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Abstract: Mitochondrial transplantation (MT) is a new experimental approach that has demonstrated
positive results reverting mitochondrial alterations in cardiac and kidney dysfunction mainly medi-
ated by oxidative stress. On the other hand, cisplatin is an effective and widely used antineoplastic
drug in treating several cancers; however, cisplatin has notorious side effects in different organs,
such as the heart, kidneys, liver, and brain; the kidney being one of the most affected. The geni-
tourinary system is the principal excretion pathway of cisplatin, since it is removed from the blood
primarily by glomerular filtration and tubular secretion, and it may cause a sudden reduction in
the renal function (acute kidney injury “AKI”), in part, by inducing mitochondrial dysfunction and
the consequent oxidative stress in the tubular segment. In addition, AKI may associate with cardiac
alterations, as occurs in acute cardiorenal syndrome. Due to the high prevalence of renal and cardiac
side effects produced by cisplatin, here we discuss the possible use of MT as a novel therapy that
could protect tissues by alleviating mitochondrial dysfunction and reducing reactive oxygen species
(ROS) production.

Keywords: mitochondrial transplantation; cisplatin; acute kidney injury; heart failure; oxidative
stress; mitochondrial dysfunction

1. Acute Kidney Injury

Acute kidney injury (AKI) is a clinical syndrome, defined by an abrupt decrease in
glomerular filtration, that encompasses several clinical scenarios, aetiologies, comorbidities,
drug exposures and severities of renal dysfunction [1,2]. Drugs are the third to the fifth
leading cause of AKI in the intensive care unit [3,4]. Additionally, drug induced AKI
accounts for 20-30% of critically ill patients [3] and may play a causative role in as many as
25% of all cases considered a severe public health problem [5,6]. Approximately 20% of the
cases require renal replacement therapy [3], which is related to increased mortality, and
this reaches rates of over 60% in developing countries [7].

Nephrotoxicity is caused, directly or indirectly, when a drug, chemical, or toxin causes
damage to kidney function or structure [7]. Acute tubular necrosis is the most common
intrinsic kidney injury, mainly caused by the basolateral and apical efflux of several drugs,
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such as antimicrobials, antivirals, chemotherapeutics, immunosuppressants, radiocontrast
agents and others [8,9].

1.1. Platinum Based Drugs in Cancer

Between all nephrotoxic drugs, chemotherapeutic agents remain a significant com-
plication limiting the efficacy of treatment. Platinum based drugs (PBDs) are widely
used antineoplastic drugs, inducing apoptosis of cancer cells and modulating immune re-
sponses [10]. PBDs mainly include cisplatin, carboplatin, oxaliplatin, nedaplatin, lobaplatin,
hepatplatin, and miriplatin [10,11]. Currently, cisplatin, carboplatin, and oxaliplatin are
still extensively applied in the treatment of several cancers [10], even considering the best
treatment options [12-14]. Cisplatin and carboplatin are commonly used for ovarian, lung,
and head and neck cancers [15,16]. Carboplatin based regimens are frequently recom-
mended for women with platinum sensitive recurrent ovarian cancer, and oxaliplatin was
approved for enlarged spectrum or decreased toxicity and is commonly used in colorectal
cancer [15]. Although the three PBDs used in clinics cause nephrotoxicity, cisplatin is the
most toxic, followed by the others [17].

1.2. Cisplatin Induced AKI

Recent reports have shown that AKI occurs in 21-31.5% of patients receiving cisplatin-
containing chemotherapy [18,19], but still today, cisplatin induced AKI is not well defined
in humans [20]. Cisplatin nephrotoxicity depends upon the dose and frequency of drug ad-
ministration and the concomitant use of other nephrotoxic agents, such as aminoglycosides,
nonsteroidal anti-inflammatory drugs, or iodinated contrast media [9,21]. Comorbidities,
such as diabetes mellitus, chronic kidney disease (CKD), heart failure, anemia, sepsis, and
major surgeries, also increase the risk of developing AKI [20,22], and susceptibility rises
even more with age (>65 years) [1]. Patients generally experience cisplatin nephrotoxicity
after 10 days of administration and show a reduced glomerular filtration rate, higher serum
creatinine, and reduced serum and potassium levels [22]. The persistent damage produced
by AKI can lead to CKD, end stage renal disease, and physiological disturbances [1,2,23].
Besides, AKI increases mortality and tumor relapse, or secondary tumors development,
due to treatment abandonment [24].

Cisplatin passes to glomerular filtration and is secreted by the proximal tubular cells
(PTCs), mainly affecting this tubular secretion [22,25,26]. Due to the reabsorption and
secretion functions of the proximal tubule, there is a high energy demand; hence, a high
content of mitochondria [27]. Cisplatin induced acute tubular necrosis is mainly caused by
intracellular accumulation, and may produce several kidney disturbances, such as renal
failure, renal tubular acidosis, hypomagnesemia, and salt-wasting, principally by tubular
injury [21,26]. Although the most common prevention therapies include hydration, forced
diuresis (mannitol), hemodialysis, and the reduction/discontinuing doses of cisplatin,
patients are at a high risk of developing progressive renal impairment [21,28].

1.3. Cisplatin-Induced AKI and the Cardiorenal Association

Due to the crosstalk between the heart and kidney, one organ dysfunction or failure
results in maladaptive changes in the other [23]. In clinical practice, this association has
been called cardiorenal syndrome (CRS) [29] (Figure 1). CRS classification is denoted
by the principal organ dysfunction by temporal sequence and the relative acuity of each
illness [30,31]. AKI may lead to diastolic dysfunction within 72 h, but it can persist up
to 12 months after AKI, suggesting that systemic effects during the initial AKI episode
are likely contributors to long term cardiovascular disease [1,32]. AKI produces systemic
effects that increase inflammation, cardiac dysfunction, and metabolic disorders, such as
reducing adenosine 5'-triphosphate (ATP) formation in the heart [32]. Cardiotoxic mani-
festations also include heart failure, angina, acute myocardial infarction, thromboembolic
events, autonomic cardiovascular dysfunction, hypertension and hypotension, and severe
congestive cardiomyopathy [33].
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Figure 1. Cisplatin induced cardiorenal damage. Cisplatin is an antineoplastic agent used to treat different cancers; however,
it produces side effects such as nephrotoxicity and cardiotoxicity. Cisplatin causes decreased glomerular filtration rate (GFR),
increased serum creatinine (SCr), reduced serum magnesium (Mg2+) and potassium (K*) levels, leading to acute kidney
injury (AKI). The persistence of AKI produces systemic effects that increase inflammation, activate the renin-angiotensin—
aldosterone system (RAAS), sympathetic activation and cause hypertension leading to acute heart dysfunction. AKI also
causes other cardiovascular alterations, such as myocarditis, congestive heart failure, cardiomyopathy, cardiac ischemia,
and arrhythmias. Created with BioRender.com (with copyright permission from BioRender.com).

