccharides from Armillariella
tabescens mycelia ameliorate renal damage in type 2 diabetic mice. Int. J. Biol. Macromol. 2020, 162, 1682–1691. [CrossRef] [PubMed]

206. Karunasagara, S.; Hong, G.L.; Park, S.R.; Lee, N.H.; Jung, D.Y.; Kim, T.W.; Jung, J.Y. Korean red ginseng attenuates hyperglycemia-
induced renal inflammation and fibrosis via accelerated autophagy and protects against diabetic kidney disease. J. Ethnopharmacol.
2020, 254, 112693. [CrossRef] [PubMed]

207. Borgohain, M.P.; Chowdhury, L.; Ahmed, S.; Bolshette, N.; Devasani, K.; Das, T.J.; Mohapatra, A.; Lahkar, M. Renoprotective and
antioxidative effects of methanolic Paederia foetida leaf extract on experimental diabetic nephropathy in rats. J. Ethnopharmacol.
2017, 198, 451–459. [CrossRef]

208. Song, P.; Sun, C.; Li, J.; Long, T.; Yan, Y.; Qin, H.; Makinde, E.A.; Famurewa, A.C.; Jaisi, A.; Nie, Y.; et al. Tiliacora triandra
extract and its major constituent attenuates diabetic kidney and testicular impairment by modulating redox imbalance and
pro-inflammatory responses in rats. J. Sci. Food Agric. 2021, 101, 1598–1608. [CrossRef]

209. Vargas, F.; Romecin, P.; Garcia-Guillen, A.I.; Wangesteen, R.; Vargas-Tendero, P.; Paredes, M.D.; Atucha, N.M.; Garcia-Estan, J.
Flavonoids in Kidney Health and Disease. Front. Physiol. 2018, 9, 394. [CrossRef]

210. Guclu, A.; Yonguc, N.; Dodurga, Y.; Gundogdu, G.; Guclu, Z.; Yonguc, T.; Adiguzel, E.; Turkmen, K. The effects of grape seed
on apoptosis-related gene expression and oxidative stress in streptozotocin-induced diabetic rats. Ren. Fail. 2015, 37, 192–197.
[CrossRef] [PubMed]

211. Gao, Z.; Liu, G.; Hu, Z.; Shi, W.; Chen, B.; Zou, P.; Li, X. Grape seed proanthocyanidins protect against streptozotocininduced
diabetic nephropathy by attenuating endoplasmic reticulum stressinduced apoptosis. Mol. Med. Rep. 2018, 18, 1447–1454.
[CrossRef] [PubMed]

212. Zhang, Z.; Li, B.Y.; Li, X.L.; Cheng, M.; Yu, F.; Lu, W.D.; Cai, Q.; Wang, J.F.; Zhou, R.H.; Gao, H.Q.; et al. Proteomic analysis of
kidney and protective effects of grape seed procyanidin B2 in db/db mice indicate MFG-E8 as a key molecule in the development
of diabetic nephropathy. Biochim. Biophys. Acta 2013, 1832, 805–816. [CrossRef]

36



Biomolecules 2021, 11, 730

213. Fujii, H.; Yokozawa, T.; Kim, Y.A.; Tohda, C.; Nonaka, G. Protective effect of grape seed polyphenols against high glucose-induced
oxidative stress. Biosci. Biotechnol. Biochem. 2006, 70, 2104–2111. [CrossRef]

214. Jiang, P.; Xiang, L.; Chen, Z.; Lu, H.; Zhou, L.; Yang, L.; Ji, Y.; Liu, Y.; Sun, X.; Deng, Y.; et al. Catalpol alleviates renal damage by
improving lipid metabolism in diabetic db/db mice. Am. J. Transl. Res. 2018, 10, 1750–1761.

215. Kim, D.; Cheon, J.; Yoon, H.; Jun, H.S. Cudrania tricuspidata Root Extract Prevents Methylglyoxal-Induced Inflammation and
Oxidative Stress via Regulation of the PKC-NOX4 Pathway in Human Kidney Cells. Oxid. Med. Cell. Longev. 2021, 2021, 5511881.
[CrossRef]

216. Zhou, J.; Zhang, S.; Sun, X.; Lou, Y.; Bao, J.; Yu, J. Hyperoside ameliorates diabetic nephropathy induced by STZ via targeting the
miR-499-5p/APC axis. J. Pharmacol. Sci. 2021, 146, 10–20. [CrossRef]

217. Giribabu, N.; Karim, K.; Kilari, E.K.; Salleh, N. Phyllanthus niruri leaves aqueous extract improves kidney functions, ameliorates
kidney oxidative stress, inflammation, fibrosis and apoptosis and enhances kidney cell proliferation in adult male rats with
diabetes mellitus. J. Ethnopharmacol. 2017, 205, 123–137. [CrossRef] [PubMed]

218. Manna, K.; Mishra, S.; Saha, M.; Mahapatra, S.; Saha, C.; Yenge, G.; Gaikwad, N.; Pal, R.; Oulkar, D.; Banerjee, K.; et al.
Amelioration of diabetic nephropathy using pomegranate peel extract-stabilized gold nanoparticles: Assessment of NF-κB and
Nrf2 signaling system. Int. J. Nanomed. 2019, 14, 1753–1777. [CrossRef] [PubMed]

219. Gomes, I.B.; Porto, M.L.; Santos, M.C.; Campagnaro, B.P.; Pereira, T.M.; Meyrelles, S.S.; Vasquez, E.C. Renoprotective, anti-
oxidative and anti-apoptotic effects of oral low-dose quercetin in the C57BL/6J model of diabetic nephropathy. Lipids Health Dis.
2014, 13, 184. [CrossRef] [PubMed]

220. Zhang, T.; Chi, Y.; Kang, Y.; Lu, H.; Niu, H.; Liu, W.; Li, Y. Resveratrol ameliorates podocyte damage in diabetic mice via
SIRT1/PGC-1alpha mediated attenuation of mitochondrial oxidative stress. J. Cell. Physiol. 2019, 234, 5033–5043. [CrossRef]

221. Sohal, R.S.; Forster, M.J. Caloric restriction and the aging process: A critique. Free Radic. Biol. Med. 2014, 73, 366–382. [CrossRef]
222. Sohal, R.S.; Weindruch, R. Oxidative stress, caloric restriction, and aging. Science 1996, 273, 59–63. [CrossRef]
223. Diaz-Ruiz, A.; Di Francesco, A.; Carboneau, B.A.; Levan, S.R.; Pearson, K.J.; Price, N.L.; Ward, T.M.; Bernier, M.; de Cabo, R.;

Mercken, E.M. Benefits of Caloric Restriction in Longevity and Chemical-Induced Tumorigenesis Are Transmitted Independent
of NQO1. J. Gerontol. A 2019, 74, 155–162. [CrossRef]

224. Wang, S.Y.; Cai, G.Y.; Chen, X.M. Energy restriction in renal protection. Br. J. Nutr. 2018, 120, 1149–1158. [CrossRef]
225. Gray, K.L.; Clifton, P.M.; Keogh, J.B. The effect of intermittent energy restriction on weight loss and diabetes risk markers in

women with a history of gestational diabetes: A 12-month randomized control trial. Am. J. Clin. Nutr. 2021. [CrossRef]
226. Estrela, G.R.; Wasinski, F.; Batista, R.O.; Hiyane, M.I.; Felizardo, R.J.; Cunha, F.; de Almeida, D.C.; Malheiros, D.M.; Camara,

N.O.; Barros, C.C.; et al. Caloric Restriction Is More Efficient than Physical Exercise to Protect from Cisplatin Nephrotoxicity via
PPAR-Alpha Activation. Front. Physiol. 2017, 8, 116. [CrossRef] [PubMed]

227. Ning, Y.C.; Cai, G.Y.; Zhuo, L.; Gao, J.J.; Dong, D.; Cui, S.Y.; Shi, S.Z.; Feng, Z.; Zhang, L.; Sun, X.F.; et al. Beneficial effects of
short-term calorie restriction against cisplatin-induced acute renal injury in aged rats. Nephron Exp. Nephrol. 2013, 124, 19–27.
[CrossRef]

228. Stern, J.S.; Gades, M.D.; Wheeldon, C.M.; Borchers, A.T. Calorie restriction in obesity: Prevention of kidney disease in rodents.
J. Nutr. 2001, 131, 913S–917S. [CrossRef]

229. Singh, G.; Krishan, P. Dietary restriction regimens for fighting kidney disease: Insights from rodent studies. Exp. Gerontol. 2019,
128, 110738. [CrossRef]

230. Tikoo, K.; Lodea, S.; Karpe, P.A.; Kumar, S. Calorie restriction mimicking effects of roflumilast prevents diabetic nephropathy.
Biochem. Biophys. Res. Commun. 2014, 450, 1581–1586. [CrossRef] [PubMed]

231. Pall, M.L.; Levine, S. Nrf2, a master regulator of detoxification and also antioxidant, anti-inflammatory and other cytoprotective
mechanisms, is raised by health promoting factors. Sheng Li Xue Bao 2015, 67, 1–18.

232. Juszczak, F.; Caron, N.; Mathew, A.V.; Decleves, A.E. Critical Role for AMPK in Metabolic Disease-Induced Chronic Kidney
Disease. Int. J. Mol. Sci. 2020, 21, 7994. [CrossRef] [PubMed]

233. Nowak, K.L.; Hopp, K. Metabolic Reprogramming in Autosomal Dominant Polycystic Kidney Disease: Evidence and Therapeutic
Potential. Clin. J. Am. Soc. Nephrol. 2020, 15, 577–584. [CrossRef]

234. Kume, S.; Koya, D. Autophagy: A Novel Therapeutic Target for Diabetic Nephropathy. Diabetes Metab. J. 2015, 39, 451–460. [CrossRef]
235. Sharma, K. Mitochondrial hormesis and diabetic complications. Diabetes 2015, 64, 663–672. [CrossRef]
236. Aydemir, N.; Pike, M.M.; Alsouqi, A.; Headley, S.A.E.; Tuttle, K.; Evans, E.E.; Milch, C.M.; Moody, K.A.; Germain, M.; Lipworth, L.;

et al. Effects of diet and exercise on adipocytokine levels in patients with moderate to severe chronic kidney disease. Nutr. Metab.
Cardiovasc. Dis. 2020, 30, 1375–1381. [CrossRef] [PubMed]

237. Malin, S.K.; Navaneethan, S.D.; Fealy, C.E.; Scelsi, A.; Huang, H.; Rocco, M.; Kirwan, J.P. Exercise plus caloric restriction lowers
soluble RAGE in adults with chronic kidney disease. Obes. Sci. Pract. 2020, 6, 307–312. [CrossRef] [PubMed]

238. Doshi, S.M.; Friedman, A.N. Diagnosis and Management of Type 2 Diabetic Kidney Disease. Clin. J. Am. Soc. Nephrol. 2017, 12,
1366–1373. [CrossRef]

239. Ikizler, T.A.; Robinson-Cohen, C.; Ellis, C.; Headley, S.A.E.; Tuttle, K.; Wood, R.J.; Evans, E.E.; Milch, C.M.; Moody, K.A.; Germain,
M.; et al. Metabolic Effects of Diet and Exercise in Patients with Moderate to Severe CKD: A Randomized Clinical Trial. J. Am.
Soc. Nephrol. 2018, 29, 250–259. [CrossRef]

37



Biomolecules 2021, 11, 730

240. Ikeda, Y.; Enomoto, H.; Tajima, S.; Izawa-Ishizawa, Y.; Kihira, Y.; Ishizawa, K.; Tomita, S.; Tsuchiya, K.; Tamaki, T. Dietary iron
restriction inhibits progression of diabetic nephropathy in db/db mice. Am. J. Physiol. Renal Physiol. 2013, 304, F1028–F1036. [CrossRef]

241. Lin, C.H.; Chang, Y.C.; Chuang, L.M. Early detection of diabetic kidney disease: Present limitations and future perspectives.
World J. Diabetes 2016, 7, 290–301. [CrossRef] [PubMed]

242. Ibarra-Gonzalez, I.; Cruz-Bautista, I.; Bello-Chavolla, O.Y.; Vela-Amieva, M.; Pallares-Mendez, R.; Ruiz de Santiago, Y.N.D.;
Salas-Tapia, M.F.; Rosas-Flota, X.; Gonzalez-Acevedo, M.; Palacios-Penaloza, A.; et al. Optimization of kidney dysfunction
prediction in diabetic kidney disease using targeted metabolomics. Acta Diabetol. 2018, 55, 1151–1161. [CrossRef]

243. Matoba, K.; Takeda, Y.; Nagai, Y.; Yokota, T.; Utsunomiya, K.; Nishimura, R. Targeting Redox Imbalance as an Approach for
Diabetic Kidney Disease. Biomedicines 2020, 8, 40. [CrossRef]

38



Citation: Zhu, Y.-T.; Wan, C.; Lin,

J.-H.; Hammes, H.-P.; Zhang, C.

Mitochondrial Oxidative Stress and

Cell Death in Podocytopathies.

Biomolecules 2022, 12, 403.

https://doi.org/10.3390/

biom12030403

Academic Editor: Liang-Jun Yan

Received: 14 December 2021

Accepted: 1 March 2022

Published: 4 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Review

Mitochondrial Oxidative Stress and Cell Death in Podocytopathies

Yu-Ting Zhu 1, Cheng Wan 1, Ji-Hong Lin 2, Hans-Peter Hammes 2 and Chun Zhang 1,*

1 Department of Nephrology, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan 430022, China; drzhuyuting@hust.edu.cn (Y.-T.Z.); stellarwane@126.com (C.W.)

2 5th Medical Department, Medical Faculty Mannheim, University of Heidelberg,
D-68167 Mannheim, Germany; jihong.lin@medma.uni-heidelberg.de (J.-H.L.);
hans-peter.hammes@medma.uni-heidelberg.de (H.-P.H.)

* Correspondence: drzhangchun@hust.edu.cn; Tel.: +86-02785726712

Abstract: Podocytopathies are kidney diseases that are driven by podocyte injury with proteinuria
and proteinuria-related symptoms as the main clinical presentations. Albeit podocytopathies are the
major contributors to end-stage kidney disease, the underlying molecular mechanisms of podocyte
injury remain to be elucidated. Mitochondrial oxidative stress is associated with kidney diseases,
and increasing evidence suggests that oxidative stress plays a vital role in the pathogenesis of
podocytopathies. Accumulating evidence has placed mitochondrial oxidative stress in the focus of
cell death research. Excessive generated reactive oxygen species over antioxidant defense under
pathological conditions lead to oxidative damage to cellular components and regulate cell death in
the podocyte. Conversely, exogenous antioxidants can protect podocyte from cell death. This review
provides an overview of the role of mitochondrial oxidative stress in podocytopathies and discusses
its role in the cell death of the podocyte, aiming to identify the novel targets to improve the treatment
of patients with podocytopathies.

Keywords: podocytopathies; mitochondrial oxidative stress; reactive oxygen species (ROS);
antioxidant defense; cell death

1. Introduction

Podocytopathies are defined as kidney diseases that are driven by podocyte injury
with proteinuria and proteinuria-related symptoms as the main clinical features [1]. The
incidence of podocytopathies seems to be gradually rising and they are the leading cause of
end-stage kidney disease around the world [1,2]. However, efficient therapies for podocy-
topathies are lacking and current treatment can only retard the progression of diseases.
Podocytes are highly specialized epithelial cells that are located in the glomerulus and con-
stitute the filtration barrier with a glomerular basement membrane (GBM) and endothelial
cells [2,3]. The interdigitated foot processes and slit diaphragm of podocytes are elementary
structures for the selective filtration function of the glomerulus [1]. Excessive stress and
harmful stimuli are likely to cause podocyte injury, possibly even death, which is clinically
characterized by proteinuria and pathologically characterized by podocyte foot process
effacement (FPE), detachment, and loss [1,2]. Considering the poor proliferation capacity
of the podocyte, excessive podocyte loss progressively aggravates podocyte damage and
eventually leads to global glomerulosclerosis [2]. Understanding how such detrimental
stress and stimuli cause podocyte injury can help us to advance our acknowledgement of
the mechanisms underlying the occurrence and progression of podocytopathies.

Mitochondrial oxidative stress refers to disrupted redox homeostasis by the elevated
generation of reactive oxygen species (ROS) and (or) declined antioxidant defense capac-
ity [4,5]. Increasing evidence suggests that oxidative stress plays a vital role in the pathogen-
esis of podocytopathies [6–9]. The excessive accumulation of ROS causes damage to intra-
cellular components and impairs the normal structure and function of podocytes [7,8,10–12].
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Accumulating evidence has placed mitochondrial oxidative stress in the focus of cell death
research [4,13]. Classic cell death includes apoptosis, necrosis, necroptosis, pyroptosis,
and ferroptosis [14,15]. Under pathological conditions, when redundant ROS-induced
damage is beyond the compensatory capacity of podocytes, cell death occurs [8,16–18].
Conversely, the application of exogenous antioxidants can protect podocytes from cell
death and improve kidney function [8,19]. Hence, this review provides an overview of the
role of mitochondrial oxidative stress in podocytopathies and discusses its role in the cell
death of the podocyte, aiming to identify novel targets to improve the treatment of patients
with podocytopathies.

2. Spectrum of Podocytopathies

Genetic factors and non-genetic factors, such as immune, infectious, metabolic, and
hemodynamic factors, can cause damage to the podocyte [2]. Therefore, podocytopathies
can be further divided into genetic and non-genetic podocytopathies on the basis of
the causes.

Numerous genetic researches identified many susceptibility genes relevant to podocy-
topathies, which can be divided into podocyte genes and syndromal non-specific genes in
terms of the types of cells that experience genetic variation [1]. For example, genetic vari-
ants in PLCE1 and WT1, two podocyte-expressed genes, result in the arrested development
of glomeruli and the onset of diffuse mesangial sclerosis [20,21]. APOL1 podocytopathy is
the best studied podocytopathy that is associated with genetic variants of susceptibility
genes [1]. In Africans carrying a high frequency of APOL1 alleles, the prevalence of chronic
kidney disease (CKD) is up to 16% [22].

Non-genetic podocytopathies consist of kidney diseases of many distinct causes.
Immune injury to the podocyte can induce the development of podocytopathies, such as
IgA nephropathy (IgAN), lupus nephritis (LN), and membranous nephropathy (MN) [2].
Metabolic and hemodynamic abnormalities damage the podocyte as well. Long-term
poor glucose control and the hemodynamic changes in diabetics contribute to diabetic
nephropathy (DN) [1]. Elevated blood pressure and the accompanying hyperfiltration
can also induce podocyte injury, which plays an important role in the pathogenesis of
hypertensive nephropathy [23]. Podocytopathies caused by infections and nephrotoxic
substances are not negligible, for instance, HIV-associated nephropathy and collapsing
glomerulopathy induced by pamidronate [24,25].

3. Oxidative Stress in Podocytopathies

Under physiological conditions, a homeostasis between the production of ROS and
the antioxidant defense system exists in the podocyte. ROS are a collection of chemical
substances originated from incomplete reduced oxygen, which mainly consist of super-
oxide anion, hydrogen peroxide (H2O2), singlet oxygen, and hydroxyl radical [13,26]. In
the podocyte, ROS mainly come from the mitochondrial respiration chain and NADPH
oxidase (NOX) [27–29]. The mitochondrial respiration chain is mainly composed of NADH
dehydrogenase (complex I), succinate dehydrogenase (complex II), ubiquinol-cytochrome
c reductase (complex III), cytochrome c oxidase (complex IV), cytochrome c (Cyt C), and
quinone [30,31]. Mitochondrial respiration chain dysfunction contributes to excessive
ROS generation. Antioxidant defense systems are developed in the organism to eliminate
ROS generated from various sources. Enzymatic defense systems include superoxide
dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT), and thioredoxin reduc-
tase (TrxR) [4,32]. Additionally, antioxidants are comprised of ascorbic acid (Vitamin
C), α-tocopherol (Vitamin E), glutathione (GSH), thioredoxin, peroxiredoxin (Prdx), and
carotenoids [4,32]. When the redox homeostasis is disrupted due to external stimuli under
pathological conditions or inherent defects of podocyte, oxidative stress occurs and leads
to podocyte injury and renal damage (Figure 1). Stimuli that are harmful to the podocyte,
such as puromycin aminonucleoside (PA), high glucose (HG), and angiotensin II (Ang II),
can all contribute to the intracellular accumulation of ROS [28,33,34].
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Figure 1. Oxidative stress plays a significant role in the pathogenesis of podocytopathies. Various
harmful stimuli, such as puromycin aminonucleoside, immune complexes, HG, and Ang II, upregu-
late NOX, Cyt C, and P450, and downregulate mitochondrial respiration chain complexes (complex
I, II, III, and IV), Ub, and antioxidant defense systems, including SOD, GPX, CAT, GSH, Prdx, and
Trx. Excessive ROS accumulation in the podocyte causes damage to DNA, lipids, and proteins, and
activates downstream signaling pathways, leading to podocyte foot process effacement, loss, and
detachment, with clinical presentations of proteinuria and proteinuria-related symptoms. HG, high
glucose; Ang II, angiotensin II; AT1R, angiotensin II type 1 receptor; AOPPs, advanced oxidation
protein products; AGEs, advanced glycation end-products; RAGE, receptor of advanced glycation
end-products; MC, mineralocorticoid; MR, mineralocorticoid receptor; C5b-9, C5b-9 membrane
attack complex; NOX, NADPH oxidase; I, complex I; II, complex II; III, complex III; IV, complex IV;
Ub, quinone; Cyt c, cytochrome c; SOD, superoxide dismutase; GPX, glutathione peroxidase; CAT,
catalase; GSH, glutathione; Prdx, peroxiredoxin; Trx, thioredoxin; P450, cytochrome P450; and ROS,
reactive oxygen species.

In this section, we discuss and summarize the mechanisms by which ROS production
is elevated in podocytopathies.

3.1. Elevated ROS Production

In focal segmental glomerulosclerosis (FSGS), the level of NOX4, a subunit of NOX
complex, is higher in patients with steroid-resistant nephrotic syndrome (SRNS) than
those with steroid-sensitive nephrotic syndrome, and the level of ROS is also higher in
the glomeruli isolated from patients with SRNS [35]. The induction of NOX4 is observed
in the PA-treated podocyte as well [27]. In the lmai rats, a spontaneous FSGS model, the
activation of the angiotensin II type 1 receptor (AT1R) by Ang II leads to oxidative stress
via upregulating the expression of NOX and downregulating the expression of Nrf2 [36].
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In the FSGS phase of puromycin aminonucleoside nephrosis, cytochrome c oxidase subunit
1 (COX1) in the glomerulus is decreased [6]. Mice that lack the cytochrome c oxidase
assembly cofactor heme A, farnesyltransferase (COX10), develop severe FSGS at an early
age [37]. In the PA-treated podocyte, a decrease in COX1, 2, and 4, and a reduction in
complexes I and IV are observed [27]. A mutation in ADCK4, which participates in the
biosynthesis of coenzyme Q10 (CoQ10), causes the development of FSGS [38]. Whole-
exome sequencing and Sanger sequencing suggests that a coenzyme Q10 mono-oxygenase
6 (COQ6) mutation might increase the production of ROS and associate with the occurrence
of FSGS [39]. In PA-induced minimal change disease (MCD), CYP2B1, a cytochrome P450
isozyme, is a source of ROS and catalytic iron formation in the podocyte, with CYP2B1
inhibitors cimetidine and piperine alleviating PA-induced proteinuria and attenuating the
increase in H2O2 and catalytic iron [33,40]. Adriamycin can induce the downregulation of
complex I subunits both in vitro and in vivo [41]. In patients with a congenital nephrotic
syndrome of the Finnish type, the kidney cortex shows the downregulation of complexes II
and IV, and the mRNA levels of COX1 and COX2 are reduced [9,42,43].

For patients with IgAN, the copy numbers of COX3 and nicotinamide adenine din-
ucleotide dehydrogenase subunit 1 (ND1) in the urine are higher than the healthy con-
trols [44]. After treatment, the changes in urinary COX3 and ND1 levels are positively
associated with the changes in proteinuria and negatively associated with the changes
in eGFR [44]. In the plasma of IgAN patients, the levels of advanced oxidation protein
products (AOPPs) and malonaldehyde (MDA) are elevated, which can be attenuated by
angiotensin-converting enzyme inhibitors (ACEIs) [7]. In the model of MN, complement
activation in the podocyte reinforces the assembly of the C5b-9 membrane attack com-
plex to induce the generation of ROS, which is mainly mediated via the upregulation of
NOX [45–47]. An overexpression of CYP2B1 markedly elevates the generation of ROS and
damages the cytoskeleton of the podocyte in MN, while silencing CYP2B1 ameliorates
podocyte injury [48]. In podocytes treated with LN plasma, the production of ROS by
mitochondria increases and the level of mitophagy decreases [49]. IgG from LN patients
can elicit the generation of ROS as well [50].

HG-induced mitochondrial ROS generation is regarded as the main mechanism of
DN [28,51]. Extracellular HG induces the formation of intracellular ROS in the podocyte
via NOX and mitochondrial respiration [8,52,53]. In the kidney of Zucker obese rats, the
expressions of NOX2, NOX4, and AT1R are upregulated [54]. Silencing NOX4 or pretreat-
ment with NOX inhibitor GKT137831, diminishes high glucose-elicited ROS generation
and the upregulation of profibrotic markers of the podocyte [55]. NOX5 is also upreg-
ulated in human diabetic kidney biopsies and type I diabetic mice [56,57]. Transgenic
mice expressing podocyte-specific NOX5 develop albuminuria, podocyte FPE, and the
elevation of systolic BP through the generation of ROS, which are further aggravated under
streptozotocin (STZ)-induced diabetes [56]. Hyperglycemia can also activate the mineralo-
corticoid receptor (MR) to induce podocyte injury and proteinuria via the generation of
ROS from NOX [58]. CYP4A, a member of the cytochrome P450 family, is upregulated and
20-hydroxyeicosatetraenoic acid is increased, followed by NOX activation [53]. In db/db
mice and the HG-cultured podocyte, the activity of complexes I and III is reduced, while
the functional expression of complex I in the cultured podocyte prevents the increase in
mitochondrial ROS caused by HG [28,59]. In diabetic mice, the enhanced expression of
p66Shc, a redox-regulating protein associated with Cyt C, promotes the generation of ROS
from mitochondria [60,61].

A high-salt diet and Ang II both increase NADPH-dependent ROS formation in the
kidney cortex [34,62]. Ang II induces an ROS-dependent rearrangement of the cytoskeleton
to facilitate podocyte migration and eventual podocyte depletion, which can be inhibited
by an NOX4 knockdown [12,63]. MR activation is involved in the podocyte damage in
hypertensive kidney damage and metabolic syndrome as well [64,65]. Sprague–Dawley
rats administrated with aldosterone and high salt display podocyte injury and proteinuria,
resulting from elevated NOX activity and ROS production in the podocyte, while selective
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aldosterone blocker eplerenone and antioxidant tempol can protect against aldosterone-
induced injury and proteinuria [64,65].

Homocysteine-induced podocyte injury and glomerulosclerosis involve NOX activa-
tion and endogenously generated superoxide anion and H2O2 that mediate the NLR family
pyrin domain containing 3 (NLRP3) inflammasome formation [66]. In spontaneously hyper-
tensive rats, a high level of homocysteine (Hcy) upregulates the mRNA levels of NOX2 and
NOX4 [29]. AOPP has been shown to be closely associated with the severity of CKD and
proteinuria [67]. It can bind to the receptor of advanced glycation end-products (RAGE) to
induce NOX-mediated ROS generation, which further activates the Wnt/β-catenin path-
way, resulting in FPE, matrix accumulation, and proteinuria [67–69]. Transforming growth
factor β (TGFβ) has been shown to accumulate in renal diseases, and it can induce the
upregulation of NOX4 via the Smad-dependent pathway and following ERK1/2-mTOR
activation [70,71].

3.2. Deficient Antioxidant Defense Systems

Patients diagnosed as FSGS show markedly lower plasma and urinary GPX levels
compared with MCD and healthy controls [72]. The glomerular GPX immunostaining
score in FSGS is also lower than MCD and the normal controls both in patients and
rats [72]. CoQ10 acts not only as an electron carrier, but also as an important antioxidant. In
patients with idiopathic FSGS, CoQ10 partial deficiency might disturb podocyte biological
function and induce renal lesions [73]. Proteinuria and podocyte FPE, resulting from
podocyte lesions caused by a superoxide anion formed upon PA via xanthine oxidase, can be
attenuated by intravenous SOD treatment [74]. Mitotempo, a SOD mimetic, reduces urinary
protein excretion and lipid peroxidation via inhibiting oxidative stress and tissue damage
in the MCD model [75]. In adriamycin-induced nephropathy, a model of FSGS, decreased
activities of CAT, GPX, and SOD have a vital role in the occurrence of tubulointerstitial
injury and glomerulosclerosis [27,76]. Mice lacking CAT are more vulnerable to the renal
toxicity of adriamycin than wild mice, and manifest severe proteinuria and pathological
lesions [77]. The supplementation of vitamin E in the diet of rats ameliorates adriamycin-
induced renal injury via decreasing the activity of SOD1, SOD2, CAT, and GPX, both in the
cortex and glomeruli [78].

In MN, anti-SOD2 IgG4 is detected in the plasma of patients, and it is co-localized
with C5b-9 in the immune deposits, suggesting that SOD2 has an important role in the
pathogenesis of MN [79]. A lower level of SOD in the plasma of IgAN patients is observed
as well, which can be significantly reversed by treatment with ACEI [7]. IgAN patients
treated with vitamin E show significantly lower proteinuria [80]. In the kidney of pristane-
induced LN, the expressions of SOD1 and CAT are significantly reduced [81].

In the DN murine model and HG-treated podocyte, the expression levels of SOD2 and
total SOD are significantly lower than controls [59,82,83]. Additionally, HG-induced oxida-
tive stress-dependent podocyte loss and proteinuria can be attenuated by mitotempol [84].
The activities of CAT and GPX are lower at an early age of Zucker obese rats compared
with controls, resulting in the accumulation of H2O2 [85]. HG treatment decreases the
expression of Prdx6, an isoform of the Prdx family of antioxidant enzymes, which catalyze
the reduction in H2O2 and ROS, but increases the expression of the thioredoxin-interacting
protein (TxNIP) to inhibit the antioxidative function of Prdx and thioredoxin, leading to
the accumulation of ROS and oxidative stress [17,86,87]. However, the overexpression
of Prdx6 in the mouse podocyte restrains HG-induced ROS and MDA generation and
recovers the activities of SOD and GSH [17]. In streptozotocin-induced TxNIP KO mice,
albuminuria, serum creatinine, podocyte FPE and loss, GBM thickening, mesangial matrix
expansion, and glomerulosclerosis are effectively attenuated, as well as oxidative stress
and inflammation [86].

A high-salt diet and Ang II both downregulate the expression level of SOD in the
kidney cortex [34]. Ang II stimulates the downregulation of Prdx2 in the podocyte, which
results in elevated ROS release and protein peroxidation [88]. In spontaneously hyperten-
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sive rats administrated with high Hcy, a significant decrease in SOD and increase in MDA
are observed [29].

Intracellular ROS excessive accumulation can induce damage to cellular macromolecules,
such as DNA, proteins, and lipids, ultimately leading to podocyte injury, renal lesions, and
the occurrence and progression of podocytopathies [7,10,11,32]. ROS-mediated nuclear
and mitochondrial DNA damage and the upregulation of cell-cycle checkpoint proteins
result in a poor proliferation of podocytes, which can be mitigated by radical scavenger
1,3-dimethyl-2-thiourea (DMTU) [10,89]. The generation and deposition of lipoperoxides,
such as MDA and 4-hydroxynonenal (4-HNE) caused by ROS from damaged mitochon-
drion, are observed [7,43]. Additionally, elevated ROS also disturb the balance among
key regulators of actin cytoskeletons, including RhoA and Rac1, resulting in actin cy-
toskeleton reorganization and subsequent podocyte FPE, depletion, and glomeruloscle-
rosis [12,47,48]. Deglycosilation of alpha-dystroglycan in the glomeruli mediated by ROS
leads to podocyte detachment from the GBM [11]. Moreover, ROS mediate the upregulation
of profibrotic markers in the podocyte and promotes the inflammatory responses resulting
in podocyte injury [55]. Pathological and ultrastructural features of podocytopathies, such
as podocyte FPE, detachment, and loss, GBM thickening, mesangial matrix expansion,
tubulointerstitial fibrosis, and glomerulosclerosis, as well as renal dysfunction indicators,
such as urinary protein excretion and eGFR, are closely related to oxidative stress in the
podocyte [8,44,56,67–69,90].

4. Oxidative Stress and Cell Death in Podocytopathies

Cell death is a highly conserved process that not only participates in the morphogen-
esis and development of organisms, but also the pathophysiological process. Different
patterns of cell death manifest with discriminating morphological alterations and mediate
the pathogenesis of various diseases [14]. Apoptosis is perhaps the most widely recognized
pattern of cell death, which involves the activation of caspases (CASPs), especially CASP3,
with morphological manifestations of cytoplasmic shrinkage, chromatin condensation, nu-
clear fragmentation, and ultimate apoptotic body formations [4,14,91]. Necrosis is another
form of cell death characterized by the swelling of organelles and the whole cell coupling
with negative morphological features of apoptosis and autophagy, and triggered by cy-
clophilin D-dependent permeability transition pore complex formation [14,92]. Necroptosis
is generally manifested as a necrotic morphology and depends on the sequential activa-
tion of receptor interacting with serine/threonine kinase 3 (RIPK3) and a mixed lineage
kinase domain, such as pseudokinase (MLKL) [14]. Pyroptosis is an inflammatory response
depending on the activation of CASP1 and the formation of the plasma membrane pore
by gasdermin-D (GSDMD), and manifests chromatin condensation that is different from
apoptosis, cellular swelling, and plasma membrane permeabilization [14,91]. Ferroptosis is
a newly discovered iron-dependent cell death that has gained significant attention, and is
initiated by lipid peroxidation and manifests as necrotic morphology [14,93].

The death of the podocyte contributes to the progressive loss of the podocyte and
subsequent glomerular filtration barrier destruction, and podocyte loss is the primary
feature for the progression of podocytopathies [18,90,94,95]. In patients with DN, the
number of podocytes in the kidney is decreased, and this is the strongest predictor of
the progression of DN [96]. A large amount of research has confirmed that ROS play a
significant role in regulating cell death [4,13,14]. Thus, in this section, we summarize the
mechanisms by which the accumulation of intracellular ROS can regulate podocyte death.

Apoptosis has been the focus of extensive researches and is widely confirmed to be
mediated mainly by two primary signaling pathways: the intrinsic apoptosis pathway and
the extrinsic apoptosis pathway [14,97]. The intrinsic apoptosis pathway, or mitochondria-
mediated pathway, can be activated by DNA damage, endoplasmic reticulum (ER) stress,
oxidative stress, and other stimuli [14,97]. Proapoptotic members of the B-cell lymphoma-2
(BCL2) protein family, such as the BCL2-interacting mediator of cell death (BIM), BH3
interacting domain death agonist (BID), and BCL2 binding component 3 (BBC3), are
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activated transcriptionally or post-transcriptionally to induce the oligomerization of BCL2
associated X (BAX) and BCL2 antagonist/killer 1 (BAK) and the formation of mitochondrial
outer-membrane permeabilization (MOMP) [14,97]. However, pro-survival members of
the BCL2 protein family, such as BCL2 and BCL2-like 1 (BCL2L1), can antagonize MOMP
to inhibit the occurrence of apoptosis [14,98]. MOMP facilitates the release of Cyt C, which
can bind apoptotic peptidase activating factor 1 (APAF1) to mediate the activation of pro-
CASP9 [14,97]. The extrinsic apoptosis pathway, or death receptor-mediated pathway, can
be triggered by the Fas ligand (FasL), TNF-α, and the TNF-related apoptosis-inducing
ligand (TRAIL) [97]. The death receptor executes the assembly of the death-inducing
signaling complex (DISC), which regulates the activation of pro-CASP8 [97,99]. CASP9
from the intrinsic apoptosis pathway and CASP8 from the extrinsic apoptosis pathway
can both cleave pro-CASP3 to activate CASP3, which cleaves cellular proteins leading to
morphological damage and cell death [14,97].

Plenty of studies have shown that excessive ROS accumulation triggers podocyte
apoptosis both in vivo or in vitro [8,68,100–102]. In type 1 and type 2 diabetic models,
podocyte apoptosis is correlated with urinary albumin excretion and precedes the loss
of the podocyte [8]. The molecular mechanisms for oxidative stress-triggered podocyte
apoptosis are summarized in Figure 2.

 

Figure 2. Molecular mechanisms for oxidative stress-triggered podocyte apoptosis. Oxidative stress
upregulates FasL to activate the CASP8-mediated extrinsic apoptosis pathway. As for intrinsic
apoptosis, p53, PI3K/Akt, and P38 MAPK pathways are activated by oxidative stress, and the
expression levels of BAX, PUMA, BIM, and Cyt C are elevated, whereas anti-apoptotic BCL2 is
reduced. Whereafter, CASP9 is activated to cleave pro-CASP3 to activate CASP3, which ultimately
cleaves cellular components and leads to apoptosis. ER stress is also activated, UPR triggers CHOP-
and CASP12-dependent apoptosis, and CHOP activation downregulates BCL2, indicating that
intrinsic apoptosis is involved. Moreover, oxidative stress activates CASP-independent apoptosis via
upregulating AIF. FasL, Fas ligand; CASP, caspase; Cyt C, cytochrome c; BCL2, B-cell lymphoma-2;
BIM, BCL2-interacting mediator of cell death; PUMA, p53-upregulated modulator of apoptosis;
BAX, BCL2-associated X; ER, endoplasmic reticulum; UPR, unfolded protein response; CHOP,
CCAAT/enhancer-binding protein-homologous protein; and AIF, apoptosis-inducing factor.

The ROS-mediated intrinsic apoptosis pathway has been shown to participate in
palmitic acid and HG-induced podocyte apoptosis, which can be markedly alleviated
by mitotempo and NOX inhibitor apocynin [18,27,84]. Smad3 is activated to upregulate
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NOX4 after PA treatment [27]. However, extrinsic apoptosis pathway-associated indicators,
including the Fas-associated protein with the death domain (FADD) and CASP8, are not
changed by an intervention of palmitic acid [18]. Meanwhile, decreased BCL2 expression,
increased BAX expression, and the translocation to mitochondria are observed [18,84].
Additionally, more Cyt C is released from the mitochondria and the levels of CASP9 and
CASP3 are increased [18,27,84,103].

The ROS-triggered extrinsic apoptosis pathway also has a vital role in the pathogenesis
of podocytopathies. AOPP increases the protein level of FOXO3 in the cultured podocyte
in a ROS/mTOR-dependent pathway to induce proapoptotic FasL and BIM expression and
the sequential upregulation of CASP3, leading to death receptor mediated apoptosis [104].

Mitogen-activated protein kinases (MAPKs) belong to the serine/threonine kinase
superfamily that can regulate the activities of organisms, including growth, differentiation,
and apoptosis [13]. Among MAPKs, extracellular signal-regulated kinases 1 or 2 (ERK1/2),
Jun N-terminal kinase or stress-activated kinases (JNKs/SAPKs), and p38 MAPKs have
been widely investigated [13,105]. HG and PA-mediated oxidative stress induces podocyte
apoptosis through the activation of the p38 MAPK pathway, which can be attenuated
by NOX inhibitor apocynin and antioxidant N-acetylcysteine (NAC) [8,19,106]. In type 1
diabetes and HG treated podocytes, protein kinase A is excited via dopamine 1 receptor
activation to upregulate the expression of NOX5, which contributes to oxidative stress
and induces the phosphorylation of p38 MAPK and downstream signaling cascades [57].
Moreover, HG also upregulates the expression of NOX4 to induce the phosphorylation of
p38 MAPK [83]. The expression of BCL2 is lower in HG-treated podocytes, while BAX,
cleaved caspases 3 and 9, are higher when compared with controls, indicating that the
mitochondria-mediated apoptosis pathway is activated [57,83,106]. Advanced glycation
end-products (AGEs) binding to RAGE can trigger ROS generation to induce podocyte
apoptosis through the activation of Forkhead transcription factor 4 (FOXO4) and the p38
MAPK pathway, whereas the inhibition of p38 MAPK or siRNA for FOXO4 abolishes
AGE-induced podocyte apoptosis [101].

The phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway can be activated by
various cellular stimuli and regulate cellular functions, such as growth, proliferation, cell
cycle, and survival [107]. Previous studies demonstrated that HG increases the level of
ROS in the podocyte and induces oxidative stress [8,28]. Meanwhile, ROS downregulate
the expression of PI3K and suppress the phosphorylation of Akt [101,108]. Downregulated
Akt phosphorylation activates BAX and CASP3 to trigger podocyte apoptosis [108].

p53 is a tumor suppressor transcriptive factor, which responds to various stresses
to maintain homeostasis via triggering cell cycle arrest, apoptosis, senescence, and DNA
repair [109]. The HG stimulus downregulates AMP-activated protein kinase (AMPK) to
upregulate NOX4 expression and activity, which further activates p53 [110,111]. AOPP can
also activate NOX to induce the expression of p53 [69,112]. p53 can regulate downstream
proapoptotic genes, including the p53-upregulated modulator of apoptosis (PUMA) and
BAX [69,110–112]. Downregulated BCL2, upregulated CASP3 and CASP9, and DNA
fragmentation are consistent with intrinsic apoptosis pathway activation [110–112].

ER stress is caused by misfolded or unfolded protein accumulation and an intracellular
calcium imbalance, with the unfolded protein response (UPR) determining the cell fate
under ER stress [113]. Palmitic acid and AOPP trigger ROS-mediated ER stress to induce
podocyte apoptosis [68,100]. Three UPR pathways, including protein kinase-like ER kinase
(PERK), activating transcription factor 6 (ATF6), and inositol requiring 1 (IRE1) pathways,
are activated to trigger CCAAT/enhancer-binding protein-homologous protein (CHOP)-
and CASP12-dependent podocyte apoptosis with BCL2 downregulation involved in CHOP-
dependent apoptosis [68,100].

Moreover, the cytosolic apoptosis-inducing factor (AIF) is also increased in the HG-
intervened podocyte, which can activate caspase-independent apoptosis [103,114].

Other forms of cell death also take part in ROS-mediated podocyte damage. Pyrop-
tosis has been shown to participate in HIV-associated nephropathy [16]. HIV-transgenic
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mice exhibit increased mRNA levels and the expression of the NLR family pyrin domain
containing 3 (NLRP3), CARD domain containing adaptor protein (ASC), and CASP1 and
IL-1β in the kidney, which can be partially inhibited by tempo, suggesting that ROS are
crucial to HIV-induced podocyte pyroptosis [16]. Ferroptosis is involved in ROS-mediated
podocytopathies as well. Solute carrier family 7 member 11 (SLC7A11) is a member of
Xc-system, which transports cysteine and glutamate, and GPX4 is the main endogenous
inhibitor of ferroptosis, which reduces the production of phospholipid hydroperoxide [115].
In the HG-stimulated podocyte, the expressions of SLC7A11 and GPX4 are reduced, which
can be eliminated by Prdx6 overexpression [17]. Additionally, the protective effect of
Prdx6 overexpression on the podocyte can be suppressed by the ferroptosis-inducing agent
erastin [17].