Cisplatin induced AKI triggers a degenerative process of medium thickness vessel
walls, thus causing the reduction of the vascular lumen in the long term, which associates
with the development of hypertension [34,35]. Cardiovascular morbidity and mortality
due to long term dysfunction include the interaction of different mechanisms, such as renin—-
angiotensin—aldosterone system activation, volume overload, and inflammation [2,32,36].
A recent observational study concluded that patients who recovered from testicular cancer
three decades after the treatment did not show an overt or subclinical reduction in systolic
function. In the long term, cardiovascular effects were related to metabolic dysfunction
and diastolic function [37]. Venous and arterial thrombosis, arrhythmogenic electrolyte
alterations, and volume overload have been more related to renal toxicity and the large
volume of fluid typically administered during cisplatin treatment [38].

Not all observational studies support cisplatin chemotherapy as etiologically related
to a statistical increase in late cardiovascular morbidity and mortality, but more studies to
elucidate the potential pathophysiologic mechanisms occurring during treatment would be
more exact to support downstream cardiac morbidity and mortality [38,39]. Animal models
under cisplatin therapy develop dampened heart function, impaired cardiac excitation—
contraction coupling, damaged myocardial contractility, bradycardia, reduced blood pres-
sure, and degenerative changes such as vascular congestion and fibrosis [34,40,41] (see
Table 1).
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Table 1. Cisplatin treatment leads to cardiovascular disturbances.

Model

Cisplatin Dose/Time of
Administration

Heart Alterations Other Alterations

Reference

Female 8-week-old Wistar
albino rats
190250 g

Single doses of
5 mg/kg/week, (i.p), two
times as once a week
19 days of study

1 MDA
J} SOD, CAT
1 Proinflammatory cytokines: IL-1f3,
IL-6, and TNF-« in the cardiac tissue.
Muscle fiber damage, cytoplasmic
vacuolization, hemorrhage, and
interstitial edema.

None

Bahadir et al. [42]

Male Wistar rats
200-250 g

4 mg/kg (i.p),
4 repetitions: day 1,5, 9,
and 13 (Total = 16 mg/kg)
14 days of study

1 CK-MB, cTnl
Disarrayed cardiac muscle fibers
arrangement, severe interstitial
edema, vacuolar degeneration of
muscle cells, and congestion of blood
vessels.

1 LVSP
J} LVEDP
1 Cardiac MDA
J SOD, CAT, GHS, and GPx
1 Apoptosis
1 Caspase-3 T PARP

Weight loss
Hypotension
1 Nrf-2
1 keapl, NQO1, and
HO-1

Y. Cui et al. [41]

Male albino rats
180-220 g

Repeated doses of 2
mg/mg/kg/day (i.p) for
1 week
12 days of study

Disturbed architecture of cardiac
muscle and separated muscle fibers
and extravasation of RBCs.
Degenerated and disrupted cardiac
muscle fibers. Deposition of
collagenous fibers and cardiac
muscle fibers with irregular
shrunken nuclei, swollen and
disrupted mitochondria, and dilated
sarcoplasmic reticulum.
1+ CK-MB, LDH

Tp53in the
cardiomyocytes
nuclei.

1 TNF-a

El-Hawwary & Omar.
[34]

Male 5-week-old Balb/c
mice

20-30 g

Single-dose of 7 mg/kg,
(p)
31 days of study

1 Troponin 1, CPK, CK-MB
1 MDA
1} GPx, SOD, catalase
1 NO
Disruption of cardiac muscle fibers,
loss of striations, pyknotic nuclei,
interrupted cardiac muscle fibers of
the myocardium.

| Body weight
1 Heart weight
J Heart index

M.A Ibrahim et al.
[40]

Male Wistar rats
180-200 g

Single-dose of 10 mg/kg,
(ip)
5 days of study

ECG changes (elongation of QTc
duration and increased ST and T
wave amplitude).

1 Heart rate
1 Troponin I, LDH, CK-MB
} GSH, SOD
1 Caspase-12, Bax
J Bcl-2
1 Bax/Bcl-2 ratio in heart

1 GRP78
1 Calpain-1
1 aCASP3

Saleh et al. [43]

Abbreviations: aCASP3: activated caspase 3, Bax: BCL2-Associated X Protein, Bcl-2: B-cell lymphoma 2, CAT: catalase, CK-MB: creatine
kinase isoenzyme-MB, CPK: creatine phosphokinase, ¢Tnl: cardiac troponin 1, ECG: electrocardiogram, GPx: glutathione peroxidase,
GRP78: 78-kDa glucose-regulated protein, GSH: glutathione, HO-1: heme oxygenase-1, IL: interleukin, i.p: intraperitoneal, LDH: lactate
dehydrogenase, LVEDP: left ventricular end-diastolic pressure, LVSP: left ventricular systolic pressure, MDA: malondialdehyde, NO: nitric
oxide, NQOI1: quinone oxidoreductase, Nrf-2: nuclear factor erythroid 2-related factor 2, PARP: poly (ADP-ribose) polymerase, tumor
protein: p53 RBCs: red blood cells, SOD: superoxide dismutase, TNF-«: tumor necrosis factor-alpha. Up (1) and down ({) arrows indicate
increase and decrease, respectively.

Cardiotoxicity during cisplatin treatment is also related to reactive oxygen species
(ROS) overproduction, mitochondrial alterations, and inflammation. Therefore, we con-
sider that cardiac injury could occur from cisplatin induced AKI and be a direct effect of

cisplatin toxicity.
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2. Cisplatin Uptake and Biotransformation in Tubular Cells

Cis-diamine-dichloro platinum (II) (cisplatin) is an inorganic compound formed by
an atom of platinum surrounded by chlorine and ammonia atoms in the cis position of a
horizontal plane [44]. When chloride dissociates, cisplatin forms 1-2 intrastrand or 1-3
interstrand crosslinks with purine bases on the deoxyribonucleic acid strand (nDNA) [44].
This interaction produces nDNA adducts, which are essential modifications mediating
the cytotoxic effect of cisplatin and leading to the G2 arrest of the cell cycle and apopto-
sis in the cancer cells [45,46]. Cisplatin also interacts with other nucleophilic sites, such
as mitochondrial DNA (mtDNA), membrane proteins, endoplasmic reticulum (ER), and
phospholipids [47,48]. It has been demonstrated that cisplatin binds more preferentially to
mtDNA than to nDNA, because cisplatin is a positively charged metabolite that preferen-
tially accumulates within negatively charged mitochondria [47,49] (Figure 2).

Ha
H:N ! Z Repair
3 //I/"/z ‘S\‘\\ =,_
4., pt & /Pt -
Nl NHE Repair
Cisplatin Protein blocked
& . N ey &0 - > kQ
Hidrolysis 2
Cell
ot death
H:N OH; |* 219

Mitochondrial

e -

Y
Usually the
damage is not
repaired

DNA Non-histone N

Figure 2. Interaction of cisplatin with deoxyribonucleic acid (DNA). When cisplatin enters cells, it becomes hydrated to form
positively charged species. Approximately 1% of hydrated cisplatin forms adducts with nuclear DNA (nDNA) by joining
the purine centers, mainly guanine. However, most intracellular cisplatin binds to nucleophilic sites in other molecules,
such as mitochondrial DNA (mtDNA). Cisplatin binds to the mtDNA with more affinity than nDNA, and the lack of repair,
the lack of histones, and the negative charge within the mitochondria make this organelle susceptible to damage. Ctr1:

copper transport protein

1, OCT-2: basolateral organic cation transporter. Created with biorender.com (with copyright

permission from biorender.com).

Cisplatin has a low molecular weight and is uncharged; therefore, it is freely filtered
at the glomerulus. Consequently, there is an uptake of the drug by renal tubular cells that
reaches high concentrations in the PTCs of the S3 segment, an important site of cisplatin
induced renal damage; however, cisplatin also injures the distal tubule and collecting
duct in a dose dependent manner [50]. Cisplatin is transported from basolateral to apical
transport, linking the toxicity that it may cause to the tubular epithelium [25]. Cisplatin
enters into the tubular cells by passive diffusion or by cellular transporters, such as copper
transport protein 1 (Ctrl); the basolateral organic cation transporter 2 (OCT-2), which is
highly expressed in renal tubular cells [25,47]; and the less explored volume regulated
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anion channels (VRAC) [26]. The multidrug and toxin extrusion 1 (MATE-1) mediates the
secretion of cisplatin into the urine, and cisplatin induced nephrotoxicity is increased with
the reduced activity of MATE-1 and increased activity of OCT-2 [51,52].

When cisplatin undergoes metabolic activation in the kidney cells, it becomes a
more potent toxin [47,53]. The dissociation of one of the chlorines from the cisplatin
due to the aquation inside the cell results in a positive charge on the platinum that will
attract the negatively charged sulfur on the cysteine moiety of the antioxidant peptide glu-
tathione [47,54], significantly reducing their levels. The formation of glutathione conjugates
in the circulation passes through the kidney, and they are cleaved to cysteinyl-glycine-
conjugates by gamma-glutamyl transpeptidase (GGT), which is highly expressed on the
surface of the PTCs [54]. GGT cleaves gamma-glutamyl bonds in extracellular glutathione
and glutathione-conjugates [53,54]. The cysteinyl-conjugates are further metabolized to
cysteine-conjugates by aminopeptidases, and then transported into the PTCs, where they
are further metabolized by cysteine-S-conjugate beta lyase to the highly reactive thiols [53].

2.1. Cisplatin Induced Mitochondrial Dysfunction in the Kidney

Different studies have shown the role of mitochondrial dysfunction in cisplatin in-
duced AKI [55-57]. PTCs have a high metabolic rate; therefore, they contain many mi-
tochondria [58-60]. Cisplatin accumulates in the mitochondria of renal PTCs and forms
crosslinks with mtDNA and proteins [25]. Recent evidence using a platinum selective
fluorescent probe has shown that the Cytochrome c oxidase copper chaperone 17 (COX17),
a mitochondprial intermembrane enzyme involved in copper transfer [61], mediated the
mitochondrial internalization of cisplatin in HeLa cells [62], suggesting a mechanism by
which mitotoxicity may occur [63].

Increasing evidence has proved that only a small amount of cellular platinum is bound
to nDNA (~1%) [46], and other targets, such as the electron transport system (ETS), mtDNA,
and the endoplasmic reticulum, have been suggested as participants of the cisplatin induced
apoptosis, in addition to nDNA damage [48]. Furthermore, mtDNA is a target more
susceptible to the formation of adducts due to three main characteristics: (1) the low
decomposition activity of cisplatin-mtDNA adducts, (2) a higher mutation rate in contrast
to nDNA and, (3) the superoxide radical (O,e~) produced in the mitochondria cannot
pass through the membranes [31,58,64]. Other mechanisms, including excessive ROS
production, nDNA damage response [57], reduction in membrane potential, impairment of
the mitochondrial redox balance, apoptosis, and inflammation, have also been proposed
as the main contributors to the pathogenesis of cisplatin induced renal injury [22,56,58,65]
(Figure 3).

(a) ROS: During oxidative phosphorylation in the mitochondria, electrons leak from
mitochondrial complexes in the ETS, resulting in the partial reduction of oxygen (O,);
and this process leads to a small amount of ROS in the form Oy~ [66-68]. ROS are phys-
iologically necessary for cells” functions [69,70], but their overproduction reduces ETS
efficiency, leading to diminished mitochondrial membrane potential and mitochondrial
dysfunction [71]. Mitochondria are one of the principal endogenous sources of ROS, and,
after cisplatin treatment, mitochondria become uncontrolled intracellular ROS produc-
ers [41,72,73]. ROS impair electron flow through the ETS, producing even more ROS by
mitochondrial complexes or Krebs cycle dehydrogenases [74,75]. Recent studies in animals
(see Table 2) have shown that a reduction in mitochondrial ATP production also favors
ROS production by the nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)
oxidases (Nox), specifically by Nox4 [76], which is also present in the mitochondria. ROS
overproduction reduces the antioxidants in the mitochondria, such as glutathione peroxi-
dase (GPx) and manganese superoxide dismutase (MnSOD) [40,42,77,78].