Both necrosis and necroptosis are found to participate in the pathogenesis of podocy-
topathies, such as LN and DN [116–118]. However, the evidence for the relationship
between oxidative stress, necrosis, and necroptosis in podocytopathies is still lacking, pos-
sibly owing to technical restrictions in detecting and validating necrosis and necroptosis
in vivo [15].

Since the major researches focus on oxidative stress-mediated apoptosis in DN, further
research focusing on the underlying mechanisms of ROS mediating other types of cell
death in podocytes exposed to different stimuli under other pathophysiologic conditions
is desirable. In conclusion, oxidative stress can trigger podocyte death through a variety
of molecular mechanisms. Targeting oxidative stress-mediated podocyte death may be a
potential novel therapy for patients with podocytopathies.

5. Therapeutic Implications

Since ROS-mediated cell death is of great importance for the pathogenesis of podocy-
topathies, antioxidants that can protect the podocyte from death are promising for the
treatment of patients diagnosed with podocytopathies.

Mitoquinone (MitoQ) is a mitochondria-targeted antioxidant that consists of CoQ10
and triphenyl phosphate. It has been shown to mitigate oxidative stress in various dis-
eases, such as hypoxia-induced pulmonary hypertension and renal ischemia-reperfusion
injury [119,120]. In Ang II-treated podocytes, MitoQ suppresses Ang II-induced mitochon-
drial dysfunction and oxidative stress and reduces podocyte apoptosis [121].

Taurine is an amino sulfonic acid that has been used as an oral supplement for the
treatment of disorders, such as congestive heart failure, hypertension, and diabetes mel-
litus [122–124]. Antioxidant activity plays an essential role in the protective effect of
taurine [125]. In DN and PA-induced podocytopathies, taurine supply alleviates urinary
protein excretion and histopathological lesions [126,127]. Mitochondria ROS generation
and podocyte apoptosis induced by HG are attenuated by taurine [127].

Melatonin is a hormone secreted by the brain to maintain the circadian rhythm.
Some studies revealed that melatonin can mitigate DN via the inhibition of oxidative
stress [128,129]. In Ang II-induced podocyte injury, melatonin reduces podocyte apop-
tosis and enhances the proliferation capacity of the podocyte [130]. Additionally, the
protective effect is associated with inhibited oxidative stress and recovered mitochondrial
function [130].

Folic acid is a B vitamin that can reduce plasma Hcy and antagonize the harmful
effects generated by it [29,131]. In a spontaneously hypertensive model of rats, a high level
of Hcy induces mitochondrial oxidative stress and glomerular damage, whereas even a
low level of folic acid could attenuate the glomerular damage caused by Hcy via inhibiting
oxidative stress and podocyte apoptosis [29]. Additionally, the antioxidant effect of folic
acid may be independent of Hcy [29].

Herbal medicine has been applied in the clinic for thousands of years and is regarded
as an alternative treatment for a lot of diseases. A great deal of herbs and herb-derived
components are found to have an antioxidative capacity, and have been investigated for
the therapeutic effectiveness in podocytopathies. Since oxidative stress-regulated cell
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death has a significant role in the pathogenesis of podocytopathies, those antioxidative
herbs and herb-derived components might improve renal injury via the suppression of the
death of the podocyte. Herbs and herb-derived components decrease intracellular ROS
via downregulating pro-oxidative enzymes, such as NOX, and elevating mitochondrial
respiration chain complex activities [59,83]. The levels of antioxidative enzymes, such
as CAT and SOD, and antioxidants, such as GSH, are augmented as well [81,132]. ROS-
mediated apoptotic pathways, including PI3K/Akt, p38 MAPK, and p53 pathways are
found to be regulated by herbs and herb-derived components [83,108,111]. Except for
anti-apoptotic ability, geniposide, an ingredient of Gardenia jasminoides Ellis, can alleviate
podocyte injury and inhibit the development of DN via the suppression of pyroptosis [133].
In Table 1, we summarize the antioxidative herbs and herb-derived components that were
verified to alleviate podocytopathies via the suppression of cell death.

Table 1. A summary of antioxidative herbs and herb-derived components that can protect the
podocyte from death.

Herbs/Components Models of Podocytopathies Anti-Death Mechanisms Refs.

Salvia przewalskii PA-induced rats Anti-apoptosis [89]

Berberine Palmitic acid-cultured podocytes Anti-apoptosis [100]

Apigenin Adriamycin-induced mice Anti-apoptosis [132]

Citral Adriamycin-induced rats Anti-apoptosis [134]

Epigallocatechin-3-Gallate Adriamycin-induced mice Anti-apoptosis [135]

Osthole Adriamycin-induced mice Anti-apoptosis [136]

Leonurine Adriamycin-induced mice Anti-apoptosis [137]

Paclitaxel Palmitate-cultured podocytes Anti-apoptosis [138]

Quercetin Pristane-induced mice Anti-apoptosis [81]

Resveratrol db/db mice
STZ-induced mice Anti-apoptosis [59,139,140]

Baoshenfang KK-Ay mice
STZ-induced rats Anti-apoptosis [83,108]

Icariin HG-cultured podocytes Anti-apoptosis [103]

Tongxinluo STZ-induced rats Anti-apoptosis [106]

Huangqi STZ-induced mice Anti-apoptosis [111]

Geniposide HFD/STZ-induced mice Anti-pyroptosis [133]

Huidouba Unilateral
nephrectomy/STZ-induced rats Anti-apoptosis [141]

Salidroside HG-cultured podocytes Anti-apoptosis [142]

Catalpol
KK-Ay/HFD induced mice

HG-cultured podocytes
AGEs-cultured podocytes

Anti-apoptosis [143,144]

Loganin KK-Ay/HFD mice
AGEs-cultured podocytes Anti-apoptosis [144]

Astragaloside IV STZ-induced rats Anti-apoptosis [145]

Luteolin HG-cultured podocytes Anti-apoptosis [146]

Chrysin db/db mice Anti-apoptosis [147]

Carnosine STZ-induced rats
HG-cultured podocytes Anti-apoptosis [148,149]
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Table 1. Cont.

Herbs/Components Models of Podocytopathies Anti-Death Mechanisms Refs.

Forsythoside A HG-cultured podocytes Anti-apoptosis [150]

Ginsenoside Rb1 STZ-induced mice Anti-apoptosis [151]

Grape seed procyanidin B2 HG-treated podocytes Anti-apoptosis [152]

Green tea polyphenols Diabetic patients’ plasma-cultured
podocytes Anti-apoptosis [153]

Hydroxysafflor yellow A STZ-induced rats Anti-apoptosis [154]

Huaiqihuang HG-treated podocytes Anti-apoptosis [155]

Naringin STZ-induced rats Anti-apoptosis [156]

Mogroside IIIE HG-treated podocytes Anti-apoptosis [157]

Rhizoma Polygonum cuspidatum STZ-induced rats Anti-apoptosis [158]

Tetrahydroxy stilbene glucoside HG-treated podocytes Anti-apoptosis [159]

Abbreviations: PA, puromycin aminonucleoside; STZ, streptozotocin; HG, high glucose; HFD, high-fat diet; and
AGEs, advanced glycation end-products.

The therapeutic targets of the antioxidants described above are summarized in Table 2.

Table 2. A summary of the therapeutic targets of antioxidants that can protect the podocyte
from death.

Therapeutic Targets Antioxidants

Mitochondrial respiration chain

Complex I Resveratrol [59,139,140]

Complex III Resveratrol [59,139,140]

Complex IV Chrysin [147]; Forsythoside A [150]

Cyt C Resveratrol [59,139,140]; Carnosine [149]

Quinone MitoQ [121]

NADPH oxidase

Folic Acid [29]; Resveratrol [59,139,140];
Baoshenfang [83,108]; Huangqi [111];

Epigallocatechin-3-Gallate [135]; Paclitaxel [138];
Tongxinluo [106]; Huidouba [141]; Catalpol [143,144];

Loganin [144]; Forsythoside A [150];
Ginsenoside Rb1 [151]; Naringin [156]

Antioxidant defense systems

SOD

Melatonin [129]; Folic Acid [29];
Resveratrol [59,139,140]; Quercetin [81]; Apigenin [132];

Leonurine [137]; Paclitaxel [138]; Geniposide [133];
Catalpol [143,144]; Loganin [144]; Astragaloside IV [145];
Forsythoside A [150]; Grape Seed Procyanidin B2 [152];

Hydroxysafflor Yellow A [154]; Mogroside IIIE [157]

CAT Quercetin [81]; Astragaloside IV [145];
Forsythoside A [150]; Mogroside IIIE [157]

GPX Osthole [136]; Geniposide [133];
Grape Seed Procyanidin B2 [152]; Naringin [156]

GSH Apigenin [132]

Abbreviations: Complex I, NADH dehydrogenase; Complex III, ubiquinol-cytochrome c reductase; Complex
IV, cytochrome c oxidase; Cyt C, cytochrome c; SOD, superoxide dismutase; CAT, catalase; GPX, glutathione
peroxidase; and GSH, glutathione.

Considering that oxidative stress plays a detrimental role in podocytopathies, drugs
targeting oxidative stress may have potential value for clinical application in patients with
podocytopathies. Hence, we summarize those oxidative stress-targeted drugs in clinical
trials from ClinicalTrials.gov in Table 3 [160].
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Table 3. A summary of drugs targeting oxidative stress in clinical trials.

Therapeutic Targets Drugs in Clinical Trials

Mitochondrial respiration chain
Complex IV S-equol (NCT02142777), Resveratrol

(NCT02123121), etc.

Quinone MitoQ (NCT02364648), Ubiquinol (NCT02847585),
Coenzyme Q10 (NCT01163500), etc.

NADPH oxidase

GKT137831 (NCT02010242, NCT03865927),
Pioglitazone (NCT03060772), Januvia

(NCT00659711), ImmunAge (NCT02332993),
Threalose plus polyphenols (NCT04061070),

Apocynin (NCT03680404), etc.

Antioxidant defense systems

SOD

GC4711 (NCT03762031), PC-SOD (NCT03995732),
APN201 (NCT01513278), rhSOD (NCT00264186),

Glisodin (NCT03878433), Melatonin
(NCT02463318), etc.

CAT Melatonin (NCT02463318), Oligopin
(NCT03260803), etc.

GPX
N-acetylcysteine (NCT00493727), Curcumin

(NCT03475017), Rutin (NCT04955145), Melatonin
(NCT01858909), etc.

GSH Glutathione (NCT02948673, NCT02948673), etc.

Other antioxidants
Vitamin E (NCT00384618), Vitamin C

(NCT04210453), Vitamin D3 (NCT03931889),
L-carnitine (NCT01819701), etc.

Abbreviations: Complex IV, cytochrome c oxidase; SOD, superoxide dismutase; CAT, catalase; GPX, glutathione
peroxidase; and GSH, glutathione.

6. Conclusions

The evidence supports the determination that mitochondrial oxidative stress, driven
by excessive stress and harmful stimuli to the podocyte, plays an essential role in the patho-
genesis of podocytopathies. Plenty of studies revealed that oxidative stress can mediate the
cell death of the podocyte, especially podocyte apoptosis, via many signaling pathways.
Remarkably, oxidative stress can also contribute to the development of podocytopathies via
other mechanisms, such as cell cycle arrest. Further researches focusing on the relationship
between oxidative stress and other types of cell death in the podocyte are needed. Many
potential antioxidants are under investigation for the effectiveness in treating podocy-
topathies. Considering that podocyte injury is the initiation factor of podocytopathies, and
oxidative stress and oxidative stress-mediated cell death are consistent mechanisms among
podocyte injury under different pathophysiologic conditions, targeted podocyte oxidative
stress therapy that can ameliorate cell death might be promising to slow and even halt the
progression of podocytopathies.
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Abstract: Mitochondrial dysfunction plays an important role in the pathogenesis and progression of
diabetic kidney disease (DKD). In this review, we will discuss mitochondrial dysfunction observed
in preclinical models of DKD as well as in clinical DKD with a focus on oxidative phosphorylation
(OXPHOS), mitochondrial reactive oxygen species (mtROS), biogenesis, fission and fusion, mitophagy
and urinary mitochondrial biomarkers. Both glucose- and non-glucose-induced mitochondrial
dysfunction will be discussed. In terms of glucose-induced mitochondrial dysfunction, the energetic
shift from OXPHOS to aerobic glycolysis, called the Warburg effect, occurs and the resulting toxic
intermediates of glucose metabolism contribute to DKD-induced injury. In terms of non-glucose-
induced mitochondrial dysfunction, we will review the roles of lipotoxicity, hypoxia and vasoactive
pathways, including endothelin-1 (Edn1)/Edn1 receptor type A signaling pathways. Although the
relative contribution of each of these pathways to DKD remains unclear, the goal of this review is
to highlight the complexity of mitochondrial dysfunction in DKD and to discuss how markers of
mitochondrial dysfunction could help us stratify patients at risk for DKD.

Keywords: diabetic kidney disease; mitochondrial dysfunction; mitochondrial reactive oxygen
species; Warburg effect

1. Introduction

The number of patients with diabetes mellitus is expanding, and diabetic kidney dis-
ease (DKD) is an important cause of diabetic microvascular complications that constitutes
an independent risk factor of mortality and cardiovascular events [1].

The kidney is one of the most energy-demanding organs and, after the heart, has
the second highest expression of proteins involved in mitochondrial function and oxygen
consumption [2,3]. The kidney requires energy mainly for solute reabsorption, among
other tasks including waste removal, maintenance of electrolyte and fluid balance and acid–
base homeostasis [4]. The generation of an ion gradient across the plasma membrane by
Na+/K+-ATPase is essential for solute reabsorption. Therefore, mitochondrial dysfunction
is postulated to play a central role in the pathogenesis and progression of kidney diseases
including DKD [5–7].

Since each component of the nephron has a distinct role and different energy require-
ment, the causes and phenotypes of mitochondrial dysfunction may differ among cell
types in the kidney. In this review, we will discuss glucose-related and unrelated pathways
of mitochondrial dysfunction contributing to DKD in terms of the categories as well as
the causes.

2. Mitochondrial Dysfunction in DKD

Due to the critical role of mitochondria as the powerhouse of cells, mitochondrial
dysfunction traditionally referred to an alteration in the production of adenosine triphos-
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phate (ATP) by oxidative phosphorylation (OXPHOS). However, as our understanding
of the various roles played by mitochondria has expanded, mitochondrial dysfunction
now includes any abnormal biological process in mitochondria [7]. In this section, we will
discuss different categories of mitochondrial dysfunction occurring in DKD and discuss
their potential causative role (Figure 1).

Figure 1. Mitochondrial dysfunction in DKD. Whether the level of mitochondrial ROS is increased
or decreased is controversial and can vary depending on the stage of DKD. OXPHOS, mitophagy
and biogenesis are generally decreased. Increased fission and decreased fusion causes fragmentation
of mitochondria. OXPHOS: oxidative phosphorylation, ROS: reactive oxygen species, ↑: increased,
↓: decreased.

2.1. Mitochondrial Oxidative Phosphorylation (OXPHOS)

As the powerhouse of cells, the central role of mitochondria is the production of adeno-
sine triphosphate (ATP). Metabolites from glucose, lipids and amino acids are transported
into the mitochondrial matrix, serving as substrates of the tricarboxylic acid (TCA) cycle.
NADH and FADH2 are generated along with the reaction feed electrons into Complexes
I and II of the electron transport chain (ETC). As electrons are transported through the
ETC, H+ ions are pumped into the intermembrane space. Complex V or ATP synthase
uses this proton gradient to generate ATP (Figure 2). The indices of OXPHOS activity and
fitness include oxygen consumption rate (OCR), ATP production, membrane potential
and the evaluation of each complex (activity, formation). Generally, it has been observed
that OCR in the kidney cortex is increased in early DKD, followed by a decrease as DKD
progresses, whereas in glomeruli and podocytes the OCR is decreased in both in early
and late phases of the disease [5]. Although some discrepancy exists between studies,
ATP production and complex activity have been demonstrated to be decreased at least
in the late stage of DKD [8,9]. The contribution of decreased activation of OXPHOS to
DKD can be inferred from the observation that some genetic mutations in OXPHOS, such
as single-nucleotide polymorphisms (SNPs) in coenzyme Q5 (COQ5) and cytochrome c
oxidase (COX6A1), are linked to DKD in humans [10]. COQ5 encodes methyltransferase
located in the mitochondrial matrix and COX6A1 encodes a subunit of cytochrome c, which
is part of the ETC.
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Figure 2. Electron transport chain (ETC) in mitochondrial inner membrane. NADH and FADH2 from
the TCA cycle donate electrons to Complexes I and II. As electrons are transported through the ETC,
a proton gradient is generated, which Complex V or ATP synthase couples to ATP synthesis. Electron
leakage from the ETC causes the production of ROS. ADP, adenosine diphosphate; ATP, adenosine
triphosphate; Cyt C, cytochrome complex; ROS, reactive oxygen species; UQ, ubiquinone; TCA cycle,
tricarboxylic acid cycle.

2.2. Mitochondrial Reactive Oxygen Species (mtROS)

Ever since Brownlee and colleagues proposed that hyperglycemia-induced mitochon-
drial reactive oxygen species (mtROS) was the unifying mechanism of diabetic microvascu-
lar complications in 2000, this paradigm has been prevalent [11,12]. Recently, the source of
ROS in DKD and the pathogenic role of ROS have become controversial [13,14]. Although
there may be a consensus that ROS-induced damage is increased in DKD, conflicting
studies exist regarding the change in mtROS production, which can be attributed to the
different methods used to detect mtROS or the varying models or timepoints of DKD. In
both live and fixed db/db mouse kidneys, increased mitochondrial ROS was observed
using a mitochondrial matrix-localized reduction–oxidation-sensitive green fluorescent
protein probe [15]. By contrast, in streptozotocin (STZ)-injected C57BL/6J mice and Ins2-
Akita mice (DBA/B6 F1 mice), decreased mitochondrial superoxide was observed upon
systemic administration of dihydroethidium (DHE) both in live and fixed kidneys [16]. The
latter study does not preclude ROS production in other cell compartments, including the
endoplasmic reticulum (ER) or enzyme systems such as nicotinamide adenine dinucleotide
phosphate oxidase (Nox). Notably, the restoration of mitochondrial biogenesis and OX-
PHOS activity by adenosine monophosphate-activated protein kinase (AMPK) activation
increased mtROS and ameliorated the DKD phenotype, arguing against the role of mtROS
in inciting DKD.

ROS does not play an exclusively detrimental role in cell biology. Mitochondrial
hormesis is the concept that slightly enhanced mitochondrial superoxide at baseline can
decrease susceptibility to more severe cell stress [13]. ROS also plays an essential role in
certain cell signaling pathways, requiring further elucidation of the intricate characteristics
of ROS.

2.3. Biogenesis

Cells cope with increasing energy demand by increasing mitochondrial biogenesis,
in which functional mitochondria are generated by duplication of mitochondrial DNA
(mtDNA) and subsequent binary fission. Peroxisome proliferator-activated receptor γ

coactivator 1α (PGC1α) plays a central role in mitochondrial biogenesis [17]. PGC1α is
a transcriptional regulator of mitochondrial metabolic pathways such as oxidative phos-
phorylation (OXPHOS), the TCA cycle and fatty acid metabolism. PGC1 peroxisome
proliferator-activated receptors (PPARs) and estrogen-related receptors (ERRs) can also
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serve as a coactivator of PGC1α. PGC1α dimerizes with transcriptional coactivators to
regulate downstream gene transcription, and these partners include cyclic AMP-responsive
element-binding protein (CREB) nuclear respiratory factors 1 and 2 (NRF1 and NRF2) and
activated PPARs and ERRs [4]. Nutrient-sensing pathways like the mechanistic target of
rapamycin (mTOR), AMPK, sirtuin, cyclic AMP (cAMP) and cyclic guanosine monophos-
phate (cGMP) regulate PGC1α directly or indirectly.

In DKD, although there is some discrepancy between studies possibly due to the
analysis at different disease stages, PGC1α activity is considered to be increased in the
early stage of diabetes, as demonstrated in 8-week-old db/db mice, followed by a decrease
in activity at later stages, as demonstrated in pretransplant patients and mice 24 weeks
after diabetes induction with STZ injection [8,16,18,19]. Taurine upregulated gene 1 (Tug1),
a long noncoding gene, was described as a regulator of PGC1α in podocytes in DKD [20].
It was demonstrated that Tug1 binds to an element upstream of Ppargc1a and interacts with
PGC1α binding to its own promoter, subsequently enhancing Ppargc1a promoter activity.

2.4. Mitochondrial Fission and Fusion

Mitochondria are dynamic organelles which undergo tightly controlled processes of
fission and fusion. Mitochondrial fission is mediated by dynamin-1-like protein (DRP1)
and its receptors such as fission factor 1 (FIS1), mitochondrial fission factor (MFF) and
mitochondrial dynamics proteins of 49 and 51 kDa (MID49 and MID51). Mitochondrial
fusion is mediated by the long isoforms of optic atrophy protein 1 (OPA1), which plays
a role in inner mitochondrial membrane fusion, and the mitofusins (MFN1 and MFN2)
which play a role in outer mitochondrial membrane fusion [5,6].

Although the increase in mitochondrial fission and fusion factors such as the long
isoforms of OPA1, MFN1, MFN2 and MFF were observed in early DKD, mitochondria
were consistently fragmented throughout early and late stage in STZ-injected rats [8].
Human kidney biopsies of patients with DKD also demonstrated fragmented mitochondria
in podocytes and proximal tubular cells [21,22]. Consistent with increased fission and
decreased fusion, Drp1 and FIS1 expression was increased, while MFN2 expression was
shown to be decreased in tubules in the latter study.

2.5. Mitophagy

Autophagy is a pathway that degrades and recycles damaged organelles and macro-
molecules, and selective autophagy of mitochondria is termed as mitophagy. Mitophagy
has a critical role in the maintenance of mitochondrial quality by removing damaged mito-
chondria. Mitophagy can be mediated by the phosphatase and tensin homolog-induced
putative kinase 1 (PINK1)/parkin-mediated pathway and other outer mitochondrial mem-
brane proteins such as BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3)
and NIP3-like protein X (NIX), or the mitophagy receptor FUN14 domain-containing
protein 1 (FUNDC1).

The PINK1 and parkin-mediated pathway has been more extensively investigated
than the others [23]. PINK1 has a Ser/Thr kinase domain and is found inserted into
both the inner and outer mitochondrial membranes. In healthy mitochondria, PINK1 is
cleaved at two points by mitochondrial proteases, leading to its dissociation from the
mitochondrial membrane and degradation by the ubiquitin-proteasome system. In depo-
larized mitochondria, PINK1 escapes cleavage and stably resides in the outer membrane.
Subsequently, PINK1 homodimerizes and autophosphorylates to recruit E3 ubiquitin lig-
ase parkin and ubiquitin, directing the mitochondria to the mitophagy pathway. In the
ubiquitin-independent pathway, outer mitochondrial membrane proteins such as BNIP3,
NIX or FUNDC1 recruit microtubule-associated protein 1A/1B light chain 3 (LC3) and
induce mitophagy under certain stimuli including hypoxia [24,25]. Cardiolipin, which is
located in the inner mitochondrial membrane under normal conditions, is externalized
by certain stimuli and detected by LC3, facilitating the engulfment of the mitochondria
by autophagosomes [26]. P62 is a marker of autophagy cargo, and its accumulation can
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indicate stagnation in degradation via autophagic flux. In general, basal mitophagy levels
of podocytes are high, which can be attributed to their terminally differentiated characteris-
tics. In contrast, in tubular cells the mitophagy level is low at baseline but it can be induced
as a consequence of stress.

Mitophagy is suppressed in DKD, which was demonstrated by low PINK1/parkin-
expression levels in podocytes of STZ-induced diabetic mice and increased p62 expression
levels in tubular cells of biopsy obtained from patients with DKD [27–29]. Thioredoxin-
interacting protein (TXNIP) was implicated in the suppression of tubular autophagy and
mitophagy induced by high glucose [27]. High glucose was also shown to inhibit the
transcriptional activity of forkhead-box class O1 (FoxO1) via its phosphorylation by Akt
(protein kinase B), leading to the downregulation of PINK1 [29]. The protective effect
of mitoquinone on DKD was partially attributed to the restoration of PINK1 and parkin
protein expression in tubular cells via NRF2 activation [30].

2.6. Urinary Mitochondrial Biomarker

It is of value to detect DKD in the early disease stage in a reliable manner, pref-
erentially before microalbuminuria or a decrease in the estimated glomerular filtration
rate (eGFR) becomes evident, to prevent further progression to end stage kidney disease.
Since mitochondrial dysfunction is thought to precede overt histological changes in DKD,
biomarkers of mitochondrial dysfunction have recently been vigorously investigated. Even
though those studies investigated patients with established DKD, they can be useful to
identify biomarkers in patients affected by DKD. A study of metabolites in urine found
global suppression in mitochondrial respiration in patients with DKD compared to controls
without DKD [19]. In concordance with the notion that mtDNA is released from dam-
aged tubular cells, the same study demonstrated increased mtDNA in urine. Although
urinary mtDNA had a modest but significant inverse correlation with intra-renal mtDNA
and eGFR at baseline, a positive correlation with interstitial fibrosis was found. Urinary
mtDNA or mtDNA of biopsy specimens did not significantly correlate with eGFR decline
in the 24 months of follow up [31]. Further investigations are warranted to determine if
mitochondrial biomarkers can be used clinically.

3. Glucose-Induced Mitochondrial Dysfunction in DKD

In glomerular cells, glucose is taken up by glucose transporters (GLUTs) via facilitated
diffusion transport. The expression pattern of each member of the GLUTs is cell-specific.
Mesangial cells express GLUT1 and 4, podocytes express GLUT1, 4 and 8 and endothelial
cells express GLUT1 [32]. In contrast, tubular cells reabsorb glucose from the glomerular fil-
trate mainly via sodium-dependent glucose cotransporters (SGLTs). Glucose reabsorbed by
tubular cells is dissipated across GLUTs in the basolateral plasma membrane and diffuses
into the interstitium. Proximal tubular cells can also produce glucose via gluconeogenesis,
which is increased in type 2 diabetes [33]. Hyperglycemia is the major pathogenetic fac-
tor and some intermediate metabolites of glucose metabolism have also been implicated
in contributing to cell injury in DKD. In the unifying hypothesis offered by Brownlee
and colleagues in 2000, it was proposed that the overproduction of mtROS due to in-
creased influx into OXPHOS activated the nuclear DNA-repair enzyme poly(ADP-ribose)
polymerase (PARP), leading to the decreased activity of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and the subsequent accumulation of toxic intermediates of glucose
metabolism [11]. However, later studies have suggested that mitochondria are dysfunc-
tional and that other mechanisms, in addition to a mere increase in substrates, contribute
to increased glycolysis and the subsequent accumulation of toxic metabolites.

3.1. Warburg Effect

In general, cancer cells display enhanced glycolysis and impaired oxidative phospho-
rylation. While the short-time and reversible shift of this metabolic process is called the
Crabtree effect, the long-term metabolic reprogramming is called the Warburg effect [34].
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The Warburg effect is the term originally used to describe a shift from OXPHOS to aerobic
glycolysis (in which lactate is produced as a final product from glucose) in cancer [35].
Recent studies have demonstrated that this shift also takes place in diabetic kidneys [9,19].
Mitochondria in diabetic tissues are dysfunctional, as discussed above. Transcriptomic,
metabolomic and metabolite flux analysis showed increased glucose metabolism and de-
creased mitochondrial function in the kidney cortices of db/db mice [9]. A metabolomics
analysis of urine samples demonstrated significant decreases of 13 metabolites in patients
with DKD compared to healthy controls, 12 of which were associated with mitochondrial
metabolism [19]. Whether mitochondrial dysfunction causes the shift to glycolysis or if
increased glycolysis causes mitochondrial dysfunction remains to be established [36].

Pyruvate kinase is the enzyme which catalyzes the conversion of phosphoenolpyruvate
to pyruvate, the last and irreversible step of glycolysis. Decreased pyruvate kinase M2
activity was identified as the possible mechanism of the Warburg effect in DKD by Qi
and colleagues [37]. They first conducted proteomics analysis of glomeruli isolated from
patients with type 1 diabetes who did not develop DKD for over 50 years (protected) and
those with a histological confirmation of DKD (unprotected). Some enzymes involved in
glucose metabolism and antioxidation were found to be increased in protected glomeruli,
and in particular, pyruvate kinase M2 (PKM2) expression and activity were upregulated.
In mechanistic studies using high-glucose-treated podocytes and STZ-injected mice, it
was confirmed that PKM2 activity was decreased in the DKD mouse model, that PKM
downregulation contributed to DKD exacerbation and that pharmacological activation of
PKM2 reversed the elevation in toxic glucose metabolites and mitochondrial dysfunction.
Similarly, decrease in pyruvate kinase activation causes the Warburg effect in cancer [38].

Other factors that are postulated to induce the Warburg effect in DKD include sph-
ingomyelin and fumarate accumulation [39]. Matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI-MSI) revealed significant increases of ATP/AMP ratio
and of a specific sphingomyelin species (SM(d18:1/16:0)) in glomeruli of DKD mice [40].
In vitro, addition of SM(d18:1/16:0) to mesangial cells activated glycolysis. Fumarate was
identified as a factor that mediated Nox4-induced injury in DKD [41]. Podocyte-specific
induction of Nox4 in vivo recapitulated DKD-induced glomerular injury, and metabolomic
analysis demonstrated increased fumarate, which was reversed with Nox1/Nox4 inhibition.
Fumarate could serve as a hypoxia-inducible factor (HIF) stabilizer, which could cause the
activation of glycolysis and suppression of OXPHOS.

3.2. Toxic Metabolites of Glucose Metabolism

Four major pathways branching from glycolysis are known to produce toxic interme-
diate metabolites: the polyol pathway, the hexosamine pathway, the advanced glycation
end-products (AGEs) pathway and the protein kinase C (PKC) pathway [12] (Figure 3).
Inhibition of each one of these pathways ameliorates hyperglycemia-induced injury in
preclinical models [42–45]. Notably, the activation of any of these pathways can be instantly
reversed with the restoration of euglycemia.

In particular, levels of 3-deoxyglucosone (3DG) and methylglyoxal (MGO), members of
reactive carbonyl species (RCS) which are produced by the degradation of glyceraldehyde
in the AGE pathway, are increased with the activation of glycolysis. RCS have highly
reactive carbonyl groups and can modify protein and DNA. Proteins glycated by RCS leads
to formation of AGEs. Extracellular AGEs can increase the crosslinking of matrices, leading
to arterial stiffening [46]. AGEs can also bind to receptors for AGE (RAGE) and transduce
various signals into cells, including nuclear factor-κB (NF-κB) activation leading to ROS
formation, inflammation and fibrosis [47].
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Figure 3. Glycolysis and branching pathways. In the high-glucose environment of DKD, glycolysis is
increased and OXPHOS is decreased, leading to the accumulation of toxic metabolites produced in
the branching pathways of glycolysis. AGE, advanced glycation end-product; DAG, diacylglycerol;
GAPDH, glygeraldehyde-3-phosphate dehydrogenase; OXPHOS, oxidative phosphorylation; PKC,
protein kinase C; PKM, pyruvate kinase M; TCA cycle, tricarboxylic acid cycle; UDP-GlcNAc, uridine
diphosphate N-acetylglucosamine.

4. Non-Glucose-Induced Mitochondrial Dysfunction in DKD

Although hyperglycemia is a key factor in the development of DKD, other factors
involved in DKD can also contribute to mitochondrial dysfunction. Dyslipidemia and lipid
overload is a common complication in DKD, and hypoxia in the tubulointerstium occurs
regardless of the cause of chronic kidney disease (CKD) [48]. Endothelin-1 (Edn1) was first
identified as a downstream factor of transforming growth factor-β (TGF-β) in a model of
focal segmental glomerulosclerosis (FSGS) and shown to induce albuminuria via mtROS
in glomerular endothelial cells. Later, the same signaling pathway was also found to be
upregulated in DKD [49,50]. In this section, we discuss the roles of these factors in the
development and progression of DKD in relation to mitochondrial dysfunction.

4.1. Lipotoxicity

In kidney biopsies of patients with DKD, extensive lipid droplet accumulation was
observed by electron microscopy in glomerular endothelial cells, podocytes and tubu-
lar cells compared to healthy counterparts [51,52]. Genetic analysis of these samples
revealed downregulation of fatty acid oxidation (FAO)-related genes including peroxi-
some proliferator-activated receptor (PPAR)-α, carnitine palmitoyltransferase 1 (CPT1),
acyl-CoA oxidase, and L-FABP; upregulation of cholesterol receptors including low-density
lipoprotein (LDL) receptors, oxidized LDL receptors, and acetylated LDL receptors; and
downregulation of cholesterol-efflux-related genes including ATP-binding cassette trans-
porter A1 (ABCA1), ATP-binding cassette transporter G1 (ABCG1), and apolipoprotein
(APOE) [51]. While downregulation of FAO-related genes suggests a decrease in mito-
chondrial lipid metabolism as the cause of lipid accumulation, lipid accumulation itself
can induce mitochondrial dysfunction. We previously showed that human podocytes
treated with the serum of patients with DKD show increased tumor necrosis factor (TNF)
expression and that local rather than systemic TNF causes free cholesterol accumulation
and injury via the suppression of ABCA1 in podocytes [53,54]. Notably, ABCA1 sup-
pression induced cardiolipin accumulation and peroxidation in mitochondria, sensitizing
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podocytes to injury [55]. ABCA1 overexpression or inhibition of cardiolipin peroxidation
by elamipretide rescued podocyte injury in experimental DKD.

Tubular cells require large amounts of ATP for solute reabsorption and depend on FAO
because fatty acids yield more ATP per gram than other energy sources [56]. In the early
stage of diabetes, FAO is increased in accordance with increased FA flux, and ROS produc-
tion is attributed to FAO, especially to electron leakage at the electron transfer flavoprotein
that shuttles electrons from acyl-CoA dehydrogenases to coenzyme Q [57]. Nevertheless,
FAO is eventually decreased in established diabetes as described earlier [51,58].

Tubular cells in patients with DKD are likely exposed to fatty acid-bound albumin,
since dyslipidemia and proteinuria often accompany diabetes mellitus. Whereas albumin
itself can cause tubular cell damage on its reabsorption, FA-bound albumin was shown
to induce more severe tubular damage [59,60]. Cytotoxicity caused by FA or glycated
albumin was shown to be mediated by the uptake via the protein cluster of differentiation
36/FA translocase (CD36/FAT) in the brush border in humans, in contrast to usual albu-
min reabsorption via a complex of megalin, cubilin and amnionless [61]. In addition to
reabsorption, synthesis of FA is also upregulated [62,63]. FAs are esterified by long-chain
acyl-CoA (LC-CoA) synthetase (ACSL), which is upregulated in both mouse db/db model
and human DKD kidney samples [64,65]. LC-CoA is transferred to mitochondria via CPT1
and CPT2 to produce ATP via FAO and unmetabolized LC-CoA is cleaved or stored in lipid
droplets to prevent lipotoxicity. When buffering ability is saturated, LC-CoA serves as an
inhibitor of the Na+/H+ exchanger 1 (NHE1) and phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2] binding to cause apoptosis in proximal tubular cells [66].

Genetic and pharmacological enhancement of FAO could represent a new therapeutic
treatment strategy for patients with DKD. Transgenic expression of PCG1α and fenofibrate
treatment ameliorated tubular cell apoptosis via restoration of CPTs and/or acyl-CoA
oxidases [58,67].

4.2. Hypoxia

Tubulointerstitial hypoxia is known to be a final common pathway of CKD progres-
sion [48]. Regardless of the cause of the disease, hypoxia can occur due to decreased
oxygen supply via blood flow because of impaired vasodilation, loss of vasculature, fibro-
sis, anemia, increased oxygen demand due to increased solute reabsorption, and inefficient
ATP production because of mitochondrial uncoupling, which are the shared mechanisms
in CKD.

Recently, the mechanism by which acute hypoxia causes mtROS production in the ETC
has been revealed [68]. Acute hypoxia prompts a conformational shift in Complex I, leading
to the activation of the Na+/Ca2+ exchanger in the inner mitochondrial membrane. Na+

imported into the matrix then interacts with phospholipids to reduce membrane fluidity,
resulting in the inability of free ubiquinone to move between Complex II and Complex III.
Thus, Complex III produces ROS.

Hypoxia had long been deemed a direct suppressor of OXPHOS because oxygen is
indispensable as a receiver of electrons in the ETC. However, to decelerate OXPHOS acutely
and directly, the oxygen concentration has to be as low as 0.3% [69]. In milder and prolonged
hypoxia, HIF1α acts as a mediator to suppress OXPHOS and to increase glycolysis in order
to prevent ROS production. HIF1α modifies ETC complexes and promotes metabolic shifts
from aerobic OXPHOS to anaerobic glycolysis [69]. Nevertheless, in chronic hypoxia, these
changes limit the mitochondrial ability to produce ATP and could induce ATP deficiency,
possibly leading to cytotoxicity.

4.3. Endothelin-1 (Edn1)/Edn1 Receptor Type A (Endra) Signaling

Endothelin-1 (Edn1) was first characterized as a signaling molecule released by
podocytes in TGF-β-induced FSGS [49]. Surprisingly, Edn1 causes mtROS, decreases
reserve respiratory capacity and mtDNA damage in endothelial cells via Edn1 recep-
tor type A (Ednra) activation, but this is not seen in podocytes. This pathway induces
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glycosaminoglycan degradation in the endothelial surface layer, leading to the loss of
fenestration [70]. Interestingly, EDNRA activation in endothelial cells is also required for
podocyte foot process effacement and apoptosis [49].

The similar role of mtROS and EDNRA in endothelial cells and Edn1 is also described
in DKD [50]. Circulating Edn1 was increased in diabetic humans and mice [50,71]. Notably,
Ednra was not detectable in the glomeruli of healthy human kidneys or DKD-resistant
C57BL/6J mice, but was present in those of human DKD kidneys and diabetic DBA/2J
mice. Ednra could be induced in high-glucose-treated podocytes, but these podocytes did
not express Edn1, implicating other cell types or stimuli in this signaling cascade [50]. Thus,
Edn1/Ednra signaling has a critical role in the reciprocal crosstalk between podocytes and
endothelial cells via mitochondrial dysfunction both in FSGS and DKD.

Another vasoactive pathway, the renin–angiotensin–aldosterone system (RAAS), is
also known to participate in CKD progression, including in DKD. Aside from the detri-
mental effects of increasing systemic and intraglomerular blood pressure, angiotensin
II treatment was found to exacerbate mtROS production and mitochondrial fragmenta-
tion in podocytes both in vivo and in vitro, which can be reversed by mitoquinone, a
mitochondria-targeted antioxidant [72].

5. Conclusions

Mitochondrial dysfunction plays a central role in the development and progression of
DKD. Thus, targeting mitochondrial dysfunction in DKD could represent a novel therapeu-
tic strategy for patients with DKD. However, as can be learned from studies investigating
the beneficial effect of systemic antioxidant administration as a treatment for DKD, it seems
that intervention in mitochondrial dysfunction has to be cell type- and context-specific. An-
other intriguing perspective is age- and sex-related difference in mitochondrial dysfunction
in DKD. Although age is an important factor that affects mitochondrial function and the
development and progression of DKD, not much is known about the exact mechanisms. In
terms of sex, much difference is observed between males and females in the mitochondria
of certain tissues, and estrogen and possibly testosterone can mediate renal mitochondrial
bioenergetics [73]. Further investigations are needed to elucidate the exact mechanisms
leading to mitochondrial dysfunction in DKD, to the extent that findings can be clinically
applied to patients and change their prognoses.
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Abstract: Mitochondria are complex organelles that orchestrate several functions in the cell. The pri-
mary function recognized is energy production; however, other functions involve the communication
with the rest of the cell through reactive oxygen species (ROS), calcium influx, mitochondrial DNA
(mtDNA), adenosine triphosphate (ATP) levels, cytochrome c release, and also through tricarboxylic
acid (TCA) metabolites. Kidney function highly depends on mitochondria; hence mitochondrial
dysfunction is associated with kidney diseases. In addition to oxidative phosphorylation impairment,
other mitochondrial abnormalities have been described in kidney diseases, such as induction of
mitophagy, intrinsic pathway of apoptosis, and releasing molecules to communicate to the rest of the
cell. The TCA cycle is a metabolic pathway whose primary function is to generate electrons to feed
the electron transport system (ETS) to drives energy production. However, TCA cycle metabolites
can also release from mitochondria or produced in the cytosol to exert different functions and modify
cell behavior. Here we review the involvement of some of the functions of TCA metabolites in
kidney diseases.

Keywords: mitochondria; TCA cycle metabolites; kidney diseases

1. Introduction

Mitochondria are organelles that fulfill a wide variety of functions in the cell. In addi-
tion to being a bioenergetics node, they also serve as signal organelles that communicate to
the rest of the cell through different mechanisms. For example, the production of reactive
oxygen species (ROS) [1], calcium influx [2], adenosine triphosphate (ATP) levels that
regulate adenosine monophosphate protein kinase (AMPK) activation [3], modulation of
the immune response through mitochondrial DNA (mtDNA) [4], releasing of cytochrome c
orchestrating apoptosis [5], and also through Krebs cycle metabolites [6]; that modulates
cell adaptation to different conditions.

The tricarboxylic acid (TCA) cycle, also named the citric acid cycle and Krebs cy-
cle (although this last name can be dissected in the three different cycles: the urea, the
glyoxylate, and TCA cycles) was described by Hans Krebs and his colleagues [7]. It is
known chiefly for producing electron donors, the reduced form of nicotinamide adenine
dinucleotide (NADH), and the reduced form of flavin adenine dinucleotide (FADH2) to
feed the electrons transport system (ETS). However, their intermediates also can serve as
signal molecules to drive several cell functions.

TCA cycle metabolites were discovered as signal molecules mainly in cancer cells
and were defined as oncometabolites that promote tumor progression [8]. However,
recent evidence suggests that they are associated with diverse pathologies, including
kidney diseases.

Kidneys are highly dependent on mitochondrial function due to their energy demand,
particularly by the tubular nephron section, which exerts filtration and reabsorption func-
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tions. Hence, mitochondrial alterations, such as dynamics (fusion/fission), homeostasis
(biogenesis/mitophagy), and bioenergetics, impact on kidney function.

In addition, other metabolic functions of the mitochondrial, such as the TCA cycle,
could also be involved in kidney diseases.

2. A Brief Overview of the TCA Cycle

TCA cycle is an amphibolic pathway; the anabolic routes involve gluconeogenesis,
transamination reactions, deamination reactions, and fatty acid synthesis; whereas catabolic
routes oxidized components derived from carbohydrates, proteins, and lipids to generate
electron donors and guanosine triphosphate (GTP) for energy production.

The cycle requires the condensation of acetyl coenzyme A (Acetyl-CoA) with ox-
aloacetate (OAA) to generate citrate; this reaction is catalyzed by the citrate synthase (CS).
Citrate is then isomerized to cis-aconitate and further to isocitrate; aconitase activity is
necessary for these reactions.