The dysregulation of mitochondria’s functional and structural integrity is the critical
early event responsible for tissue injury in cisplatin induced AKI [79]. ROS directly affect
protein synthesis and structure, DNA synthesis, and cell repair mechanisms [80]. ROS can
lead to a vicious circle in which ROS species can activate the mitochondrial membrane
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pores, leading to mitochondrial dysfunction and further ROS release [67,81]. Besides, ROS
can damage mitochondrial molecules either at or near the site of their formation [31]. Elec-
trophilic toxic metabolites and ROS may increase oxidative damage and lead to proximal

tubule injury [5].
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Figure 3. Cellular

mechanisms related to cisplatin induced oxidative damage and apoptosis. Cisplatin enters the cells by

passive diffusion or by cellular transporters (copper transport protein 1 [Ctr1] and the basolateral organic cation transporter
[OCT-2]). The accumulation of cisplatin inside the cells leads to nDNA and mtDNA alterations, disturbances in the electron
transport system (ETS), and the activation of NADPH oxidases (Nox). Cisplatin could enter the mitochondria through
COX17, an enzyme in the intermembrane space that handles the uptake of copper. Cisplatin decreases antioxidant enzymes,
such as glutathione peroxidase (GPx) and superoxide dismutase (MnSOD), leading to increased reactive oxygen species
(ROS) production and promoting oxidative stress. ROS led to endoplasmic reticulum (ER) stress that, in turn, enhances the
production of ROS. Moreover, the response to nuclear DNA damage or cellular tension leads to the activation of p53 by
its phosphorylation. Subsequently, p53 phosphorylated activates p53 induced protein with a death domain (PIDD) and
the p53 upregulated modulator of apoptosis (PUMA). PUMA in the cytoplasm activates pro-apoptotic proteins, such as
Bcl-2-like protein 4 (Bax) and Bcl-2 homologous antagonist/killer (Bak), that form a pore in the outer membrane of the
mitochondria, allowing the release of cytochrome ¢ (Cyt c) and apoptosis-inducing factor (AIF). Cyt c in the cytosol induces

the oligomerization of apoptosis protease-activating factor-1 (Apaf-1). Apaf-1, Cyt ¢, and adenosine triphosphate (ATP)

form the apoptosome, which activates caspase-9. Activated caspase-9 leads to the processing of effector caspase, triggering

the last phases of apoptosis. Caspase-9 can also be activated by caspase-12, which is promoted by endoplasmic reticulum

(ER) stress. After mitochondria release AIF, it accumulates in the nucleus to induce apoptosis in a caspase independent

manner (green line). AY: membrane potential, mtDNA: mitochondrial deoxyribonucleic acid, COX17: Cytochrome c

oxidase copper chaperone. Created with biorender.com (published with permission from biorender.com).

Nox4 is highly expressed in the kidney and is substantially increased by cisplatin
in vivo and in vitro. Nox4 mediated ROS generation aggravates cisplatin induced nephro-
toxicity by promoting ROS mediated programmed cell death and inflammation [82].
In vitro cisplatin induced AKI also worsens with high glucose (as occurs in diabetic pa-
tients), leading to the overexpression of Nox4 and increasing ROS levels and inflammation
even more [83]. This redox disturbance produces oxidative stress, defined as an imbalance
in the excessive generation of ROS and impaired scavenging of ROS [66,69,80,81]. Some
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studies have demonstrated that using treatments with antioxidants ameliorates the nephro-
toxic effects of cisplatin in the renal tissue [42,46,56,84] and tubular cells [77], suggesting
that the development of new therapies against mitochondrial oxidative stress during the
pathogenesis of cisplatin induced toxicities may be beneficial for cancer patients.

(b) Apoptosis: Mitochondrial apoptotic pathways (intrinsic pathways) are deeply in-
volved in cisplatin induced AKI [85]. In response to cellular stress, tumor protein (p53) and
its phosphorylation is induced in PTCs and upregulates components of several apoptosis
pathways, such as a p53-induced protein with a death domain (PIDD) and p53 upregulated
modulator of apoptosis (PUMA), resulting in cell dysfunction and, eventually, apopto-
sis. The suppression of the expression and activation of Poly (ADP-Ribose), Polymerase
(PARP1), p53, and the histone y-H2AX, has shown protection against cisplatin-induced
AKI in mice [8]. On the other hand, Bcl-2 family proteins; Bcl-2-associated X protein (Bax)
and Bcl-2 homologous antagonist/killer (Bak) form pores on the outer mitochondrial mem-
brane (OMM), resulting in the release of apoptogenic factors, such as cytochrome c (Cyt
¢), apoptosis-inducing factor (AIF), the second mitochondria derived activator of caspase
(Smac)/direct inhibitor of apoptosis binding protein with low pI (DIABLO), and endonucle-
ase G. Cisplatin not only activates several signaling pathways, such as mitogen-activated
protein kinase (MAPK), p53, p21, caspase-3, Bcl-2, and renal tubular cell damage [86], but
also may involve other mitochondrial processes; for example, damage to mitophagy [78]
and mitochondrial dynamics [87,88].

Mitochondrial fission can be induced by mitochondrial membrane depolarization,
which also triggers mitochondrial permeabilization and apoptogenic factors [87]. The
impairment of mitochondria structural integrity ultimately results in ATP depletion and
cytoskeletal changes, leading to the disintegration of the brush border, loss of cell—cell
contact, and tubular epithelial cell detachment in the kidney [87,89].

Table 2. Cisplatin administration induces dose-time alterations in the rodents * kidneys.

Other

Cisplatin Dose/Time

Kidney

Model Administration Alterations Alterations Reference
4 SCr and BUN Mitochondria alterations:
Swelling of the epithelial cells from CPTs. T FIS._l’ swelling, rupture
Extensive cytoplasmic vacuolization of cristae, and autophagic
Male Wistar rats 5mg/kg (i.p) yiop . bodies in CPTs. Ortega-Dominguez
detached necrotic cells and cellular debris _
(200-250 g) 3 days in the tubular lumen Decreased state III and I of etal. [56]
1 RCI, ADP/O ratio, ATP synthase activity, ;TdEng);s/gergsos for ke
mtMP, OPA-1, and Sirt-3. was unchanged.
1 BUN and tubular necrosis
Male 10-week-old 10 mg/kg (i.p) 1T mRNA expression of injury markers: . )
C57BL/6] mice 7 days NGAL and KIM-1. Increased DHE | Body weight Mapuskar et al. [4]
oxidation.
1 BUN, SCr, and apoptosis.
Male 8-weeks old 16 mg/kg (i.p) Histopathological alterations: loss of the
C57BL/6N mice 4 days brush border, tubular cell loss, and cast T Autophagy Zhuetal. [78]
formation.
1 BUN, SCr, MDA, and apoptosis. |. GSH, T mortality, Nrf-2, HO-1,
BALB/c mice 20 mg/kg (i.p) SOD, CAT. and NQO-1. Zhang et al. [73]
(2025 g) 3 days Kidney lesions, whitening, and tubular 1T TNF-a and IL-1 in the 8 T
injury. renal tissue.
1 BUN, SCr, KIM-1 mRNA, and
proinflammatory cytokines: IL-6, IL-1§3,
Male 8-12 weeks 20 mg/kg (i.p) TNF-o, and MCP-1. Tubular dilation,
old C57BL/6 mice 3g Ja gs P protein casts, and loss of proximal brush - Yang et al. [85]
22-24 ¢ y border.
1 kidney size

Pale appearance
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Table 2. Cont.

Cisplatin Dose/Time Kidney Other
Model Administration Alterations Alterations Reference
RPTCs treated with 20 uM
Male 8-week-old 30 mg/kg (i.p) T Sgr, BUN, a.n};:l ap01f3t0s1s. . oj c1s%1atm for 16 h I
C57BL/6 mice 2 days Severe damage with cast formation, produced apoptotic cells Wuetal. [8]
vacuolization, and dilation in renal tubules.  with nuclear condensation
and fragmentation.
1 BUN, SCr, and KIM-1.
} CCR, urinary NAG, and albumin
. . 1 cleaved caspase-3, Bax,
Male 10-week-old 20 mg/kg (i.p) excretion. and 053 Luan et al. [90]
C57BL/6 mice 8 days Acute renal tubule damage with loss of the poo- ’

brush border and extensive necrosis of the 1 levels of Bel-2.

proximal tubules.

Abbreviations: ADP/O: adenosine diphosphate/oxygen, Bax: Bcl-2-Associated X Protein, Bcl-2: B-cell lymphoma 2 family of proteins,
BUN: blood urea nitrogen, CAT: catalase, CCR: creatinine clearance rate, CPTs: convoluted proximal tubules, Cr: creatinine, CrCl: creatinine
clearance, DHE: dihydroethidium, ETS: electron transport system, FIS-1: mitochondrial fission 1 protein, GSH: glutathione, HO-1: heme
oxygenase, IL-: interleukin, KIM-1: kidney injury molecule-1, MCP-1: monocyte chemoattractant protein-1, MDA: malondialdehyde,
MMP-: matrix metalloproteinases, mtMP: mitochondrial membrane potential, NAG: N-acetyl-beta-(D)-glucosamine, NGAL: neutrophil
gelatinase-associated lipocalin, NQO-1: quinone oxidoreductase, Nrf-2: nuclear factor erythroid 2-related factor, OPA-1: optic atrophy
type 1, PCr: plasma creatinine, Pi: phosphate, RCI: respiratory control, RPTCs: renal proximal tubular cells index, SCr: serum creatinine,
Sirt-3: sirtuin 3, SOD: superoxide dismutase, TNF-«: tumor necrosis factor-alpha, mRNA: messenger ribonucleic acid. Up (1) and down ({)
arrows indicate increase and decrease, respectively.

2.2. Cisplatin Induced Mitochondrial Dysfunction in the Heart

Cardiomyocytes are cells with a high demand for energy [91]. They consume ap-
proximately 8% (~6 kg) of ATP a day, and nearly 90% of cellular ATP is used to meet the
high requirements for contraction and relaxation. Consequently, about 75% of a cell’s
volume is occupied by mitochondria [92-94]. The high number of mitochondria in the
heart is a feature that can be correlated with enhanced ROS levels during pathologies
that produce dynamic changes, such as mitochondrial fragmentation and autophagy [95],
ultimately leading to the damage of the myocardium [66]. The mitochondria provide the
required energy to the heart, depending upon the continuous supply of oxygen obtained
by coronary flow [91]. In contrast, when the heart is failing, it switches from fatty oxide
metabolism (>95%) to glycolytic metabolism [93,96].

In animals, cisplatin also induces several cardiac alterations, such as disorganized
cardiac muscle fibers, pyknotic nuclei, collagenous fibers deposition, tumor necrosis factor-
alpha (TNF-«x) production, and a significant increase in the number of p53 positive nuclei.
In addition, cardiomyocytes also show disorganized myofibrils, swollen or disrupted
mitochondria, and widening intercalated discs [34]. An antioxidant (ginger) treatment
showed a marked improvement in cardiac histology and ultrastructure through anti-
apoptotic, antioxidant, and anti-inflammatory properties. Similar results were shown in
a model of cisplatin toxicity with male albino Balb/c mice [40]. There was a reduction in
antioxidant systems and an increase in oxidative stress and damage in cardiac enzymes.
Treatment with two antioxidants (green tea extract and vitamin E) improved biochemical
and histological parameters and oxidative stress. In addition, it has been shown that
the decrease in nitrosative stress and lipid peroxidation produced by an inhibitor of the
mesenchymal-epithelial transition factor (c-Met) has protected against the nephrotoxicity
and cardiotoxicity induced by cisplatin- or doxorubicin [97].

Cui et al. used a database analysis of the potential pathways. They found that the
cardioprotective effect was mainly associated with nuclear factor erythroid 2 related factor
2 (Nrf-2) /heme-oxygenase-1 (HO-1) and p38-MAPK pathways, suggesting that protection
against oxidative stress injury and several transcription factors are the main contributors
to intracellular signal transduction pathways to cardiac oxidative stress during cisplatin
therapy. Cisplatin induced cardiotoxicity associates with oxidative stress and increases
gene expression of proinflammatory cytokines, such as TNF-oc and tumor necrosis factor
receptor 1 (TNFR-1), possibly mediating the relationship between Nrf-2 and MAPK [41].
TNF-« and TNFR-1 may act as death receptors that bind to the cells’ plasma membrane and
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lead to the recruitment and activation of caspase-8, which activates downstream caspases
to induce apoptosis [22].