Isocitrate is dehydrogenated and decarboxylated to alpha-ketoglutarate (AKG) by the
isocitrate dehydrogenase (IDH); in this reaction CO2 and NADH also are produced. AKG
is further decarboxylated to succinyl CoA by the AKG dehydrogenase; in this reaction,
as the previous, NADH and CO2 are produced. Succinyl CoA is converted to succinate
by the action of succinyl CoA synthetase (also named succinate thiokinase); in this step,
a molecule of GTP is produced. Succinate is dehydrated to fumarate by the succinate
dehydrogenase (SDH), in this step, FADH2 also is produced. Fumarate is then hydrated
to generate malate by fumarate hydratase (FH), also named fumarase. Finally, malate is
dehydrogenated to generate OAA by malate dehydrogenase (MDH); in this reaction, the
third molecule of NADH is also produced. The produced OAA could start the cycle again
by condensing with Acetyl CoA [6,9].

The main recognized products of the TCA cycle are one molecule of GTP, three
molecules of NADH, and one molecule of FADH2; these last are the electron donors to feed
the ETS (Figure 1). However, each of the TCA cycle intermediates can also exert different
functions and may be involved in kidney diseases.

Figure 1. The tricarboxylic acid (TCA) cycle. The TCA cycle is an amphibolic route with anabolic and
catabolic reactions. Anaplerotic reactions include the net input of amino acids in the cycle and the
generation of oxaloacetate from pyruvate through pyruvate carboxylase. Among the main products
of the TCA cycle are guanosine triphosphate (GTP), dinucleotide nicotinamide molecules (NADH),
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and dinucleotide adenine flavine molecule (FADH2); the latter are electron donors to feed the elec-
tron transport system (ETS). PDC: pyruvate dehydrogenase complex, ACSS: acetyl CoA synthetase,
ACLY: ATP-citrate lyase, Irg1: the immune responsive gene 1 protein, CS: citrate synthase, IDH: isoci-
trate dehydrogenase, AKG DH: alpha-ketoglutarate dehydrogenase, SS: succinyl CoA synthetase,
SDH: succinate dehydrogenase, FH: fumarate hydratase, MDH: malate dehydrogenase, NAD+: nicoti-
namide adenine dinucleotide (oxidized form), FAD: flavine adenine dinucleotide (oxidized form),
GDP: guanosine diphosphate. Created with Biorender.com.

3. Acetyl-CoA

Although acetyl-CoA is not inside the TCA cycle, it is a highly relevant molecule as
it is required in the first step, which reacts with OAA to give rise to citrate; interestingly,
citrate can be shuttled out from the mitochondrial matrix to the cytosol, where it can be
re-converted to acetyl-CoA and OAA.

Acetyl-CoA is generated from different sources, such as the mentioned citrate, which
is exported from mitochondria to the cytosol through the SLC25A1 transporter [10], in this
compartment, by the action of the ATP-citrate lyase (ACLY) generates OAA and acetyl-
CoA; from pyruvate decarboxylation by the action of pyruvate dehydrogenase complex
(PDC); from acetate by the action of acetyl CoA synthetase (ACSS); and acetoacetyl-CoA
by the action of thiolase. Acetyl-CoA serves as a substrate for fatty acids synthesis and
protein acetylation.

Regarding acetyl-CoA involvement in lipid metabolism, fatty acid metabolism im-
pairment has been reported in kidney diseases [11]. In diabetic nephropathy, although
acetyl-CoA levels have not been directly reported, the increase in acyl-CoA levels, acetyl-
CoA carboxylase, and fatty acid synthase suggest its utilization for fatty acid synthesis,
whereas fatty acid oxidation is blocked [12]. The above leads to lipid accumulation and
lipotoxicity; similar results were found in animal models of kidney fibrosis induced by folic
acid [13], ischemia/reperfusion (I/R) [14], and unilateral ureteral obstruction (UUO) [15].
In renal cell carcinoma (RCC), fatty acid metabolism also seems to be impaired due to
altered expression enzymes involved in fatty acid metabolism [16] and intracellular lipid
accumulation driven by hypoxia [17]. Interestingly metabolic stress such as hypoxia and
low nutrient availability has been reported to induce ACSS expression in cells from breast
cancer [18]. This finding suggests that hypoxic alterations that are common in acute kidney
injury (AKI) [18], chronic kidney disease (CKD) [19], and renal carcinoma [20], could also
contribute to ACSS expression and activation to promote acetyl-CoA synthesis for its
further utilization for de novo fatty acid synthesis in these pathologies. In summary, the ev-
idence indicates an impairment in lipid metabolism, with increased acetyl-CoA utilization
for fatty acid synthesis and decreased fatty acid oxidation in some kidney diseases.

Acetyl-CoA also serves as a substrate for protein acetylation, a post-translational
modification (PTM); if acetylation occurs on lysine (K) residues of histones, this serves as
an epigenetic modification for gene expression regulation. In general, histone acetylation by
histone acetyltransferases (HAT) elicits genetic expression by inducing chromatin relaxation
and favoring the binding of nuclear factors, whereas the absence of histone acetylation
could act as a repressive mark [21].

In CKD development by high salt diet and unilateral ureteral obstruction (OUU) in
rats, global acetyl-CoA levels are decreased [22,23].

In a transcriptomic analysis of kidney fibroblasts/myofibroblast derived from OUU,
transforming growth factor-beta (TGF-β) signaling induces a metabolic reprogramming
with reduced TCA cycle-related enzymes, including PDC [23,24], resulting in reduced
acetyl-CoA synthesis and levels; moreover, the global acetylation is reduced, and as a
consequence, histone acetylation also is decreased [23,24]. Interestingly, the restoration of
acetyl-CoA levels partially reverses the induction of fibrotic markers alpha-smooth actin (α-
SMA) and collagen [23]. Histone acetylation is a dynamic process since global acetylation
of kidney fibroblasts/myofibroblast derived from OUU is decreased, impacting mainly on
Histone 3 (H3) K4, K14, and K23 residues; in contrast to K18, and K27 residues that remain
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acetylated [24]. In the case of H3K9, acetylation is controversial; Smith et al. (2019) found a
decrease in UUO rats [24], whereas Hewitson et al. (2017) found an increase in UUO [25] as
occurs in diabetic nephropathy [26] in mice. These findings could be explained by the time
of disease progression and the animal model. Regarding the above mention, mesangial
cells in hyperglycemic conditions induce fibrotic gene expression in an ACLY-dependent
manner, involving the increase of H3K9 acetylation [27]. Similarly, in kidney damage
induced by obesity, ACLY, the enzyme that generates acetyl-CoA from citrate is increased,
and its inhibition in vitro reduces histone acetylation and the expression of lipogenic and
pro-fibrotic genes [28]. However, this effect could be in response to nutrient excess.

In AKI induced by I/R, a metabolic reprogramming also has been reported with a
glycolytic shift and PDC inhibition [29], indicating a decreased activity of this enzyme com-
plex and ergo a reduction in acetyl-CoA synthesis; moreover, in AKI induced by cisplatin,
H3K27 acetylation is reduced, and the restoration of its acetylation levels decreases kidney
damage [30,31]. Hence, in CKD and AKI, there appears to be a decrease in acetyl-CoA
levels, which in turn impacts histone acetylation.

Contrary, in RCC, acetyl CoA synthetase 2 (ACSS2), the enzyme that produces acetyl
CoA from acetate shows increased levels, and in vitro, the expression of this enzyme pro-
motes cell migration [32,33]. In human renal cell adenocarcinoma cell lines, the expression
of the snail family transcriptional repressor 1 (SNAI1) is promoted by ACSS2 [34]. SNAI1
is a transcriptional repressor involved in the progression of many types of cancer [35],
including RCC [36]. Interestingly, although the global levels of H3 acetylation seems
to be decreased in RCC [37], the acetylation of H3K27 seems to be necessary for SNAI1
expression, particularly under hypoglycemic conditions [34].

Based on the above data, in kidney diseases, there is a complex regulation of acetyl-
CoA synthesis and its utilization as a substrate for histone acetylation, which in turn
impacts on epigenetic regulation of the gene expression (Figure 2a).

Figure 2. Involvement of TCA cycle metabolites in kidney functions. The metabolites of the TCA
cycle and acetyl-CoA participate as signal molecules to promote several critical cellular functions
such as epigenetic modifications, redox regulation, hypoxic response, and immunity. Nrf-2: nuclear
factor erythroid 2–related factor 2, ARE: antioxidant response element, maf: musculoaponeurotic
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fibrosarcoma protein, CAT: catalase, SOD: superoxide dismutase, GPx: glutathione peroxidase,
2OGDD: named 2-oxoglutarate dependent dioxygenases, HIF: hypoxia inducible factor, EMT: epithelial-
mesenchymal transition, SDH: succinate dehydrogenase. Created with Biorender.com.

4. Citrate

Citrate can be obtained by uptake from dietary sources, and in mitochondria, as a
result of the condensation of acetyl-CoA with OAA by the citrate CS; cytoplasmic citrate
can be derived from mitochondrial export through the SLC25A1 transporter, also named
citrate–malate exchanger (CIC) [10].

Physiologically, an excess of citrate also serves as a control point of glycolysis by inhibit-
ing phosphofructokinase (PFK) [38] and PDC [39], limiting the fructose-1,6-bisphosphate
and acetyl-CoA synthesis, respectively [38].

In a model of CKD by UUO or by diabetic nephropathy, urinary excretion of citrate is
decreased [40,41], as occurs in patients with CKD [42–44]; in contrast, in plasma [45] and
kidney tissue [46], citrate levels are increased in UUO. In addition, in cisplatin-induced
CKD, CS activity is increased. In contrast, aconitase activity is reduced [47], suggesting
that produced citrate is not converted to isocitrate. In non-diabetic CKD patients, the
expressions of aconitase 1 and aconitase 2 are reduced; and in urine and blood, the levels
of isocitrate are also decreased [42]. In addition, it is known that CS is stimulated by
aldosterone [48], a hormone increased in CKD [49], suggesting that in CKD, aldosterone
promotes an excess of citrate synthesis. This suggests that produced citrate (probably in
excess) is not converted into isocitrate, and its retention results in the reduced urinary
excretion [42], as has been demonstrated in animal models of UUO-induced CKD and
I/R-induced AKI, in which kidney tissue reveals an accumulation of this metabolite [46,50].

Clinically, urinary low citrate excretion is proposed as a marker of acid retention and
reduced glomerular filtration in patients with CKD [43], and plasma citrate levels correlate
negatively with estimated glomerular filtration rate (eGFR) [51].

However, in diabetic nephropathy, urinary citrate excretion is controversial due to in
humans being decreased [37], whereas in mice it is increased [43], although this may be the
result of other metabolic disorders involved in diabetes.

Administration of citrate has been used to manage kidney diseases such as kidney
stones [52], AKI, and CKD [53–55]. In kidney injury by kidney stones, citrate binds
to calcium, preventing its binding to oxalate or calcium phosphate and the consequent
reduction of stone formation; however, its effectiveness is still controversial [56].

Citrate administration in AKI and CKD is used as an anticoagulant during renal
replacement therapy [53–55]. Moreover, in a model of AKI by I/R, citrate administration
reduces plasma creatinine levels, lactate dehydrogenase activity and partially restores ATP
content in tissue, reflecting improvement in kidney function [57]. Interestingly, citrate has
also been associated with immunomodulatory effects. In AKI patients with continuous
venovenous hemofiltration therapy, citrate administration reduces myeloperoxidase and
interleukin 8 (IL-8) plasma levels [58]; in a model of CKD induced by adenine in rats, the
administration of citrate reduces the production of pro-inflammatory cytokines interleukin
6 (IL-6) and interleukin 17 (IL-17), whereas it increases the anti-inflammatory cytokines
interleukin 10 (IL-10) and TGF-β [59].

The immunomodulatory effects of citrate have also been reported in other cells types
such as monocytes and macrophages. In these cells, ROS and pro-inflammatory cytokines
were reduced in response to lipopolysaccharide (LPS) [60,61]; however, this effect could be
dependent on citrate concentration [61].

In RCC, citrate levels are enriched [62], and its immunosuppressive effects could be
related to the tumor progression; however, there is still no evidence of this effect. However,
in RCC, citrate is re-converted to acetyl-CoA by ACLY, which in turn serves as the substrate
for protein acetylation and fatty acid synthesis; as mentioned above, RCC also has elevated
levels of ACLY. Interestingly, it is silencing, avoiding citrate-derived acetyl-CoA, promoting
apoptosis, and reducing proliferative and migration rates in RCC cells [63].
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Citrate involvement in kidney diseases includes immunomodulatory effects, regulating
acetyl-CoA synthesis, and even being used in their therapeutic management (Figure 2b).

5. Isocitrate/Itaconate

Aconitase is the enzyme responsible for the conversion of citrate to cis-aconitate and
later to isocitrate.

Aconitase is an iron–sulfur-containing dehydratase; its activity is sensitive to oxida-
tion [64]. In kidney diseases, it is well-known that oxidative stress is a hallmark [65], hence
suggesting that aconitase activity is reduced, as reported in CKD induced by cisplatin [47]
and 5/6 nephrectomy [66]; as well in AKI induced by maleate [67] and I/R [68].

In addition, as kidney function declines in nephrectomy-induced CKD [61], aconitase
activity also decreases [69].

In non-diabetic CKD, isocitrate urinary excretion, aconitase 1 (mitochondrial aconi-
tase), and 2 (cytosolic aconitase) expression are reduced in kidney tissue [42].

At present, there is no evidence of isocitrate as a signal molecule, and its synthesis
seems to be decreased in kidney diseases. On the other hand, itaconate is another interme-
diate of the TCA cycle derived from the decarboxylation of cis-aconitate by the immune
responsive gene 1 protein (Irg1). Interestingly, itaconate seems to have immunomodulatory
effects [70].

In the I/R model, Irg1 levels increase after 12 h, with a peak at 24 h; the induction
of this enzyme on the different cell types depends on the stimulus. For example, renal
cells respond to H2O2, increasing Irg1 levels, whereas macrophages respond mainly to pro-
inflammatory stimulus, such as cytokines and cell lysates, and lesser extent to H2O2 [71].
Itaconate has protective effects since Irg1 knock-out mice exacerbate inflammatory response
and reduced survival percentage induced by I/R [71]. Due to this immunomodulatory
effect, this metabolite has been used for reducing damage in kidney tissue and cells.

The administration of 4-octyl itaconate (OI), a derivate of itaconate with higher fat
solubility, by tail vein injection, reduces fibrotic kidney damage induced in UUO or by
adenine administration in rats. This effect was partly through the reduction of the canonical
signaling of TGF-β pathway and by recovering antioxidant enzyme expression in adenine-
induced kidney damage or decreasing inflammatory response by reducing nuclear factor
kappa B (NF-κB) activation in UUO [72]. In vitro, OI treatment also reduces fibrotic
markers fibronectin, plasminogen activator inhibitor 1 (PAI-1), and α-SMA, decreases
phosphorylation of p65 subunit of NF-κB; whereas stimulates antioxidant response through
the increase of the nuclear factor erythroid 2-related factor (Nrf2) and reducing ROS levels
in kidney epithelial cells HK-2 stimulated with TGF-β [72].

Dimethyl itaconate (DMI), another derivate of itaconate, has also been demonstrated
to have a renal protective effect. The treatment of neonatal renal cells with DMI and
exposure to hypoxia/reoxygenation (H/R) reduces cell death; in addition, the antioxidant
response is activated due to the increase in Nrf2 nuclear translocation [71]. A similar result
was demonstrated in macrophages exposed to H/R, in which DMI reduces inflammatory
response by decreasing tumor necrosis factor-alpha (TNF-α) and interleukin 1-beta (IL-
1β) production through reducing mitogen-activated protein kinase (MAPK) and NF-κB
activation; this effect was in part due to the induction of antioxidant response mediated by
Nrf2 stimulation [71].

The well-reported mechanism of action of itaconate is through its binding to Kelch-like
ECH associated protein 1 (KEAP1), a negative regulator of Nrf2, the interaction of itaconate
with KEAP1, elicits the dissociation of this last one from Nrf2, inducing the nuclear translo-
cation of Nrf2 to promote antioxidant gene expression [73]. Interestingly, itaconate also
inhibits SDH activity, which results in succinate accumulation and the inhibition of fu-
marate formation [74]; both mechanisms are demonstrated in monocytes/macrophages.
Itaconate has also demonstrated antimicrobial functions, blocking the glyoxylate cycle in
Mycobacterium avium and Mycobacterium tuberculosis [75] (Figure 2c).
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Although itaconate immunomodulatory effects are an emerging and growing field,
there is little evidence of its levels and action mechanisms on kidney diseases.

6. Alpha-Ketoglutarate

The decarboxylation of isocitrate by the IDH gives rise to 2-oxoglutarate, which is
also named AKG, which can also be derived from glutaminolysis [76] and even can be
produced by microorganisms [77].

At present, there is little evidence related to AKG alterations in kidney diseases, such
as increased urinary excretion in diabetic nephropathy in humans [44] and mice [78];
however other report decreased urinary levels in humans and mice [42,79] and reduction of
blood serum AKG concentration in diabetic nephropathy in mice [41]. On the other hand,
in RCC, contrary results were found in tissue with an elevated concentration in mice [80]
compared to low levels reported in human samples [81].

Even though the information related to AKG levels in kidney disease is limited and
confusing, this molecule and the enzymes related to its metabolism seem to be of great
relevance in different kidney conditions.

As mentioned above, IDH catalyzes the conversion of isocitrate to AKG. IDH1 is
expressed in cytosol and peroxisomes, whereas IDH2 and IDH3 are expressed in mito-
chondria. IDH1 and IDH2 are nicotinamide adenine dinucleotide phosphate (NADP)-
dependent, and each one functions as homodimers; whereas IDH3 is nicotinamide adenine
dinucleotide (NAD)-dependent and is composed by three different subunits; thus resulting
in the production of the reduced form of NADP (NADPH) by IDH1/2, or NADH by IDH3
in addition to the AKG synthesis [82]. It is well known that NADPH is a substrate for
antioxidant defense, used for glutathione regeneration and thioredoxin activity [83–85].
In addition, the administration of AKG also has been reported to function directly as an
antioxidant [86–88], as mentioned below.

In acute kidney injury by cisplatin, IDH2 levels are decreased; moreover, IDH1/2
activities are reduced, but with no IDH3 [89]; in a similar way, in I/R-induced AKI it
has been reported that IDH1/2 are reduced, as well their function [83,90]; on the other
hand in UUO-induced CKD, IDH2 levels also are reduced, and in diabetic nephropathy,
also IDH2 activity is diminished [91]. Thus, demonstrating that IDH2 activity reduction
is a common characteristic in all of these pathologies. Besides, genetic deletion of IDH2
exacerbates renal damage by increasing oxidative stress and leukocyte infiltration in I/R
and cisplatin-induced AKI and UUO-induced CKD models [83,89,92], reflecting an an-
tioxidant protective effect of this enzyme additional to its function of AKG synthesis.
Additionally, an interesting finding is that in diabetic nephropathy, IDH2 deficiency also
increases the expression of renin, angiotensin II type 1 receptor, angiotensinogen, and
angiotensin-converting enzyme in renal tissue, as well renin and angiotensin II levels in
plasma, promoting hypertension derived from oxidative stress [91].

In non-diabetic CKD patients, IDH3 expression is decreased [42], which suggests an
impairment in AKG and NADH+ synthesis, resulting in low levels of electron donors for
the ETS. On the other hand, in RCC, low expression of IDH1 has been associated with
a poor prognosis [93]. Independent of which IDH catalyzes the synthesis of AKG, this
metabolite exerts different functions in the kidney.

A new physiological function of AKG participating in the acid–base balance in the
kidney has been reported. At the extracellular level, AKG can be recognized by its receptor
2-oxoglutarate receptor 1 (OXGR1), which is expressed in cells of the connecting tubule
and cortical collecting tubule; once activated, this receptor acts in conjunction with pendrin,
regulating the HCO3

− excretion and NaCl reabsorption [94].
AKG also has been reported to function as a non-enzymatic antioxidant, scavenging

H2O2 and enhancing the activity of other antioxidant molecules in liver damage induced
by ethanol or acetaminophen, respectively [86,87]. Thus, in a model of hyperammonemia,
liver and kidney damage were reduced by the oral administration of AKG, restoring the
antioxidant status in both organs [88]. In vitro, kidney proximal tubules under hypoxic
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condition show mitochondrial alterations and decreased ATP levels; however, the use
of AKG in combination with aspartate reduce mitochondrial structural alterations and
partially restores ATP levels by replenishing TCA cycle [95]. In a similar approximation in
AKI induced by I/R, the treatment with AKG plus malate did not demonstrate protective
effects in the kidney, even as a deleterious effect, mean arterial blood pressure (MAP) and
heart rate were decreased [96]. Although the AKG was not promising for AKI treatment,
hypertension in CKD is a concomitant alteration [97], opening a new exciting research field
of the effect of AKG on CKD progression.

In addition, AKG also participates in the function of a superfamily of enzymes named
2-oxoglutarate dependent dioxygenases (2OGDD). The reaction catalyzed by 2OGDD is
the hydroxylation of the substrate, requiring as co-substrates O2, Fe2+, and AKG. Prolyl
hydroxylases (PHD), histone demethylases (HDM), nucleic acid oxygenases, and fatty
acid oxygenases are some of the 2OGDD [98]. Some structural analogs of AKG, such
as pyruvate, citrate, isocitrate, succinate, fumarate, malate, OAA, R-2-hydroxyglutarate
(R2HG), and L-2-hydroxyglutarate (L2HG), act as 2OGDD inhibitors [98].

PHD function hydroxylating proline residues of several proteins, such as the hypoxia-
inducible factor (HIF) promoting its proteasomal degradation; and collagen, inducing its
structural conformation. In I/-R-induced AKI, the pre-treatment, but no post-ischemic
damage, with a PHD inhibitor (PHI), GSK1002083A, reduces the fibrotic lesions and
maintains kidney function [99]. Similarly, in AKI induced by cisplatin and folic acid,
the pre-treatment with other PHI, FG-4592, also decreases kidney damage, reducing the
inflammatory and fibrotic responses [100,101]; however, in UUO-induced CKD, the use of
PHI does not affect fibrotic or inflammatory markers [102], demonstrating that inhibition
of PHD is effective only in acute damage. The action mechanism of PHI is through
avoiding HIF proteasomal degradation as an acute protective response [99–101]; however,
although it was not demonstrated, possible inhibition of collagen synthesis could also
contribute to PHI benefits in kidney diseases. Since HIF is necessary for erythropoiesis
induction, PHI roxadustat and GSK1278863 also has been proposed for anemia treatment
in CKD, demonstrating the increase in erythropoietin and hematocrit levels in animal
models [103,104] and even in patients [105]; hence in CKD and AKI, there is an increase in
PHD activity, and their inhibition ameliorates damage associated with kidney dysfunction.

Another 2OGDD enzymes involved in kidney diseases is the ten-eleven translocation
methyl-cytosine dioxygenase (TET)1-3, which catalyzes the conversion of 5-methyl cytosine
(5mC) to 5-hydroxymethyl cytosine (5hmC), an epigenetic mark on DNA associated with
active transcription [106]. In tissue derived from CKD patients, TET1-3 levels are increased;
however, their activity is decreased [107], indicating an imbalance in 5mC/5hmC. TET2
low activity is associated with worsen acute kidney damage induced by I/R [108,109]
and cisplatin [110]; whereas TET3 low activity is associated with chronic kidney damage
induced by UUO [111,112]; moreover, restoration of TET function ameliorates kidney
injury [107,110,112] by the hydroxymethylation of different genes such as Klotho [107] and
ras protein activator like 1 (RASAL) [111] promoters, which codify for renoprotective and
anti-proliferative proteins, respectively. In addition, in UUO and nephrectomy models of
kidney damage, the inhibition of the histone demethylase Jumonji domain containing-3
(JMJD3), another 2OGGD, worsen fibrotic lesions through enhancing TGF-β signaling [113].
Thus, in kidney injury seems that removing DNA and histone methylation by 2OGDD
demethylases has protective effects.

It is crucial to notice that the 2OGDDs function depends on their expression, the avail-
ability of co-substrates AKG, O2, and Fe2+, and the presence of structural inhibitors. For
example, in RCC, despite the increase of the 2OGDD histone and DNA demethylases, there
is a reduction in 5hmC levels. This finding is probably secondary to the low availability of
AKG and the presence of its structural analog L2HG [114].

In summary, the AKG, the enzymes involved in its synthesis, and the enzymes that
require it for their function seem to be highly relevant in kidney diseases development.
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Here we mention only a few examples of 2OGDD; however, these enzymes are involved in
a great variety of biological functions (Figure 2d).

7. Succinyl-CoA

Succinyl-CoA is derived from AKG by the action of the AKG dehydrogenase, also
named 2-oxoglutarate dehydrogenase (2OGDH); succinyl-CoA can also be derived from
succinate by the action of the succinyl-CoA synthetase.

In addition to its role in the TCA cycle, succinyl-CoA and glycine participate in the
biosynthetic heme pathway, necessary for different kidney hemoproteins synthesis.

2OGDH is decreased in CKD induced by high-salt diet and aristocholic acid adminis-
tration [22,115], as has been reported in non-diabetic CKD patients [42]. On the other hand,
in RCC 2OGDH lower expression was associated with poor outcome [116]. Together, this
indicates a decreased synthesis of succinyl-CoA in some progressive kidney diseases.

P450 cytochromes (CPY) are hemoproteins that have been associated with kidney
dysfunction. In end-stage renal failure, a decrease in CYP1A2, CYP2C9, CYP2C19, and
CYP3A4 expression in blood samples has been reported [117]; these CPYs are associated
with drug excretion. On the other hand, CPY24, an enzyme that regulates vitamin D levels,
seems to be increased in adenine-induced CKD [118]. However, there is no evidence that
succinyl-CoA levels in kidney diseases drive altered expression or synthesis of CPY.

Other hemoproteins include catalase, nitric oxide synthase, and prostaglandin synthase;
however, in kidney diseases, these enzymes are evaluated by their function rather than their
synthesis derived by the succinyl-dependent biosynthetic heme pathway (Figure 2e).

Currently, there is little evidence related to the direct role of succinyl-CoA in kid-
ney pathologies.

8. Succinate

Succinate is derived from succinyl-CoA by the reaction of succinyl CoA synthetase. In
high-diet-salt-induced CKD, succinate levels decrease in tissue [22], as has been reported
in non-diabetic patients with CKD with decreased levels in kidney biopsies and low
urinary excretion [42]. In diabetic nephropathy in rodents, succinate levels are increased
in urine [41,78,119], whereas in kidney tissue are reported both, decreased [119] and
increase levels [120]. In contrast, in UUO, succinate levels increase in plasma and kidney
tissue [45,46], as happens in I/R-induced AKI [50,121] and polycystic kidney disease [122].
In RCC also increased succinate levels has been found [62].

Hence, it seems that there is a dynamic regulation of succinate levels and its excretion
depending on kidney damage injury.

An exciting finding from almost two decades ago was the discovering of succinate
receptor 1 (SUCNR1) in the kidney, which is found mainly in the proximal tubules [123].

It is known that in the proximal tubule, succinate stimulates gluconeogenesis [124]
and induces membrane hyperpolarization by increasing K+ uptake [125], although it is
uncertain if these functions depend on SUCNR1. However, a well-documented function
of succinate/SUCNR1 signaling is the stimulation of arachidonic acid, prostaglandin
E2, and prostaglandin I2 release, which in turn stimulates renin release [120,123,126,127].
Moreover, in diabetic nephropathy in mice, hyperglycemia induces renin release through
SUCNR1 [120]. In CKD, there are alterations in the renin/angiotensin/aldosterone axis;
however, currently is unknown if succinate and its receptor are participating.

Another reported function of succinate is its inhibitory effect on 2OGDD mentioned
above, particularly inhibiting PHD and indirectly stabilizing HIF [128]. Regarding above
mentioned, succinate has also been described as a pro-inflammatory signal promoting
the expression IL-1β via HIF activation in macrophages [129], opening a new panorama
of the participation of this metabolite during the inflammatory response in kidney dis-
eases (Figure 2f).
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9. Fumarate

SDH catalyzes the reaction that transforms succinate to fumarate; this reaction also
can be in the direction of fumarate to succinate. Interestingly, SDH also is named complex
II and is part of the ETS.

This metabolite also can be derived from arginosuccinate as a part of the urea cycle.
Fumarate increased levels in the plasma of diabetic and non-diabetic CKD in mice [41,42],
whereas increased urinary excretion and levels in the renal cortex in diabetic mice [78] are
reported. In contrast, in kidney damage induced by cisplatin, decreased urinary excretion
has been found [130], similarly in injury induced by I/R and adenine, decreased tissue
fumarate levels [50,131] has been reported. In RCC, fumarate also appears to be reduced
in tissue [62]. As happens with other TCA cycle metabolites, its regulation seems to
be dynamic.

Besides, SDH activity is reduced in CKD models induced by potassium dichro-
mate [132], sulfasalazine [133], cisplatin [134], and UUO [135]. In addition, the exposure of
proximal tubular epithelial cells to uremic toxins decreases SDH activity [136], suggesting
that fumarate is not synthesized and the ETS is not working fully. In comparison, during
acute injury by I/R, SDH blockade with malonate has protective effects in the kidney [137];
however, also reduction in its activity has been reported in this model [138]; hence, deeper
studies are necessary to understand the molecular mechanism of the SDH under the specific
condition of renal damage.

In addition, fumarate, as succinate, is a 2-OGDD inhibitor and has exceptional at-
tention in a subtype of RCC (FH-deficient RCC), in which an FH mutation avoids the
conversion of fumarate into malate, leading to an excessive fumarate accumulation [139].
Fumarate accumulation has been demonstrated to induce epithelial-mesenchymal transi-
tion (EMT) through epigenetic regulation inhibiting TET demethylase. The above, finally
provides phenotypic mesenchymal characteristics and migratory capacities to the cells,
thus is highly relevant in the progression of RCC [140]. In other kidney disorders, such
as CKD-induced fibrosis, EMT is a phenomenon also observed [141,142] in which the
fumarate role has not been elucidated.

In addition, fumarate seems to have protective effects in the kidney, as demonstrated
in kidney damage induced by ciclosporin, cisplatin, folic acid, and I/R [143–145], in which
dimethyl fumarate administration reduce kidney damage by enhancing the antioxidant
response driven by Nrf2 (Figure 2g). Moreover, dimethyl fumarate is already approved by
the food and drug administration (FDA) as an immunomodulatory drug for the therapeutic
management of multiple sclerosis [146].

10. Malate

Malate is raised from fumarate by FH action and from pyruvate by the action of the
malic enzyme.

There is little evidence of malate alterations in kidney diseases, such as increased
levels in serum and urine in diabetic nephropathy in mice [41,78] and reduced levels in
kidney tissue from RCC and I/R injury [50,62]. In fact, the reduction of FH activity has been
proposed as a biomarker of acute kidney injury [147]. The silencing of FH in HK-2 renal
epithelial cells increases fumarate levels, whereas it decreases malate levels as expected;
interestingly, it also reduces nitric oxide levels and the activity of nitric oxide synthase
(NOS) [148], which is known to induce vascular relaxation. In a model of hypertension in
rats, malate administration increased NOS levels and activity, and alleviated hypertension,
reducing the MAP [148]. Similar results were obtained in a model of I/R in which malate
administration plus AKG causes hypotension reducing the MAP [96].

In addition, malate synthesis by the malic enzyme is highly relevant due to the
formation of NADPH for glutathione and thioredoxin antioxidant activities [149]. Related
to the above, in kidney damage the cisplatin malic enzyme increases its activity [145],
probably as a reparative mechanism (Figure 2h).
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11. Oxaloacetate

OAA can be synthesized from malate by the MDH. It can also be derived from pyru-
vate catalyzed by the pyruvate decarboxylase, or aspartate by the glutamic oxaloacetate
transaminase (GOT). OAAs can be condensed with acetyl-CoA to start the cycle again and
also can be used for gluconeogenesis.

Currently, there is no information related to OAA levels in kidney diseases, probably
by the difficulties in its measurement [150]. However, in kidney injury induced by toxic
compounds potassium dichromate [151], gentamicin [152], melamine/cyanuric acid, and
in diabetic nephropathy [153], MDH activity reduction has been reported; suggesting a
decrease in OAA synthesis. Moreover, GOT serum levels in CKD patients are reduced and
correlated with advanced stages of the disease [154].

Contrary, in RCC, MDH and GOT expression are increased [155], suggesting an
increase in OAA synthesis. Furthermore, OAA inhibits SDH [156], thus impacting ETS
activity and promoting succinate accumulation, which can inhibit 2OGDD as mentioned
above (Figure 2i).

12. Clinical Significance of TCA Metabolites

Clinically, kidney function is evaluated by indirect measurement of glomerular fil-
tration by serum creatinine levels, albuminuria, proteinuria, and eGFR. Recently, the
use of mass spectrometry (MS) as a tool with proteomics [157], peptidomics [158], and
metabolomics [159] approaches to the discovery of new biomarkers in urine and serum,
has increased, showing a large number of molecules with potential use in the clinic. Some
examples of molecules identified by mass spectrometry currently useful as biomarkers
in clinics include cystatin C [160,161], neutrophil gelatinase-associated lipocalin (NGAL),
and kidney injury molecule 1 (KIM1) [162–165]. Hence, the use of new biomarkers in
conjunction with the classical method of kidney function evaluation could be helpful in a
more accurate diagnosis or prognosis of different kidney diseases.

Due to the involvement of TCA cycle metabolites in kidney physiology and patho-
physiology, identifying these in biofluids, such as serum and urine by metabolomics, could
give insights into their use as potential biomarkers in different kidney diseases.

Acetyl-CoA. Currently, acetyl-CoA has not been identified as a biomarker in kidney
diseases, probably by its multiple sources and its implication in diverse biochemical path-
ways. However, as mentioned above, one of its functions is in the fatty acid metabolism,
which seems to be impaired in kidney diseases [11]. Carnitine can react with acetyl-CoA to
form acetyl-carnitine during fatty acid metabolism by the carnitine acetyltransferase (CAT).

In CKD, serum levels of acetyl-carnitine increase along with disease progression,
whereas in urine are decreased; even more, serum acetyl-carnitine shows a negative
correlation with eGRF [166,167]. In AKI patients, serum levels of acetyl-carnitine levels
also are increased [168]. In biopsies of renal cell carcinoma, acetyl-carnitine is increased;
moreover, there are differences between clear cell, papillary, and chromophobe subtypes,
with a more noticeable increase in clear cell RCC subtype [169].

Currently, acetyl-carnitine has been proposed as a biomarker for hepatocellular carci-
noma, in which it is increased [170,171]; and in major depressive disorder, in which levels
are decreased in serum. In kidney diseases, the use of this metabolite and the eGFR could
help evaluate kidney function. However, more in-depth studies are necessary to determine
its utility in discriminating against different kidney diseases.

Citrate. As mentioned above, urinary excretion of citrate is decreased in patients
with CKD [42–44]. Clinically, urinary low citrate excretion is proposed as a marker of
acid retention and reduced glomerular filtration in patients with CKD [43]. The meaning
of plasma citrate is not clear enough since both negative and positive correlations with
estimated glomerular filtration rate (eGFR) have been proposed [51,172]; in addition, the
ratio of myo-inositol:citrate in urine seems to predict active renal vasculitis [173]. Similarly,
in AKI pediatric patients, urinary citrate levels were found to be reduced [174]. In RCC,
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citrate levels decreased in urine [175], but these are enriched in tissue [62]. Hence, reduced
citrate levels in urine seem to be a promising biomarker of altered kidney function.

Isocitrate. There is scarce information related to isocitrate alteration in serum or urine
levels in kidney diseases. This metabolite and its derivate cis-aconitate are decreased in
the urine of CKD patients [42]; additionally, plasma isocitrate correlates negatively with
eGFR [51], being a possible predictor of disease progression. On the other hand, in RCC,
low expression of IDH1, the enzyme responsible for isocitrate conversion to AKG, has been
associated with a poor prognosis [93]. More in-depth studies are necessary to understand
the clinical significance of this metabolite.

AKG. In CKD patients, decreased urinary levels of AKG have been reported [42],
whereas there are no differences in AKI patients [176]. In RCC, AKG urinary excretion is
increased [177], whereas, in biopsies, reduced levels have been reported; even more, tissue
levels of this metabolite could be helpful in the prognosis of this neoplasia [81].

Succinate. In CKD patients, decreased urinary levels of succinate have been reported [42],
and plasma succinate correlates negatively with eGFR [51]. In RCC, succinate levels are
increased in tissue [62] and decreased in urine [175]. However, there is no information related
to alterations of this metabolite in urine or serum from AKI patients. Currently, increased
urinary levels of succinate and AKG have been proposed as biomarkers of major depressive
disorder [178], opening a new panorama for the use of these metabolites in the clinic.

Fumarate. Increased urinary levels of fumarate in CKD patients have been de-
scribed [44]; also, plasma fumarate correlates positively with eGFR [51] and has been
associated with mortality [179]. In RCC, tissue fumarate levels are decreased [62], and no
altered levels are reported in AKI patients. However, in an animal model, FH activity in
urine and plasma has been proposed as a biomarker of AKI [147].

Malate. As fumarate, increased malate levels in the urine of CKD patients have been
reported [44], and plasma malate also correlates negatively with eGFR [51]. In RCC, tissue
malate levels are decreased [62]. In AKI patients, there are no reported altered levels of
this metabolite.

OAA. As mentioned above, OAA is difficult to detect by MS; hence, its potential as
biomarker is limited. In CKD, GOT serum levels are reduced and correlated with advanced
stages of the disease [154]. In RCC tissue, GOT expression is increased. GOT is currently
used for clinical evaluation of liver function; its use in conjunction with other parameters
in the diagnosis and prognosis of kidney diseases could be helpful in clinics.

A summary of alterations of some TCA cycle metabolites in kidney diseases in humans
and their potential as biomarkers is showed in Table 1.

Table 1. TCA cycle metabolites alterations in kidney diseases with potential use as biomarkers.

Metabolite
Kidney Disease

References
CKD AKI RCC

Acetyl-carnitine Δ serum
∇ urine Δ serum Δ tissue [166–169]

Citrate ∇ urine ∇ urine ∇ urine [43,62,174,175]

Isocitrate ∇ urine - - [42]

AKG ∇ urine - ∇ urine
Δ tissue [42,81,177]

Succinate ∇ urine - ∇ urine
Δ tissue [42,62,175]

Fumarate Δ urine - ∇ tissue [44,62]

Malate Δ urine - ∇ tissue [44,62]
Summary of tricarboxylic citric acid (TCA) cycle alterations in different kidney diseases in humans. Δ = increased
levels, ∇ = decreased levels; CKD, chronic kidney disease; AKI, acute kidney injury; RCC, renal cell carcinoma;
AKG, alpha-ketoglutarate.
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13. Concluding Remarks and Future Directions

Mitochondria perform several functions, including metabolic pathways and communi-
cating to the rest of the cell to drive its behavior. The TCA cycle occurs in the mitochondrial
matrix, and the metabolites that compose it are dependent on each other; hence the excess
or lack of the TCA cycle metabolites are regulated by their release from mitochondria or
can be replenished from cytosolic precursors.

As we review, TCA cycle metabolites are involved in several kidney functions in
health and disease. Moreover, in kidney diseases, there are alterations in the levels of TCA
cycle metabolites and in the enzymes involved in their synthesis, which drive cell fate
impacting kidney function.

Knowing the role of these metabolites in kidney diseases is of great relevance to
understanding the pathophysiology and for their possible application in future therapeutic
options and for clinical use as prognosis/diagnosis biomarkers.
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Abstract: The reduction-oxidation (redox) system consists of the coupling and coordination of various
electron gradients that are generated thanks to serial reduction-oxidation enzymatic reactions. These
reactions happen in every cell and produce radical oxidants that can be mainly classified into reactive
oxygen species (ROS) and reactive nitrogen species (RNS). ROS and RNS modulate cell-signaling
pathways and cellular processes fundamental to normal cell function. However, overproduction of
oxidative species can lead to oxidative stress (OS) that is pathological. Oxidative stress is a main
contributor to diabetic kidney disease (DKD) onset. In the kidney, the proximal tubular cells require
a high energy supply to reabsorb proteins, metabolites, ions, and water. In a diabetic milieu, glucose-
induced toxicity promotes oxidative stress and mitochondrial dysfunction, impairing tubular function.
Increased glucose level in urine and ROS enhance the activity of sodium/glucose co-transporter type
2 (SGLT2), which in turn exacerbates OS. SGLT2 inhibitors have demonstrated clear cardiovascular
benefits in DKD which may be in part ascribed to the generation of a beneficial equilibrium between
oxidant and antioxidant mechanisms.

Keywords: redox; diabetic kidney disease; oxidative stress; mitochondrial dysfunction; SGLT2

1. Introduction: The Redox System

In general terms, the reduction-oxidation (redox) system consists of the coupling and
coordination of various electron gradients that are generated by serial reduction-oxidation
enzymatic reactions. These reduction-oxidation reactions happen in fundamental biological
processes in every cell [1] and lead to the production of radical oxidants or free radicals [2].
Free radicals are in fact oxygen or nitrogen metabolites that contain an unpaired electron
and are thus partially reduced [3]. These free radicals have strong oxidizing capacity and
can be classified into reactive oxygen species (ROS) and reactive nitrogen species (RNS) [4]
(Table 1).

Table 1. Main known reactive oxygen species (ROS) and reactive nitrogen species (RNS).

Reactive Oxygen Species
Superoxide O2

−
Hydrogen peroxide H2O2

Hydroxyl radical OH

Reactive nitrogen species

Nitric oxide NO
Peroxynitrite ONOO−

Dinitrogen trioxide N2O3
Dinitrogen tetraoxide N2O4

Nitrogen dioxide NO2
S-nitrosothiols RSNO
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The redox system is especially important during energy metabolism to generate
adenosine triphosphate (ATP). The most important source of energy is glucose which is
transformed into pyruvate via glycolysis. Pyruvate enters the tricarboxylic acid or Krebs
cycle and reduces nicotinamide adenine dinucleotide (NAD) to NADH. Further, fatty
acids (FA) can undergo β-oxidation to generate acetyl-CoA which then enters the Krebs
cycle [5,6]. The NADH produced during the Krebs cycle is oxidized again in the mitochon-
drial respiratory chain [7]. The complexes that constitute the mitochondrial respiratory
chain are NADH dehydrogenase (complex I), succinate dehydrogenase (complex II), cy-
tochrome c reductase (complex III), cytochrome c oxidase (complex IV), and ATP synthase
(complex V). These enzymes are able to oxidize NADH, starting the electron transport
across the mitochondrial membrane and generating an electrochemical potential that allows
complex V to generate ATP. Additionally, the electrons transported from complex I, through
II and III, to complex IV are used to reduce oxygen to water [8,9]. ROS are generated as a
byproduct of electron transfer. Therefore, mitochondria are considered the main source of
ROS [10]. Approximately, 1–2% of the O2 consumed in the mitochondria is incompletely
metabolized [11]. Here, the predominant origin of ROS is the respiratory chain (mainly
complexes I and III), necessary for ATP synthesis. However, other mitochondrial enzymes
have been reported to be sources of ROS, such as pyruvate dehydrogenase, α-ketoglutarate
dehydrogenase, or succinate dehydrogenase, which are a part of the Krebs cycle [12]. Addi-
tionally, p66shc, an adaptor protein with proapoptotic activity, is involved in the production
of ROS [13]. In vitro and in vivo experiments have shown that this protein can generate
ROS by oxidizing cytochrome C [14,15]. The NADPH oxidase (NOX) family of enzymes
are another source of ROS. NOX are multiunit enzymes that use NADPH as an electron
donor to reduce oxygen, leading to the generation of superoxide. There are seven members
of the NOX family, NOX1–5 and DUOX1 and 2. NOX enzymes are expressed in different
tissues and differ in the domains that constitute them, for example, DUOX1 and 2 have an
additional peroxidase domain at their N-terminal end [16,17] (Figure 1).