ROS mediated mitochondrial dysfunction contributes to heart failure [93]. For ex-
ample, after damage, cardiomyocytes show increased amounts of small and fragmented
mitochondria [98,99]. ROS also increases cell wall permeability, with subsequent LDH
leakage acting as a marker of cell death [40]. When cells are damaged, ATP production
declines and results in cell alterations or cell death. After disruption, mitochondria release
components such as mtDNA, which may act as damage associated molecular patterns
(DAMPs), leading to proinflammatory immune responses, such as activating dendritic cells
and macrophages in the heart [100,101]. The ROS overproduction induced by cisplatin also
activates Bax, which is then transported to the outer mitochondrial membrane, changing its
permeability and reducing B-cell lymphoma 2 (Bcl-2) levels in the heart tissue, consequently
increasing the oligomerization of Bax/Bak and producing apoptosis of myocardial cells [43].
These studies suggest that oxidative stress and mitochondrial dysfunction (Table 2) are the
first mediators of cardiac alterations during cisplatin treatment, and that ROS scavengers,
antioxidants, or inhibitors of mitochondrial dysfunction could play an essential role in
stopping secondary disturbances.

3. Therapeutic Approaches to Mitigate the Nephrotoxic Effects of Cisplatin

In clinics, to attenuate the nephrotoxic effects of cisplatin, patients receive active hy-
dration and mannitol administration to increase the rate of cisplatin excretion [21,28]. In
addition, other experimental approaches have been demonstrated to reduce the nephro-
toxic effects of cisplatin. Some antioxidants, such as allopurinol (a xanthine oxidase
inhibitor) in combination with ebselen (a glutathione peroxidase mimetic), have demon-
strated renoprotective effects in rats [102]. Similar results were found using resveratrol and
beta-lapachone [28,103,104]. Other antioxidants, such as slymarin, naringernin, vitamin C,
and vitamin E, have been shown to protect the kidney “s function in animal studies [105].
On the other hand, salicylates are anti-inflammatory drugs that inhibit cyclooxygenase
activity and prostaglandin synthesis, reducing the renal inflammatory response in cisplatin
toxicity models [106]. Finally, fibrates (inhibitors of the accumulation of free fatty acid and
suppressors of apoptosis) have also been shown to prevent cisplatin induced renal toxicity
in in vivo and in vitro models [28].

Since mitochondrial alterations and oxidative stress are primarily responsible for
the AKI and cardiorenal syndrome induced by cisplatin, here we discuss the potential
use of mitochondrial transplantation (MT) [91,107,108] as a complementary approach for
their management.

3.1. Mitochondrial Transplantation as a Novel Therapy for Mitochondrial Dysfunction

The need to prevent or alleviate mitochondrial alterations, especially those elicited
by oxidative stress and mitochondrial dysfunction, demands new therapeutic strategies
in molecular and cellular medicine that go further in pharmacotherapy. MT [91,107,108],
or mitotherapy [109], is a novel technique whose first aim is to replace dysfunctional
mitochondria with healthy mitochondria [91,92,107,110,111]. Transplanted mitochondria
can incorporate into mammalian cells and contribute to changes in the bioenergetics pro-
file [112], the rescue of respiratory and cell functions, induced Treg cell differentiation [113],
and the transfer of mitochondrial genes, inducing metabolic reprogramming [92,108,114].
In the last decade, many experimental studies have obtained these tiny bean-shaped or-
ganelles of tissues without damage, such as pectoralis muscle, heart, liver, or kidneys, cell
lines [91,92,107,115,116], platelets [117] and mesenchymal stem cells (MSCs) [79,89,95].

Although mitochondrial internalization has been observed in several cells, internaliza-
tion mechanisms on injury context and delivery strategies are both fields that remain to be
explored. In cellular communication, mitochondria can traverse cell boundaries and be
horizontally transferred between cells through different mechanisms, such as tunneling
nanotubes, extracellular vesicles, cellular fusion and GAP junctions [114]. At present, the
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molecular mechanisms by which damaged cells acquire mitochondria from other cells are
unknown [118].

In vitro, mitochondria have been incorporated through tunneling nanotubes (mainly
constituted by actin filaments) [118-120] and macropinocytosis [116] from one cell to
another (Figure 4B). Mitochondria from cardiomyocytes communicate with each other
through “kissing” (transference of contents between adjacent mitochondria) and nanotun-
neling (transference in long range mitochondrial pairs). “Kissing” is related to the minimal
movement of mitochondria inside cardiomyocytes, suggesting other forms of communica-
tion in which mitochondria form dynamically continuous networks to exchange matrix or
membrane contents [99]. In other studies of MT, isolated homogenous mitochondria were
cocultured with human endometrial gland derived mesenchymal cells and incorporated
through a macropinocytosis mechanism [116]. The exogenous mitochondria rescued the
mitochondrial respiratory function and the cellular viability in mtDNA-depleted cells.
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Figure 4. Mitochondrial transplantation (MT). (A) Natural transfer between cells. Depicted—possible internalization
mechanisms of mitochondria in cells include dynamin dependent clathrin, actin dependent endocytosis, macropinocytosis,
and tunneling nanotubes. (B) Artificial mitochondrial transplantation. Mitochondria can be incorporated into tissues
by different techniques depending on the target tissue and the injury. In vivo transplantation routes include delivery of
mitochondria to the bloodstream (systemic transplantation) and direct delivery to tissue (in situ transplantation). In vitro,
MT can also be performed. (C) Effects of transferred /transplanted mitochondria. Mitochondprial transplantation increases
energy production, mitochondrial protein translation, enzyme activities and decreased ROS. Created with biorender.com
(with copyright permission from biorender.com).

MSCs primarily take up platelet derived mitochondria via dynamin dependent,
clathrin mediated endocytosis [121], but MSCs have also been shown to donate mito-
chondria to neural stem cells (NSCs) through actin based intercellular structures and the
mitochondrial motor protein Rho-GTPase 1 (Mirol) during cisplatin induced damage
in vitro [101].

Pacak et al. [120] studied mitochondrial internalization mechanisms in cardiomyocytes
using specific blockers for internalization mechanisms. The authors found that neonatal
rat cardiomyocytes and autologous mitochondria coincubation was internalized through
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actin dependent endocytosis (Figure 4B) as soon as after 1 h of co-incubation. Transplanted
mitochondria increased ATP content, oxygen consumption rates and replaced mtDNA
in p0 cells (cells devoid of mtDNA). Finally, using three dimensional, super resolution
microscopy and transmission electron microscopy to determine the intracellular fate of
exogenous mitochondria from human cardiac fibroblasts (HCF) in two lines of cells; human
induced, pluripotent, stem cell derived cardiomyocytes; and primary cardiac fibroblasts,
it was demonstrated that mitochondria incorporated into cardiac cells through an actin
polymerization mechanism in a few minutes, and then transported to the endolysosomal
system. Although, in this study, it was observed that some mitochondria were destined
for degradation, most exogenous mitochondria escaped from endosomal and lysosomal
compartments and fused with endogenous cardiac cell mitochondria, showing beneficial
results [122].