Figure 1. Sources of reactive oxygen species. Reactive oxygen species (ROS) are generated at different
sites within the cell. Respiratory chain complexes I and III (in blue) produce ROS as a byproduct of
electron transfer in mitochondria. Several enzymes involved in the Krebs cycle are also reported as
sources of ROS. p66shc (in purple), by oxidizing cytochrome c (Cyt C), is able to generate ROS within
the mitochondria intermembrane space. The NADPH oxidase (NOX) family of enzymes (in brown)
are another important source of ROS by reducing oxygen to generate superoxide. MIM: mitochondria
inner membrane.
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Regarding RNS, these comprise nitric oxide (NO) and its derivatives, such as peroxyni-
trite (ONOO−), dinitrogen trioxide (N2O3), dinitrogen tetraoxide (N2O4), nitrogen dioxide
(NO2), or S-nitrosothiols (RSNO) [18,19] (Table 1). NO is produced from the metabolism of
L-arginine [20]. The enzyme responsible for its synthesis is nitric oxide synthase (NOS) that
converts L-arginine into L-citrulline, forming NO during the reaction. There are three forms
of NOS: endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS). eNOS
and nNOS are constitutively expressed while iNOS is only expressed under specific stimuli
like infection or trauma. The different NOS isoforms are expressed in different types of
cells in which NO is involved in signaling and regulation of several cellular functions [21].
In mitochondria, NO reacts with complex III of the respiratory chain, inhibiting the electron
transfer and enhancing the production of O2

−. O2
− is highly reactive and may combine

with NO, leading to the formation of peroxynitrite (ONOO−). ONOO− is a powerful RNS
that can irreversibly inhibit electron transport, which is pathological [18,22–24].

Both ROS and RNS are necessary for normal cell function as they modulate cell-
signaling pathways and cellular processes. However, overproduction of any of them
is pathological since it can damage macromolecules like proteins, lipids, or DNA [25].
DNA damage can lead to defective complexes I and III, which may result in a shutdown
of mitochondrial energy production [26] and further increase ROS levels [27,28]. This
eventually ends up causing mitochondrial damage and apoptosis [29,30]. Therefore, to
regulate the generated ROS, there is a network of antioxidant systems to alleviate this
stress. Superoxide dismutase (SOD) is an enzyme that contributes to the elimination of
some oxidants. According to its subcellular location, we can differentiate between SOD1
(in the cytosol and mitochondrial intermembrane space), SOD2 (in the mitochondrial
matrix), and SOD3 (in the extracellular matrix) [31]. SOD enzymes convert the superoxide
radical into hydrogen peroxide [32,33] that is finally detoxified by catalase or glutathione
peroxidase [34,35]. Catalases decompose H2O2 into water and oxygen, and glutathione
peroxidases reduce H2O2 to water [36]. Glutathione has also a role in the antioxidant
system, as it can either react directly with ROS and RNS or act as a cofactor for various
enzymes helping the cell to maintain its redox status [37]. Further, exogenous and synthetic
antioxidants can also be effective to prevent oxidative stress [38,39].

In this review, we will focus on oxidative stress-mediated mechanisms of kidney
tubular dysfunction. Further, the contribution of the sodium/glucose co-transporter type 2
(SGLT2) in diabetic kidney disease (DKD) onset and the antioxidant potential of the SGLT2
inhibitors will be discussed.

2. Oxidative Stress-Induced Tubular Impairment

The tubular system has a very precise and highly regulated transport capacity be-
tween the tubule lumen and the bloodstream. A broad range of tubular transporters
contribute to ion, amino acid, glucose, and other solute reabsorption. Therefore, tubular
cells require a sufficient energy supply to sustain the high rate of exchange within the two
compartments. Tubular cells are the most energy-demanding cells of the body after cardiac
cells [40]. Their metabolism is highly dependent on oxygen consumption to produce ATP
by oxidative phosphorylation. The oxidation of a glucose molecule provides a high energy
yield (30–32 ATP) and is used as a substrate in every cell. However, in the kidney, each
section of the tubule has its own preferences in terms of energy substrates, including amino
acids, ketone bodies, or FA. Strikingly, FAs are an important energy fuel in tubular cells,
providing 106–129 ATP through β-oxidation within the mitochondria [41]. Proximal tubu-
lar cells (PTC), located at the first section of the tubular system (segments S1, S2, and S3),
are particularly energy-consuming, as 80% of the biomolecules filtered by the glomerulus
are reabsorbed by these cells [42,43]. In PTC, ATP generation relies mostly on oxidative
phosphorylation of FA rather than of glucose. However, under pathological conditions,
such as acute kidney injury (AKI), which is associated with hypoxia [44], PTCs undergo a
metabolic shift towards glycolysis [45].
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As mentioned above, mitochondrial metabolism is a source of ROS that directly mod-
ulates cell-signaling pathways, protein function through post-translational modifications,
and influences cell survival, proliferation, and apoptosis [46]. However, increased ROS
production results in oxidative stress that causes damage to lipids, proteins, and nucleic
acids, eventually disrupting cellular homeostasis. Overall, elevated ROS levels can lead to
mitochondrial dysfunction, bioenergetics defects, altered gene expression, and cell death.
PTCs have a high mitochondrial density that makes them susceptible to ROS-induced
cell damage [42]. In vitro experiments performed using the HK-2 cell line (human PTCs)
demonstrated an increase of oxidative stress, mitochondrial destabilization, DNA damage,
apoptosis, and cell senescence when treated with hydrogen peroxide (H2O2) [47]. Aragno
et al. showed that rats subjected to unilateral ischemia/reperfusion (I/R) injury exhibit high
hydrogen peroxide levels in the cytosol obtained from kidney homogenate and high levels
of nitrite/nitrate in serum compared to control and sham-operated animals. Consequently,
the proximal tubules showed dilation and cell debris and cast formation in the lumen.
These effects were attenuated in rats supplemented with dehydroepiandrosterone (DHEA),
a steroid with antioxidant properties [48]. Beyond the respiratory chain, there are other
sources of oxidants in the kidney. NOX enzymes have been recognized as a primary source
of ROS in the kidney, especially NOX4. NOX4-derived H2O2 mediates several cell func-
tions, but excessive levels can induce inflammation, apoptosis, fibrosis, and cell damage.
NOX4 has constitutive activity, hence, the amount of H2O2 depends on the expression
level. As a result, it can be damaging or beneficial depending on its abundance at the given
time [49]. Normally, the levels of ROS increase in some AKI and chronic kidney disease
(CKD) models, secondary to the overexpression of NOX4 [50]. Upregulation of renal NOX4
plays an important role in several pathologies, like DKD, hypertensive nephropathy, and
polycystic kidney disease by increasing ROS levels and mitochondrial damage [51–55]. It
has been described that mitochondrial ROS and NOX-produced ROS can enhance damage
and depolarization of the mitochondrial membrane potential [46,56,57]. The total absence
of NOX4 has also been reported to be pathological since it results in fibrosis and oxidative
stress [58]. This could be in part related to the fact that H2O2 generated by NOX4 en-
hances nuclear factor erythroid 2-related factor 2 (Nrf2) stability, a regulator of antioxidant
activity [59].

Excessive ROS production can damage mitochondria [60]. Mitochondrial damage has
been recognized as a main contributor to tubular necrosis and apoptosis. Tubular cell necro-
sis involves disruption of respiration complexes, loss of mitochondrial membrane potential,
and mitochondrial membrane transition, while apoptosis is caused by mitochondrial outer
membrane permeabilization and release of apoptogenic factors [61]. Mitochondrial damage
secondary to necrosis or apoptosis is especially problematic for the tubular cells as it may
compromise its normal function and ultimately lead to renal dysfunction. Despite the
effects of oxidative stress in kidney impairment having been studied extensively [42,46],
its complexity and interconnection with a broad range of metabolic and cellular pathways
make it puzzling to decipher its full implications in the onset, progression, and development
of renal pathology.

3. Oxidative Stress in Diabetic Kidney Disease: Contribution of Sodium Glucose
Co-Transporter Type 2 (SGLT2)

Albeit glucose consumption is low in the proximal tubule (except for segment S3 [62]),
PTCs are primarily responsible for its reabsorption via the sodium/glucose co-transporter
type 2 (SGLT2) [44]. SGLT2 is located at the brush border of PTCs in the S1 and S2 segments
of the proximal tubule, where 90% of the total filtered glucose is reabsorbed [63]. Its
transport is coupled with sodium (Na+/Glucose, 1:1) and it accounts for 5.7% of total
renal Na+ reabsorption in healthy individuals [64]. Although SGLT2 activity has a role
in maintaining the intrarenal osmolarity, the main sodium exchanger at the tubular level
is the Na+/H+ Exchanger-3 (NHE3). Interestingly, NHE3 and SGLT2 have been shown
to be interdependent [65]. Therefore, SGLT2 activity has a huge impact on both glucose
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and sodium balance. The Na+ gradient created by the sodium-potassium pump (Na+/K+-
ATPase), located in the basolateral membrane of PTC, is harnessed by SGLT2 to transport
glucose and sodium across the plasma membrane down-gradient [63]. At the same time,
the basolateral glucose transporter, GLUT2, maintains the glucose gradient by passively
easing its backflow into the bloodstream [66].

SGLT2 plays a crucial role in glucose transport and intrarenal osmolarity. For that
reason, the dysfunction of this co-transporter, which happens in diabetes, has a direct
effect on intrarenal glucose metabolism and also on the redox environment. In diabetic
patients, SGLT2 is overactivated, leading to increased glucose and sodium reabsorption [67].
The deleterious effects in kidney function and fluid homeostasis include the alteration of
tubular-glomerular feedback (a self-regulated system of the kidney) and the increase of the
glomerular filtration rate and the tubular reabsorption capacity. Systematically, the plasma
volume and blood pressure increase, leading to hypertension, a common feature of these
patients [68]. At the molecular level, this has drastic consequences for the activity of other
transporters located in the tubule, such as NHE3, which is sensitive to small changes in
sodium concentration. Packer et al. reviewed that Na+/H+ Exchanger-1 (NHE1) in the
heart and vasculature and NHE3—the kidney isoform—are upregulated in heart failure
and type 2 diabetes mellitus (T2DM) [69]. Additionally, when sodium levels drop in the
luminal filtrate, Na+/K+-ATPase activity increases to restore the sodium gradient. As this
transporter is ATP-dependent, its overactivation implies an increase in energy demand
and oxygen consumption. It is worth mentioning that under normal conditions, 60% of
kidney ATP consumption is intended for sodium uptake which is mostly attributed to
basal Na+/K+-ATPase activity [70]. Therefore, the energy consumption of this transporter
cannot be underestimated, and its impact on mitochondrial function should be further
explored. The enhanced mitochondrial phosphorylation produces substantial accumulation
of ROS products. In addition, it has been described that interleukin 6 (IL-6) activates SGLT2
through ROS in cultured tubular cells [71], which suggests that an inflammatory context
would further promote ROS generation and SGLT2 overactivation. Thus, SGLT2 activity,
oxidative stress, and inflammation actively contribute to the onset of DKD. By definition,
DKD is a microvascular complication of diabetes mellitus that affects the kidney. These
patients are diagnosed by the presence of persistent albuminuria, starting at first stage
by hyperfiltration and ending with a progressive decrease in GFR at later stages. The
Renal Pathology Society divide DKD pathology into glomerular, tubulointerstitial, and
vascular lesions [72]. Focusing on the tubule, tubular membrane thickening, interstitial
fibrosis, and tubular atrophy are usually observed. Coughlan et al. mapped the changes
in mitochondrial adaptation in experimental rat’s kidney mitochondria at 4, 8, 16, and
32 weeks after induction of diabetes by streptozotocin intravenous injection [73]. The
authors demonstrated that DKD begins with decreased ATP production in the renal cortex,
mitochondrial fragmentation, which is accompanied by increased ROS, and early renal hy-
perfiltration. Their results suggest that mitochondrial dynamics and bioenergetic function
worsen over time, preceding the development of albuminuria and histological lesions. An
in vitro experiment with HK-2 cells found out that under high glucose conditions, HK-2
cells were susceptible to mitochondrial fragmentation. These effects were ameliorated
with a SGLT2 inhibitor (empagliflozin), by regulating proteins of mitochondrial fission and
fusion [74]. Mitochondrial fusion and fission are essential for mitochondrial maintenance
but also for mitochondrial DNA (mtDNA) integrity, which can participate in the regulation
of cell survival, metabolic processes, and redox-sensitive signals [75]. In addition, high
glucose conditions increase superoxide formation in mitochondria, which combined with
NO (released by endothelial cells under stress) generates peroxynitrite [76]. Peroxynitrite
is a cytotoxic oxidant that induces eNOS uncoupling, restricting vascular relaxation, and
promoting diabetic vascular complications. As mentioned before, NOX enzymes have
been shown to mediate ROS production. NOX-derived ROS regulate many physiological
mechanisms of the kidney, including tubular-glomerular feedback, glucose metabolism and
transport, kidney hemodynamics, and electrolyte transport [77]. NOX4 is the major source
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of ROS production in podocytes, and it is upregulated under high-glucose conditions [78].
For this reason, NOX4 has been largely linked to DKD [53,79]. Induction of NOX4 in the
Akita model of DKD results in the emergence of the typical structural changes seen in the
diabetic kidney: glomerular hyperfiltration, mesangial matrix accumulation, glomerular
membrane thickening, albuminuria, and podocyte loss [53]. In addition, metabolomic
analysis performed on these mice revealed alterations in tubular energy metabolism with
the accumulation Krebs cycle-related urinary metabolites [53]. The Krebs cycle is the central
axis of energy production in mitochondria, thus, disproportion of the cycle substrates leads
to mitochondrial dysfunction in advanced DKD [80]. Accordingly, a cross-sectional study
in patients with and without DKD found that injured tubular cells showed several signs of
mitochondrial damage, including (1) changes in mitochondrial dynamics, (2) decreased
mtDNA copy number, and (3) increased release of mtDNA into the extracellular space [81].
Paradoxically, Cao et al. reported that plasma mtDNA content was decreased in patients
with T2DM with clinically significant proteinuria (24 h urinary protein level >0.5 g) but
not mild proteinuria (24 h urinary protein level ≤0.5 g), however, mtDNA abundance
was increased in the urine of the former [82]. They propose that hyperglycemia reduces
intracellular mtDNA and facilitates its extracellular release, so that circulating mtDNA
may be filtered by the kidneys and end up in the urine [82]. In concordance, Kafaji et al.
reported that a decreased mtDNA copy number in blood was associated with the severity
and the presence of DKD [83]. Their group found out that mtDNA was lower in diabetic pa-
tients with macroalbuminuria than in patients with microalbuminuria or normalbuminuria.
Therefore, altered mtDNA content can predict the occurrence of DKD and the oxidative
stress environment [84]. Interestingly, release of mtDNA under cellular stress has been pre-
viously considered as a damage-associated molecular pattern (DAMP) [85]. mtDNA can be
recognized by Toll-like receptor 9 (TLR9) and cystosolic Cgas-stimulator of interferon genes
(STING) and activate the inflammasome, leading to kidney inflammation and fibrosis [86].
In this line, recent evidence showed an increase in macrophage infiltration in a mouse
model of type 2 diabetes [87] and in human progressive DKD [88], which correlates with the
disease state and renal injury. Other than the direct effect of mtDNA as DAMP, oxidative
stress can induce inflammation in the kidney by stimulating cytokine production [89]. ROS
derivates, which participate in cellular signaling, can activate the transcription factors
nuclear factor kappa B (NFκB) and activator protein-1 (AP-1), promoting the transcription
of cytokines, growth factors, and extracellular membrane proteins [89] (Figure 2).

Adding the immune response to the theme above reaffirms that mitochondrial dys-
function and redox imbalance lead to the emergence of the main precipitating factors:
altered metabolism, oxidative stress, and inflammation. These three elements combine and
reciprocally feed back into each other. As in the chicken-and-egg dilemma, determining
which of these events triggers kidney disease in the first place entails a great difficulty.
However, it is clear that pharmacological approaches focused on blocking/stimulating the
involved pathways mentioned in this section and targeting the SGLT2 transporter are of
particular interest.
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Figure 2. Mitochondrial dysfunction in DKD. The sodium/glucose co-transporter type 2 (SGLT2) is
located in the apical membrane of the proximal tubular cells (PTC) of the kidney and is responsible for
glucose and sodium uptake. Diabetic patients have overactivation of SGLT2 that alters glucose and
sodium homeostasis, which directly affects mitochondrial function at different levels; imbalance of
fission and fusion together with mitochondrial fragmentation (mitochondrial dynamics). Alteration
and accumulation of Krebs cycle substrates, uncoupling of the oxidative phosphorylation chain
(OXPHOS) with generation of ROS (e.g., formation of H2O2 by the enzyme superoxide dismutase
(SOD)), leading to ATP depletion, oxidative stress, and a metabolic shift to oxygen-independent
energy sources (mitochondrial bioenergetics). Mitochondrial DNA (mtDNA) is also damaged,
leading to a reduction in mtDNA copy number and increased release of mtDNA into the cytosol,
which activates the NLR family pyrin domain-containing 3 (NLRP3) inflammasome, and into the
extracellular space, triggering the recruitment of immune cells and the onset of the inflammatory
response (mitochondrial genetics). DKD: diabetic kidney disease; ROS: reactive oxygen species; ADP:
adenosine diphosphate; ATP: adenosine triphosphate; NLR: NOD-like receptor.

4. Antioxidant Properties of SGLT2 Inhibitors

SGLT2 inhibitors (SGLT2is) are hypoglycemic drugs that target SGLT2 producing
glycosuria. Consequently, SGLT2is decrease blood glucose in an insulin-independent
manner, improving insulin resistance in diabetes [90,91]. To date, different SGLT2is, such
as canagliflozin, dapagliflozin, ertugluflozin, and empagliflozin, have been approved to
treat T2DM and DKD. Large clinical trials have demonstrated that these drugs (mainly
canagliflozin, dapagliflozin, and empagliflozin) delay the progression of DKD on top of
the standard of care with renin-angiotensin system (RAS) blockers [92–95]. The protective
effect of the SGLT2is has been widely attributed to normalization of glycemia, natriuresis,
body weight reduction, and decrease of intraglomerular pressure [63,96,97]. However, the
use of SGLT2is has been associated with reduction of oxidative stress and inflammation
as well (Table 2). In type 2 diabetic patients, twelve-week treatment with dapagliflozin
significantly reduced the urinary excretion of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-
oxo-dG), a marker of DNA oxidation [98]. In addition, empagliflozin treatment increased
2,2¢-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) radical scavenging capacity
(a measure of antioxidant capacity) in diabetic patients, suggesting a beneficial equilibrium
between oxidant and antioxidant mechanisms despite empagliflozin also increasing serum
levels of the thiobarbituric acid reactive substances (TBARS) and malondialdehyde (MDA).
The authors suggest that the increased levels of TBARS and MDA (both indicators of lipid
peroxidation) can be explained by the ketogenesis induced by SGLT2is that may contribute
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to lipid peroxidation [99]. Contrarily, Nabrdalik-Leśniak et al. have described that therapy
of at least one month with either canagliflozin or empagliflozin decreased total antioxidant
capacity (estimated by ABTS urine levels) in diabetic patients as compared to that of diabetic
patients not treated with SGLT2is and healthy controls. However, the urinary activity of
the antioxidant enzymes SOD and MnSOD was increased in diabetic patients treated
with SGLT2is, suggesting that these drugs can also promote the activation of antioxidant
mechanisms [100]. In this line, Iannantuoni et al. have described that 24-week long
treatment with empagliflozin reduces superoxide production, increases glutathione content
(an antioxidant), and enhances the expression of glutathione s-reductase and catalase
in leukocytes of diabetic patients. In this study, the authors found that empagliflozin
increased the serum levels of the anti-inflammatory interleukin 10 (IL-10) and decreased C
reactive protein and myeloperoxidase serum levels suggesting, an antioxidant and anti-
inflammatory role of SGLT2is [101]. Similarly, CD34+ endothelial progenitors (markers
of endothelial function) isolated from peripheral blood of diabetic patients treated with
canagliflozin showed increased SOD2, catalase, and glutathione peroxidase gene expression,
which suggests that SGLT2is induce a beneficial antioxidant profile on these cells [102].

Table 2. Summary of the antioxidant effects of SGLT2is observed in clinical and preclinical studies.

Publication Study Design SGLT2i Tested
Relevant Antioxidant Effects

of the SGLT2i

van Bommel
et al., 2020 [98]

Clinical Trial:
Randomized,

double-blind RED trial
with 44 T2DM patients on
metformin monotherapy
(hemoglobin A1c 7.4%,

mGFR 113 mL/min)
treated for 12 weeks.

Dapagliflozin

Dapagliflozin reduced the
urinary excretion of 8-oxo-7,8-
dihydro-2′-deoxyguanosine

(8-oxo-dG), a DNA oxidation
marker.

Lambadiari
et al., 2021 [99]

Clinical Trial: 160 T2DM
patients with high
cardiovascular risk

(SCORE ≥ 10%).
Follow-up duration was

12 months.

Empagliflozin

Empagliflozin treatment
increased 2,2¢-azino-bis-(3-

ethylbenzthiazoline-6-
sulphonic acid) (ABTS) radical
scavenging capacity, a measure

of antioxidant capacity, and
serum levels of the

thiobarbituric acid reactive
substances (TBARS) and

malondialdehyde (MDA),
indicators of lipid

peroxidation.

Nabrdalik-
Leśniak et al.,

2021 [100]

Clinical Trial:
Observational study of a
total of 101 subjects, 33

healthy and 68 with
T2DM, treated (37) or not

(31) with an SGLT2
inhibitor for at least one

month.

SGLT2
inhibitors (not

specified)

SGLT2 inhibitors improve the
superoxide dismutase (SOD)

antioxidant defense.
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Table 2. Cont.

Publication Study Design SGLT2i Tested
Relevant Antioxidant Effects

of the SGLT2i

Iannantuoni
et al., 2019

[101]

Clinical Trial:
Prospective follow-up

study of 15 T2DM
patients who received

treatment with
empagliflozin for

24 weeks.

Empagliflozin

Empagliflozin reduced
superoxide production in

leukocytes of diabetic patients
and increased glutathione
content, prominently after
24 weeks of empagliflozin

treatment. Leukocyte
expression of glutathione

s-reductase and catalase, and
serum levels of IL-10 were
enhanced at 24 weeks of
empagliflozin treatment.

Nandula et al.,
2021 [102]

Clinical Trial:
Double-blind,

randomized trial of a
total of 29 T2DM subjects
(HbA1c of 7–10%) taking

metformin and/or
insulin were treated with
canagliflozin or placebo

for 16 weeks.

Canagliflozin

Canagliflozin increase the
levels of the antioxidants
superoxide dismutase 2

(SOD2), catalase and
glutathione peroxidase in
CD34+ vs cells of diabetic

patients.

Kamezaki
et al., 2018

[103]

Preclinical study:
8-weeks-old male type 2
diabetes (db/db) mice
(n = 5), type 1 diabetes
(BALB/c mice injected
with STZ) mice (n = 5)

and nondiabetic
heterozygote (db/m)

mice (n = 5) were
administrated either

ipragliflozin or placebo
for 8 weeks.

Ipragliflozin

Ipragliflozin reduced cortical
hypoxia and NADPH oxidase
4 expression, and subsequent

oxidative stress, in early
diabetic nephropathy.

Sun et al.,
2020 [104]

Preclinical study:
6-week-old C57BL/6J

mice and Sestrin 2
knockout mice were fed

with normal chow diet or
high-fat diet (HFD) for

12 weeks and then
treated with or without

empagliflozin for 8
weeks.

Empagliflozin

Empagliflozin reduced
mitochondrial injury, and

increased Sestrin 2 levels and
AMPK and endothelial nitric

oxide synthase
phosphorylation, but inhibited

Akt and mTOR
phosphorylation. Additionally,

empagliflozin enhanced the
Nrf2/HO-1–mediated

oxidative stress response.

Rahadian
et al., 2020

[105]

Preclinical study: Male,
8-week-old ApoE−/−
mice injected with STZ

were treated with
canagliflozin or placebo

for 12 or 8 weeks.

Canagliflozin

Canagliflozin reduced the
expressions of NADPH

oxidase subunits (NOX2 and
p22phox) and reduced urinary

excretion of 8-oxo-dG.

In diabetic experimental models, similar results have been found (Table 2). The
administration of SGLT2is in rat and mice models decreases glycemia [106], and in ex-
perimental models of diabetic nephropathy, these drugs have demonstrated cardiorenal
protection [103,107–110]. In a high-fat diet (HFD)-induced obesity mouse model, 8 weeks of
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empagliflozin administration improved cardiac dysfunction via Sestrin2-mediated AMPK-
mammalian target of rapamycin (mTOR) pathways by maintaining the redox stability [104].
Similarly, canagliflozin administration for 12 weeks improved atherosclerosis lesions and
endothelial dysfunction in streptozotocin-induced diabetic apolipoprotein E-deficient
(ApoE−/−) mice. These beneficial effects could be in part ascribed to the reduction
of oxidative stress, as canagliflozin decreased the expression of NOX2 and p22phox (both
NADPH oxidase subunits) and the urinary excretion of 8-OHdG [105]. Regarding the
kidney, Kamezaki et al. have demonstrated that ipragliflozin reduced renal NOX4 ex-
pression and oxidative stress in both the tubular epithelium and glomerular podocytes
using a model of early diabetic nephropathy (db/db mice) [103]. In obese prediabetic
rats, dapagliflozin suppressed renal gluconeogenesis and oxidative stress [111]. Thus, in a
diabetic milieu, SGLT2is seem to promote antioxidant effects that could participate in the
cardiorenal protective mechanisms of these drugs. Interestingly, blockade of SGLT2 (with
SGLT2is or by silencing with siRNAs) ameliorates oxidative stress in endothelial [112,113],
tubular [114–116], and mesangial cells [117] in culture. This suggests that these drugs have
direct antioxidant effects on kidney cells and possibly on other organs (even off-target [113]).

The beneficial antioxidant effects of SGLT2is observed in DKD can in part be attributed
to improvement of glycemia and blood pressure control, as other hypoglycemic drugs also
reduce oxidative stress [98]. However, other protective mechanisms cannot be ruled out.
Recent data obtained from EMPEROR-Reduced and DAPA-CKD studies have confirmed
the efficacy of SGLT2is in patients with heart failure or CKD without a history of dia-
betes [118]. In the EMPEROR-Reduced double-blind trial, patients receiving empagliflozin
had a lower risk of cardiovascular death or hospitalization and lesser GFR decline over time,
regardless of the presence or absence of diabetes [119]. In addition, among CKD patients
participating in the DAPA-CKD clinical trial, those treated with dapagliflozin had better
stabilization of GFR and a lower risk of progression to end-stage renal disease or death,
again, independent of the presence of diabetes [120]. Although the renal antioxidant effect
of the SGLT2is in nondiabetic human CKD needs to be assessed in future research, studies
in nondiabetic experimental models of kidney damage have already shown that these
drugs protect the kidney by decreasing oxidative stress [121,122]. Furthermore, SGLT2is
also have antioxidant properties in organs other than the kidney. Olgar et al. demonstrated
that the increase of SGLT2 activity in cardiomyocytes of old Wistar male rats (24-month
age) triggers ROS accumulation, alters mitochondrial dynamics, and promotes the loss of
mitochondrial membrane potential. Interestingly, these cardiac events were mitigated by
dapagliflozin treatment [123].

It has also been demonstrated that targeting SGLT2 with canagliflozin reduces can-
cer cell proliferation by inhibiting mitochondrial complex I-mediated respiration [124].
In the same line, dapagliflozin and canagliflozin produced cell growth arrest in breast
cancer cells both in vitro and in vivo via the AMPK-mTOR pathway. The activation of
the AMPK-mTOR pathway basically inhibits energy-consuming processes such as the
mitochondrial phosphorylation and increases catabolic processes to restore cellular energy
homeostasis [125]. Thus, as SGLT2is have antioxidant effects in nondiabetic CKD and
other pathologies not related to the kidney, it is possible that the antioxidant properties
of SGLT2is observed in DKD patients happen due to a combination of several factors:
(1) glycemia and blood pressure control, (2) reduction of glucose concentration in the target
cells, and (3) activation of pathways that improve glucose utilization. Further research is
needed to ascertain the exact mechanism by which SGLT2is decrease ROS, but it is a fact
that these drugs promote the restoration of the oxidant/antioxidant balance in the diabetic
kidney as well as in other scenarios.

5. Conclusions

In conclusion, oxidative stress has an important role in DKD onset. High levels
of glucose together with increased ROS production overactivate the SGLT2 transporter
in tubular cells, which, in turn, exacerbates oxidative stress. The use of SGLT2is has
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demonstrated clear cardiovascular benefits which may be in part ascribed by a beneficial
balance between oxidant and antioxidant pathways.
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Abstract: Diabetic nephropathy (DN) is the primary cause of end-stage renal disease worldwide.
Oxidative stress and mitochondrial dysfunction are central to its pathogenesis. Rice husk, the leftover
from the milling process, is a good source of phytochemicals with antioxidant activity. This study
evaluated the possible protection of purple rice husk extract (PRHE) against diabetic kidney injury.
Type 2 diabetic rats were given vehicle, PRHE, metformin, and PRHE+metformin, respectively, while
nondiabetic rats received vehicle. After 12 weeks, diabetic rats developed nephropathy as proven
by metabolic alterations (increased blood glucose, insulin, HOMA-IR, triglycerides, cholesterol)
and renal abnormalities (podocyte injury, microalbuminuria, increased serum creatinine, decreased
creatinine clearance). Treatment with PRHE, metformin, or combination diminished these changes,
improved mitochondrial function (decreased mitochondrial swelling, reactive oxygen species pro-
duction, membrane potential changes), and reduced renal oxidative damage (decreased lipid peroxi-
dation and increased antioxidants). Increased expression of PGC-1α, SIRT3, and SOD2 and decreased
expression of Ac-SOD2 correlated with the beneficial outcomes. HPLC revealed protocatechuic
acid and cyanidin-3-glucoside as the key components of PRHE. The findings indicate that PRHE
effectively protects against the development of DN by retaining mitochondrial redox equilibrium via
the regulation of PGC-1α-SIRT3-SOD2 signaling. This study creates an opportunity to develop this
agricultural waste into a useful health product for diabetes.

Keywords: diabetes; kidney; mitochondria; Oryza sativa; oxidative stress; rice husk

1. Introduction

Diabetes mellitus is currently a serious public health problem that affects millions of
individuals worldwide. Diabetic nephropathy (DN), also called diabetic kidney disease, is
one of the most important long-term complications in terms of morbidity and mortality
for individual patients with diabetes. It is also accepted as the leading cause of end-stage
renal disease in many countries around the world [1]. The latest report by the International
Diabetes Federation (IDF) shows that half a billion people worldwide are diabetic, and
more than 80% of cases of end-stage renal disease are caused by diabetes [2]. Thailand
is among the countries in Asia with a high prevalence of diabetes. Currently, diabetes
in the Thai population is estimated at 4.2 million cases, or 7–8% of the population, of
which about 44% are experiencing diabetic kidney disease [2,3]. Global records, including
Thailand, indicate that the number of diabetic patients who require renal replacement
therapy has progressively increased over the last two decades [4]. The issue not only
produced a significant burden on economics but also caused psychosocial problems in
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terms of reduced quality of life and suffering of the patients. Importantly, data from the
Thai National Health Examination Survey and the IDF atlas reveal that diabetes-related
deaths are approximately 12–15% of total deaths in Thailand [2,5,6]. Finding strategies to
prevent or slow down the onset and progression of kidney disease in people with diabetes
remains an important and necessary task.

Rice is the seed of the grass species Oryza sativa. It is the agricultural commodity
with the third highest worldwide production. Rice is the most widely consumed staple
food in over half of the world’s population, particularly in Asia and Africa [7]. Though
rice can be cultivated worldwide, more than 90% is grown in Asia. Nowadays, the trend
of health promotion with natural supplements is becoming increasingly popular. Rice,
especially colored rice, is one of the popular choices, as it contains nutrients, vitamins,
and phytochemicals. There is a variety of colored rice, including brown, red, and purple
(or black) rice. Among these colored rice, purple rice has received the most considerable
interest due to its anthocyanin content, which is higher by weight than that of other colored
grains [8]. Studies have shown several health benefits of extracts from diverse parts of
purple rice, i.e., rice grain and rice bran [9,10], and thus greatly increased the demand for
this colored rice. Rice husks, a major organic source of waste of the rice milling process, are
also accumulated. These wastes are often removed by burning, causing air pollution that
directly affects climate change, quality of life, and human health. Therefore, turning these
agricultural wastes into valuable stuffs is of interest and becomes challenging research. A
study regarding rice husk, particularly from pigmented rice, indicated that rice husk is a
good source of phytochemicals with antioxidant activity and suggested that it may have a
great potential to turn into functional food or nutraceuticals to prevent diseases related to
oxidative stress [11]. Recently, extract from purple rice husk has been shown to be a potent
anticancer agent without any toxicity [12].

Mitochondria is well recognized as a major source of reactive oxygen species (ROS)
production in the body, and thus, the maintenance of mitochondrial oxidative balance
is essential. The peroxisome proliferator-activated receptor gamma coactivator 1-alpha-
sirtuin 3-superoxide dismutase 2 (PGC-1α-SIRT3-SOD2) axis plays a significant role in
the regulation of mitochondrial redox homeostasis [13,14]. PGC-1α is a nuclear-encoded
transcriptional coactivator that regulates the expression of several nuclear-encoded mito-
chondrial proteins, including mitochondrial antioxidant and biogenesis genes [14]. SIRT3,
a downstream target of PGC-1α, is a major mitochondrial deacetylase that directly deacety-
lates and activates numerous mitochondrial proteins, including the major mitochondrial
antioxidant enzyme SOD2 [13–15]. SIRT3 is also being accepted as a global regulator
playing a multifaceted role in the mitochondrial adaptive response to stress and is cur-
rently indicated as a new target for therapy aimed at improving end-organ damage and
survival [14,15].

As reactive oxygen species (ROS) production, oxidative stress generation, and, par-
ticularly, mitochondrial dysfunction are central to the pathogenesis of diabetic nephropa-
thy [1,16], it is assumed that purple rice husk extract (PRHE) may be able to prevent or
reduce diabetes-induced renal deterioration. Herein, we examined the renoprotective
potential of PRHE in a rat model of high-fat diet/streptozotocin-induced type 2 diabetes
(T2DM) and explored whether the modulation of the PGC-1α-SIRT3-SOD2 axis contributes
to protection by PRHE.

2. Materials and Methods

2.1. Plant Materials and Preparation of PRHE

Thai purple rice (Oryza sativa L. var. Indica) cv. Kum Doisaket was first identified by
Associate Professor Dr. Dumnern Karladee, Faculty of Agriculture, Chiang Mai University,
Thailand (Voucher Specimen No.: Rawiwan_001) and planted at Mae Hia Agricultural
Research, Faculty of Agriculture, Chiang Mai University. After harvested, the purple rice
was confirmed again by comparing it to the known specimen identity deposited at the
Faculty of Pharmacy, Chiang Mai University (Herbarium No.: 023252). Then, the rice husk
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was separated from the rice paddy and soaked in 0.1% hydrochloric in absolute methanol
for 48 h at room temperature. The procedure was repeated twice, and the entire solution
was filtered through Whatman No. 1 filter paper. The supernatant was evaporated under
reduced pressure and lyophilized to obtain PRHE, which was kept in tight-sealed dark
containers and stored at −20 ◦C for further studies.

2.2. Phytochemical Analysis, Quantification of Bioactive Compounds, and Evaluation of
Antioxidant Capacity of PRHE

PRHE was initially examined for its major phytochemical constituents. The total
amounts of phenolic, flavonoid, and anthocyanin were measured by Folin–Ciocalteu, alu-
minum trichloride, and pH differential methods, respectively, according to procedures de-
scribed previously [17,18]. The phenolic acids and anthocyanins in PRHE were further iden-
tified and quantified by high-performance liquid chromatography (HPLC) using conditions
and external standards as previously published [6]. 2,2′-Azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS) radical cation decolorization and 2,2-diphenyl-1-picryl-hydrazyl
(DPPH) radical scavenging capacity assays were performed to evaluate the antioxidant
capacity of PRHE according to the standard method previously described [19].

2.3. Animals and Experimental Protocols

Male Wistar rats weighing 150–200 g (National Laboratory Animal Center, Mahi-
dol University, Salaya, Thailand) were housed in a controlled environment (24 ± 1 ◦C,
55 ± 5% humidity, 12 h light/dark cycle) with free access to food and water. All procedures
complied with the guidelines established by the National Research Council of Thailand
and were approved by the Animal Care and Use Committee of the Faculty of Medicine,
Chiang Mai University (Project Number: 41/2559).

After acclimatization, rats were assigned to receive a normal diet (ND, n = 6) or a
high-fat diet (HFD, n = 24). The diet composition is shown in the Appendix A (Table A1).
Diabetes was induced in the HFD-fed rats two weeks later by a single intraperitoneal
injection of streptozotocin (35 mg/kg in 0.1 M sodium citrate buffer, pH 4.5) [20], while the
ND-fed rats received an equal amount of sodium citrate buffer. Two weeks after injection,
rats with fasting blood glucose ≥250 mg/dL without hypoinsulinemia were considered
diabetes and were included in the study.

Diabetic rats were randomly divided into 4 groups (n = 6 each): diabetic control group
received vehicle (DMV), diabetic positive control group treated orally with metformin
50 mg/kg/day (DMM), diabetic group treated orally with PRHE 300 mg/kg/day (DME),
and diabetic group treated with a combination of metformin and PRHE (DMME). The
dose of PRHE was based on our preliminary results showing its efficacy in improving
renal function together with lowering blood glucose and insulin resistance appropriately
(Appendix A, Table A2). All diabetic rats were maintained on HFD for a further 12 weeks,
whereas those in the nondiabetic group received a normal diet and vehicle (NDV). The 24 h
urine samples were collected at the end of the study using metabolic cages, and blood and
kidney tissues were collected thereafter under thiopental anesthesia (60 mg/kg, i.p.). Parts
of the kidneys were rapidly taken for mitochondrial and histopathological studies. The
remainders were snap-frozen in liquid nitrogen and stored at −80 ◦C for further analysis.

2.4. Biochemical Assays
2.4.1. Determinations of Metabolic Indexes

Fasting blood glucose, cholesterol, and triglycerides were measured by enzymatic
assay kits (ERBA Diagnostics Inc., Miami, FL, USA). Plasma insulin was quantified using
ELISA kit (Millipore, Burlington, MA, USA). The Homeostasis Model Assessment for
Insulin Resistance was calculated (HOMA-IR = fasting insulin level (ng/mL) × fasting
glucose (mg/dL)/405.1) as described previously [21].
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2.4.2. Determinations of Renal Functions

Serum creatinine, urine creatinine, and urine microalbumin were analyzed using
the AU480 Chemistry Analyzer (Beckman Coulter, Inc., Brea, CA, USA). Glomerular
filtration rate (GFR) was estimated by calculation of the creatinine clearance using a
standard clearance formula (the ratio of creatinine in urine/serum and the volume of
urine produced).

2.4.3. Determinations of Renal Oxidative Stress

The supernatant from kidney homogenate was used for oxidative stress assays. Mal-
ondialdehyde (MDA) was estimated using the TBARS assay kit (Cayman Chemical, Ann
Arbor, MI, USA), glutathione (GSH) was assayed using the QuantiChrom™ Glutathione
Assay Kit (Bioassay Systems, Hayward, CA, USA), and superoxide dismutase (SOD) and
glutathione peroxidase (GPx) were determined using Calbiochem® Assay Kits (Merck
Millipore, Darmstadt, Germany). All analyses were performed according to the manufac-
turer’s instructions.

2.4.4. Determinations of Mitochondrial Functions

Kidney mitochondria were isolated by differential centrifugation, and the mitochon-
drial proteins obtained were used to study mitochondrial function according to the proto-
cols previously published [22]. Mitochondrial ROS production was determined using a
fluorogenic dye dichlorofluorescin diacetate (DCFDA). ROS level was assessed from the
fluorescent product and expressed in arbitrary units of fluorescent intensity. An increasing
intensity indicates an increase in mitochondrial ROS production. Mitochondrial mem-
brane potential change was assessed by staining mitochondria with a lipophilic cationic
fluorescence JC-1 dye. The fluorescence intensity of JC-1 aggregate (red fluorescence) and
monomer (green fluorescence) was measured, and a decrease in the red/green fluores-
cence intensity ratio implies the loss of membrane potential. Mitochondrial swelling was
determined through changes in the absorbance of the mitochondrial suspension at 540 nm,
where a decrease in absorbance intensity indicates the swelling of mitochondria.

2.5. Histopathological Examinations

Kidney tissues were routinely processed for light and electron microscopic exami-
nations using the protocols previously described [13]. For the light microscopic study, a
paraffin section of 4 μm was stained with hematoxylin and eosin (H&E) and examined by
an unbiased pathologist using a Leica DM750 photomicroscope (Leica Microsystems, Heer-
brugg, Switzerland). For electron microscopy, renal cortical sections embedded in Epon
resin were stained with uranyl acetate and lead citrate, then examined using a JEM-2200 FS
transmission electron microscope (JEOL, Tokyo, Japan).

The formalin-fixed paraffin-embedded kidney tissues were also used for CD34 im-
munofluorescence staining. Kidney sections (4 μm) were deparaffinized in xylene then
rehydrated through an ethanol series. Antigen retrieval with 10 mM sodium citrate buffer
(pH 6.0) was performed using a hot water bath for 10 min. The sections were permeabilized
in PBST containing 1% BSA and 0.4% Triton X-100 for 10 min, followed by blocking with
5% BSA for 30 min at room temperature. Next, the slides were incubated with anti-CD34
antibodies (US Biological Life Sciences, Salem, MA, USA) for 2 h at room temperature then
overnight at 4 ◦C. Fluorescence was observed under an inverted fluorescence microscope
(Nikon, Eclipse Ts2, Nikon Instruments Inc., Melville, NY, USA).

2.6. Western Blot Analysis

Renal cortical tissues were homogenized in lysis buffer containing a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA), and protein concentrations were measured
using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The protein
sample was subjected to 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane, where it was
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blocked and probed with primary antibodies against peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α), sirtuin 3 (SIRT3), acetylated superoxide
dismutase 2 (Ac-SOD2), superoxide dismutase 2 (SOD2), and β-actin (Cell Signaling
Technology, Danvers, MA, USA), followed by corresponding horseradish peroxidase-
conjugated secondary antibodies (Millipore Sigma, Darmstadt, Germany). Protein band
densities were detected by the ChemiDocTM Touch Imaging System (Bio-Rad Laboratories,
Inc., Philadelphia, PA, USA) and quantified using ImageJ software (National Institute of
Health, Bethesda, MD, USA).

2.7. Statistical Analyses

Results are presented as the mean ± SD. Values related to phytochemical analysis
and the antioxidant capacity of PRHE were obtained from three independent experiments,
where each experiment was repeated three times. Comparisons between groups were as-
sessed using One-way ANOVA followed by Fisher’s least-significant difference (SPSS 20.0,
IBM Corporation, Armonk, NY, USA), and the significance level was set at p < 0.05.

3. Results

3.1. PRHE Possesses Antioxidant Capacity and Contains Protocatechuic Acid and
Cyanidin-3-Glucoside as Major Phenolic-Based Compounds

Initial screening of phytochemical elements in PRHE revealed the presence of phe-
nolics (98.66 ± 0.003 mg gallic acid equivalents/g extract), flavonoids (64.26 ± 0.002 mg
quercetin equivalents/g extract), and anthocyanins (7.90 ± 0.030 mg cyanidin-3-glucoside
equivalents/g extract). DPPH and ABTS radical scavenging assay demonstrated the an-
tioxidant power of PRHE, being 12.42 ± 0.16 mg gallic acid equivalents/g extract and
152.96 ± 0.77 mM Trolox equivalents/g extract, respectively. HPLC further revealed a
variety of phenolic acids (Figure 1) and anthocyanins (Figure 2), where protocatechuic
acid (PCA) and cyanidin-3-glucoside (C3G) appeared to be the major phenolic acid and
anthocyanin found in PRHE, respectively.

 
Figure 1. HPLC chromatogram at 280 nm showing major phenolic acids of purple rice husk extract.
(a) Reference standards; (b) purple rice husk extract. The chromatographic peaks of the extract were
confirmed by comparing their retention time and UV spectra with those of the reference standards.
Numerical values denote the amount of individual compounds detected. Data (mean ± SD, n = 3)
are expressed in mg/g of the extract.

111



Biomolecules 2021, 11, 1224

 

Figure 2. HPLC chromatogram at 520 nm showing major anthocyanins of purple rice husk extract.
(a) Reference standards; (b) purple rice husk extract. The chromatographic peaks of the extract were
confirmed by comparing their retention time and UV spectra with those of the reference standards.
Numerical values denote the amount of individual compounds detected. Data (mean ± SD, n = 3)
are expressed in mg/g of the extract.

3.2. PRHE Improves Diabetes-Induced Metabolic Alterations

The diabetic control group (DMV) showed significant body weight gain along with
increased visceral fat, serum cholesterol, and triglycerides compared to the nondiabetic
group (NDV), though the energy intake was comparable (Table 1). A significant increase in
fasting blood glucose and insulin, including HOMA-IR, was also observed in the DMV
group compared to the NDV group. Diabetes-induced metabolic alterations were signifi-
cantly diminished in the PRHE-treated group (DME). Interestingly, treatment with PRHE
was as effective as metformin alone (DMM) or metformin plus PRHE (DMME).

Table 1. Effects of purple rice husk extract (PRHE) and metformin on metabolic indexes.

Parameters NDV DMV DMM DME DMME

Food intake (g/day) 20.83 ± 0.26 a 17.58 ± 0.53 b 17.57 ± 0.34 b 17.05 ± 0.38 b 17.64 ± 0.49 b

Energy intake (kcal/day) 77.90 ± 0.98 a 82.25 ± 2.46 a 82.22 ± 1.59 a 79.79 ± 1.78 a 82.56 ± 2.30 a

BW gain (%) 39.17 ± 1.81 a 76.22 ± 7.78 b 49.90 ± 3.05 a 46.61 ± 3.36 a 44.48 ± 4.75 a

VF/100 g BW 5.91 ± 0.62 a 13.33 ± 0.69 b 10.60 ± 0.40 c 9.26 ± 0.69 c 10.08 ± 0.56 c

Total cholesterol (mg/mL) 61.19 ± 1.77 a 107.60 ± 3.07 b 63.00 ± 2.17 a 61.92 ± 5.31 a 72.55 ± 8.60 a

Triglycerides (mg/mL) 52.25 ± 4.68 a 103.50 ± 4.47 b 62.51 ± 3.64 a 57.34 ± 2.24 a 65.82 ± 7.64 a

Glucose (mg/dL) 163.77 ± 7.14 a 386.47 ± 43.31 b 233.41 ± 19.18 a 223.82 ± 9.43 a 230.06 ± 29.79 a

Insulin (ng/mL) 1.92 ± 0.15 a 4.14 ± 0.90 b 1.90 ± 0.21 a 1.82 ± 0.30 a 1.94 ± 0.31 a

HOMA-IR 0.78 ± 0.08 a 3.79 ± 0.69 b 1.06 ± 0.09 a 1.01 ± 0.17 a 1.04 ± 0.14 a

Values are the mean ± SD (n = 6). NDV: vehicle-treated normal group; DMV: vehicle-treated diabetic group; DMM: metformin-treated
diabetic group; DME: PRHE-treated diabetic group; DMME: metformin plus PRHE-treated diabetic group; BW: body weight; VF: visceral
fat; HOMA-IR: homeostasis model assessment of insulin resistance. a–c Mean values with different letters in the same row are significantly
different (p < 0.05).
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3.3. PRHE Ameliorates Diabetes-Induced Renal Functional and Structural Impairments

Diabetic rats exhibited a significant increase in kidney weight/body weight ratio,
serum creatinine, and microalbuminuria and a reduction in creatinine clearance (Table 2).
These changes were significantly reduced, to a similar extent, when treated with PRHE,
metformin, or both. In agreement with renal functions, kidney sections obtained from
diabetic rats displayed perihilar focal segmental mesangial cell proliferation with mesangial
area expansion and collagen deposits, together with a larger glomerular volume than
normal rats (Figure 3, first panel). Immunofluorescence staining of CD34, a mesangial
cell marker, also verified the presence of mesangial proliferation (Figure 3, second panel).
Electron micrograph clearly showed glomerular basement membrane thickening with
diffuse and extensive podocyte effacement (Figure 3, third panel), including the smaller
size, abnormal shape, and decreased number of mitochondria within the proximal tubules
(Figure 3, last panel). All these changes were significantly attenuated upon treatment with
PRHE, metformin, or both.

Table 2. Effects of purple rice husk extract (PRHE) and metformin on renal function.

Parameters NDV DMV DMM DME DMME

KW/BW
(g/100 g BW) 0.43 ± 0.02 a 0.56 ± 0.01 b 0.44± 0.01 a 0.47 ± 0.03 a 0.48 ± 0.02 a

Serum creatinine
(mg/dL) 0.41 ± 0.04 a 0.63 ± 0.03 b 0.45 ± 0.02 a 0.47 ± 0.02 a 0.47 ± 0.02 a

Creatinine clearance
(mL/min/g KW) 0.95 ± 0.04 a 0.55 ± 0.03 b 0.97 ± 0.01 a 0.94 ± 0.03 a 0.98 ± 0.03 a

Urine microalbumin
(mg/g creatinine) 22.75 ± 4.56 a 83.37 ± 16.62 b 40.40 ± 11.74 a 43.22 ± 16.09 a 41.12 ± 16.11 a

Values are the mean ± SD (n = 6). NDV: vehicle-treated normal group; DMV: vehicle-treated diabetic group; DMM: metformin-treated
diabetic group; DME: PRHE-treated diabetic group; DMME: metformin plus PRHE-treated diabetic group; KW: kidney weight; BW: body
weight. a,b Mean values with different letters in the same row are significantly different (p < 0.05).

 
Figure 3. Photomicrographs of the kidney tissues following purple rice husk extract (PRHE) and
metformin treatment. First panel shows kidney sections stained with hematoxylin and eosin (H&E, 40×).
The second panel shows immunofluorescence staining of CD34 (magnification, 40×). The third and last
panels show transmission electron micrographs of glomerulus and renal tubules, respectively (original
magnification: 3000×). The boxed areas are magnified in the right lower panel. NDV: vehicle-treated
normal group; DMV: vehicle-treated diabetic group; DMM: metformin-treated diabetic group; DME:
PRHE-treated diabetic group; DMME: metformin plus PRHE-treated diabetic group.
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3.4. PRHE Attenuates Diabetes-Induced Renal Oxidative Stress and Mitochondrial Dysfunction

A significant increase in MDA but a decrease in GSH, SOD, and GPx were detected
in the kidney tissues of diabetic rats (Figure 4). Treatment with PRHE and metformin
and the combination regimen showed comparative efficacy to significantly attenuate
these alterations. Diabetic rats also demonstrated a significant increase in mitochondrial
ROS production, a decrease in mitochondrial membrane potential, and a swelling of
the mitochondria (Figure 5). Supplementation of PRHE to the diabetic rats significantly
restored all the changes. Metformin alone or in combination with PRHE showed similar
results to PRHE treatment alone.

 

Figure 4. Effects of purple rice husk extract (PRHE) and metformin on renal oxidative stress in-
dexes. (a) malondialdehyde; (b) reduced glutathione; (c) superoxide dismutase; (d) glutathione
peroxidase. Values are the mean ± SD (n = 6). NDV: vehicle-treated normal group; DMV: vehicle-
treated diabetic group; DMM: metformin-treated diabetic group; DME: PRHE-treated diabetic group;
DMME: metformin plus PRHE-treated diabetic group; KW: kidney weight. * p < 0.05 vs. NDV,
† p < 0.05 vs. DMV.

 

Figure 5. Effects of purple rice husk extract (PRHE) and metformin on kidney mitochondrial function.
(a) ROS production; (b) membrane potential change; (c) mitochondrial swelling. Values are the
mean ± SD (n = 6). NDV: vehicle-treated normal group; DMV: vehicle-treated diabetic group; DMM:
metformin-treated diabetic group; DME: PRHE-treated diabetic group; DMME: metformin plus
PRHE-treated diabetic group. * p < 0.05 vs. NDV, † p < 0.05 vs. DMV.

3.5. PRHE Modifies PGC-1α-SIRT3-Ac-SOD2-SOD2 Signaling Transduction

To determine the signaling pathway involved in the benefits of PRHE on diabetic
kidney injury, the protein expression of PGC-1α, SIRT3, Ac-SOD2, and SOD2 was de-
termined. In the DMV group, the expression levels of PGC-1α, SIRT3, and SOD2 were
significantly decreased compared to the NDV group, while the expression of Ac-SOD2
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was significantly enhanced (Figure 6). These alterations were significantly reversed upon
treated diabetic rats with PRHE. Similar results were observed in metformin monotherapy
and in combination with PRHE.

Figure 6. Effects of purple rice husk extract (PRHE) and metformin on renal cortical expression of
(a) Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α); (b) sirtuin 3
(SIRT3); (c) acetylated superoxide dismutase 2 (Ac-SOD2); (d) superoxide dismutase 2 (SOD2) and
β-actin as a reference control. Values are the mean ± SD (n = 3). NDV: vehicle-treated normal group;
DMV: vehicle-treated diabetic group; DMM: metformin-treated diabetic group; DME: PRHE-treated
diabetic group; DMME: metformin plus PRHE-treated diabetic group. * p < 0.05 vs. NDV, † p < 0.05
vs. DMV.

4. Discussion

This study reveals the protection against nephropathy in T2DM by PRHE through
antioxidant abilities and mitochondrial protection, possibly via its major phytochemicals,
particularly PCA and C3G. Results suggest that modifications of PGC-1α/SIRT3/SOD2
signaling are linked to this protection.

A combination of a high-fat diet and streptozotocin injection was used to develop a
rat model of T2DM in the present study. Feeding rats with a high-fat diet promotes the
development of obesity and insulin resistance, while injection of streptozotocin selectively
destroys pancreatic β-cells and, thus, impairs insulin secretion [20]. This model has been
shown to replicate the natural history and metabolic characteristics of humans and is also
suitable for pharmacological screening [20]. However, the reliability and appropriateness
of the model depend on the number of pancreatic β-cells remaining, which is largely
regulated by the dose of streptozotocin injection. A high dose of streptozotocin has
been shown to critically damage pancreatic β-cell function, leading to insulin deficiency,
which is considered to resemble T1DM rather than T2DM [23]. Regarding our model,
hyperglycemia, hyperinsulinemia, insulin resistance (presented by increased HOMA-IR),
and lipid abnormalities were all detected in the DMV group. These metabolic alterations
are compatible with the well-recognized characteristics of T2DM, thus confirming the
successful T2DM induction in the current study. We did not quantify the number of
functioning pancreatic β-cells. However, the observations of hyperglycemia together with
hyperinsulinemia in our diabetic rats implied that the number of intact pancreatic β-cells
was sufficient to increase insulin secretion in response to high glucose, even though it could
not overcome a progressive decline in insulin action caused by diabetes. Additionally, the
degree of hyperglycemia and the dose of streptozotocin (35 mg/kg) used in our study
corresponded to a previous report showing that streptozotocin at the dose of 30–40 mg/kg
has a moderate effect on plasma glucose and on the islets of Langerhans at a cellular
level [24]. Taken together, all evidence points towards the development of T2DM in the
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present study. Most importantly, our diabetic model also developed diabetic kidney injury,
as indicated by accumulation of blood urea nitrogen and creatinine, reduced creatinine
clearance, microalbuminuria, and histopathology that characterize diabetic nephropathy.

We found that diabetes-induced metabolic alterations were significantly diminished
in the diabetic group given PRHE, suggesting the glucose-lowering ability of PRHE. To our
knowledge, this is the first evidence showing antihyperglycemic potential in T2DM from
the husk of purple rice, as a report is available only on its bran [25]. PCA and C3G, the main
phytochemicals, may play a role in this action of PRHE. Previous publications showed
the potential of PCA and C3G in reducing blood glucose, enhancing insulin sensitivity,
and increasing glucose uptake, thereby improving glucose homeostasis in diabetes [26–28].
Studies also indicated that increased expression and translocation to the cell membrane
of glucose transporters 1 (GLUT1) and 4 (GLUT4) contributed to the improvement of
glucose tolerance by PCA and C3G [16–18]. The effectiveness on glycemic control by
PCA and C3G was found to be comparable to metformin, a gold-standard antidiabetic
drug, and was associated with the activation of AMPK [16]. Interestingly, our results also
demonstrated a similar efficacy on metabolic improvement between PRHE, metformin, and
PRHE+metformin. Metformin is an AMPK activator, and AMPK activation is recognized
as the initial process for metabolic control by metformin [26]. It may be that PRHE (via
PCA and C3G) stimulated AMPK and exerted its metabolic control through the same
downstream signaling pathways as metformin; thus, no additional benefits were found
in the combination therapy. Further study using cell culture experiments or the knockout
mice model with an AMPK inhibitor or activator will be helpful to validate this possibility.

Our results showed that PRHE effectively protected against diabetic kidney injury.
Because metabolic impairment was improved after PRHE treatment, it is likely that renal
protection may result from glycemic control by PRHE. However, PRHE (particularly
through PCA) may exert its benefits independent of glycemic control. This suggestion was
based on a study using human mesangial cells exposed to high glucose in the presence
or absence of PCA, which demonstrated that PCA was able to suppress mesangial cell
proliferation in a dose-dependent manner by decreasing the levels of protein expression
involved in mesangial expansion including type IV collagen, laminin, and fibronectin [29].
This in vitro evidence reinforces the potential direct action of PRHE at the kidney level
in diabetes.

Studies have shown that oxidative stress plays an independent role in the develop-
ment, progression, and severity of diabetic nephropathy [16,30]. ROS can damage renal
cells by oxidizing membrane phospholipids, proteins, carbohydrates, and nucleic acids.
ROS are also secondary messengers that activate many signaling cascades, leading to cell
damage and deterioration of kidney function in diabetic kidney disease [16,30]. Mito-
chondria are well recognized as a major source of ROS production. There is evidence
linking obesity and diabetes with oxidative stress and mitochondrial dysfunction [30]. The
kidneys have high energy demand and are rich in mitochondria, thus mitochondrial dys-
function could contribute to renal oxidative cell injury and consequently renal functional
and structural impairments. In line with this view, we detected mitochondrial damage
in diabetic rats, as shown by increased ROS production, a dissipation of membrane po-
tential, and a swollen and abnormal mitochondrial ultrastructure. Significant increases in
the renal tissue levels of malondialdehyde (a lipid peroxidation product) and decreases
in antioxidants (GSH, SOD, GPx) were also observed, indicating renal oxidative injury.
These alterations were markedly diminished by PRHE, which is most likely mediated
through the mitochondrial protective properties of PCA and C3G. PCA has been demon-
strated to protect cardiac and brain mitochondrial dysfunction in streptozotocin-induced
diabetic rats [31,32]. The protective role of C3G by modulating intracellular signaling
and maintaining mitochondrial function, rather than acting solely as an antioxidant, has
also been reported in cardiac ischemia-reperfusion injury [33]. Studies using HK-2 cells
further demonstrated that C3G inhibited high glucose-induced ROS production, prevented
mitochondrial membrane potential loss, and protected against mitochondrial dysfunction-
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mediated cell death [34]. Taken together, it is proposed that treatment with PRHE preserves
mitochondrial integrity, decreases oxidative stress, and, finally, leads to the protection of
diabetic kidney injury. It is interesting to mention here that there was no greater production
of mitochondrial ROS (including the kidney tissue levels of MDA) in the metformin-treated
diabetic group, though blood glucose level was slightly higher than normal. Beyond its
well-known blood glucose regulatory action, metformin has been confirmed to possess
antioxidant properties [35]. This action of metformin is mediated through activation of
AMPK secondary to its inhibition on the mitochondrial respiratory chain complex 1, the
major site of ROS generation in mitochondria [35].

SIRT3, a major mitochondrial deacetylase, was recently highlighted as a novel reg-
ulator of mitochondrial function and redox homeostasis [13]. SIRT3 plays a key role in
deacetylating and modifying the enzymatic activities of several mitochondrial proteins,
including SOD2 [36]. SOD2 is the main antioxidant enzyme in the mitochondria that is
responsible for scavenging the superoxide anion, a byproduct of the mitochondrial electron
transport chain. This function allows SOD2 to clear mitochondrial ROS, maintain mito-
chondrial oxidative equilibrium, and confer protection against mitochondrial injury and
death [37]. Evidence has suggested that the deacetylation of SOD2 by SIRT3 is necessary
for the activation of SOD2, and this deacetylase activity of SIRT3 is further modulated by
PGC-1α [13].

Herein, we detected a significant reduction in the expression of PGC-1α and SIRT3
in parallel with the increased Ac-SOD2 and decreased SOD2 expression in diabetic rats.
Importantly, PRHE supplementation to the diabetes group was able to normalize these
changes. This suggests that the protection against mitochondrial dysfunction and redox
imbalance in diabetic nephropathy by PRHE may be a result of the modification of PGC-1α-
SIRT3-SOD2 signaling transduction. Consistent with our results, an increased expression
ratio of Ac-SOD2/SOD2 followed by increased mitochondrial oxidative stress and mi-
tochondrial dysfunction were observed in Zucker diabetic fatty rats upon reduction of
SIRT3 activity [38]. A study of SIRT3 knockout mice demonstrated similar results [36,39].
A recent publication also showed the protection against diabetic kidney injury in BTBR
ob/ob mice by honokiol, a polyphenolic compound isolated from magnolia bark, through
the maintenance of mitochondrial stability by activating SOD2 and restoring PGC-1α
expression [40].

In this study, increased PGC-1α, SIRT3, and SOD2 expressions and decreased Ac-SOD2
expression in diabetic rats treated with a combination of metformin and PRHE were found
to be very similar compared to the single therapy with metformin or PRHE. A previous
study showed the upregulation of SIRT3 expression followed by a decrease in mitochon-
drial ROS formation after metformin treatment [41]. There is also a report that activation of
PGC-1α is one of the therapeutic mechanisms of metformin in diabetes [42]. As PGC-1α
and its subsequent downstream signals appear to be the same target for both metformin
and PRHE, this may underlie the lack of additional therapeutic effects in diabetes treated
with a combination regimen. However, this issue deserves future exploration.

5. Conclusions

This study provides convincing evidence indicating the promising role of PRHE in
preventing the development and progression of diabetic nephropathy. The potential of
PRHE is apparently associated with its ability to retain mitochondrial integrity and redox
equilibrium within the kidney through the activation of the PGC-1α-SIRT3-SOD2 signaling
pathway. The outcomes substantiate the worth of this agricultural waste and highlight the
opportunity to develop purple rice husk as a dietary supplement or health product, which
will be of great value in developing countries with limited resources and a high incidence
of diabetes mellitus.

Author Contributions: Conceptualization, O.W. and N.L.; methodology, O.W., N.L., A.K. and W.P.;
validation, O.W., A.K. and W.P.; formal analysis, O.W. and A.K.; investigation, O.W., N.L., A.K. and
W.P.; data curation, O.W., N.L., A.K. and W.P.; writing manuscript, O.W.; project administration,

117



Biomolecules 2021, 11, 1224

O.W.; funding acquisition, O.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Chiang Mai University (Grant Number: 07/2561).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee at the
Faculty of Medicine, Chiang Mai University (Project Number: 41/2559, approved on 3 October 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Special thanks to the Faculty of Medicine, Chiang Mai University, for providing
infrastructural support to carry out this research. We also extend sincere appreciation to Jannarong
Intakhad and Parichat Tojing for their technical help during the experiment.

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

Appendix A

Table A1. Nutritional compositions of the experimental diets.

Compositions
Normal Diet High-Fat Diet

g/100 g Diet % Energy g/100 g Diet % Energy

Carbohydrates 56.21 60.11 26.38 22.54
Fat 4.55 10.95 27.89 53.63

Protein 27.06 28.94 28.81 23.93
Vitamin and mineral 6.54 - 9.92 -

Fiber 3.43 - 4.32 -

Total energy (%) 100 100
Caloric value (kcal/g) 3.74 4.68

Table A2. Effects of different concentrations of purple rice husk extract (PRHE) on metabolic indexes and renal function (a
preliminary study).

Parameters NDV DMV DME 150 DME 300 DME 600

Food intake (g/day) 20.54 ± 0.17 16.87 ± 0.43 * 17.56 ± 0.76 * 17.22 ± 0.56 * 17.00 ± 0.37 *
Energy intake (kcal/day) 76.82 ± 0.62 78.92 ± 1.99 * 82.20 ± 3.55 80.59 ± 2.63 79.57 ± 1.01

BW gain (%) 41.60 ± 1.45 87.49 ± 4.92 * 56.63 ± 3.87 *,† 46.14 ± 5.12 † 37.57 ± 4.41 †

Glucose (mg/dL) 161.18 ± 10.98 433.99 ± 48.50 * 283.00 ± 15.51*,† 238.24 ± 3.72 *,† 260.37 ± 22.51 *,†

Insulin (ng/mL) 1.98 ± 0.12 4.57 ± 1.31 * 3.88 ± 0.35 *,# 1.92 ± 0.40 † 2.74 ± 0.36 †

HOMA-IR 0.80 ± 0.10 4.53 ± 0.79 * 2.69 ± 0.20 *,†,# 1.12 ± 0.22 † 1.77 ± 0.35 †

Serum creatinine (mg/dL) 0.45 ± 0.03 0.63 ± 0.02 * 0.55 ± 0.10 0.48 ± 0.03 † 0.52 ± 0.14
Creatinine clearance

(ml/min/g KW) 0.97 ± 0.05 0.54 ± 0.03 * 0.63 ± 0.16 * 0.91 ± 0.04 † 0.85 ± 0.15 †

Values are mean ± SD (n = 4). NDV: vehicle-treated normal group; DMV: vehicle-treated diabetic group; DME (150, 300, 600): PRHE-treated
diabetic group at 150, 300, 600 mg/kg, respectively; BW: body weight; HOMA-IR: homeostasis model assessment of insulin resistance; KW:
kidney weight. * p < 0.05 vs. NDV, † p < 0.05 vs. DMV, # p < 0.05 vs. DME 300.
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Abstract: Background: Renalase is an enzyme and a cytokine involved in cell survival. Since its
discovery, associations between it and both cardiovascular and kidney disease have been noted.
Recognizing this, we conducted a study in which we followed patients with chronic kidney disease.
Material and methods: The study involved 90 CKD patients with varying stages of the disease and
30 healthy controls. Renalase was measured with an ELISA kit, and patients were followed-up after
a median of 18 months. During the follow-up, we asked about the occurrence of MACE, all-cause
mortality and the need for dialysis initiation. Results: In CKD subgroups, RNSL correlated with
all-cause death only in the HD group (Rs = 0.49, p < 0.01). In the whole CKD population, we found
a positive correlation of RNSL concentration and both MACE occurrence (Rs = 0.38, p < 0.001) and
all-cause death (Rs = 0.34, p < 0.005). There was a significant increase in MACE occurrence probability
in patients with elevated renalase levels (>25 μg/mL). Conclusions: Elevated renalase levels can be
used as a risk factor of MACE in patients with CKD, but its long-term utility needs further research.
High renalase levels are a risk factor of death among CKD patients. In HD patients, all deaths
were observed among patients with >30 μg/mL; this level could be used as a “red flag” marker in
future studies.

Keywords: renalase; chronic kidney disease; major adverse cardiovascular outcomes

1. Introduction

Renalase (RNLS) is a small flavoprotein produced mainly by the kidney. However,
the latest investigations show that RNLS might be an “organolase”, as the RNLS gene
is expressed in many other cells and tissues, including the nervous system, endocrinal
and digestive tract organs, lungs or heart in humans and some other mammals [1]. RNLS
shows both intracellular and extracellular activity. Intracellular RNLS acts as an enzyme
that, in the presence of a FAD cofactor, oxidizes 2- and 6- DHNAD(P) to β-NAD(P)+, its
biologically active form. This action prevents toxicity resulting from the inhibition of many
β-NAD(P)+ dependent enzymes and reactions. Additionally, extracellular renalase and
RP-200 and RP-220 peptides, which are fragments of the protein, activate some signaling
pathways, including Akt and MAP kinases, therefore promoting cell survival. This activity
is mediated by the binding of renalase to its recently discovered receptor–plasma membrane
Ca2+-ATPase-4b (PMCA4b) [2].

Despite reported discrepancies in observed serum renalase levels in humans, most
analyses indicate that serum RNLS levels significantly increase in people with chronic
kidney disease (CKD). As in the case of many other markers, this relationship would
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demonstrate the usefulness of the RNLS concentration assessment in the diagnosis and
prognosis of kidney diseases and accompanying disorders. Seeing that CVD is the most
significant contributor to mortality of CKD patients, we sought to answer whether RNLS
could be a predictive factor for CVD in CKD.

2. Materials and Methods

2.1. Study Design

One hundred twenty people (aged 40–79) were enrolled into the study. We divided 90
CKD patients into subgroups, each consisting of 30 participants: CKD stage III (CKD III),
CKD stage IV (CKD IV), CKD stage 5D who were hemodialyzed (HD) and 30 adults
(15 women and 15 men) with no signs of chronic kidney disease (control). Both groups
were signed up for the study during treatment at a Nephrology Ward and its Admissions
Department, Outpatient Clinic and Dialysis Centre.

2.2. Material

To obtain blood serum, blood was drawn into test tubes (S-Monovette, Sarstedt, Ger-
many) and left for 30 min at room temperature. The tubes were then centrifuged (10 min,
1000× g, room temperature). The obtained material was then transferred to separate tubes
and frozen at −80 ◦C until renalase levels were measured. eGFR, HDL, LDL and TG levels
were assessed in an analytical laboratory as soon as possible after sample collection.

2.3. Methods

eGFR was calculated using the CKD-EPI Equation (1), where Scr is serum creatinine
(mg/dL), κ is 0.7 for females and 0.9 for males, α is −0.329 for females and −0.411 for
males, min indicates the minimum of Scr/κ or 1 and max indicates the maximum of
Scr/κ or 1) [3]. Renalase levels were measured in blood serum using an ELISA kit (Cloud-
Clone Corp, Houston, TX, USA). Biochemical parameters in serum were evaluated using
routine laboratory methods.

eGFR = 141 × min
(

Scr
κ

, 1
)α

× max
(

Scr
κ

, 1
)−1.209

× 0.993age × 1.018 [if female]× 1.159 [if black] (1)

Cardiovascular risk (CV) was calculated using the ASCVD (atherosclerotic cardiovas-
cular risk) algorithm, which includes: age, sex, race, systolic and diastolic blood pressure,
total cholesterol and HDL/LDL fractions, diabetes, smoking and hypertension [4]. Partici-
pants with acute kidney injury or a history of kidney transplantation were excluded from
the study. All patients have given written informed consent.

Follow-up was administered by means of a questionnaire during an outpatient clinic
visit, dialysis treatment or a telephone call. Mean follow-up time was 17.3 months. Two pa-
tients were lost to follow-up—one patient in control and one in the CKD IV group. In
the follow-up, we asked about the first major adverse cardiovascular event (MACE). We
defined MACE as an occurrence of either ischemic stroke, acute coronary syndrome, hos-
pitalization due to heart failure or death attributed to a cardiac event. We also looked for
all-cause mortality and a need to start renal replacement therapy (RRT).

2.4. Statistical Analysis

Obtained data were evaluated using Statistica 13.0 software (StatSoft, Tulsa OK, USA).
Since almost all parameters had distributions different than normal, non-parametric tests
were used. Differences between two groups (control and CKD) were evaluated using the
Mann–Whitney U test. Differences between analyzed parameters in subgroups (control,
CKD III, CKD IV, HD) were assessed using Kruskal–Wallis ANOVA with post-hoc Dunn’s
test. Correlations were evaluated using Spearman’s Rank Correlation Coefficient. The
analysis of the occurrence of MACE and overall survival was performed using the Kaplan–
Meier method. The significance level was set at α = 0.05.
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3. Results

3.1. Data Obtained during Recruitment

The study population’s demographic and descriptive data are shown in Tables 1 and 2
(divided as control and CKD stage-based subgroups) and Table 3 (divided as control and
whole CKD group).

Table 1. Descriptive data of the subgroups together with statistical evaluation (Kruskal-Wallis ANOVA). Data are shown as
mean ± SD and median (lower quartile–upper quartile).

Parameter

Control
n = 30

CKD III
n = 30

CKD IV
n = 30

HD
n = 30

p-Value

Mean ± SD
Median

(LQ-UQ)
Mean ± SD

Median
(LQ-UQ)

Mean ± SD
Median

(LQ-UQ)
Mean ± SD

Median
(LQ-UQ)

Age (Years) 57 ± 11 1,2 56 (45–
67) 68 ± 8 1 69

(62–74) 66 ± 11 2 67
(60–75) 64 ± 11 65

(60–74) 0.0028

Systolic BP
(mmHg) 131 ± 21 1 125

(120–140) 134 ± 12 132
(130–140) 140 ± 18 1 140

(130–160) 140 ± 21 140
(130–150) 0.0216

Diastolic BP
(mmHg) 80 ± 11 80

(70–85) 79 ± 9 80
(75–85) 80 ± 11 80

(75–90) 77 ± 12 80 (7–80) 0.44

eGFR 85 ± 13 85
(72–91) 41 ± 8 41

(34–48) 22 ± 5 21
(17–26) 7 ± 3 7 (5–9) <0.001

Body Weight
(kg) 83 ± 20 80

(70–94) 84 ± 15 1 84
(75–92) 82 ± 16 80

(71–92) 72 ± 16 1 72
(64–83) 0.0286

Height (cm) 171 ± 8 170
(164–176) 169 ± 8 169

(160–176) 167 ± 9 167
(160–175) 168 ± 11 165

(158–178) 0.50

LDL
(mg/dL) 122 ± 35 124

(97–148) 119 ± 47 128
(79–156) 119 ± 52 106

(82–151) 110 ± 46 105
(70–136) 0.55

HDL
(mg/dL) 55 ± 16 52

(45–61) 50 ± 17 48
(39–61) 52 ± 27 41

(37–65) 49 ± 11 48
(42–54) 0.37

TC (mg/dL) 174 ± 48 187
(130–208) 187 ± 47 188

(151–232) 191 ± 64 84
(144–247) 179 ± 57 162

(136–203) 0.66

TG (mg/dL) 167 ± 91 161
(105–214) 168 ± 102 135

(96–208) 202 ± 26 171
(116–246) 159 ± 81 145

(103–196) 0.60

Renalase (μg
/mL) 21.8 ± 9.2 1

23.9
(19.4–
25.9)

20.2 ± 3.1 2,4 21.0
(18–21.5) 24.9 ± 4.1 3,4 24.6

(2.0–26.8)
35.6 ± 13.5

1,2,3

31.79
(28.9–
34.9)

p < 0.01

CV Risk
Prediction
Score (%)

11.3 ± 12.1 1,2 6.1
(1.4–19.8) 24.0 ± 14.6 1

24.0
(11.3–
31.5)

25.0 ± 17.2 2 22.7
(9.8–39.9) 20 ± 17 17 (6–31) 0.0012

Abbreviations: BP—blood pressure; eGFR—estimated glomerular filtration rate; LDL—low-density cholesterol; HDL—high-density
cholesterol; TC—total cholesterol; TG—triglycerides; CV—Cardiovascular. 1,2,3,4—the result of the post-hoc analysis showing differences
between the indicated groups.

Table 2. Qualitative risk factors occurrence in analyzed subgroups (p-values derived from Kruskal–Wallis ANOVA analysis).

Parameter Control n = 30 CKD III n = 30 CKD IV n = 30 HD n = 30 p-Value

Hypertension n = 95 12 1,2,3 28 1 29 2 26 3 <0.05

Diabetes n = 37 7 10 11 9 >0.05

Smoking n = 21 7 6 5 3 >0.05

No Residual Diuresis n = 6 0 0 0 6 <0.05

Arterial hypertension was significantly more common in all CKD subgroups than in control. There was no statistical difference between
diagnosed diabetes and active smoking in all groups. 1,2,3—the result of the post-hoc analysis showing differences between the indicated
groups.
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Table 3. Demographic and descriptive data and statistical evaluation between control and the whole CKD group (Mann–
Whitney U test).

Parameter

Control CKD

p-Value
Mean ± SD

Median
(LQ–UQ)

Mean ± SD
Median

(LQ-UQ)

Age (Years) 57 ± 11 56 (45–67) 66 ± 7 67 (60–74) <0.001

Systolic BP (mmHg) 131 ± 21 125 (120–140) 135 ± 18 132 (120–140) 0.01

Diastolic BP (mmHg) 80 ± 11 80 (70–85) 80 ± 10 80 (70–90) 0.94

eGFR 85 ± 13 85 (72–91) 49 ± 28 41 (26–72) <0.001

Body Weight (kg) 83 ± 20 80 (70–94) 83 ± 17 80 (72–92) 0.74

Height (cm) 171 ± 8 170 (164–176) 169 ± 9 170 (161–176) 0.20

LDL (mg/dL) 122 ± 35 124 (97–148) 120 ± 44 123 (84–151) 0.34

HDL (mg/dL) 55 ± 16 52 (45–61) 52 ± 20 50 (40–63) 0.07

TC (mg/dL) 174 ± 48 187 (130–208) 184 ± 53 184 (144–217) 0.63

TG (mg/dL) 167 ± 91 161 (105–214) 179 ± 107 161 106–214) 0.98

Renalase (μg/mL) 21.8 ± 9.2 23.9 (19.4–25.9) 22.3 ± 6.3 22.5 (19.9–25.1) 0.07

CV risk (%) 11.3 ± 12.1 6.1 (1.4–19.8) 22.8 ± 16.3 20.8 (9.4–31.5) <0.001

Abbreviations: BP—blood pressure; eGFR—estimated glomerular filtration rate; LDL—low-density cholesterol; HDL—high-density
cholesterol; TC—total cholesterol; TG—triglycerides; CV—Cardiovascular.

When analyzing the control group and CKD-based subgroups, renalase levels were
significantly higher in HD than in any other group and the CKD IV group compared to the
CKD III group. There was no significant difference in renalase levels between the control
group and CKD III and IV groups.

Renalase levels in subgroups are shown graphically below in Figure 1.

Figure 1. Renalase levels in the studied groups.
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In the control group, renalase correlated negatively with body weight (Rs = −0.39,
p < 0.05). There was also a borderline correlation with systolic (Rs = −0.31, p = 0.08) and
diastolic (Rs = −0.32, p = 0.09) blood pressure.

In the CKD III group, renalase did not correlate with any of the analyzed parameters,
but in the stage IV CKD group, it correlated again with eGFR (Rs = −0.48, p < 0.01) and
body weight (Rs = −0.44, p < 0.05).

In the HD group, renalase correlated negatively with eGFR (Rs = −0.55, p < 0.05) and
positively with residual diuresis (Rs = −0.36, p < 0.05).

Comparing adults with no kidney disease and the whole CKD group, there was no
significant difference in renalase levels, but this difference was at the borderline significance
level (p = 0.07).

In the whole CKD group, we found a strong negative correlation between renalase
levels and eGFR (Rs = −0.83, p < 0.001), as shown in Figure 2.

Figure 2. The negative, strong correlation between renalase and eGFR in the CKD group.

When analyzing data from all participants together (control and CKD patients), re-
nalase correlates with diastolic blood pressure (Rs = −0.18, p < 0.05), eGFR (Rs = −0.59,
p < 0.001) and body weight (Rs = −0.32, p < 0.001).

3.2. Follow-Up Data

During the follow-up period, we recorded 22 MACEs—2 in control, 2 in CKD III, 5 in
CKD IV, and 13 in the HD group. There were 11 deaths; none in control and CKD III, four
in CKD IV and seven in HD. We observed five HD initiations. There was no RRT other
than hemodialysis initiated. Data are shown in Tables 4 and 5.

Table 4. Qualitative data on recorded endpoints; data are shown as number of individuals (p-values derived from Kruskal–
Wallis ANOVA analysis).

Parameter CONTROL n = 29 CKD III n = 30 CKD IV n = 29 HD n = 30 p-Value

MACE n = 22 2 2 5 13 0.0006

Deaths n = 11 0 0 4 7 0.0035

Dialysis Initiation n = 5 0 0 5 N/A N/A

Abbreviations: MACE—major adverse cardiovascular events, CKD—chronic kidney disease.
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Table 5. Quantitative data on recorded endpoints with statistical evaluation (Kruskal-Wallis ANOVA). Data are shown as
mean ± SD and median (lower quartile—upper quartile).

Parameter

CONTROL
n = 29

CKD III
n = 30

CKD IV
n = 29

HD
n = 30

p-Value
Mean ±

SD
Median

(LQ-UQ)
Mean ±

SD
Median

(LQ-UQ)
Mean ±

SD
Median

(LQ-UQ)
Mean ±

SD
Median

(LQ-UQ)

Time to
MACE

(Months)
6 ± 5 6 (3–10) 9 ± 3 9 (7–12) 14 ± 2 1 14 (13–15) 7 ± 4 1 8 (4–9) 0.028

Time to
Death

(Months)
N/A N/A N/A N/A 15 ± 4.5 14.5

(14–16) 11 ± 4 12 (9–14) >0.05

Time to
HD

Initiation
(Months)

N/A N/A N/A N/A 10 ± 4.5 12 (11–12) N/A N/A N/A

Abbreviations: MACE—major adverse cardiovascular events; CKD—chronic kidney disease; HD—hemodialysis. 1—the result of the
post-hoc analysis showing differences between the indicated groups.

Even though statistical analysis showed significant differences in both MACE oc-
currence and all-cause mortality in all subgroups, the post-hoc analysis did not show
specific significance between particular groups. All RRT initiations were observed in the
CKD IV group.

Observed time to first MACE was significantly shorter in the HD group than in the
CKD IV group. There was no statistical difference between time to all-cause death between
groups in which deaths were observed. The median time to RRT initiation was 12 months.

In CKD subgroups, RNLS correlated with all-cause death occurrence in the HD group
(Rs = 0.49, p < 0.01), but no other significant correlation was found.

When analyzing the whole CKD patient population, we found a positive correlation of
RNLS concentration and MACE occurrence (Rs = 0.38, p < 0.001) and a negative correlation
with time to first MACE occurrence (Rs = −0.52, p < 0.05). The correlation of RNLS
and MACE occurrence was stronger than that of the algorithm derived, calculated risk
(Rs = 0.25, p < 0.05). All-cause death also correlated positively with renalase concertation
(Rs = 0.34, p < 0.005).

Data pooled from all participants (both with and without CKD) concerning endpoints
have shown a correlation between RNLS and MACE occurrence (Rs = 0.33, p < 0.001), time
to MACE (Rs = −0.50, p < 0.05) and all-cause death (Rs = 0.31, p < 0.001). This conclusion
takes into account that a small number of endpoints were observed in the control group.

3.3. Analysis of Survival and MACE Occurrence

Based on obtained data, specifically, renalase levels and correlations between renalase
and occurrence of MACE and all-cause death in the CKD group, we first divided the CKD
group into two subgroups with RNLS levels higher and lower than 25 μg/mL.

MACE occurred in 20 patients with CKD: 11 with elevated renalase levels (>25 μg/mL)
and 9 with lower renalase levels (<25 μg/mL). A Mantel–Cox test p < 0.01 showed a
significant difference in MACE occurrence between analyzed groups, the odds of which
were significantly higher in the group with elevated renalase levels, as shown in Figure 3.
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Figure 3. Kaplan Meier curve for MACE in groups with low and elevated renalase levels.

There was no difference in the occurrence of death between subgroups divided basing
on the 25 μg/mL threshold.

When a higher threshold was assumed, and patients with CKD were divided into
groups with levels of RNLS higher or lower than 30 μg/mL, not only did the higher
probability of MACE remain significant, but a higher probability of all-cause death was
also observed (but without statistical significance in log-rank test: p = 0.09), as presented in
Figure 4.

In the HD group, in which a significant correlation between RNSL levels and all-cause
death was observed, a Kaplan–Meier analysis of survival was not possible as the deaths
were observed only in patients with renalase concentration higher than 30 μg/mL. At the
same time, there was no significant difference in MACE occurrence in this subgroup.
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Figure 4. Kaplan–Meier curve for all-cause death in groups with low and high renalase levels.

4. Discussion

CKD significantly contributes globally to both morbidity and mortality. Exact numbers
are unknown, but screening programs in high-income countries have shown that more
than 10% of adults have markers of kidney disease. The global burden of CKD in 2017
was estimated at 6975 million cases. Even though primary causes of CKD vary in different
populations, the most common causes are hypertension and diabetes [5]. In Poland,
an estimated 4.2 million people have CKD, and about 6500 yearly develop ESRD and
require RRT [6]. The lives of patients afflicted with CKD, whether they deal with early-
stage disease or end-stage renal disease (ESRD), are associated with high morbidity and
increased healthcare utilization [7].