The natural transference of mitochondria between cells led to the proposal of MT as a
feasible therapy in different pathologies in which this organelle shows disturbances [118].

3.2. Mitochondrial Isolation

For a proper MT, there is a need for proper mitochondrial isolation to ensure their in-
tegrity and functionality; thereby, several methodologies have been described [87,108,123].

Mitochondrial isolation must be short and efficient (usually 45-120 min) for prevent-
ing prolonged surgical times in clinical practice [108], and the tissue used for obtaining
the mitochondria must not have lesions or damage. Mitochondria isolation requires trans-
ferring the tissue in homogenizing buffers that closely depend on the needs of cells or
tissues. [116,124,125]. Homogenizers need to provide sterilized and effective homogeniza-
tion, allowing the consistent and uniform dissociation of the tissue. Tissue homogenates,
such as those obtained from muscle, the liver or the heart, are usually subjected to brief
digestion, generally with subtilisin A, and the mixture can be passed through several dis-
posable mesh filters or differential centrifugation [87,91,111,123]. Cells are usually ruptured
on ice with strokes of 27 gauge and then differentially centrifugated [116,124,125]. Mito-
chondria cannot survive much time after extraction, and although many improvements
in extraction protocols have reduced the time of extraction, some characteristics, such as
temperature, respiration buffer, and counting methods, need to be taken into account to
improve mitochondrial survival [91,93,123].

Once the mitochondria to be transplanted are obtained, they can be incorporated
into the tissues with experimental techniques that depend on the site and the type of
injury. In in vivo studies, mitochondria have been transplanted through different routes;
for example, during administration in the blood circulation (systemic transplantation),
mitochondria have been injected through coronary arteries, renal arteries, and the tail
vein [109,110,126,127]. Mitochondria have also been transplanted directly to the tissue (in
situ transplantation) in the renal capsule, or directly into the myocardium [45,87,89,100,111].

MT is an emergent field based on the delivery of mitochondria from autologous
or nonautologous sources to treat diseases related to mitochondrial damage or dysfunc-
tion [128]. MT could be a possible option for being used in clinical settings where mito-
chondria are mainly damaged [81]. MT has been shown to provide a therapeutic benefit,
because donated mitochondria have been shown to restore mitochondrial function [128].
The replacement of damaged mitochondria with respiratory competent mitochondria has
increased energy production, mitochondrial protein translation, enzyme activities, mtDNA
replacement, and ROS reduction (Figure 4C) [81,107,108,110,111,126]. In addition, MT
has rescued the mitochondrial respiratory function and improved the cellular viability of
mtDNA depleted cells [116]. Other studies have demonstrated that mitochondrial fractions,
mtDNA or messenger ribonucleic acid (mRNA), exogenous ATP, or adenosine diphos-
phate (ADP) do not offer any cytoprotection [92,107,123,129], even though they can act as
DAMPs [93,130]. The inflammatory response produced by the fragments of mitochondria
suggests that these organelles should be intact to promote beneficial effects. There are no
negative bioenergetic consequences after MT; in fact, newly transplanted mitochondria
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are adopted by the host and show improved bioenergetic consequences during the early
stages of damage [112].

3.3. MT in Pathology Induced Mitochondrial Dysfunction

Several animal studies are showing the beneficial result of MT in animal models of
disease. The applications of MT to different pathologies, such as ischemia-reperfusion (I/R)
in the heart, in I/R and nephrectomy in the kidney as well as in nonalcoholic fatty liver
disease, have been demonstrated to produce the recovery of the tissues by improving the
respiration of mitochondria, reducing the levels of inflammation, and decreasing apoptosis
of the cells. The following section will specifically discuss these assertions.

(a) Liver

MT has shown the therapeutic effect of exogenous mitochondria (isolated from HepG2
cells), transplanted in the tail vein, against high fat, diet induced fatty liver in mice.
Mitochondria could directly target tissue cells, decreased serum aminotransferase and
cholesterol levels. Mitochondria also attenuated the intrahepatic excessive lipid accumula-
tion, the oxidation injury of the fatty liver mice, improved energy production hepatocyte
function [109]. These studies suggest that MT could be a potential treatment to treat
mitochondrion associated liver diseases.

(b) Kidney

Jabbari et al. [87] used an in vivo model of AKI (right nephrectomy + left kidney I/R),
and the authors studied the effects of autologous mitochondria obtained from pectoralis
major muscle cells and transplanted in injured kidney cells through an injection to the renal
artery. MT prevented renal tubular cell death, restored renal function, ameliorated kidney
damage, and led to the regeneration of renal tubules, decreasing I/R-induced apoptosis.

(c) Heart

Many studies have pointed out the use of MT in alterations produced by I/R injuries
in the heart, showing beneficial results.

McCully et al. [107] conducted a study in an in vivo myocardial infarction model
(through I/R) in New Zealand white rabbits where mitochondria (isolated from donor
rabbit left ventricular tissue) were transplanted into myocardial tissue one minute before
reperfusion. MT reduced the ischemic tissue damage and led to functional recovery. This
study also demonstrated enhanced cardioprotection during myocardial infarct by reducing
necrosis markers, apoptosis, and cardiac markers such as cardiac troponin I (cTnl) and
creatine kinase-MB (CK-MB). Finally, injected mitochondria were present and viable after
120 min of reperfusion and were distributed from the epicardium to the subendocardium,
highlighting their function in ischemic functional recovery and cellular viability. Similar
to these findings, Masusawa et al. [129] observed the reduction in infarct levels due to
an autologous MT (mitochondria obtained from the pectoralis major muscle) after I/R
injury in the heart. MT increased the precursor metabolites required for cellular respiration,
enhanced oxygen consumption, and induced cytokine mediators. Mitochondria were
internalized into cardiomyocytes two hours after transplantation, and the cardiac protective
effects were preserved for more than 28 days, suggesting that mitochondria are internalized
depending on the extension of the damage.