Patients with CKD have an established, higher CVD-related morbidity and mortality,
and multiple analyses of studies have shown that the presence of CKD is independently
associated with cardiovascular events, especially in groups with preexisting known risk
factors [8–10]. The exponential increase in risk for cardiovascular mortality risk at low eGFR
was shown in a large meta-analysis comprising ten cohorts with 266,975 patients. Hazard
ratios at eGFRs of 60, 45 and 15 mL/min per 1.73 m2 were 1.03, 1.38 and 3.11, respectively,
compared to an eGFR of 95, after adjustment for albuminuria and cardiovascular risk
factors [11]. A total of 7.6% of all CVD deaths (1.4 million globally in 2017) could be
attributed to impaired kidney function [12].

CVD burden is also qualitatively different in CKD patients than those without renal
pathology. Aside from atherosclerosis-related diseases (coronary artery disease, ischemic
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stroke and peripheral artery disease), other cardiac events become more and more prevalent
as kidney function declines. Non-atherosclerotic CVD, arrhythmias, sudden cardiac deaths,
arterial calcifications, valve calcifications and haemorrhagic strokes may be caused by
uraemia, CKD-MBD, LVH or be dialysis-related events [13]. A growing trend of non-
ischemic CVD, to which CKD undoubtedly contributes, has been observed in developed
countries [14].

Standard risk factors and assessment tools underperform in CKD patients, as their
predictive risk is much lower than observed CVD events [15]. Moreover, we do not have
particularly well-designed or widely used recalibration tools, which should at least account
for eGFR and albuminuria [10]. Standard and widespread CVD risk assessment tools name
CKD as an additional factor to be taken into consideration but do not clearly stratify the
eventual risk. CVD risk equations can be of great importance to both patients and clinicians
during decision-making. Even the classic symptoms of acute myocardial infarction are
reported far less often by CKD patients than people without kidney pathology [13]. Risk-
aware and evidence-based medical interventions are needed as CKD prevalence continues
to grow. Early action can delay disease progression and mitigate the fact that patients with
ESRD consume a disproportionate share of health care resources.

Renalase has been linked to CKD and CVD in numerous studies. In a seminal paper
describing renalase discovery, Xu et al. postulated a link to the cardiovascular system [16];
unfortunately, the enzymatic function of catecholamine degradation primarily proposed
in the study, directly linking renalase to CVD, was disputed [17–21] and eventually re-
futed [22]. Different enzymatic activity was observed and described; renalase was found to
be an oxidase/isomerase, using molecular oxygen to convert α-NAD(P)H into β-NAD(P)+,
with hydrogen peroxide as a reaction byproduct [23], which also turned out to be in-
correct [24]. Eventually, renalase has come to be described as an isomerase catalyzing
rapid oxidation of 6DHNAD(P) and 2DHNAD(P) (which are inhibitory to metabolism
dehydrogenases) to their active form—β-NAD(P)+ [22].

Additionally, since 2014, renalase’s other function has been observed—that of a cy-
tokine. It was found that a part of renalase protein – RP 220 (described previously [25],
containing amino acids 220–239) as well as its variations RP-224 (amino acid 224–233) and
RP-H220 (histidine-tagged RP 2020) – improved HK-2 cell line survival when treated with
cisplatin, independently of amine oxidase activity by activation of the AKT and MAPK
signaling pathways [26]. A receptor for renalase was found a year later. In 2015, PMCA4b
(plasma membrane ATPase) was discovered to bind with renalase and activate the afore-
mentioned signaling pathways [27], thus rekindling the search for the causative interplay
of renalase and CVD, as PMCA4b is connected to both cardiac hypertrophy [28] and hyper-
tension [29]. Aside from catalytic and cytokine mechanisms, yet another metabolic role
came to light through further research in 2019: data collected in models of liver injury
indicated that renalase might activate SIRT1 by elevating NAD+ levels [30].

Renalase affects redox balance in all functions and is beneficial in states of ischemia
and/or reperfusion injury.

Its role in kidney disease has been shown in animal model interventional studies.
Contrast-induced nephropathy in rat models was mitigated by supplying exogenous
renalase by reducing oxidative stress, among other influences [31]. Renalase has also been
found to reduce cisplatin-induced acute kidney injury by decreasing mitochondrial fission
and reactive oxygen production [30].

Heart disease is also linked to redox state [32]. As such, studies have shown asso-
ciations between higher renalase levels and unstable angina pectoris [33], lower ejection
fraction in heart failure patients [34,35] and coronary microvascular dysfunction diagnosed
with Rb-82 PET/CT imaging [36]. When performed in patients with stable angina, Per-
cutaneous Coronary Intervention decreased serum renalase levels within a few days [37].
Extensive reviews of other observed relationships can be found elsewhere [38–40].

Even though we do not fully understand renalase’s mechanism of action, as paradigm
shifts seem to occur every few years, renalase displays a wide range of correlations and
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effects in CVD and both chronic kidney disease and acute kidney injury, which have been
found in observational and interventional studies.

Other studies have also tried to assess renalase levels as a predictive factor. A study
by Gluba-Brzózka et al. [41] positively correlated renalase with worsening CKD stages, as
did markers (both biochemical and functional) of cardiovascular risk, but no observational
follow-up was mentioned. Chang et al. [42] conducted a study in which patients (all male)
were observed up to 10 years. A statistically significant correlation was found between
renalase levels at baseline and both 1- and 5-year all-cause mortality. No correlation was
found at 10 years. Using data from a Korean K-STAR cohort, Na et al. [43] observed
higher all-cause mortality but not more frequent MACE in CKD patients with higher
renalase levels. Another group studied patients recruited during scheduled PCI. In the
group characterized by higher renalase levels, more endpoints (comprising myocardial
infarction, stroke or death) were recorded during follow-up (median follow-up time lasted
4.1 years) [37]. In yet another recent study by Cerqueira et al., 40 pre-dialysis CKD patients
were followed up for a mean period of 65 months. RNLS was associated with CKD
progression, hospitalizations and all-cause mortality, but not with MACE occurrence [44].
Our study results are in line with these findings. Renalase levels found in studies mentioned
in this paragraph are summarized in Table 6.

Table 6. Renalase levels in various groups in studies by other authors.

Publication Group Level Group Level

Markers of Increased
Cardiovascular Risk in
Patients with Chronic
Kidney Disease [41]

Control Group n = 45 mean: 251.0 ± 157.0
ng/mL

CKD all stages
n = 132 mean: 316.1 ± 155.3

Identification of Two
Forms of Human Plasma

Renalase, and Their
Association with All-Cause

Mortality [42]

Normal renal function
n = 10

mean: 20.39 ± 7.70
μg/mL All patients n = 267 mean: 18.8 ± 8.5

μg/mL

Circulating renalase
predicts all-cause mortality

and renal outcomes in
patients with advanced

chronic kidney disease [43]

Control group n = 16 mean: 28.2 ± 5.1
μg/mL CKD patients n = 383 mean: 75.8 ± 34.8

μg/mL

Serum Renalase Levels Are
Predicted by Brain-Derived
Neurotrophic Factor and

Associated with
Cardiovascular Events and

Mortality after
Percutaneous Coronary

Intervention [37]

Before percutaneous
coronary intervention

n = 152

mean: 47.5 ± 17.3
ng/mL

After percutaneous
coronary intervention

n = 152

mean: 35.9 ± 11.3
ng/mL

Circulating Renalase as
Predictor of Renal and

Cardiovascular Outcomes
in Pre-Dialysis CKD

Patients: A 5-Year
Prospective Cohort

Study [44]

CKD stages 1 and 2
n = 17 mean: 42.03 μg/mL CKD stages 4 and 5

n = 14 mean: 83.53 μg/mL

Abbreviations: CKD—chronic kidney disease.
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5. Conclusions

Loss of kidney function is accompanied by an accumulation of renalase in blood
serum.

• Elevated renalase levels (>25 μL/mL) are a risk factor of MACE in patients with
chronic kidney disease, but its long-term utility needs further research.

• High renalase levels (>30 μg/mL) can be a risk factor of death among CKD patients.
• In HD patients, all deaths were observed among patients with a renalase serum

concentration greater than 30 μg/mL. Further research could show a possible “thresh-
old” level, prompting an evaluation of patients to either intensify treatment or start
discussing palliative measures.
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Abstract: Background: Warm reperfusion after previous cold storage has been shown to have a
negative impact on mitochondrial function of organ grafts. Here, we wanted to investigate whether a
more controlled warming up of the cold graft by ex vivo machine perfusion with gradually elevated
temperature from cold to normothermia (including comparison of two warming up protocols)
prior to implantation would be effective in preventing mitochondrial dysfunction upon reperfusion.
Methods: All experiments were conducted on porcine kidneys retrieved 15 min after cardiac arrest.
After 18 h of cold storage in HTK solution (CS, n = 6), kidneys (n = 6) were subjected to 2 h of
reconditioning machine perfusion starting with a hypothermic period followed by a gradual increase
in perfusion temperature up to 35 ◦C (controlled oxygenated rewarming—COR). For a second group
(n = 6), the slow warming up was begun instantly after connecting the graft onto the machine
(iCOR). Functional recovery of all grafts was then observed upon normothermic reperfusion in vitro.
At the conclusion of the experiments, tissue specimens were taken for immediate isolation and
analysis of renal mitochondria. Results: COR resulted in a significantly and more than 3-fold
increased glomerular filtration rate upon reperfusion, along with a significant higher tubular sodium
reabsorption and lesser loss of glucose in comparison to the controls. Enzyme release (AST) was
also massively reduced during the reperfusion period. Specific analysis at the mitochondrial level
revealed significantly better coupling efficiency and spare respiratory capacity in the COR group
compared to the cold storage group. Interestingly, additional experiments revealed that the omission
of a hypothermic perfusion period did not deteriorate any of the results after COR, provided
that the instant temperature increase from 10 to 35 ◦C was effectuated in the same controlled
manner. Conclusion: Controlled rewarming after extended cold preservation effectively improves
mitochondrial recovery upon reperfusion and early functional outcome of kidney grafts.

Keywords: controlled oxygenated rewarming; mitochondrial uncoupling; rewarming injury;
temperature paradox

1. Introduction

Organ damage resulting from preservation or reperfusion still represents a major
issue in transplantation medicine. Extended preservation times or graft donation after
cardiocirculatory standstill in the donor are often conflicted with a reduced recovery after
transplantation affecting early graft function, as well as long-term survival.

Although the underlying mechanistic pathways of preservation injury are not yet
fully understood, altered mitochondrial integrity upon reperfusion has been deciphered
as a major culprit for graft dysfunction after transplantation [1,2]. During cold ischemic
preservation, opening of the mitochondrial transition pore (MTP) could be observed along
with mitochondrial swelling [3,4]. However, mitochondrial respiratory capacity has been
shown to remain stable for up to 24 h of cold storage and only deteriorates after unusual
prolongation of cold ischemia or upon subsequent warm reperfusion [5].
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Likewise, cytosolic release of cytochrome c and sequential induction of apoptosis
are only observed after subsequent rewarming [4,6,7]. In line with these observations,
main parts of organ preservation injury substantiate not during cold storage but upon
and in consequence of abrupt rewarming [8,9]. Hence, significant alleviation of functional
impairment of kidney grafts after transplantation could be achieved by modifying the rise
in temperature during reoxygenation using a controlled oxygenated rewarming (COR)
protocol subsequent to cold storage by thermoregulated machine perfusion [10,11]. The use
of an incremental temperature rise instead of an abrupt return to normothermia improved
post-ischemic recovery of discarded human donor livers [12] and resulted in superior
results after experimental [10] and clinical [13] kidney transplantation. COR was also
found to be operative in significantly reducing the initiation of the mitochondrial apoptotic
pathway upon reperfusion along, with a better preservation of mitochondrial content of
NAD+ [14]. Likewise, COR improved global recovery of tissue energetics [9] and largely
preserved oxygen utilization efficiency at the whole organ level that was otherwise found
significantly disturbed [11].

Controlled oxygenated rewarming during machine perfusion classically comprises
three phases. A first period of oxygenated cold perfusion is undertaken to fuel residual
aerobic metabolism to ameliorate subcellular homeostasis while avoiding major tempera-
ture shifts [15,16]. Then follows a thermal transition phase of slow and adapted increase
in the perfusion temperature [9] and a final steady state period of perfusion at the final
temperature for a variable time span [7].

Although the positive effects of a brief hypothermic perfusion period alone have
been thoroughly established in that the cellular aerobic energetic homeostasis could be
improved in the cold and that the tissue is better prepared for the following abrupt warm
reperfusion [15–17], the relevance of an extended cold perfusion phase versus an immediate
start of the gentle warming up protocol in the setting of COR has not yet been addressed.

Thus, the aim of the present study was to scrutinize the relative impacts of a hypother-
mic equilibration phase in the setting of a controlled rewarming protocol with a special
focus on mitochondrial function and coupling status.

2. Materials and Methods

All experiments were performed in accordance with the federal law regarding the
protection of animals. The principles of laboratory animal care (NIH publication no. 85-23,
revised 1985) were followed.

Kidneys were removed from dead German Landrace pigs weighing between 25 and
30 kg. Then, 15 min after cardio-circulatory standstill, the renal artery was cannulated
and the kidneys were flushed by 100 cm gravity with 100 mL of HTK solution (Köhler
Chemie, Bensheim, Germany) on the back-table at 4 ◦C. No heparin was given at any time.
After 18 h of static cold preservation in HTK solution, the grafts were randomly assigned
to one of the following groups (n = 6, resp.):

1. In the control group, kidneys were exposed to 18 h of static cold storage at 4 ◦C
without additional treatment (CS);

2. In the second group, controlled oxygenated rewarming (COR) was performed after
18 h of CS by end-ischemic machine perfusion, as described earlier [11,18]. Perfu-
sion with Aqix-RS-I (Life Science Group, Bedford, UK) was started at a temperature
of 8 ◦C with consecutive rewarming of the perfusate from 8 ◦C to 35 ◦C during the
first 90 min. The rise in temperature was accompanied by an adapted increase of
the perfusion pressure from 30 to 75 mmHg. The last 30 min of perfusion was kept
constant at 35 ◦C (cf. Figure 1);

3. A third group was investigated, whereby the slow warming up was begun instantly af-
ter connecting the graft onto the machine, i.e., omitting the hypothermic equilibration
phase (cf. Figure 1).
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Figure 1. Representation of the thermal kinetic during controlled oxygenated rewarming by machine
perfusion of porcine kidney grafts. Gentle rewarming of kidneys is either performed after an initial
30 min hypothermic equilibration period (COR, hatched line) or by starting the rewarming protocol
immediately after connection to the machine (iCOR, continuous line).

Perfusion with Aqix-RS-I (Life Science Group, Bedford, UK) was started at a tempera-
ture of 8 ◦C but instant controlled oxygenated rewarming (iCOR) was started increasing
temperature up to 35 ◦C during the first 60 min in a hyperbolic pattern comparable to
the middle period in group 2. The rise in temperature was accompanied by an adapted
increase of the perfusion pressure from 30 to 75 mmHg. The last 30 min of perfusion was
kept constant at 35 ◦C.

2.1. Reperfusion Model

Prior to reperfusion all grafts were flushed with 100 mL of cold saline solution and
exposed to no flow conditions at room temperature for 20 min in order to imitate the time
of surgical engraftment.

The functional recovery of the grafts was tested using an established in vitro model,
as previously described [19], which was modified regarding the replacement of fluid loss
by urine production during ongoing reperfusion [20].

In brief, kidneys were put into a moist chamber and perfused at 37 ◦C with 1000 mL
Krebs–Henseleit buffer to which were added 2.2% bovine serum albumin (PAN-Biotech,
Aidenbach, Germany) and 20 mL of concentrated amino acid solution (RPMI 1640 Amino
Acids Solution, 50×, PAN-Biotech, Aidenbach, Germany).

Perfusate was oxygenated with a mixture of 95% oxygen and 5% carbon dioxide by a
hollow fiber oxygenator (Hilite LT 1000, Medos, Stolberg, Germany) and supplemented
with 0.05 g/L of creatinine to allow for calculation of renal clearances. Cannulation of the
ureter was performed with PE tubing for urine collection throughout the reperfusion period.

Urine produced during reperfusion was collected and reinfused after filtration (13 μm)
at 100 mL intervals to the reservoir in order to prevent alterations in the composition
of the perfusate over time, which would be encountered when replacing urine loss by
adding balanced salt solution [21]. The volume of urine production was measured for each
individual 30 min interval and representative aliquots from each fraction were pooled for
the respective intervals for later analysis of metabolites.

Kidney perfusion pressure was set at 90 mmHg and automatically maintained by
a servo-controlled roller pump connected to a pressure sensor placed in the inflow line
immediately prior to the renal artery.

At the end of the perfusion, kidneys were removed from the perfusion chamber and
samples were taken for biochemical analysis and for isolation of mitochondria.
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2.2. Mitochondria Isolation and Analysis

The mitochondria were isolated as described in [22]. Mitochondria isolation buffer
(MIB) was prepared with final concentrations of 70 mM sucrose, 210 mM mannitol, 53 mM
HEPES, and 1 mM EGTA, (pH adjusted to 7.4). Mitochondrial assay buffer (MAS) was
composed of 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 2 mM MgCl2, 2 mM
HEPES, 1 mM EGTA, and 0.2% w/v fatty-acid-free BSA (pH 7.4).

The mitochondrial oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were assessed using a Seahorse XFe24 Analyzer (Agient Technologies, Santa
Clara, CA, US) and Seahorse XFe24 FluxPack (Agilent Technologies, Santa Clara, CA, US)
as described by Rogers et al. (11).

Mitochondria were incubated with substrate (2 mM rotenone and 0.5 M succinate),
following by sequential addition of 1M adenosine 5′-diphosphate potassium salt (ADP),
5 mg/mL oligomycin (ATP synthase inhibitor), 10 mM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP, mitochondrial uncoupler), and 40 mM antimycin A (complex 3
inhibitor). All substances were purchased from Sigma-Aldrich, Germany. The results were
analyzed with Wave Seahorse Software (Agilent Technologies, Santa Clara, CA, USA).

2.3. Analytical Procedures

Analytical routines were performed as described previously [20]. The activities of
aspartate aminotransferase (AST) and concentrations of creatinine were determined in a
routine fashion by reflectance photometry on a Reflotron Plus point of care unit (Roche
Diagnostics, Mannheim, Germany).

Clearances were calculated for the respective intervals as urinary creatinine x urine
flow/perfusate creatinine.

The albumin concentration in urine was measured in a routine fashion at the Labora-
tory Center of the University Hospital and the amount of protein normalized against the cor-
responding concentrations of creatinine as the urinary albumin-to-creatinine
ratio (mg/mg).

Oxygen partial pressure and perfusate concentrations of sodium were measured in a
pH-blood gas analyzer (ABL 815flex acid-base laboratory, Radiometer, Copenhagen).

Oxygen consumption (VO2) was calculated from the differences between arterial
and venous sites and expressed as mL min−1 g−1 according to the trans-renal flow and
kidney mass.

The efficiency of renal O2 utilization was approximated by the ratio of total kidney
transport of Na (TNa), accounting for the vast majority of energy consuming processes in
the kidney [23], and VO2, with TNa being equal to filtered Na minus excreted Na:

TNa = (GFR × Perfusate Na) − (urinary Na × urine flow)

Fractional excretion of sodium (FE Na+) was calculated according to:

FE Na+= Na+
(urine) × Creatinine(perfusate)/Na+

(perfusate) × Creatinine (urine) × 100

Measurement of neutrophil-gelatinase-associated lipocalin (NGAL) was performed
with a commercialized ELISA kit (USCN life science, Wuhan, China) according to
the instructions of the manufacturer on a fluorescence microplate reader (Tecan,
Grailsheim, Germany).

2.4. Histology

At the conclusion of the experiment, tissue samples were collected for later histological
examination. Specimens were cut into 3 mm blocks, fixed by immersion in 4% buffered
formalin, and embedded in paraffin. Tissue slides were prepared on a SM 2000R microtome
(Leica Instruments, Nußloch, Germany). Light microscopy (20× magnification) of periodic
acid Schiff-stained sections were used to demonstrate changes in morphology.
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2.5. Statistical Analysis

Kidneys were randomized with n = 6 kidneys per group. Results are expressed as
means ± standard deviation. Stochastic significance of differences was assessed using one
way analysis of variance and Dunn’s multiple comparisons test, if not otherwise indicated.

Data were analyzed with GraphPad Prism version 8.0.0 (GraphPad Software, San
Diego, CA, USA, www.graphpad.com). Significance was defined as p < 0.05.

3. Results

The glomerular filtration function was evaluated by measurement of the clearance
of creatinine during warm reperfusion (cf. Figure 2). Controlled oxygenated rewarming
(COR) was followed by a significant enhancement of glomerular filtration rate when
compared to cold-stored controls. Of note, omitting the hypothermic equilibration phase
in the instant rewarming (iCOR) group did not result in any adverse effect in comparison
to the COR group.

Figure 2. Clearance of creatinine during reperfusion in vitro after 20 h cold storage (CS) or after 2 h of
subsequent controlled oxygenated rewarming with (COR) or without (iCOR) an initial hypothermic
perfusion period (*: p < 0.05 COR vs. CS; #: p < 0.05 iCOR vs. CS).

Likewise, urinary leakage of albumin (expressed as the albumin/creatinine ratio) was
markedly increased to 0.40 ± 0.14 in cold-stored kidneys but significantly (p < 0.05) reduced
after COR (0.13 ± 0.05), as well as after iCOR treatment (0.12 ± 0.03) prior to reperfusion.

Tubular cell integrity was also found to be protected by both of the rewarming pro-
tocols. The concentration of neutrophil-gelatinase-associated lipocalin (NGAL) in the
circulating perfusate was used as an indicator of tubular cell stress. It amounted to
6.8 ± 0.6 ng/mL in the cold storage group but was significantly (p < 0.05) reduced to
3.4 ± 0.6 and 3.9 ± 1.1 ng/mL in the COR and iCOR groups, respectively.

Differences were even more pronounced regarding the enzyme leakage of AST into
the perfusate, which amounted to 659 ± 328 U/L, 140 ± 73 U/L * and 182 ± 249 U/L *
after CS, COR, and iCOR, resp. (p < 0.05).

Tubular cell function was followed by measuring the fractional excretion of sodium
from the renal ultrafiltrate (cf. Figure 3). Large amounts of the filtrated sodium could
not be re-absorbed and were, thus, excreted with the urine in the cold storage group,
although the excretion rate slightly improved during ongoing reperfusion. In contrast,
significantly better values were observed after controlled oxygenated rewarming, and this
benefit was independent from the inclusion of a hypothermic starting period during the
rewarming protocol.
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Figure 3. Course of fractional excretion of sodium (FENa) during isolated reperfusion in vitro after
20 h cold storage (CS) or after 2 h of subsequent controlled oxygenated rewarming with (COR) or with-
out (iCOR) an initial hypothermic perfusion period (*: p < 0.05 COR vs. CS; #: p < 0.05 iCOR vs. CS).

The efficiency of oxygen utilization by the renal tissue is approximated by the ratio
between total sodium transport (TNa), accounting for the vast majority of renal energy
consumption, and corresponding oxygen consumption (VO2). Cold-stored kidneys showed
a markedly reduced TNa/VO2 ratio upon reperfusion, indicating a massively disturbed
aerobic efficiency (Figure 4A). However, this impairment of oxygen utilization efficiency
was significantly ameliorated by using one of the controlled rewarming protocols prior to
reperfusion. Again, the protective effects of both rewarming protocols were virtually identical.

Specific mitochondrial function upon reperfusion was evaluated by respiratory assays
with freshly isolated mitochondria from renal tissue at the end of reperfusion. The coupling
assay reflects the oxidative phosphorylation efficiency of mitochondria.

In line with the data on oxygen utilization efficiency at the whole organ level, mi-
tochondrial coupling efficiency was notably compromised in the CS group (Figure 4B),
whereas controlled rewarming using either the COR or the iCOR protocol resulted
in a significantly better preserved oxidative electro-chemical coupling rate at the
mitochondrial level.

Spare respiratory capacity (SRC) characterizes mitochondrial reserve to meet an
increasing energy demand in response to stress conditions. Mitochondria of only cold-
stored kidneys showed nearly no functional reserve upon warm reperfusion, whereas
mitochondria of COR or iCOR treated kidneys yielded considerably higher SRC values.

Significant differences between the two rewarming protocols regarding mitochondrial
function could not be observed in this setting (Figure 4C).

Light microscopy performed on tissue samples obtained after conclusion of the ex-
periment did not disclose any glomerular damage, with only mild alterations in either
group. However, some alterations of normal structural appearance were observed, mainly
comprising tubular cell vacuolization, which was notably less prominent after COR or
iCOR than in the cold storage group. Sporadic signs of necrosis were also observed only
after cold storage (Figure 5).
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Figure 4. Parameters of mitochondrial function upon isolated reperfusion in vitro after 20 h cold storage (CS) or after 2 h
of subsequent controlled oxygenated rewarming with (COR) or without (iCOR) an initial hypothermic perfusion period:
(A) renal aerobic efficiency reflected by the ratio of total tubular sodium transport (TNa) and oxygen consumption (VO2);
(B) OXPHOS coupling efficiency and (C) spare respiratory capacity of isolated mitochondria at the end of the 90 min
reperfusion period (*: p < 0.05 vs. CS).

   
COR iCOR CS 

Figure 5. Representative sections of kidney tissue after reperfusion subsequent to preservation by either cold storage with
controlled oxygenated rewarming (COR), instant controlled oxygenated rewarming (iCOR), or by cold storage without
controlled rewarming (CS). PAS staining, 20× original magnification. Note the reduced tubular cell vacuolization and
absence of necrosis in the groups COR and iCOR.
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4. Discussion

Gentle elevation of tissue temperature after extended periods of hypothermia during
cold preservation has been shown to favor a significantly more thorough restitution of
mitochondrial function. Concomitantly, the whole-graft outcome during early reperfusion
could be notably improved.

The latter observation is in line with previous reports, indicating controlled oxy-
genated rewarming to mitigate rewarming injury upon reperfusion in vitro [11], in vivo [10],
and in clinical kidney transplantation [13].

Our present study, however, went further. We disclosed a notable reduction in the
ratio of total sodium absorption and oxygen consumption (TNa/VO2) after cold storage
and reperfusion that was significantly ameliorated by way of gentle warming up of the
grafts prior to reperfusion. Thus, oxygen expenditure is only incompletely met by useful
endergonic metabolism. At first sight, this seems to be attributable to an increasing
uncoupling phenomenon at the mitochondrial level triggered upon warm reperfusion after
cold preservation and significantly attenuated upon only slow elevation of temperature.

Another possible explanation for the reduced TNa/VO2 ratio might relate to oxygen-
consuming cellular repair processes or resurrection of brush border microvilli [24]. Here, we
provide actual direct evidence for mitochondrial uncoupling during the early reperfusion
period after cold preservation. In addition, spare respiratory capacity, i.e., the amount of
extra ATP that can be produced by oxidative phosphorylation in case of a sudden increase in
energy demand, is largely depressed after cold storage. Hence, mitochondrial dysfunction
rather than deviant oxygen utilization is responsible for the reduced TNa/VO2 ratio.

Interestingly, controlled oxygenated rewarming is operative in preserving mitochon-
drial performance upon reperfusion after hypothermic preservation, and this effect was not
dependent on a longer hypothermic perfusion phase at the start of the rewarming protocol.
This is in ostensible contrast to previous work from others, as well as from us, which
consistently shows that a short oxygenated hypothermic perfusion prior to transplantation
effectively improves the graft’s resilience to reperfusion injury [15,16,25]. In contrast, hy-
pothermic machine perfusion partly restores energetic and metabolic tissue homeostasis
and helps to mitigate ischemia or reperfusion injury. However, even satisfactory aerobic
conditions in the cold cannot prevent the adverse effects of an abrupt thermal transition
to normothermia and a dramatic impairment of the mitochondrial respiratory control
ratio [8].

Previous comparative studies have shown that although brief hypothermic machine
perfusion improved functional outcome of cold-stored kidney [14] and liver grafts [9],
notably better protection was provided by additional controlled oxygenated rewarming.
Apparently, even energized tissue remains susceptible to the temperature paradox phe-
nomenon that incurs along with the abrupt rewarming. On the other hand, slowing down
of the rewarming process alone appears to be sufficient to allow for a graduated resumption
of subcellular, especially mitochondrial homeostasis adapted to physiological demands [7].

In clinical practice, the process of connecting the graft to the machine and starting the
ex vivo perfusion is more easily done in the cold, when hypothermia of the perfusate and
graft allows for meticulous cannulation of the vessels without danger of normothermic
tissue ischemia in the machine. Sometimes, however, limitation of the total perfusion
time on the machine may be desirable, e.g., if the recipient is readily prepared or the total
preservation time should be kept at a minimum. In these cases, it will, thus, be a suitable
measure to start the rewarming protocol in the cold but to initiate the graduated rise in
temperature immediately after organ connection has been effectuated and spare up to
30 min of perfusion in the cold.

The well-known limitations of all in vitro models also apply to our study. In contrast
to cell culture experiments, which do not allow for functional evaluation of the whole organ,
our model strictly mimics the clinical ex vivo graft perfusion and provides functional data
on early reperfusion outcome at the whole organ level. Although no long term evaluation
of graft function has been possible in the present study, nor could interferences of whole
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blood with the post-ischemic tissue be accounted for, close similarities of functional data
after COR could be found between the present study and earlier investigations in vivo [10].
Apart from this, the primary goal of the present study, i.e., to decipher the mechanistic
role of early mitochondrial dysfunction, triggered upon abrupt warm reperfusion after
cold storage and its prevention by controlled oxygenated rewarming could be sensibly
addressed by the used model.

In conclusion, our data provide evidence for mitochondrial uncoupling upon abrupt
warm reperfusion after extended cold preservation of renal rafts, which can effectively be
alleviated by controlling the rewarming process.
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Abstract: Allograft kidney transplantation, which triggers host cellular- and antibody-mediated
rejection of the kidney, is a major contributor to kidney damage during transplant. Here, we asked
whether PrC-210 would suppress damage seen in allograft kidney transplant. Brown Norway (BN)
rat kidneys were perfused in situ (UW Solution) with or without added 30 mM PrC-210, and then
immediately transplanted into Lewis (LEW) rats. 20 h later, the transplanted BN kidneys and LEW
rat plasma were analyzed. Kidney histology, and kidney/serum levels of several inflammation-
associated cytokines, were measured to assess mismatch-related kidney pathology, and PrC-210
protective efficacy. Twenty hours after the allograft transplants: (i) significant histologic kidney tubule
damage and mononuclear inflammatory cell infiltration were seen in allograft kidneys; (ii) kidney
function metrics (creatinine and BUN) were significantly elevated; (iii) significant changes in key
cytokines, i.e., TIMP-1, TNF-alpha and MIP-3A/CCL20, and kidney activated caspase levels were
seen. In PrC-210-treated kidneys and recipient rats, (i) kidney histologic damage (Banff Scores)
and mononuclear infiltration were reduced to untreated background levels; (ii) creatinine and BUN
were significantly reduced; and (iii) activated caspase and cytokine changes were significantly re-
duced, some to background. In conclusion, the results suggest that PrC-210 could provide broadly
applicable organ protection for many allograft transplantation conditions; it could protect trans-
planted kidneys during and after all stages of the transplantation process—from organ donation,
through transportation, re-implantation and the post-operative inflammation—to minimize acute
and chronic rejection.

Keywords: kidney allograft; kidney rejection; ischemia

1. Introduction

End-stage renal failure causes greater than 1.2 million deaths annually worldwide [1].
Kidney transplantation is the preferred treatment for patients with end-stage renal disease.
Over 90,000 kidney transplants are performed each year worldwide.

The transplant process, itself, induces significant cellular and organ injury to the
kidney, which reduces long-term survival of the organ. The three primary insults to a
kidney during an allograft transplant are (i) reactive oxygen and nitrogen species (ROS and
RNS)-induced damage during cold ischemia (‘cold-storage’) [2], (ii) ROS-induced damage
upon implant (‘re-perfusion injury’) [3], and (iii) post-allograft-transplant inflammation,
which triggers the innate immune response and antibody-mediated rejection (ABMR) [4].

Neutrophils and macrophages migrate into the damaged transplant within 6 h of
reperfusion and stimulate chemokine synthesis in resident dendritic cells that then activate

Biomolecules 2021, 11, 1054. https://doi.org/10.3390/biom11071054 https://www.mdpi.com/journal/biomolecules

145



Biomolecules 2021, 11, 1054

T lymphocytes and recruit adaptive immune cells. Once these immune cells infiltrate
the proximal tubule epithelial cells, they produce myeloperoxidase in neutrophils and
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in macrophages, both of
which contribute to local free radical production. These inflammatory processes lead to an
activation of the complement pathway and further cell remodeling and lysis in the kidney
allograft [5].

ABMR can occur as a result of either, or both, preformed alloantibody against the
graft or through the de novo development of donor-specific antibody (dnDSA) [5–7]. The
acute (min/days), transitioning to chronic (days/weeks), inflammatory response within
the allograft kidney, with continuous production of ROS and inflammatory cytokines, can
establish a severe, self-perpetuating response that causes kidney organ failure.

To better understand cellular and molecular pathways involved in the pathogenesis of
kidney allograft inflammation and rejection, we developed and characterized a rat model
that replicates most of the clinical criteria of innate immune response, ABMR and kidney
organ loss [8]. This model has been used to evaluate a number of novel post-allograft
transplant strategies.

The two currently acknowledged approaches for reducing the acute and long-term
immune response against the kidney allograft are: (i) to increase the chance of finding a
cross-matched donor, and (ii) to remove preexisting antibodies against the kidney allograft
using desensitization protocols [9,10].

In the work described in this manuscript, we asked whether a third approach to sup-
press acute and longer-term inflammation severity would be beneficial. We administered
the immediate-acting, free radical scavenger, PrC-210, both to the implanted allograft kid-
ney and to the recipient rat, to determine whether inflammation-associated ROS damage
could be suppressed. Though the concept of suppressing inflammation-associated ROS
in kidney transplant is not new, the use here of the new, immediate-acting PrC-210 ROS
scavenger is. Both immediate and chronic scavenging and inactivation of inflammation-
generating, and generated, free radicals within the newly transplanted allograft kidney
would significantly enhance the existing strategies to suppress allograft rejection and
would provide another pathway to reduce post-transplant kidney cell damage, and with it,
suppress Delayed Graft Function to improve survival of the kidney allograft.

PrC-210 is a new small-molecule, aminothiol, free radical scavenger [11]; it has no
measurable nausea/emesis nor hypotension side effects [12]. Unlike traditional antioxi-
dants that act indirectly over hours to days via NrF-2 to activate expression of protective
genes [13], PrC-210 directly scavenges ROS to confer 100% protection in seconds [11]. PrC-
210 was the most potent of the 13 commonly studied “antioxidants” screened in an assay
that scored the ability of molecules to prevent x-ray-induced damage to naked DNA; the
majority of the tested “antioxidants” showed no protection [14,15]. In a related assay,
addition of PrC-210 30 s before a 60 s pulse of •OH to naked DNA provided complete
protection against the •OH insult that induced >95% DNA damage in unprotected con-
trols [16]. In two previous rodent kidney transplant studies [16,17], PrC-210 was shown to
suppress ROS-induced kidney damage induced during (i) 30 h cold storage [17] and (ii)
reperfusion injury upon implant [16] to background levels, thus removing two substantial
sources of injury to the transplanted kidneys. The PrC-210 molecule has also been shown
to suppress free radical-induced injury in several other organ settings [15,18]. Thus, we
hypothesized that PrC-210 should also be able to protect an allograft against oxidative
stress that is generated by BOTH (i) cellular- and (ii) antibody-mediated rejection processes
that produce free radicals as a byproduct.

To explore this hypothesis, we developed a new rat model which avoided the induction
of major ischemic and reperfusion events, and administered PrC-210 both pre- and post-
implantation. Brown rat kidneys were flushed with UW solution containing PrC-210 and
immediately transplanted into syngeneic Lewis rat recipients. Cold ischemic time was
virtually eliminated. Immediately following implant, and for 8 h following kidney implant,
recipient rats received systemic PrC-210 injections at doses that would enable continuous
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free radical-scavenging within the transplanted kidney. Transplanted kidneys and blood
plasma were then harvested 20 h following transplant to enable measurement of both
PrC-210-conferred (i) suppression of inflammatory byproducts and (ii) kidney protection.

2. Materials and Methods

2.1. Animals

Adult (200–250 g) male Lewis and BN rats were purchased from Envigo (Indian-
napolis, IN, USA) and housed in the animal care facility at the University of Wisconsin in
Madison, WI, USA. All procedures were performed in accordance with the Animal Care
and Use Policies at the University of Wisconsin. Animal health maintenance, including
animal deaths, room temperature, 12 h light/dark cycles, and cage cleaning, among other
sanitation duties, were performed daily by animal care staff. Food and water were avail-
able ad libitum. This research was prospectively approved by School of Medicine and
Public Health Institutional Animal Care and Use Committee at the University of Wisconsin
(Animal Protocol #M005204). All groups contained 4–6 animals.

2.2. Materials

Synthesis of the PrC-210 HCl aminothiol, a preclinical molecule, was described sepa-
rately [19,20]. PrC-210 HCl crystals (3-(methylamino)-2-(methylaminomethyl)propane-1-
thiol) are stored under a nitrogen atmosphere at −20 ◦C, and even with routine thawing,
use, and re-storage, crystalline PrC-210 is completely stable for greater than 4 years by
mass spectrometry analysis. Other chemical reagents were obtained from Sigma Aldrich
(St. Louis, MO, USA). UW Organ Preservation Solution was purchased from Bridge to Life,
Columbia, SC, USA.

2.3. Surgical and Experimental Procedure

The transplant procedure used in these experiments is shown in Figure 1. In the BN
donor rat, after double ligation of the aorta, ligation of the right renal artery and vein,
and surgical section of the left renal vein, the left rat kidney was perfused in situ using
5 mL of room temperature UW Solution (over a 15 s period). The perfusate was either
UW Solution alone (for the “0 h” and the “20 h No Treatment” groups), or UW Solution to
which crystalline PrC-210, to achieve 30 mM [17], had been added, dissolved immediately,
and then pH adjusted to the starting UW Solution pH of 7.4 by adding 0.0619 μL 5N
NaOH per μmol of PrC-210 HCL salt (FW: 220). The half-life of PrC-210 thiol (active
form) is approximately 3.5 h in physiologic pH solutions such as UW Solution and human
blood [14]. Following in situ perfusion, the left BN kidney was surgically removed and
then sutured by blunt anastomosis of vessels and ureter into the vacated left kidney site
of the LEW recipient rat. The right LEW kidney was ligated and removed immediately
before. Five minutes after surgical closure of the LEW rat, the rat received a systemic
PrC-210 dose (121 ug PrC-210 HCl per gm body weight, which equals 0.24 X Maximum
Tolerated Dose) by intraperitoneal injection. As shown in the Figure 1 schematic, the
rat also received intraperitoneal injection doses of PrC-210 (0.24 MTD) at +4 h and +8 h
following the transplant. Rats were euthanized at +20 h following transplant, and kidneys
and plasma samples were collected for analysis. There were a minimum of five rats in each
treatment group.

2.4. Serum BUN and Creatinine Measurements

BUN and creatinine were measured in serum samples using the Catalyst One Analyzer
Technology (IDEXX Laboratories, Westbrook, ME, USA).
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Figure 1. Experimental schematic showing surgery and PrC-210 administration times for the BN rat kidney transplants into
LEW rats. LT (left), RT (right), MTD (maximum tolerated dose), and IP (intraperitoneal).

2.5. Enzyme-Linked Immunosorbent Assays

Assays were performed as described in the ELISA kit protocols (Rat TIMP-1, Cat# RTM-
100; Rat MIP3-A, Cat# DY540; Rat TNF-alpha, Cat# RTA00; R&D Systems, Minneapolis,
MN, USA). Briefly, dilutions of rat plasma were added to precoated plates, incubated for
2 h at 37 ◦C. Biotin-conjugated antibody specific for the assayed protein was then added
and incubated for 1 h at 37 ◦C, washed, avidin-conjugated horseradish peroxidase was
added, followed by washing and TMB substrate addition. The reaction was incubated for
10–30 min, stopped with sulfuric acid and read at 450 nm.

2.6. Proteome Profiler Rat Cytokine Array

Assays were performed essentially as described in the product protocol. Briefly,
plasma was incubated with nitrocellulose membranes spotted with capture and control
antibodies. After incubation, the membranes were washed and incubated with streptavidin
HRP. In a deviation from protocol, we utilized SuperSignal West Femto (ThermoFisher,
Madison, WI, USA; Cat# 34094) for chemiluminescent detection, as it gave a stronger signal.
Blots were visualized on a FotoDyne gel doc system.

2.7. Histology

Formalin-fixed (10% formalin), paraffin-embedded, kidneys were cut into 5 um sec-
tions. Slides were deparaffinized, rehydrated from xylene through a graded ethanol
series to water and subsequently treated as described below. Slides were scanned using a
20× objective in an Aperio Digital Pathology Slide Scanner. All H&E slides were reviewed
by Dr. Weixiong Zhong, MD, PhD, transplant pathologist, and scored for ptc, glomerulitis
(g), vasculitis (v)/intimal arteritis, interstitial inflammation (i) and C4d staining, according
to Banff 2009 [21].

Separately, slides were assigned a blinded number, and non-overlapping digital
images of renal tubules were taken at the interface between the medulla and the cortex
from each H/E slide. Care was taken to not include large vessel lumens and glomeruli.
Automated quantification of red and blue pixels in each 10× kidney image was performed
using a custom macro written in ImageJ software (https://imagej.nih.gov/ij/index.html
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accessed on 13 April 2021). Red pixels reflected proximal tubular thickness including brush
border. Nuclei were quantified in the blue channel. The ratio of blue nuclear pixels to red
tubules provided an Inflammatory Infiltration Score for the white blood cell infiltration in
the post-transplant kidneys. Scores were averaged and plotted using Graphpad Prism.

2.8. Activated Caspase Enzyme Activity

Activated caspase 3 and 7 activity in kidney homogenate supernates was determined
using the Apo-ONE fluorescent substrate (Promega, Madison, WI, USA) [16]. Briefly,
thawed kidneys were mixed with an 8-fold excess of lysis buffer containing 50 mM Na
HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10 mM DTT, 10% glycerol and homogenized at
4 ◦C for 30 s with an Omni tissue homogenizer. The kidney homogenate was centrifuged at
4 ◦C (16,000× g) in an Eppendorf microfuge for 20 min. The supernates were immediately
assayed for caspase activity, and protein content by the Bradford method using bovine
serum albumin as the standard. The activated caspase assay was performed as follows:
5 μL supernate (~40 μg of supernate protein) was diluted to a total volume of 50 μL with
the above lysis buffer, was mixed with 50 μL of the undiluted Apo-ONE substrate in the
well of a black, opaque, 96 well plate to initiate the 60 min reaction. Plates were shaken at
200 RPM at 37 ◦C for 60 min. The DEVD caspase substrate peptide cleavage was measured
using a BMG Clariostar fluorescent plate reader at an excitation wavelength of 499 nm and
an emission wavelength of 521 nm. A caspase standard was included in each experiment.

2.9. Rat Kidney Mitochondria

The purified mitochondrial fraction was prepared from homogenized rat kidneys by
a standard centrifugation technique [22]. The purified mitochondria were suspended in
0.15 M Tris HCl buffer, pH 7.4.

To determine whether the addition of exogenous PrC-210 suppresses ROS-induced
fragmentation of mitochondrial DNA [22], in a 25 μL reaction volume (in a PCR tube), we
added: 10 μL purified mitochondria, 5 μL PrC-210 dilution or water (PrC-210 was added
10 min before the Fe++ + ADP +H2O2 •OH generator), and 10 μL containing FeCl2 (2.5 mM;
FW:127), adenosine 5′-diphosphate sodium salt (10 mM; FW: 427) and H2O2 (0.003% final
concentration). After 20 min at 37 ◦C, 10 μL of the reaction was mixed with 5 μL of 6× gel
loading dye containing 0.3% SDS; tubes sat in 60 ◦C water for 1 min, 10 ul was then loaded
into a well of a 1% agarose TAE gel, and after 60 min at 60 volts, gels were stained and
photographed. A minimum of three replicates were done for each assay point to enable
statistical comparison.

2.10. Statistical Analysis

Data are expressed as the means +/− STDs. Student’s t-tests were used to determine
statistical difference and p values using GraphPad Prism 7.03 software. p-values less than
0.05 were considered significant.

3. Results

3.1. PrC-210 Suppression of Kidney Allograft Pathology

At 20 h post-transplant, the histology of the transplanted BN kidneys (Figure 2A–D)
treated with UW Solution alone clearly showed increased Banff scores for tubulitis and
peritubular capillaritis (red and yellow arrows); the summed pathology scores are shown
in panel E. BN kidneys perfused with PrC-210-containing UW Solution and receiving post-
implant intraperitoneal systemic doses of PrC-210 (Figure 2D) showed clearly suppressed
inflammatory pathology to the kidney and suppressed Banff scores for tubulitis and
peritubular capillaritis equal to Banff scores of the “0 h” control BN group (Figure 2E).
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Figure 2. Histology of (A) BN kidney upon removal from BN rat. (B–D) BN kidneys 20 h following
transplant into LEW rats. The “20 h” control kidneys (B,C) were flushed with room temperature UW
Solution prior to transplant, and +PrC-210 kidneys (D) were flushed with room temperature UW
Solution containing 30 mM PrC-210 prior to transplant, and recipient LEW rat also received three
intraperitoneal systemic PrC-210 doses in the eight hours following transplant. Panel (B) red arrows
highlight tubulitis pathology, and Panel C yellow arrows highlight peritubular capillaritis pathology.
Panel (E) shows summed tubulitis and peritubular capillaritis severity scores for three kidneys in
each of the indicated groups.

The “20 h” histology of the BN kidneys only flushed with UW Solution showed a
significantly reduced thickness of the renal tubule brush border epithelium (Figure 3B)
in comparison to the “0 h” control BN kidneys just removed from a BN rat (Figure 3A).
The histology of BN kidneys receiving PrC-210 via both the perfusing UW Solution and
intraperitoneal injections, clearly showed a preserved integrity of the renal tubular brush
border (Figure 3C).

The same blinded histology sections were examined for mononuclear white cell
infiltration. BN kidneys at 20 h only flushed with UW Solution showed a significant
increase in the number of blue nuclei (scored as blue pixels), which reflects the infiltration
of mononuclear white blood cells. In contrast, mononuclear infiltration in the BN kidneys
flushed and treated with PrC-210 was significantly suppressed versus the untreated BN
kidneys (p = 0.011) and the Inflammatory Infiltration Score was statistically the same as the
0 h control group (Figure 3D).

Serum creatinine and serum BUN were also measured to assess function in the BN
allograft kidneys 20 h after transplant (Figure 4).
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Figure 3. (A–C) Kidney histology 20 h following transplant. Operator randomly collected sample
images of renal tubules from each of the indicated kidney groups in panels (A–C). Then, using an
ImageJ macro (see Methods), H/E images (e.g., Figure 3 panels (A–C)) were analyzed, and above-
threshold pink or blue pixels were selected and enumerated, and their ratio was then calculated and
plotted to provide an estimate of kidney white blood cell infiltration (Panel (D)). In Panel (D), a,b,c
designations are used to enable statistical comparisons between groups.

Figure 4. Effects of PrC-210 administration on kidney function 20 h after transplant of the BN kidney
into a LEW rat. Rats either received no PrC-210 (“20 h”) or three IP PrC-210 injections in the 20 h
period following transplant (“20 h + PrC-210”), before recipient rat was euthanized and serum was
collected. Serum BUN and creatinine levels were determined as described in Methods. p values are
indicated. a,b,c designations are used to enable statistical comparisons between groups.

Administration of PrC-210 conferred significant reductions in both the creatine (p = 0.032)
and BUN (p = 0.046) kidney damage markers.

3.2. Activated Caspase Levels in Post-Transplant Kidneys

Levels of activated caspase in BN kidney homogenates were significantly reduced in
BN allograft kidneys that were not exposed to PrC-210 treatment during the 20 h following
transplant (Figure 5). Perfusion of BN kidneys with PrC-210-containing UW Solution
and transplant into Lewis rats that received systemic PrC-210 doses resulted in the same
activated caspase activity to that seen in the “0 h” control kidneys.
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Figure 5. Caspase activity in post-transplant kidneys. Kidney supernatant activated caspase activity
was measured enzymatically as described in Materials and Methods in a 60 min reaction. a,b,c
designations are used to enable statistical comparisons between groups.

3.3. Inflammatory Cytokine Levels Following BN Kidney Allograft

In screening experiments, kidney homogenate supernates from 0 h controls and 20 h
No Treatment kidneys were screened with the Proteome Profiler 29 cytokine array to detect
altered, inflammation-associated, cytokine and chemokine expression levels 20 h post-
transplant. As shown in the two Figure 6 microarray insets, changes were seen in TIMP-1,
TNF-alpha and MIP-3a/CCL20. Individual ELISA plates were then used to quantify these
changes in kidney homogenates and sera, now including rats treated with PrC-210 as
well. Both TIMP-1 and TNF-alpha levels were increased 20 h post-transplant, and in both
cases, their levels were decreased in the presence of PrC-210 (Figure 6A–C). MIP-3a/CCL20
levels were increased at 20 h, but they increased significantly higher in PrC-210-treated
rats (Figure 6D).

3.4. PrC-210 Protection of Rat Kidney Mitochondria

Sustained mitochondrial function during and after kidney transplant is required for
survival of the transplanted organ. ROS generated during transplant-associated ischemia,
ischemia-reperfusion, and post-implant inflammation can all affect kidney mitochondrial
performance and survival. Because of the important mitochondrial role, we isolated mito-
chondria from rat kidneys and determined whether PrC-210 at achievable pharmacologic
concentrations could protect these organelles from an ROS insult.

In Figure 7, purified rat kidney mitochondria incubated with an •OH generator [23].
Following the brief reaction, we saw significant ROS fragmentation of rat kidney mitochon-
drial DNA. Following the ROS insult, an aliquot of the mitochondria was solubilized in
SDS-containing gel-loading buffer, and mitochondrial DNA was separated and “sized”
using agarose gel chromatography (Figure 7). The ROS insult clearly reduced the mean size
of the rat kidney mitochondrial DNA (lane b), and addition of PrC-210 to the mitochondria
prevented the DNA breakage (lanes c–g) in a PrC-210 concentration-dependent manner.
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Figure 6. Effect of PrC-210 administration on serum and kidney homogenate cytokine levels 20 h after transplant of the BN
kidney into a LEW rat. (A,B) TIMP-1, (C) TNF-alpha and (D) MIP-3A/CCL20 levels were determined by ELISA analysis.
Serum collection and transplanted BN kidney harvest and homogenization were done as described in Methods. p values are
indicated. a,b,c designations are used to enable statistical comparisons between groups.

Figure 7. Suppression of hydroxyl radical-induced rat kidney mitochondrial DNA fragmentation by
PrC-210 in a dose-dependent manner. Ten minutes before addition of the hydroxyl radical generator,
PrC-210 was added to the incubations at the indicated concentrations. Following 20 min incubation
at 37 ◦C, a reaction aliquot (10 μL) was mixed with 0.1% SDS loading dye and heated to 60 ◦C (1 min).
Electrophoresis was performed, and gels were stained with ethidium bromide.

4. Discussion

Allograft kidney transplantation, which triggers innate host cellular- and antibody-
mediated rejection of the kidney, is a major contributor to short and long-term kidney
damage during transplant, and the associated Delayed Graft Function seen in up to 50%
of transplanted kidneys. We undertook this study to determine whether PrC-210 would
be effective in suppressing the severity of the damage induced following allograft kid-
ney transplant in a rat model that largely eliminates transplant ischemic time and its
associated oxidative stress. Our assumption was that this approach should allow us to
see the impact of PrC-210 on the post-transplantation inflammation insult with minimal
ischemia interference.

The increase in TNF-alpha and substantial mononuclear infiltration demonstrate
that allograft kidney transplantation induces pronounced acute inflammation in the 20 h
after transplantation, and this was correlated with the damage of the kidney tubular cells
seen in the kidney histology (Banff Scores). TNF-alpha is mainly produced by activated
macrophages and is a cell signaling protein involved in acute inflammation. It is closely
associated with the pathogenesis of acute and chronic allograft rejection [24].
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In contrast to the above findings in non-treated BN kidneys, PrC-210 given as part of
the UW Solution and administered systemically in the post-transplant rats reduced both
TNF-alpha level and kidney infiltration by mononuclear cells, which are both signs of
reduced acute inflammation. PrC-210 reduced the kidney damage as seen in the histological
kidney injury scores (Banff Scores) to untreated background levels and lowered levels of
both kidney pathology functional scores, creatinine and BUN.

Inflammation in untreated BN kidneys was associated with an increase in both TIMP-1
and MIP-3A/CCL20. By comparison, we saw that PrC-210 treatment significantly reduced
the TIMP-1 level and significantly increased the MIP-3A/CCL20 level.

Tissue inhibitor of metalloproteinase-1 (TIMP-1) is an important regulator of extra-
cellular matrix (ECM) synthesis and degradation. Excess ECM accumulation is the main
pathological mechanism of fibrosis development during and after acute kidney injury.
There is essentially no expression of TIMP-1 in normal kidney tissue [25], an observation
which is corroborated in our Figure 6A,B, but TIMP-1 is known to be expressed in injured
kidneys, mainly in renal tubular epithelial cells, renal tubular basement membrane and the
cytoplasm of interstitial cells. Increased TIMP-1 expression was positively correlated with
the simultaneous deterioration of renal function [26]. Rats treated with PrC-210 showed a
profound reduction in TIMP-1 levels (p = 0.001), both in kidney homogenate and plasma;
this implies that PrC-210 exerts a strong protective effect against transplantation-induced
reorganization of the kidney extracellular matrix.

The chemokine MIP-3a/CCL20 activates the CCR6 receptor, which is expressed es-
pecially on regulatory T-cells (Tregs). CCL20 is expressed by tubular endothelial and
interstitial cells and is also upregulated in kidneys with acute kidney injury. The CCL20–
CCR6 pathway plays a vital role in Treg-mediated T-cell recruitment to the kidney, and
Tregs have been described to have a positive role in kidney repair, transplant tolerance,
and kidney survival. Both antibody blocking of the CCL20–CCR6 pathway, as well as the
use of CCR6-deficient mice in acute kidney injury experiments, were shown to increase the
severity of kidney failure and mortality [27]. This suggests, that clinically, CCL20–CCR6
pathway enhancement and Treg activation may be a possible therapeutic route to limit
acute and chronic kidney injury [28]. In our study (Figure 6D), the MIP-3a/CCL20 level
was significantly higher in PrC-210-treated rats than in untreated rats. We speculate that
this is one of the reasons for both the (i) significantly lower recruitment of mononuclear
cells to kidneys (Figure 3C) and (ii) the significantly reduced kidney damage (Figure 2) in
the PrC-210-treated rats.

Normal kidney mitochondrial function, and importantly, insults to it during the
kidney storage, implant, and post-implant inflammation steps are significant determinants
of ROS injury, and kidney failure during transplant. It was thus significant that PrC-210
was shown to confer complete suppression of mitochondrial DNA fragmentation (Figure 7)
at concentrations (2–4 mM) that have been achieved in the plasma of both mice and rats
that were given either intraperitoneal or oral systemic 0.5 MTD doses of PrC-210 that were
tolerated with no detectable toxicities [29].

In our earlier kidney transplant-related studies [16,17], we saw substantial increases
in activated caspase in kidneys exposed to “cold ischemia” and “ischemia-reperfusion”
injury. These ischemia-induced insults to the kidneys were reduced to background by
treatment with PrC-210 (Figure 8). In the studies of this manuscript (Figure 5), in which cold
ischemia and ischemia-reperfusion were essentially eliminated by immediate transplant,
there was no increase in activated caspase in transplanted kidneys. Rather, activated
caspase was significantly reduced at +20 h in “No Drug Treatment” controls, and PrC-210
treatment completely eliminated this caspase reduction in +20 h rats and kept the caspase
level stable. Our interpretation of these interesting results is that absent any significant
ischemia-induced free radical insult through ROS and RNS to the post-transplant kidneys,
there is no associated cell death and apoptosis markers like activated caspases. Rather,
in these allograft kidney transplants, inflammatory signals from newly expressed cyto-
and chemokines now regulate cell metabolism, which includes influencing the apoptosis
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pathway. The literature describes that overexpression of TIMP-1 leads to suppression of
apoptosis [26]. Our caspase results (Figure 5) support this described TIMP-1 effect, and
they imply that TIMP-1 is important in regulating the pathophysiology of cell damage after
kidney allograft transplantation. In corroboration of the earlier PrC-210 suppression of
TIMP-1 expression (Figure 6A,B), PrC-210 treatment completely ablated the caspase change,
keeping the caspase levels at the same level seen in the control “0 h” kidneys. Because the
reduced PrC-210 serum TIMP-1 levels at +20 h (Figure 6B) accurately reflect the significant
suppression of allograft: (i) apoptosis (Figure 5), (ii) histologic pathology (Figures 2 and 3)
and (iii) inflammatory cell infiltration (Figure 3), we expect that monitoring serum TIMP-1
levels in human kidney allograft recipients will be a logical way to monitor PrC-210 clinical
efficacy in future clinical trials.

Figure 8. Schematic summarizing PrC-210 efficacy in suppressing each of the three organ insults that occur during kidney
transplantation.

In our work to date [16,17], we have shown that PrC-210 is able to protect transplanted
kidneys against both the cold-ischemia and ischemia-reperfusion insults. In this study, we
now see that PrC-210 also protects allograft kidneys from the non-ischemia inflammatory
insults that occur after kidney implant. PrC-210 significantly reduces levels of acute
inflammatory cytokines, such as TNF-alpha, and suppresses expression of the TIMP-1
chemokine. Both of these events, and potentially, further supported by additional CCL20
expression, would be expected to: (i) reduce allograft kidney damage, (ii) suppress T-cell
recruitment to the kidney, and (iii) suppress activation of the innate and adaptive immune
system. In Figure 8, we summarize these findings to support the role that we feel PrC-
210 can play in human kidney transplantation; it suppresses: (i) cold ischemia reactive
oxygen species (ROS) and reactive nitrogen species (RNS) damage to background [17],
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(ii) ischemia-reperfusion ROS damage to background [16], and (iii) allograft inflammation
damage substantially, in some cases, to background.

Since the primary PrC-210 mechanism of action for PrC-210 is scavenging oxygen and
nitrogen free radicals, this implies that these free radicals are an important contributor to the
kidney damage seen in non-ischemic conditions, i.e., the allograft-associated inflammation
studied in this manuscript.

In summary, this suggests that PrC-210 could provide broadly applicable organ pro-
tection for many allograft transplantation conditions; it could protect transplanted kidneys
during and after all stages of the transplantation process—from organ donation, through
transportation, re-implantation and the post-operative inflammation—to minimize acute
and chronic rejection.
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Abstract: Mitochondria are essential organelles in physiology and kidney diseases, because they
produce cellular energy required to perform their function. During mitochondrial metabolism,
reactive oxygen species (ROS) are produced. ROS function as secondary messengers, inducing
redox-sensitive post-translational modifications (PTM) in proteins and activating or deactivating
different cell signaling pathways. However, in kidney diseases, ROS overproduction causes oxidative
stress (OS), inducing mitochondrial dysfunction and altering its metabolism and dynamics. The
latter processes are closely related to changes in the cell redox-sensitive signaling pathways, causing
inflammation and apoptosis cell death. Although mitochondrial metabolism, ROS production, and
OS have been studied in kidney diseases, the role of redox signaling pathways in mitochondria has
not been addressed. This review focuses on altering the metabolism and dynamics of mitochondria
through the dysregulation of redox-sensitive signaling pathways in kidney diseases.

Keywords: acute kidney injury (AKI); chronic kidney disease (CKD); tricarboxylic acid (TCA) cycle;
mitochondrial metabolism; mitochondrial redox signaling; mitochondrial proteins; oxidative phos-
phorylation (OXPHOS); fatty acid (FA) β-oxidation; mitochondrial dynamics; biogenesis; mitophagy

1. Introduction

Kidney diseases are a severe health problem that causes high economic costs world-
wide in medical attention, emergency, therapies, among others [1,2]. These are divided
into acute kidney injury (AKI) and chronic kidney diseases (CKD). AKI encompasses a set
of pathologies characterized by the rapid loss of renal function in a short period [3]. AKI is
often caused by the use of chemotherapeutics agents such as cisplatin, episodes of renal
ischemia/reperfusion (I/R), and exposure to contaminants [4]. AKI is associated with high
morbidity and mortality, contributing to CKD development and affecting approximately
between 7% and 12% of the world [5]. CKD cause renal fibrosis development [6–8]. The
latter comprises an unsatisfactory repair process and is the consequence of severe and
persistent damage that does not restore organ function [9]. Renal fibrosis, in turn, is one of
the principal mechanisms involved in AKI to CKD transition [5].

Mitochondria are responsible for several cell functions such as cell growth, cell sur-
vival, and apoptosis induction, playing a significant role in kidney physiology and the
development of kidney diseases. Mitochondria also coordinate the biosynthesis of lipids,
amino acids, and nucleotides and bioenergetics processes such as tricarboxylic acid (TCA)
cycles, electron transport systems (ETSs), and fatty acids (FA) β-oxidation [10]. During
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these processes, reactive oxygen species (ROS) are produced. Low levels of ROS are needed
to regulate cellular signaling, but an excess of ROS induces oxidative stress (OS). OS causes
oxidative damage in organelles including mitochondria and biomolecules, such as proteins,
lipids, and deoxyribonucleic acid (DNA), which may be conducive to cell death. Indeed,
OS is associated with AKI development and its transition to CKD, where mitochondria dys-
function is the principal characteristic of both [11,12]. Although mitochondrial metabolism,
ROS production, and OS have been studied in kidney diseases, the role of redox signaling
pathways in renal mitochondria impairment is not well understood. This review focuses
on altering the metabolism and dynamics of mitochondria through the dysregulation of
redox-sensitive signaling pathways in kidney diseases.

2. Redox-Sensitive Signaling in Kidney Diseases

ROS at low levels act as secondary messengers, activating signaling pathways and cel-
lular enzymes and regulating several cellular processes such as cell proliferation, survival,
and growth [13]. Among the plethora of ROS, hydrogen peroxide (H2O2) and nitric oxide
(•NO) are the central redox signaling agents [13–16]. These ROS induce oxidative post-
translational modifications (Ox-PTMs) in proteins that contain redox-sensitive amino acid
residues, regulating their structure, localization, and function [17,18]. These redox-sensitive
amino acids are arginine (Arg), cysteine (Cys), histidine (His), lysine (Lys), methionine
(Met), proline (Pro), threonine (Thr), and tyrosine (Tyr) [19,20]. However, Cys and Met are
most prone to be attacked by ROS. These amino acids contain oxidizable sulfur groups
on the side chains, of which the oxidation states depend on the redox microenvironment
changes [13]. Thus, the protein function is regulated by the oxidate states of these amino
acids [21,22].

Cys residues perform structural functions, such as the assembly of iron-sulfur (Fe-S)
groups, heme prosthetic groups, and zinc finger motifs and are essential in the active sites of
enzymes. The sulfur in Cys is a large, polarizable, electron-rich atom. These characteristics
give it high reactivity and the ability to adopt multiple oxidation states. In addition, pKa
influences the formation of the nucleophilic thiolate anion (S−). Because the surrounding
milieu influences pKa, the thiol (SH) protonation form of Cys depends on the cellular
microenvironment. For example, at physiological pH (pH 7.3), the pKa of Cys is 8.3, which
means that Cys is in a protonated and less reactive state [23]. However, if the cellular
microenvironment becomes alkaline (pH < 7.8), Cys can adopt a deprotonated state S−.
Note that positively charged amino acids adjacent to Cys can substantially decrease the pKa
of SH. Furthermore, the presence of other contiguous positive charges, such as the positive
partial charge of a dipole, can also reduce the pKa of Cys, making them more reactive [24].
On the other hand, since Cys oxidation reactions are predominantly bimolecular nucle-
ophilic substitution (SN2) reactions in the protonated form, steric hindrance can prevent
Cys oxidation [25]. In this way, in the steric hindrance, the surrounding amino acids and
redox microenvironment will determine whether a Cys will be reactive to undergo redox
modification, dictating selectivity for SH modification. Therefore, there is a wide range of
Ox-PTMs that also depend on the present electrophiles. For example, H2O2 oxidizes SH,
with an oxidate state of −2, in an oxidative microenvironment, producing sulfenic acid
(R–SOH) with an oxidate state of 0 [26]. R-SOH can react with proximal SH groups to form
disulfide bonds (S–S), with a −1 oxidate state or s-glutathionylation (R-SSG) by reacting
with glutathione (GSH) (Figure 1) [27,28]. This reaction is reversed by glutaredoxin (Grx).
However, under OS, R-SOH forms sulfinic acid (R–SO2H) with a +2 oxidate state or sul-
fonic acid (R–SO3H) with a +4 oxidate state. The latter is not enzymatically reversible [29].
R–SOH can also be condensed with another R–SOH to form thiosulfinate [R–S(O)–S–R’].
R–S(O)–S–R’, in turn, reacts with amine or amide groups to form sulfenamide (R–SN–
R’) [30]. Additionally, Cys can suffer from other modifications such as S-nitrosylation and
persulfonation. Regarding S-nitrosylation, it comprises the •NO covalent link to the thyil
radical (R–S•) to form S-nitrosothiol (R–SNO), [31] and in persulfonation, the hydrogen
sulfide (H2S) reacts with R–S• to form persulfide (R–S–SH) [20].
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Figure 1. Reactive oxygen species (ROS) induce modifications in cysteine (Cys) and methionine (Met) residues. (A) ROS
oxidize Cys residues in its thiol form, named thiol (SH) protein, forming (1) intermolecular bonds, (2) reversed by thioredoxin
(Trx), or (3) S-glutathionylation (R–SSG). R–SSG can be reversed by (4) the glutaredoxin (Grx) enzyme, acquiring a sulfenic
(R–SOH) form. Moreover, (5) R–SOH is formed through oxidation by H2O2 from SH. If oxidation continues, R–SOH forms
(6) sulfinic (R–SO2H) or (7) sulfonic (R–SO3H); the last is irreversible. Furthermore, R–SOH can condense with another
R-SOH to form (8) disulfide bonds (R–S–S–R’) or (9) thiosulfinate [R–S(O)–S-R]. The latter can react with amide groups
(–NH2), forming (10) sulfenamide (R–SN–R′). At the alkaline cellular microenvironment (pH > 7.8), R-SH proteins are
deprotonated, forming (11) thiyl proteins (–S•). The latter can react with hydrogen sulfide (H2S) to form (12) persulfide
(RSSH) by persulfination (R–S–S–H). –S• can also react with nitrosothiol (•NO), forming S-nitrosothiol (RSNO). (B) Met
residues are oxidized to form (1) methionine sulfoxide [MetO (R–SOCH3)], reversed by (2) methionine sulfoxide reductase
(Msr). However, if oxidation persists, MetO is further oxidized by H2O2 to (3) methionine sulfone [MetO2 (RSO2CH3)],
which is irreversible. H2O2: hydrogen peroxide; HS•: hydrosulfide radical. Created with BioRender.com.

On the other hand, Met residues are oxidated by H2O2, generating methionine sulfox-
ide [MetO (R–SOCH3)] [32]. This oxidation is reversed by methionine sulfoxide reductase
(Msr). However, if OS persists, MetO is transformed into methionine sulfone [MetO2
(RSO2CH3)], an enzymatically irreversible product [33].

The alkalinization of the mitochondrial matrix is due to pumping protons from the
matrix into the intermembrane space (IMS). It has a tremendous impact on the potential
reactivity of Cys, because alkalinization induces Cys protein residues to exist in an ionized
state, which gives them a higher reactivity for ROS oxidation. Thus, mitochondria harbor a
unique environment that promotes Cys modification.

As mentioned, there are Ox-PTMs classified as enzymatically reversible and irre-
versible. Ox-PTMs are reversible by thioredoxin (Trx), peroxiredoxin (Prx), Grx, glutathione
peroxidase (GPx), Msr isoform A (MsrA), or the GSH [34,35]. Since reversible Ox-PTMs
have enzymatic systems that remove oxidations, they are considered part of cellular signal-
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ing processes [34]. In contrast, irreversible ROS modifications are not considered part of
cell signaling, because they do not have enzymatic reduction mechanisms [18].

Regarding cysteine persulfidation, it is a reversible Ox-PTM modification of SH to
RSSH, which can be formed by reacting with H2S, more precisely HS−, and oxidized
protein thiols, reaction between inorganic polysulfides and protein thiolates, and radical
reaction by other reactive sulfur species [24]. Persulfidation regulates fine tune protein
function, localization and interaction in cells [36]. It also modulates biological processes,
including autophagy, cellular metabolism, inflammation, cell cycle, and cell death under
physiological and pathological contexts [37]. It has been shown that the Cys’ architecture
and spatial arrangement determine if the residue can be persulfonated and the effect on
protein function. Allosteric impediments protect Cys residues from being oxidized under
SOH, preventing permanent damage and preserving protein function. Likewise, in a
reduced environment, this Ox-PTM is reversed [38]. Additionally, persulfonation depends
on ROS levels in the cells. The latter is supported, because the transient ROS increase
might augment oxidized Cys forms (SOH and S–S), highly reactive to H2S [39]. Thus, the
reversibility of this Ox-PTM relies on Cys residues and the cellular microenvironment.

Ox-PTMs inactivate numerous proteins that contain Cys groups, such as protein
tyrosine phosphatases (PTPs). The inactivation of PTPs prevents the deactivation of protein
tyrosine kinases (PTKs), maintaining the activation of cell signaling pathways, such as
mitogen-activated protein kinases (MAPK), promoting cell proliferation [40]. In addition,
ROS such as H2O2 have also been shown to promote Cys oxidation and the formation of S–S
in proteins such as growth factor receptors (GFRs), inducing their activation and cell growth.
Since oO-PTMs regulate cellular functions involving cell proliferation, growth, migration,
differentiation, and death, the concentration of ROS must be balanced to maintain cell
homeostasis and prevent kidney diseases [13].

In kidney physiology, 25% of mitochondrial Cys in proteins can suffer nitrosyla-
tion, and around 70% of these proteins depend on the activity of endothelial nitric oxide
synthase (eNOS) [41]. These nitrosylations are protective in the kidneys. For instance,
Zhou et al. [42] reported that in I/R, the denitrosylase enzyme aldo-keto reductase family
1 member A1 (AKR1A1) is associate with kidney damage. In contrast, its deletion is pro-
tective in this organ. The authors also found that S-nitroso-coenzyme A (CoA) reductase
induces pyruvate kinase isoform M2 (PKM2) nitrosylation, inhibiting its activity. This
nitrosylation favors the pentose phosphatase pathway instead of glycolysis. The latter
reduces equivalents increase, attributed to ROS detoxification, which has a protector effect
during I/R [42]. S-glutathionylation is also a protective Ox-PTM in renal mitochondria [43].
In the kidneys, the reduction of mitochondrial protein S-glutathionylation induced by
folic acid is associated with acute kidney damage [44]. The latter has been demonstrated,
because of glutathionylated proteins decrease and the levels of GSH and the activity of
the enzymes involved in S-glutathionylation in the mitochondria 24 h (h) after treatment
with folic acid [44]. In the cisplatin-induced AKI model, the reduction of Met is a protec-
tive Ox-PTM, since MsrA deficiency exacerbates cisplatin-induced damage by increasing
mitochondrial susceptibility [45]. Furthermore, mice MsrA−/− are more sensible to kidney
injury induced by I/R [46]. The deficiency of MsrA, cystathionine-β-synthase (CBS), and
cystathionine-γ-lyase (CSE), which are enzymes involved in the transsulfuration pathway,
decreases homocysteine and H2S [46]. Low levels of H2S have also been reported after
unilateral ureteral obstruction (UUO) due to CBS and CSE decrease, inducing superoxide
anion radical (O2

•−) and H2O2 production. The latter promotes the augment of oxidative
damage markers such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) [47].
The MsrA deficiency in this model contributes to fibrosis development by increasing colla-
gen deposition and augmenting fibrosis markers [48]. Therefore, MsrA regulates the Met
metabolism and the production of H2S in the kidney [49].

Indeed, H2S regulates several kidney biological processes. CSE and CBS are expressed
in the kidney, producing H2S that controls sodium reabsorption and glomerular filtra-
tion [50]. In addition, CSE is commonly expressed in endothelial and mesangial cells
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and podocytes [51]. In kidney diseases, H2S ameliorates renal damage [52]. It has been
shown that H2S attenuates kidney injury during I/R and diabetic kidney disease (DKD).
In animal models of I/R, H2S donors administration before or after I/R ameliorates renal
damage by decreasing OS, inflammation, and apoptosis [53]. Furthermore, in patients,
it has been found that CSE messenger RNA (mRNA) expression positively correlates
with glomerular filtration rate recovery after two weeks of kidney transplantation [54],
suggesting a protective role of H2S. Supporting the latter, CBS and CSE levels and H2S
production are low in animal models suffering I/R [53]. Regarding DKD, patients with
type 2 diabetes show lowed H2S plasma levels than non-diabetic people [55]. In UUO,
the low production of H2S is also due to the fact that CBS levels are decreased [56]. In
this model, H2S decrease is related to fibrosis and inflammation development. Following
this, in vitro, sodium hydrosulfide (NaHS) treatment reduces fibrosis and inflammation by
inhibiting transforming growth factor-beta 1 (TGFβ1) [56]. Together, these data support
the relevance of H2S signaling in kidney injury.

Cys persulfidation is an essential process in kidney physiology and disease, protecting
against kidney injury [24]. Persulfidation in Cys 105 of mitochondrial glyceraldehyde
3-phosphate dehydrogenase (GAPDH) elevates its enzymatic activity [57]. In contrast,
the persulfidation in Cys 156 or Cys 152 induces enzymatic deactivation [58]. Moreover,
the persulfidation in Keap 1 Cys 150 promotes nuclear factor erythroid 2–related factor
2 (Nrf2) release and translocation to the nucleus, activating its genes targets [59]. This
mechanism is critical for regulating redox homeostasis in the kidney. In renal pathologies,
Nrf2 is deactivated, leading to OS increase [60,61]. In the kidney, persulfides regulate
blood pressure and sodium reabsorption. In line with this, in tubular epithelial cells, the
persulfidation of epidermal growth factor receptor (EGFR) (Cys 797 and 798) results in the
loss of function of sodium/potassium-adenosine triphosphatase (Na+/K+-ATPase) [62].
Cys persulfide is produced by CSE and CSB, which are depleted in kidney diseases. How-
ever, a previous study showed that mice lacking CSE and CBS have significant levels of
Cys persulfide proteins, which suggested the possibility of alternative processes [63–65].
Indeed, cysteinyl-transfer RNA (tRNA) synthetases (CARSs) act as cysteine persulfide syn-
thases in vivo [66]. Moreover, CARSs are also involved in the regulation of mitochondrial
bioenergetics (oxygen consumption and membrane potential) and dynamics (dynamin-
related protein 1 (Drp1)) [66]. Thus, this mechanism may be active in kidney diseases,
which deserves investigation. The latter might suggest therapeutic targeting OS-induced
mitochondrial dysfunction in renal pathologies.

3. Ox-PTMs Regulate Manganese Superoxide Dismutase (Mn-SOD) in Kidney Injury

Mn-SOD is in the mitochondrial matrix, while copper/zinc-SOD (Cu/Zn-SOD) is
in the space of the inner mitochondrial membrane (IMM) and IMS. These two enzymes
catalyze the dismutation of O2

•− to H2O2 in the mitochondrial matrix and IMS, respec-
tively [67]. This dismutation is crucial to avoid the O2

•−-induced ferric iron (Fe3+) to
ferrous iron (Fe2+) reduction in Fe-S clusters of critical enzymes such as aconitase (Acn).
The latter leads to the release of Fe2+ and the inactivation of these enzymes [68]. During
Fenton/Haber–Weiss reaction, Fe2+ reacts with H2O2 to produce a highly reactive ROS,
hydroxyl radical (•OH), so the regulation of O2

•− is essential to maintain mitochondrial
homeostasis. Moreover, O2

•− overproduction, directly and indirectly, leads to the inactiva-
tion of Mn-SOD, promoting mitochondrial dysfunction. For instance, O2

•− can react with
•NO to produce peroxynitrite (ONOO−), and ONOO− can induce Mn-SOD deactivation
via nitration of Tyr34 residue in its active site [69].

Mn-SOD can also be S-glutathionylated in Cys 196, avoiding irreversible oxidation of
SH. Renal I/R injury induces O2

•− and ONOO− production [70], increasing nitration levels
of mitochondrial proteins such as Mn-SOD and cytochrome c (cyt c), inactivating them
and inducing OS and mitochondrial dysfunction [71–74]. Likewise, in folic-acid-induced
renal damage, Mn-SOD activity reduction in isolated mitochondria is related to decreased
mitochondrial S-glutathionylation [44], making it more susceptible to nitration. Moreover,
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in human renal transplants and experimental rat models of chronic renal nephropathy,
there are elevated levels of ONOO− [72].

In DKD, mitochondrial OS reduces Mn-SOD enzyme activity due to Tyr nitration of
this enzyme. Interestingly, the use of resveratrol, a potent antioxidant, reduces OS and
Tyr nitration of Mn-SOD, preserving Mn-SOD activity. Moreover, kidneys of mice treated
with streptozotocin to induced diabetic nephropathy (DN) show nitration in Mn-SOD
Tyr 34, which results in a decrease of Mn-SOD. However, antagonists of thromboxane
A2 receptors reduce diabetes-induced renal injury, which is associated with Mn-SOS Tyr
nitration reduction [75].

In models of hypertension-related kidney injury, where hypertension is induced by
angiotensin II (Ang II), the production of O2

•− is promoted through the activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) [76]. In these
models, Mn-SOD activity deactivation is also associated with Tyr nitration, inducing
OS [77]. Moreover, spontaneously hypertensive rats treated with N(G)-nitro-L-arginine-
methyl ester (L-NAME), a potent nitric oxide synthase (NOS) inhibitor, reduce nitration of
Mn-SOD, preserving its activity [78].

OS closely regulates aging-related kidney dysfunction, primarily by mitochondrial
ROS (mtROS). A protein closely associated with aging is Klotho. This protein induces the
activation of transcription factors such as forkhead box O (FoxO) that cause the expression
of antioxidant enzymes such as Mn-SOD. Interestingly, Klotho−/− mouse models show
high nitrotyrosine levels in Mn-SOD [79].

4. Crosstalk between NOXs and Mitochondria in Kidney Diseases

Mitochondria and NOXs are the primary ROS sources in the kidney. The NOXs family
consists of seven isoforms, being NOX1, NOX2, NOX4, and NOX5, the most expressed in
renal cells [80]. The O2

•− production of NOX1 and NOX2 needs to assemble membrane
subunit p22-phox and the cytosolic subunits p47- and p67-phox and ras-related C3 bo-
tulinum toxin substrate 1 (Rac1), while NOX4, abundantly expressed in mitochondrial
membranes of renal cells, does not require cytosolic subunits and produces H2O2 [81–83].

The levels of NOXs augment in several AKI and CKD models, inducing ROS over-
production [84]. In the folic acid model, NOXs-linked ROS overproduction (in the kidney
cortex, proximal tubules (PT), and distal tubules (DT)) is related to mtROS enhancement,
because these two sources establish a pathological circle of ROS production, favoring AKI
to CKD transition [44]. In the 5/6 nephrectomy model, mtROS also induce NOXs activation,
increasing inflammation and fibrosis. Moreover, this mechanism contributes to fibrosis
development in UUO [85]. Following the latter, several authors have established that in
kidney pathologies, mtROS and NOXs-produced ROS increase mitochondrial damage and
mitochondrial membrane potential depolarization (↓ΔΨm) (Figure 2) [86,87]. Ang II with
the angiotensin type 1 receptor (ATR-1) also participates in the crosstalk between NOXs
(NOX2 and NOX4) and mitochondria [88]. In addition to Ang II, in DN, the interaction of
advanced glycation end products (AGE), produced by high glucose levels, activates NOXs
by AGE receptor (RAGE) to generate ROS production [89]. Protein kinase C (PKC) epsilon
(PKC-ε) also activates NOXs by inducing the phosphorylation of p47-phox, triggering
ROS production [90]. NOXs-induced ROS cause the opening of a mitochondrial adeno-
sine triphosphate (ATP)-sensitive potassium (K) channel (mt-KATP), triggering ↓ΔΨm [91].
In AKI and CKD models, the use of the NOXs inhibitor, apocynin, decreases mtROS
production [92,93], supporting the idea that crosstalk between NOXs and mitochondria
is involved.

164



Biomolecules 2021, 11, 1144

 

Figure 2. Crosstalk between nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) and mitochondria in
the kidney. Angiotensin II (Ang II) binds to the angiotensin type 1 receptor (ATR-1), which activates NOX2 and NOX4.
In addition, the binding of advanced glycation end products (AGEs) to the receptor for advanced glycation end products
(RAGE) induces the activation of NOX2. Furthermore, protein kinase C (PKC) epsilon (PKC-ε), activated by mitochondrial
ROS (mtROS), activates NOX2 through the p47-phox subunit, inducing ROS production. NOXs-induced ROS promote the
phosphorylation and opening of an mitochondrial adenosine triphosphate (ATP)-sensitive potassium K channel (mt-KATP),
decreasing mitochondrial membrane potential depolarization (↓ΔΨm). ROS and mtROS activate the redox signaling
pathways: transforming growth factor-beta 1 (TGFβ1) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB). mtROS also affect mitochondrial function by inducing damage to mitochondrial deoxyribonucleic acid (DNA)
(mtDNA) and phospholipids that, in the last instance, generates mitochondrial dysfunction. The mtROS also favor the
mitochondrial permeability transition pore (MPTP) opening, inducing the release of proapoptotic factors into the cytosol.
p67-phox: subunit from NOX2; p22-phox: subunit from NOX2 and NOX4; Rac1: Ras-related C3 botulinum toxin substrate 1;
ETS: electron transport system; CI: complex I; CII: complex II; CIII: complex III; CIV: complex IV; CV: complex V. Created
with BioRender.com.

The binding of Ang II and AGEs to their receptors activates TGFβ1 and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) redox-sensitive signal-
ing pathways (Figure 2) [94]. Furthermore, mtROS can stimulate TGFβ1 through the
upregulation of Smad 2/3, inducing its nuclear translocation. The latter is supported
by the fact that the mitochondrial-targeting antioxidants coenzyme Q (mitoQ) and 2-
(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chlo-
ride (mitoTEMPO) prevents the activation of TGFβ1 along with the transcription of TGFβ1
genes [95]. mtROS also activate NF-κB by inducing monocyte/macrophage infiltration,
increasing interstitial inflammation in UUO kidneys, and treating the antioxidant curcumin
to decrease them and preventing interstitial inflammation [96]. mtROS also activate NF-κB
in macrophages. In this sense, Herb et al. [97] demonstrated that in macrophages, mtROS,
and not ROS produced by NOX2, activate NF-κB by deactivating the regulatory subunit
of inhibitor IKK complex (IKKγ) through the disulfide linkage formation. However, in
kidney diseases, this mechanism has not been investigated.
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TGFβ1 and NF-κB are also localized in mitochondria, regulating mitochondrial pro-
teins [98]. Moreover, the mitochondrial localization of both proteins might indicate that
inflammation and fibrosis processes are regulated by mtROS production. Following the
latter, in DN, hyperglycemia triggers the Smad4 translocation into mitochondria. This
translocation reduces oxidative phosphorylation (OXPHOS), inducing inflammation, fibro-
sis, and podocyte injury [98].

The production of mtROS and ROS produced by NOXs also damages phospholipids
and mitochondrial DNA (mtDNA). mtDNA is particularly susceptible to ROS, because
it does not contain histones to protect it, causing DNA integrity loss and resulting in the
acquisition of mutations [99]. mtROS also favor the opening of mitochondrial permeability
transition pores (MPTPs) into the cytosol [86]. On the other hand, mtROS induce phospho-
lipids oxidation, principally cardiolipin, leading to the ↓ΔΨm, MPTP opening, and ETS
activity reduction [100]. Thus, the pathological crosstalk between NOXs and mitochondrial
induces ROS, affecting mitochondrial metabolism and biomolecules integrity. The latter
induces mitochondrial impairment, favoring the AKI to CKD transition.

5. Mitochondrial Metabolism, ROS, and OS in Kidney Diseases

The kidneys remove waste from the blood, reabsorb nutrients, regulate electrolyte
balance, maintain acid-base homeostasis and regulate blood pressure [10]. These processes
require high amounts of energy, which come from OXPHOS or anaerobic glycolysis,
depending on the region of the kidneys. For example, the renal cortex uses OXPHOS and
low amounts of glucose, while the renal medulla uses glycolysis and lactate. Therefore, the
medulla necessarily uses anaerobic glycolysis due to low oxygen levels. In contrast, the
renal cortex uses OXPHOS, fed mainly by FA oxidation [10,101].

A significant number of mitochondria in renal cells is located in PT, the most metabol-
ically active [10]. OXPHOS is the principal mechanism to produce ATP in renal proximal
tubular cells (RPTCs). Ninety percentage of ATP is required to reabsorption of glucose, ions,
and nutrients through the sodium-potassium ATP pump (Na+/K+ ATPase) [102]. PT uses
FA, such as palmitate, through FA β-oxidation to produce high ATP levels (Figure 3) [103].
Therefore, RPTCs have high levels of carnitine O-palmitoyl transferase I (CPT I) isoforms
A (CPT IA) and B (CPT IB), and carnitine O-palmitoyl transferase II (CPT II) [104].

5.1. FA β-Oxidation Dysfunction in Kidney Diseases

The impairment of β-oxidation has been reported in AKI and CKD. In patients and
animal models, mRNAs along with β-oxidation proteins levels are decreased [105–107].
In the folic-acid-induced AKI model, ATP production is reduced, and mitochondria are
uncoupling due to β-oxidation dysfunction [108]. Moreover, in maleic-acid (MA)-induced
AKI, the FA β-oxidation-linked oxygen consumption rate (OCR) is diminished [109]. On
the other hand, the transcriptomic analysis showed that the acyl-CoA dehydrogenase fam-
ily member 10 (ACAD10) is downregulated in DN [110]. Moreover, in the 5/6 nephrectomy
model, medium-chain acetyl dehydrogenase (MCAD) decreases at twenty-eight days [107].
Thus, the decrease in these enzymes is related to FA β-oxidation deregulation in AKI and
CKD. Following the latter, FA β-oxidation has been evaluated in a course temporal in 5/6
nephrectomy, which decreases from early times [111]. Consequently, the reduction of FA
β-oxidation causes intrarenal lipids accumulation, inducing lipotoxicity and impairing
renal function [112]. In line with this, Nishi et al. [113] demonstrated that lipid accumu-
lation is evident in tubular epithelial cells (TECs). Lipid deposition increases according
to kidney lesion, suggesting a metabolic reprogramming that shifts β-oxidation to lipid
synthesis [114,115]. According to the latter, UUO increases triglycerides synthesis from one
day after obstruction [116]. Triglycerides increase is partly due to the overexpression of the
transporter of the long-chain FA cluster of differentiation 36 (CD36) in PT [7,117]. CD36 also
promotes signaling pathway activation such as epithelial–mesenchymal transition (EMT),
inflammation, and others, leading to fibrosis. In this context, CD36−/− mice subjected to
UUO show less fibrosis than sham groups [118]. However, Kang et al. [106] showed that
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mice that overexpress CD36 show the accumulation of lipids but low expression levels of
fibrotic markers. Therefore, the authors hypothesized that impaired FA β-oxidation is suffi-
cient to induce the development of fibrosis and lipid accumulation is the only consequence
of this dysfunction [106]. Thus, it has been suggested that defective FA β-oxidation is one
of the principal mechanisms associated with fibrosis development [103,106].

Figure 3. Renal proximal tubule (RPTC) cells use fatty acids (FA) β-oxidation to produce adenosine triphosphate (ATP). In
the kidney, the proximal tubules of the nephrons of the renal cortex use fatty acids (FA) as the primary source of energy.
FA bound to the fatty acid-binding protein (FABP) enter the RPTC through the cluster of differentiation 36 (CD36). In the
cytosol, acyl-coenzyme A (CoA) synthetase (ACS) (attached to the outer mitochondrial membrane (OMM)) activates FA by
the addition of acetyl-CoA (CoA-SH). The latter allows FA to enter the OMM through carnitine O-palmitoyl transferase
I (CPT I). CPTI exchanges acetyl-CoA for L-carnitine. In turn, FA goes to the inner mitochondrial membrane (IMM). In
the IMM, carnitine O-palmitoyl transferase II (CPT II) removes the carnitine group and adds acetyl-CoA (CoA-SH). The
latter allows FA to enter the mitochondrial matrix. Fatty acyl-CoA undergoes β-oxidation, generating nicotinamide adenine
dinucleotide phosphate (NADH) and flavin adenine dinucleotide (FADH2). Created with Biorender.com.

The alterations in CPT I levels also contribute to FA β-oxidation impairment. For
example, modifications in transporters of plasma acylcarnitine have been reported in
CKD [119]. In this context, Prieto-Carrasco et al. [120] showed CPT I levels decreased
in a temporal course from 2 to 28 days after nephrectomy, associated with progressive
impairment in mitochondrial β-oxidation. The authors concluded that the decrease in CPT
I favors mitochondrial β-oxidation impairment and the subsequence fibrosis development.
The latter is supported by the fact that patients with CKD show a correlation between low
CPT IA levels and fibrosis [121]. In this sense, the transgenic mouse models overexpressing
CPT IA are able to restore oxidative metabolism, avoiding fibrosis development in UUO,
folic acid nephropathy, and adenine-induced nephrotoxicity [121]. In addition, CPT IA
overexpression also reduces fibrosis by decreasing TGFβ1 levels [121].

In summary, defective FA β-oxidation is observed in kidney diseases from early times,
promoted through decreased mRNA expression and downregulation in the activity and
levels of the proteins involved in this process and ETS activity reduction (discussed below).
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Later, the overexpression of CD36 contributes to lipid accumulation and the activation
of mechanisms that lead to the fibrotic process. However, other factors contribute to the
impairment of β-oxidation.

Oxidation and OS Production and in Kidney Diseases

Renal pathologies cause a disturbance in mitochondria homeostasis, affecting mi-
tochondrial metabolism, which leads to AKI to CKD transition. OS might cause these
alterations in mitochondrial metabolism produced during ETS, β-oxidation, and Krebs
cycle activity [103]. For instance, Kowaltowski’s group [122,123] demonstrated that H2O2
is produced during the first step of FA β-oxidation, catalyzed by a very long-chain acyl-
CoA dehydrogenase (VLCAD) enzyme in liver mitochondria. If H2O2 produced is not
degraded, it could induce mitochondria-decoupling electron leakage during OXPHOS.
Even β-oxidation may be damaged. The latter has been supported by Aparicio-Trejo
et al. [44], showing that folic acid causes damage to mitochondria and decreasing the
OXPHOS associated with FA β-oxidation is due to ROS overproduction. The use of the
antioxidant N-acetylcysteine (NAC) prevents the reduction in OXPHOS capacity associated
with FA β-oxidation impairment from 2 to 28 days of the administration, avoiding CKD
transition [108]. In accordance, Briones-Herrera et al. [109] showed that MA, another in-
ductor of OS, decreases β-oxidation and the use of antioxidant sulforaphane (SF) prevents
this decrease [109].

On the other hand, Tan et al. [110] showed by transcriptomic analysis in diabetic mice
that mitochondrial FA β-oxidation is downregulated. This downregulation is attributed to
the overexpression of the C5 substrate of the complement system receptor 1 (C5aR1). Thus,
C5aR1 is implicated in lipids metabolism in diabetes [124]. C5aR1 is also upregulated in
kidney diseases, producing FA β-oxidation impairment in DN [110]. In addition, C5aR1
upregulation disrupts mitochondrial respiration, generating high levels of ROS. These
results showed that C5aR1-induced ROS overproduction alters FA metabolism in DN.

During mitochondria decoupling, electron leakage from ETS occurs, which induces the
reduction of oxygen (O2) to the radical O2

•−, a type of ROS that triggers the production of
other ROS such as H2O2 [125]. High levels of •OH and ONOO− induce OS and significantly
oxidative damage of proteins, lipids, and DNA. The oxidation of lipids produces highly
reactive molecules such as MDA and 4-HNE as products of chain lipid peroxidation that
also induce mtDNA damage (Figure 4) [68]. Forty-eight hours after cisplatin treatment,
induced AKI, 4-HNE, and MDA levels increase along with GPx4 levels decrease in the
renal cortex, indicating lipid membrane peroxidation [126]. Furthermore, in MA-induced
Fanconi syndrome, 24 h after injection with MA, the mitochondrial levels of 4-HNE are
elevated [109]. Additionally, GPx activity decreases, favoring H2O2 accumulation and
mitochondrial lipidic peroxidation [109]. In folic-acid-induced AKI, 24 h after folic acid
administration, mitochondrial MDA and 4-HNE levels increase [44]. Both OS markers also
increase in nephrectomy models [127,128]. Together, these results show that mitochondria
suffer lipid peroxidation in AKI and AKI to CKD transition.

In kidney diseases, the uptake of lipids by CD36, along with the dysfunction of FA
β-oxidation, causes lipids accumulation in lipid droplets (LDs), inducing ROS overpro-
duction (Figure 4) [129,130]. Since ROS and their products induce severe cell damage, a
cellular balance of ROS is needed. This balance is performed by different antioxidants
that include enzymatic and non-enzymatic antioxidants [131]. The reduction of the an-
tioxidant system has been widely reported in kidney diseases [11,132]. In renal ischemia
and nephrotoxicity, catalase (CAT), SOD, and glutathione S-transferase (GST) levels are
depleted [70,133]. Moreover, in cisplatin-induced AKI, mitochondrial GSH and NADPH
levels are decreased [134]. In the 5/6 nephrectomy, the activities of CAT, SOD, GPx, GR, and
GST fall at 20 h in glomeruli, PT, and DT [128]. Moreover, early after UUO, these enzymes’
mRNA and protein levels decrease, while oxidative markers increase [135]. Indeed, the
decrease in antioxidant-system-induced OS has been suggested as a factor to induce the
AKI to CKD transition.
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Figure 4. ROS deregulate mitochondrial metabolism in kidney diseases. (1) In renal damage, the cluster of differentiation
36 (CD36) overexpression causes a high fatty acids (FA) uptake. In addition, carnitine O-palmitoyl transferase I (CPT I)
and carnitine O-palmitoyl transferase II (CPT II) are decreased. (2) ROS cause FA β-oxidation decrease, inducing (3) a
tricarboxylic acid (TCA) cycle and (4) oxidative phosphorylation (OXPHOS) capacity reduction. The decrease in β-oxidation
also (5) induces the accumulation of lipids and a further ROS overproduction. The latter (6) damages mitochondrial
membranes by inducing mitochondrial lipid peroxidation, (7) forming the products malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE). These products are highly reactive and damage other lipids, proteins, and mitochondrial DNA
(mtDNA). On the other hand, (8) ROS downregulate aconitase (Acn), citrate synthase, and isocitrate dehydrogenase isoform
2 (Idh2), inducing TCA cycle dysfunction. Moreover, (9) TCA cycle impairment induces FA β-oxidation dysfunction.
(10) ROS decrease CI and CIII activities, inducing β-oxidation dysfunction [111]. O2

•−, superoxide anion radical; H2O2,
hydrogen peroxide; •OH, hydroxyl radical; LOO•, lipid peroxyl radical; LDs, lipid droplets; OA, oxalacetate; α-KG,
alpha-ketoglutarate; DNA, deoxyribonucleic acid; NADH, nicotinamide adenine dinucleotide phosphate; FADH2, flavin
adenine dinucleotide; CoA, coenzyme A; CII, complex II; CIV, complex IV; CV, complex V. Created with BioRender.com.

The decreases in acetyl-CoA induced by FA β-oxidation impairment reduce the TCA
cycle capacity. Interestingly, in AKI and CKD models, the reduction in TCA cycle enzymes
is observed, before FA β-oxidation dysfunction occurs, suggesting this point as the start of
the vicious cycle, which further increases the mitochondrial damage (Figure 4). In the next
section, we will address the impact that ROS have on TCA cycle dysfunction.

5.2. TCA Cycle Redox-Sensitive Signaling Pathway in Kidney Diseases

The urinary excretion of the non-diabetic CKD patients shows low levels of TCA
cycle metabolites (e.g., citrate, cis-aconitate, isocitrate, alpha-ketoglutarate (α-KG), and
succinate) [136]. In addition, kidney biopsies have reduced aconitate, isocitrate, alpha-
ketoglutarate dehydrogenase (α-KGDH), and succinate gene expression. These results
show TCA cycle dysfunction [136]. In contrast, in a mouse model of DN, pyruvate, citrate,
α-KGDH, and fumarate are upregulated [137]. Moreover, in UUO, succinate levels increase,
attributed to TCA cycle dysfunction [138]. Note that the amount of the metabolites is tissue-
and disease-dependent, so the identification of these metabolites could give advantages in
the early detection of mitochondrial damage in these diseases.
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TCA cycle dysfunction might be attributed to ROS alterations. In vitro studies have
postulated that high glucose oxidation rates lead to the excessive production of electron
donors from the TCA cycle. As a consequence, ETS becomes overloaded, promoting O2

•−
overproduction [139]. In line with this, podocytes treated with high glucose levels have
high ROS levels, and the treatment with mitoTEMPO decreases them [140], suggesting that
ROS are specifically delivered from mitochondria. Controversially, the determination of
mtROS in the diabetic mouse model shows that it is reduced [141]. Further studies in vivo
are needed to elucidate the mtROS overproduction-induced TCA cycle dysfunction in DN.

In the kidney, TCA cycle enzymes can be sulfenylated or S-glutathionylated. For
example, Acn can be reversibly inactivated by the oxidation of the sulfhydryl group
by O2

•− and H2O2. However, if OS persists, Acn can be irreversibly deactivated by
the disruption of the 4Fe-4S group [142]. In AKI induced by folic acid, mitochondrial
Acn activity decreases, and the pre-treatment with NAC prevents it [44], suggesting that
ROS promote the deactivation of Acn. In addition, the relation between Acn and citrate
synthase diminishes, supporting the idea that decreasing in Acn activity is related to
OS [44]. Moreover, Mapuskar et al. [143] reported that the persistent increase of O2

•−
decreases Acn and citrate synthase activity in cisplatin-induced kidney injury, of which
the effects are ameliorated by SOD mimetic avasopasem manganese (GC4419) treatment.
The authors reported that in the AKI phase, Acn and citrate synthase activities do not
show changes, suggesting that high levels of ROS are required for their inactivation in this
model [143]. The latter is demonstrated due to the fact that high levels of ROS are more
evident in cisplatin-induced CKD [143].

In kidney pathologies, the levels of mitochondrial isocitrate dehydrogenase isoform 2
(Idh2) are decreased [144,145]. In the cisplatin model, Idh2 function is affected by decreased
mitochondrial NADPH and GSH and increased H2O2 production [145]. Furthermore, Han
et al. [144] showed that OS generated during I/R reduces Idh2 levels in kidney tubule cells
from mice. Since S-glutathionylation deactivates Idh2, this Ox-PTM may be produced dur-
ing OS under I/R conditions [146]. The deletion of the Idh2 (Idh2−/−) gene in these mice
exacerbates kidney tubule injury by increasing plasma creatinine and blood urea nitrogen
(BUN) levels. In addition, OS increases the reduction of mitochondrial NADP+ along with
GST and GPx activities. In contrast, mitochondrial GSSG/GSH ratio augments. Idh2−/−
mice show mitochondrial dysfunction and fragmentation, which induces apoptosis in
kidney tubule cells [144]. After UUO, Idh2 decreases, and its deletion increases OS markers
such as 4-HNE and H2O2 in mitochondrial fractions [147]. Additionally, inflammatory
cell filtration was more evident in Idh2−/− than wild-type (WT) groups. Together, these
results highlighted the importance of Idh2 in managing OS, and its deactivation exacerbates
mitochondrial damage.

Note that the fact that ROS-induced TCA cycle dysfunction affects FA β-oxidation has
been demonstrated, because TCA cycle impairment is observed early before FA β-oxidation
damage in time course studies of the AKI to CKD transition, (Figure 4). In this regard,
OXPHOS capacity is also decreased by ROS in early times, suggesting that both events are
required to enhancement FA β-oxidation dysfunction [44,108,120].

5.3. OXPHOS Redox-Sensitive Signaling Pathway in Kidney Diseases

As mentioned above, kidney energy demand depends on OXPHOS, which in turn is
regulated by Ox-PTMs. However, in the context of kidney diseases, it is poorly studied.
OXPHOS capacity is downregulated in renal diseases, inducing ROS overproduction. In
this regard, the production of mitochondrial H2O2 has been reported in kidney injury mod-
els, associated with ↓ΔΨm, decreasing OXPHOS capacity [8,148]. In remnant kidney from
5/6 nephrectomy, OXPHOS linked to complex I (CI) feeding decrease in a temporal course
of nephrectomy from 2 to 28 days [111]. Moreover, male Sprague Dawley rats subjected to
nephrectomy showed ATPβ, NDUSF8, and cytochrome c oxidase subunit 1 (Cox I) reduc-
tion [8]. Consequently, CI, complex III (CIII) activities, and cyt c diminished, impairing
mitochondrial function [8]. Avila-Rojas et al. [148] reported that potassium dichromate
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(K2Cr2O7) decreases the CI + CII-linked S3 respiratory state. In addition, ΔΨm in CI +
complex II (CII)-linked respiration and respiration associated with OXPHOS are reduced,
suggesting that K2Cr2O7 principally affects the synthesis of mitochondrial ATP [148]. Al-
though redox signaling has not been investigated in previous studies, components of
OXPHOS might be regulated by Ox-PTMs.

6. ROS Induce Uncoupling Proteins (UCPs) Dysregulation in Kidney Diseases

UCPs are proton transporters (H+), which move H+ from the IMM into the mito-
chondrial matrix. These transporters are localized in the IMM and dissipate the proton
gradient from the mitochondrial matrix into the IMS [149]. mtROS induce UCP2 activation,
decreasing the proton gradient and preventing mtROS overproduction [149].

It has been shown that UCP2 deletion aggravates tubular injury in the I/R model
by inducing ROS overproduction, supporting the importance of these transporters in
ROS dissipation [150]. Moreover, the UCP2 inhibition worsens the damage caused by
lipopolysaccharide (LPS), increasing apoptosis in TECs [151]. In CKD, Jian et al. [152]
showed that in renal tubular cells (RTCs), the expression of UCP2 is induced three days
after obstruction and continues after seven days, avoiding UUO-induced fibrosis. It
suggests that UCP2 is crucial to avert fibrosis development induced by ROS in UUO.

Although UCP1 is commonly found in mitochondria from brown adipose tissue,
it is expressed in the kidney. For instance, in AKI models induced by cisplatin or I/R,
Jia et al. [153] found that UCP1 is upregulated in renal TECs and its presence is related to
OS suppression. Chouchani et al. [154] showed that mtROS alter the redox status of UCP1
by inducing its sulfenylation in Cys 253, promoting UCP1 activity.

7. Redox-Sensitive Signaling Controls Mitochondrial Dynamics, Biogenesis,
and Mitophagy

Mitochondrial dynamic is the balance between mitochondrial fusion and fission, and
it is involved in regulating mitochondrial metabolism and cell death. Likewise, the shape
and morphology of mitochondria are regulated by the metabolite and ROS concentration
concentrations [155]. The integral membrane guanosine triphosphatases (GTPases) per-
form mitochondrial fusion: mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optical atrophy 1
(Opa1) [136]. Meanwhile, mitochondrial fission is mediated by Drp1, the mitochondrial
fission factor (Mff), the adaptor protein fission protein 1 (Fis1), and the mitochondrial
elongation factor 1 (Mief1) and 2 (Mief2). Chronic OS has been shown to induce mitochon-
drial fission [155]. However, H2O2 sublethal amounts, and acute OS cause mitochondrial
hyperfusion [156]. In HeLa cells, mitochondrial hyperfusion has been associated with the
S-glutathionylation of Mfn2 and the formation of Opa1 oligomers. Moreover, mitochon-
drial hyperfusion increases the resistance to cellular stress and cell death, since it promotes
antioxidant defense enzymes activation [156]. In the next section, we analyze the current
trends and paradigms of ROS-mediated signaling that form a link between redox-sensing
elements and mitochondrial dynamics and their possible role in kidney diseases.

7.1. Redox-Sensitive Proteins Participating in Fission and Fusion

Redox signaling conveys external and internal signals between redox-sensitive recep-
tors and the downstream effectors of fission machinery. Mitochondrial dynamics require
the recruitment of proteins to mitochondria. Indeed, the importation of several proteins to
mitochondria depends on proton electrochemical gradient H+ created by ETS at the IMM,
which is called the proton motive force (PMF) [157]. In addition, several redox-sensitive
proteins are activated to induce proteins translocation from the cytosol. For instance, previ-
ous studies in HeLa cells have shown that MAPKs are involved in regulating the fission
process in response to OS through Ras [158,159]. In line with this, the redox-sensitive
extracellular regulated kinase 2 (ERK2) protein mediates the phosphorylation of Drp1 in
Ser 616 to induce mitochondrial fragmentation [158]. In addition to ERK 2, PKC-delta
(PKC-δ) promotes Drp1 phosphorylation in Ser 579 under OS [160]. Drp1 is also regulated
by ROS. In this context, Kim et al. [161] showed that in vascular diseases related to dia-

171



Biomolecules 2021, 11, 1144

betes and aging models, protein disulfide isomerase A1 (PDIA1) is depleted, inducing
the sulfenylation of Drp1 in Cys 644. The latter leads to mitochondrial fragmentation,
mtROS increase, and senescence induction. Furthermore, the authors demonstrated that
the restoration of the PDIA1/Drp1 axis could be used as a therapeutic strategy to improve
vascular diseases [161], suggesting that PDIA1 has a thiol reductase function for Drp1.
Drp1 persulfidation was previously reported, inducing its inactivation. Persulfidation is
carried out by CARS2, altering mitochondrial dynamics and favoring fusion [66].

In renal pathologies, the upregulation of Drp1 is related to OS conditions [44,147,148].
Likewise, the phosphorylation of ERK 1/2 increases along with Drp1 levels in response to
OS in the I/R rat model [162]. Thus, ROS might induce the recruitment of Drp1 through
ERK1/2 (Figure 5).

 

Figure 5. Redox-sensitive signaling regulates mitochondrial dynamics in kidney diseases. (1) ROS activate the redox-
sensitive extracellular regulated kinase 2 (ERK2) protein and protein kinase C (PKC) isoform δ (PKC-δ). These proteins
phosphorylate and activate dynamin-related protein 1 (Drp1), inducing its translocation to the OMM to triggering fission.
Likewise, ROS overproduction upregulates Drp1, fission 1 (Fis1), and mitochondrial fission factor (Mff), inducing fission
increase. (2) ROS also induce fusion decrease by downregulating optical atrophy 1 (Opa1) and mitofusin 1 (Mfn1)
and 2 (Mfn2) proteins. (3) The augment of fission promotes mitophagy activation by inducing the translocation of
phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (Pink1) that in turn recruit to parkin in the OMM to
induce mitophagosome formation. Mitophagosome fuses with lysosome to form mitophagolysome formation. However,
mitophagy flux is impaired, inducing the accumulation of damaged mitochondria. (4) Low ROS levels induce mitochondrial
biogenesis by activating the redox-sensitive adenosine monophosphate (AMP)-activated protein kinase (AMPK) and the
peroxisome proliferator-activated receptor (PPAR) γ coactivator-1 alpha (PGC-1α). However, high levels of ROS producing
oxidative stress (OS) induce mitochondrial biogenesis decrease, triggering mitochondrial mass decrease. Created with
BioRender.com.

In kidney diseases, ROS overproduction induces mitochondrial proteins fusion de-
crease and fission increase. In line with this, in the K2Cr2O7 rat model, Drp1 increase
and curcumin treatment decrease it [148], suggesting that ROS induce Drp1 upregulation
(Table 1). The latter is supported by the fact that ROS promote Drp-1 translocation to mito-
chondria. Drp1 is also recruited in RPTC treated with cisplatin, inducing mitochondrial
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fragmentation and ATP depletion [163]. Moreover, Drp1 is upregulated in Idh2−/− mice
due to NADPH and GSH decrease, which increase mtROS. mtROS also downregulate Opa1
(Table 1) [44,144,145]. Thus, mtROS trigger fission increase and fusion decrease. Following
the latter, Opa1 levels are diminished under H2O2 treatment, and the diminishment is even
higher in Idh2 small interfering RNA (siRNA)-transfected mProx24 cells [144]. Mfn1 is
another fusion protein decreased in AKI models (Table 1) [44,164].

Table 1. ROS regulate mitochondrial dynamics, biogenesis, and mitophagy in acute kidney injury (AKI) models.

AKI Model In Vivo Model
Mitochondrial

Dynamic Protein
Mechanism References

Cisplatin-induced
nephrotoxicity and I/R C57BL/6 mice ↑Drp1

Drp1 translocates to the
mitochondria in response to

ROS overproduction.
Brooks et al. [163]

Maleate-induced
nephrotoxicity Male Wistar rats ↑Drp1, Fis1

Maleate-induced OS
promotes mitochondrial

fission by increasing Drp1
and Fis1.

Molina-Jijón
et al. [84]

Cisplatin C57BL/6 mice
↓Opa1, Mfn1

↑Fis1
↑Pink1, parkin

ROS and mtROS promote
fission and decrease the

mitochondrial fusion
process.

Ortega-
Domínguez et al.

[164]

I/R C57BL/6 mice Drp1−/−
The deletion of Drp1

improves mitochondrial
function by decreasing

mtROS.

Perry et al. [165]

Cisplatin Female C57BL/6
Idh2−/− mice

↓Opa1
↑Drp1

Idh2−/− decreases NADPH
and GSH levels, inducing OS

and triggering fission
increase and fusion decrease.

Kong et al. [145]

I/R Female C57BL/6
Idh2−/− mice

↑Drp1, Fis1
↓Opa1

Idh2−/−-induced mtROS,
decreasing the levels of

fusion proteins and
augmenting fission proteins.

Han et al. [144]

Folic acid Male Wistar rats

↑Fis1, Drp1
↓Opa1, Mfn1
↑Pink1, ↓LC3
↓PGC-1α,

↓NRF1, NRF2

ROS overproduction
increases fission and reduces

the fusion process.

Aparicio-Trejo
et al. [44]

Nephrotoxicity by
K2Cr2O7

Male Wistar rats ↑Drp1
↓PGC-1α

ROS overproduction
increases fission and reduces

biogenesis.

Ávila-Rojas
et al. [148]

MA: induced Fanconi
syndrome Male Wistar rats

↓TFAM,
↑Fis1, Drp1

↑Parkin, p62, LC3-II

SF prevents mitochondrial
fission increase and TFAM

decrease and regulates
mitophagy.

Briones-Herrera
et al. [109]

Abbreviations: ↑: increase; ↓: decrease; I/R, ischemia/reperfusion; Drp1, dynamin-related protein 1; Fis1, fission 1; OS, oxidative stress;
Opa1, optical atrophy 1; Mf1, mitofusin 1; Pink1, phosphatase and tensin homolog (PTEN)-induced putative kinase 1; Idh2, Isocitrate
dehydrogenase isoform 2; K2Cr2O7, potassium dichromate; PGC-1α, peroxisome proliferator-activated receptor (PPAR) γ coactivator-1
alpha; TFAM, transcription factor A; NRF1, nuclear respiratory factor 1; NRF2, nuclear respiratory factor 2; p62, sequestosome; LC3,
microtubule-associated protein 1A/1B-light chain 3 phosphatidylethanolamine conjugate; NADPH, nicotinamide adenine dinucleotide
phosphate; GSH, glutathione; mtROS, mitochondrial reactive oxygen species; MA, maleic acid; SF, sulforaphane.

The blockage of mitochondrial fission has been suggested as a strategy to ameliorates
mitochondrial damage [166]. For instance, the loss of DRP1, six hours after suffering
bilateral I/R, re-establish mitochondrial function due to the reduction of mtROS production
associated with fission decrease (Table 1) [165]. In addition, mice Drp1−/− does not have
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tubulointerstitial fibrosis [165], suggesting that the Drp1 blocking might avoid the AKI to
CKD transition. Furthermore, the specific inhibitor of Drp1, the mitochondrial division
inhibitor 1 (mdivi-1), ameliorates I/R-mediated AKI (Table 1) [163]. However, in the case of
UUO, the usage of mdivi-1 augments fibrosis [167], which correlates with midivi-1-treated
human proximal tubular cells (HK2) under hypoxic conditions, showing fibrosis markers
increase [167]. Therefore, Drp1 blocking might be employed in the case of AKI, but not
in CKD.

The management of redox recovery homeostasis might be utilized as a strategy to
improve mitochondrial dynamics. Consistent with this, the use of antioxidants that tar-
get mitochondria has been shown to enhance the homeostasis of mitochondrial dynam-
ics [44,148]. Therefore, ROS regulate proteins involved in mitochondrial fission and fusion.
According to the latter, it has been hypothesized that the treatment with sublethal amounts
of H2O2 induces acute stress, promoting a hyperfused mitochondrial state [24,168]. In folic-
acid-induced kidney injury, Drp1 and Fis1 increase, and the treatment with NAC decreases
them [44]. In response to cisplatin or bilateral I/R, Drp1 is recruited to mitochondria, trig-
gering apoptosis induction by delivering cyt c and decreasing the antiapoptotic protein B
cell lymphoma 2 (Bcl-2) [163]. Moreover, the activation of peroxisome proliferator-activated
receptor γ (PPARγ) stabilizes mitochondrial potential, reducing ROS. The latter results
in decreasing Drp1, augmenting Mfn2, Opa1 and restoring mitochondrial dynamics [8],
suggesting that the rescue of mitochondrial biogenesis might recover mitochondrial dy-
namics due to mtROS decrease. In CKD, the levels of fusion proteins (e.g., Mfn1, Mfn2,
and Opa1) are also decreased, while fission proteins are increased (e.g., Drp1 and Mff)
(Table 2) [8,167,169,170], attributed to mitochondrial OS increase.

Table 2. ROS regulate mitochondrial dynamics, biogenesis, and mitophagy in chronic kidney disease (CKD) models.

CKD Model In Vivo Model
Mitochondrial

Dynamic Proteins
Alteration

Effects References

DN Male C57BL/6J
mice ↓PGC-1α, AMPK Reduced ROS levels decrease

mitochondrial biogenesis. Dugan et al. [141]

5/6 nephrectomy Male Sprague-Dawley
rats

↓Mfn2, Opa1
↑Drp1
↓PPARγ

The use of pioglitazone, a
peroxisome

proliferator-activated
receptor γ (PPARγ) activator,
decreases mtROS, improving

mitochondrial dynamics.

Sun et al. [8]

5/6 nephrectomy Male Wistar rats ↑Mfn1, Opa1
↓Fis1, Drp1

ROS overproduction favors
mitochondrial fusion.

Aparicio-Trejo
et al. [128]

UUO Male C57BL/6J mice ↑LC3, Pink1, parkin ROS-induced senescence
impairs mitophagy. Liu et al. [169]

UUO Male C57BL/6J mice ↓Drp1
↑LC3, Pink1, parkin

mtROS recruit Drp1 to the
OMM, regulating mitophagy

parkin-dependent.
Li et al. [167]

5/6 Nephrectomy Male Wistar rats

↓NRF1, NRF2, TFAM
PGC-1α, PPARα
↓Mfn2, Opa1
↑LC3, p62

Mitochondrial biogenesis
and dynamics are altered

temporal courses.

Prieto-Carrasco
et al. [111]

Abbreviations: ↑: increase; ↓: decrease; DN, diabetic nephropathy; PPARα, peroxisome proliferator-activated receptor γ coactivator-1α;
AMPK, adenosine monophosphate (AMP)-activated protein kinase; PPARγ, peroxisome proliferator-activated receptor γ; OMM, outer
mitochondrial membrane; Drp1, dynamin-related protein 1; Fis1, fission 1; OS, oxidative stress; Opa1, optical atrophy 1; Mf1, mitofusin 1;
Pink1, phosphatase and tensin homolog (PTEN)-induced putative kinase 1; PGC-1α, peroxisome proliferator-activated receptor (PPAR) γ
coactivator-1 alpha; TFAM, transcription factor A; NRF1, nuclear respiratory factor 1; NRF2, nuclear respiratory factor 2; p62, sequestosome;
LC3, microtubule-associated protein 1A/1B-light chain 3 phosphatidylethanolamine conjugate.
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Ox-PTMs might regulate mitochondrial dynamics proteins; however, they are poorly
studied in kidney disease. In line with this, S-nitrosylation in Drp1 Ser 644 induces
Drp1 dimerization and augments its GTPase activity. Thus, NO promotes Drp1-induced
mitochondrial fission [171]. Furthermore, OS can trigger mitochondrial hyperfusion [156].
Further studies are needed to clarify the role of ROS to induce Ox-PTMs regulation in
mitochondrial dynamics and biogenesis in renal disease.

7.2. Redox-Sensitive Proteins Participating in Mitochondrial Biogenesis

Mitochondria biogenesis is triggered to increase the number and size of mitochon-
dria [172]. PPARγ coactivator-1 alpha (PGC-1α) controls the biogenesis process through the
transcription of nuclear respiratory factors 1 (NRF-1) and 2 (NRF-2), PPARs, transcription
factor A (TFAM), estrogen, and estrogen-related receptors (ERRs), among others [173].
These proteins are redox-sensitive. For instance, the exposure to H2O2 in skeletal muscle
cells for 24 h increases the activity of the PGC-1α promoter as well as mRNA expression.
These effects are blocked with NAC treatment [174], showing that ROS mediate the activa-
tion of PGC-1α. However, the impact of ROS over PGC-1α depends on the concentration
and cellular type. For example, low ROS levels lead to the reduced expression of PGC-1α,
while high levels induce its transcription through redox-sensitive adenosine monophos-
phate (AMP)-activated protein kinase (AMPK) [174], which function as a cellular energy
sensor by regulating mitochondrial biogenesis and maintaining redox homeostasis [175].
AMPK reduces ROS through PGC1-α, which induces the overexpression of CAT, Mn-SOD,
UCP2, and nicotinamide adenine dinucleotide (NAD)-dependent deacetylase sirtuin-3
(SIRT3) [176]. Therefore, the activation of AMPK induces PGC-1α promoter activity and
mRNA levels increase. PGC-1α is commonly downregulated in kidney diseases, leading to
mitochondrial mass and metabolism decrease [10]. In the folic-acid-induced AKI model,
PGC-1α, TFAM, NRF1, and NRF2 levels decrease 24 h after the treatment, and NAC treat-
ment prevents this effect [44]. Moreover, male Wistar rats subject to nephrotoxicity by
K2Cr2O7 show a decrease in PGC-1α levels [148]. Both studies showed that the treatment
with antioxidants (NAC and curcumin) upregulates biogenesis [47,152,169]. Importantly,
NAC and curcumin antioxidants have shown mitochondria protection by promoting bioen-
ergetics preservation and maintaining redox homeostasis to avoid mtROS [16,94]. In 5/6
nephrectomy-induced CKD, the levels of PGC-1α decrease in a temporal course from two
days after the nephrectomy, causing reductions in NRF1 and NRF2 [120]. The treatment
with pioglitazone, an antidiabetic drug, reduces mtROS, restoring mitochondrial biogen-
esis. Interestingly, the biogenesis decrease in DN is attributed to the low production of
O2

•− [141]. AMPK activity decreases in this model, and AMPK activation induces O2
•−

production, activating PGC-1α [141]. Therefore, in the DN mice model, low ROS levels are
essential factors to trigger mitochondrial biogenesis.

7.3. Mitophagy, ROS, and OS in Kidney Diseases

The dysregulation of mitophagy has been previously reported in renal diseases [177,178].
At biological levels, ROS are involved in mitophagy regulation. Upon mitochondrial
damage, depolarization, or mitochondrial OS, mitophagy is triggered. ROS promote the
recruitment of phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (Pink1)
in the outer mitochondrial membrane (OMM) [179]. The latter leads to the recruitment
and phosphorylation of parkin to begin mitophagy [180]. In the AKI models, Pink1 and
parkin are upregulated after damage [44,109,164]. The upregulation of these proteins is
related to ROS and mtROS increase. Furthermore, in CKD models, both proteins are aug-
mented [120,167,169]. For instance, in the 5/6 nephrectomy model, levels of Pink1, parkin,
microtubule-associated protein 1A/1B-light chain 3 phosphatidylethanolamine conjugate
(LC3-II), and sequestosome (p62) increase in a temporal course way [120]. However, in
both cases, mitophagy has been reported impaired. Although the levels of LC3-II increase,
the accumulation of p62 is evident, suggesting dysfunctional mitophagy [120]. p62 accumu-
lation is considered a marker of mitophagy malfunction. In kidney injury, mitophagosome
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accumulation is evident by increasing Pink1, parkin, and p62 [181]. Together, these data
suggest that ROS induce Pink1 and parkin translocation to mitochondria, but the high ROS
levels exacerbate mitophagy machinery, damaging it. Mitophagy damage is supported,
because antioxidants can increase mitophagy flux in AKI and CKD models [44,181].

On the other hand, excessive autophagy has been described in models of UUO, which
triggers endothelial dysfunction [182]. Consistent with this, Chen et al. [183] found that
treatment with NaHS, an exogenous H2S donor, in UUO mice decreases the expression
levels of LC3-II/I, beclin-1, and AMPK proteins. On the contrary, the p62, CBS, and CSE
levels increase compared to in the sham groups. Therefore, H2S is considered a protective
mechanism, because it moderates OS that promotes the dysregulation of autophagy.

8. Concluding Remarks

ROS are second messengers that modify redox-sensitive proteins in mitochondria
by inducing Ox-PTMs. Thus, low levels of ROS are necessary to render these modifica-
tions. However, in kidney diseases, ROS trigger mitochondrial dysfunction evident by
alterations in FA β-oxidation, TCA cycle, OXPHOS, mitophagy, mitochondrial dynamics,
and biogenesis.

Moreover, the crosstalk between NOXs and mitochondria generates ROS. The im-
pairment in one of these elements can trigger an uncontrolled ROS production increase.
Therefore, perturbations in mitochondrial redox homeostasis are common characteristics
that allow the transition from AKI to CKD.
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Abbreviations

↓ΔΨm mitochondrial membrane potential depolarization
•NO nitric oxide
•OH hydroxyl radical
4-HNE 4-hydroxynonenal
α-KΓ Alpha-ketoglutarate
α-KΓΔH alpha-ketoglutarate dehydrogenase
ACAD10 acyl-CoA dehydrogenase family member 10
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ACS acyl-CoA synthetase
Acn aconitase
AGE advanced glycation end products
AKR1A1 aldo-keto reductase family 1 member A1
AKI acute kidney injury
AMPK adenosine monophosphate (AMP)-activated protein kinase
Ang II angiotensin II
Arg arginine
ATP adenosine triphosphate
ATR-1 angiotensin type 1 receptor
Bcl-2 B cell lymphoma 2
BUN blood urea nitrogen
CI complex I
CII complex II
CIII complex III
CIV complex IV
CV complex V
C5aR1 C5 substrate of the complement system receptor 1
CAT catalase
CBS cystathionine β-synthase
CD36 cluster of differentiation-36
CKD chronic kidney diseases
CoA coenzyme A
Cox I cytochrome c oxidase subunit 1
CPT I carnitine O-palmitoyl transferase I
CPT II carnitine O-palmitoyl transferase II
CPT IA CPT I isoform A
CPT IB CPT I isoform B
CSE cystathionine γ-lyase
Cu/Zn-SOD copper/zinc-SOD
Cys cysteine
CARSs cysteinyl-transfer RNA (tRNA) synthetases
Cyt c cytochrome c
DKD diabetic kidney disease
DN diabetic nephropathy
DNA deoxyribonucleic acid
Drp1 dynamin-related protein 1
DT distal tubules
EGFR epidermal growth factor receptor
EMT epithelial–mesenchymal transition
eNOS endothelial nitric oxide synthase
ERK2 extracellular regulated kinase 2
ERR estrogen and estrogen-related receptors
ETS electron transport system
FA fatty acids
FABP fatty-acid-binding protein
FADH2 flavin adenine dinucleotide
Fe2+ ferrous iron
Fe3+ ferric iron
Fe-S iron-sulfur
Fis1 fission protein 1
FoxO forkhead box O
GC4419 avasopasem manganese
GFRs growth factor receptors
GPx glutathione peroxidase
Grx glutaredoxin
GSH glutathione
GTPases guanosine triphosphatases
GST glutathione S-transferase
h hours
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HK2 human proximal tubular cells
HS• hydrosulfide radical.
H2O2 hydrogen peroxide
H2S gydrogen sulfide
His histidine
I/R ischemia/reperfusion
Idh2 isocitrate dehydrogenase isoform 2
IKKγ regulatory subunit of inhibitor IKK complex
IMM inner mitochondrial membrane
IMS intermembrane space
K2Cr2O7 potassium dichromate
L-NAME N(G)-nitro-L-arginine-methyl ester
LC3-II microtubule-associated protein 1A/1B-light chain 3

phosphatidylethanolamine conjugate
LDs lipid droplets
LOO• lipid peroxyl radical
LPS lipopolysaccharides
Lys lysine
MA maleic acid
MAPK mitogen-activated protein kinases
MCAD medium-chain acetyl dehydrogenase
MDA malondialdehyde
Met methionine
MetO (R–SOCH3) methionine sulfoxide
MetO2 (RSO2CH3) methionine sulfone
Mff mitochondrial fission factor
Mfn1 mitofusin 1
Mfn2 mitofusin 2
Mief1 mitochondrial elongation factor 1
Mief2 mitochondrial elongation factor 2
mitoTEMPO 2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)

triphenylphosphonium chloride
mitoQ mitochondrial-targeting antioxidants coenzyme Q
Mn-SOD manganese superoxide dismutase
mRNA messenger RNA
Msr methionine sulfoxide reductase
MsrA Msr isoform A
MPTP mitochondrial permeability transition pore
mt-KATP mitochondrial ATP-sensitive potassium K channel
mtDNA mitochondrial DNA
mtROS mitochondrial ROS
Na+/K+ ATPase sodium–potassium ATP pump
NAC N-acetylcysteine
NAD nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
NaHS sodium hydrosulfide
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NOS nitric oxide synthase
NOXs NADPH oxidases
NRF-1 nuclear respiratory factor 1
NRF-2 nuclear respiratory factor 2
Nrf2 nuclear factor erythroid 2–related factor 2
O2 oxygen
O2

•− superoxide anion radical
OA oxalacetate
OCR oxygen consumption rate
OMM outer mitochondrial membrane
ONOO− peroxynitrite
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Opa1 optical atrophy 1
OS oxidative stress
Ox-PTMs oxidative post-translational modifications
OXPHOS oxidative phosphorylation
p62 sequestosome
PDIA1 protein disulfide isomerase A1
PGC-1α peroxisome proliferator-activated receptor (PPAR) γ coactivator-1 alpha
Pink1 phosphatase and tensin homolog (PTEN)-induced putative kinase 1
PKC protein kinase C
PKC-ε PKC-epsilon
PKC-δ PKC-delta
PKM2 pyruvate kinase isoform M2
PMF proton motive force
PPARs peroxisome proliferator-activated receptor
Pro proline
Prx peroxiredoxin
PT proximal tubules
PTKs protein tyrosine kinases
PTM post-translational modifications
PTPs protein tyrosine phosphatases
R–S• thyil radical
R–SNO S-nitrosothiol
R–SOH sulfenic acid
R–SO2H sulfinic acid
R–SO3H sulfonic acid
R–S(O)–S–R thiosulfinate
R–SN–R’ sulfenamide
R–S–S–H persulfonation
Rac1 Ras-related C3 botulinum toxin substrate 1
RAGE AGE receptor
ROS reactive oxygen species
RPTCs renal proximal tubular cells
RTC renal tubular cells
S− thiolate anion
S–S disulfide bonds
SF sulforaphane
SH thiol
siRNA small interfering RNA
SIRT3 nicotinamide adenine dinucleotide (NAD)-dependent deacetylase sirtuin-3
SN2 bimolecular nucleophilic substitution
SSG glutathionylation
TCA tricarboxylic acid
TECs tubular epithelial cells
TFAM transcription factor A
TGFβ1 transforming growth factor-beta 1
Thr threonine
Trx thioredoxin
Tyr tyrosine
UCPs uncoupling proteins
UCP1 uncoupling protein 1
UCP2 uncoupling protein 2
UCPs uncoupling proteins
UUO unilateral ureteral obstruction
VLCAD very long-chain acyl-CoA dehydrogenase
WT wild type
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