Kaza et al. [131] demonstrated the clinical efficacy of autologous MT (isolated from
skeletal muscle tissue) to translate it into human applications. They used Yorkshire pigs
subjected to regional ischemia (RI) by temporarily snaring the circumflex artery. After
24 min of R, they injected (8 x 0.1 mL) a vehicle containing mitochondria into the area at
risk, then the snare was released, and the animals were followed for 4 weeks. MT reduced
the infarct size and the damage to heart tissue. There were no changes in levels of CK-MB
and cTn1, as well as in immune, inflammatory, and cytokine activation markers.

Cowan et al. [110] used a heterologous MT (mitochondria isolated from human adult
cardiac fibroblasts) in rabbit hearts that underwent focal ischemia for 30 min, followed by
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reperfusion. Mitochondria were injected through the coronary vasculature to increase the
potential of this approach. They noted that many mitochondria were found in the interstitial
spaces, but some mitochondria were co-localized within cardiomyocytes. Mitochondria
could be successfully delivered into the myocardium by vascular perfusion, and MT
reduced myocardial infarct size and enhanced postischemic functional recovery [110].

Moskowitzova et al. [132] improved cold ischemia time (CIT) by transplanting mito-
chondria in the heart (isolated mitochondria from gastrocnemius muscle) by antegrade
injection in the coronary arteries toward the coronary ostium. The mitochondria were first
delivered just before CIT, to protect from ischemia, and then again 5 min before reperfusion.
MT reduced heart graft failure in the post-transplantation period and prolonged CIT by
up to 29 h. In addition, MT enhanced tissue viability, reduced neutrophil infiltration,
prolonged heart graft function, beating score, ejection fraction, and shortening function
for at least 24 h [132], suggesting that mitochondria recovery is essential to improve I/R
disturbances in the heart.

Emani et al. [111] demonstrated promising results in a human application in which
they made an MT using autologous mitochondria harvested from nonischemic skeletal
muscle in pediatric patients with cardiac I/R injury through several direct myocardium
injections. Although the authors observed the recovery of myocardial function after extra-
corporeal membrane oxygenation support, they did not study the involved mechanisms of
protection, demanding the need for more specific studies to elucidate whether it would be
possible to isolate healthy mitochondria and utilize them safely in clinical practice [133].

3.4. MT in Drug Induced Mitochondrial Dysfunction

The applications of MT in drug induced pathologies have been a very recent attempt
that has shown promising results in organs such as the kidney, liver and heart:
(a) Liver

Recently, Ulger et al. [134] used MT in the acetaminophen-liver toxicity model (isolated
mitochondria obtained from MSCs and delivered to the liver via the portal circulation
through an injection into the spleen). MT improved tissue morphological structure and
liver function. The plasma levels of alanine aspartate aminotransferase, apoptotic cells, and
the total oxidant levels were decreased. It is interesting to mention that this study evaluated
the comparison between N-acetylcysteine (an antioxidant and anti-inflammatory drug)
and the MT, observing that N-acetylcysteine provided partial improvement compared to
MT, which suggests that exogenous mitochondria could be a more effective therapy in
treating drug induced liver toxicity.

(b) Kidney

Konari et al. [89] demonstrated that, in an in vivo model of diabetic nephropathy
induced with streptozotocin (see Table 3), mitochondria derived from MSCs and directly
injected under the renal capsule of the left kidney were rapidly incorporated (within 24 h)
in PTECs, and the mitochondria suppressed ROS production by recovering superoxide
dismutase 2 (SOD2) levels and inhibiting apoptosis through the increased expression of Bcl-
2 family proteins (Bax)/Bcl-2. In addition, these findings also supported that mitochondrial
transference improved the expression of renal transporters, such as Megalin and the
sodium-glucose co-transporter-2 (SGLT2), and the structural restoration PTECs.

Recently, Kubat et al. [135] (Table 3) probed MT (mitochondria from MSCs injected
into the cortex of right and left kidneys) in a model of kidney damage/renal injury induced
with doxorubicin (6 mg/kg) in rats. MT promoted a reduction in proteinuria levels, the
regeneration of tubules, and increased antioxidant enzyme levels, such as superoxide
dismutase (SOD) and GPx. Besides, there was an evident reduction in apoptosis by
increasing Bcl-2 levels, and a reduction in caspase-3 levels in injured renal cells, attributed
to the effects of the replaced mitochondria. This is the first study showing the therapeutic
effects of using MT in a nephrotoxicity model; however, the specific mechanisms by which
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mitochondria were internalized and the internalization mechanisms in this model were
not evaluated.

Table 3. Recent studies showing the beneficial effects of mitochondrial transplantation in drug-induced pathologies in

the kidney.
. . . . Mitochondrial
Mitochondrial Delivery Method Injury/Targeted Therapeutic Concentration Reference
Source Organs Outcome
Range
Diabetic Improved cellular
Directly injected nephropathy mor hclflo of PTECs and Mitochondria
under the renal induced with P &Y obtained from .
BM-MSCs . the structure of the tubular 6 Konari et al. [89]
capsule of the left streptozotocin basement membrane and 1 x 10
kidney (65 mg/kg) in male . BM-MSCs
Sprague-Dawley rats cells with brush border.
- cellular OS
Transplanted I\JESEEZ;O:;E;Y Regeneration of tubular Mitochondria
directly into the cells .
MSCs . 6 mg/kg of - obtained from Kubat et al. [135]
cortex of right and d 2. ° Reverted renal deficits, 7
. oxorubicin in Male 2 x 10" cells/mL
left kidneys Bcl-2

Sprague-Dawley rats

caspase-3 levels

Abbreviations: BM-MSCs: bone marrow mesenchymal stem cells, MSCs: mesenchymal stem cells, OS: oxidative stress, PTECs: proximal
tubular epithelial cells, Bcl-2: B cell Lymphoma 2 family proteins.

Perico et al. [79] showed that the transplant of human umbilical cord mesenchymal
stem cells (UC-MSCs) in mice with cisplatin induced AKI produced a multimodal paracrine
action in which intra and intercellular pathways promoted reparative mechanisms mainly
by preserving mitochondrial homeostasis and microtubule dependent organelle trafficking

through the enhancement of Sirtuin-3 and 5'adenosine monophosphate activated pro-

tein kinase (AMPK) activation. Besides, there was tubular cell recovery by regulating
mitochondrial biogenesis in the proximal tubule and preserving mitochondrial functional
integrity by enhancing the peroxisome proliferator activated receptor gamma coactivator

1-alpha (PGC1-«) expression, nicotinamide adenine dinucleotide (NAD+) biosynthesis,

and Sirtuin-3 activity. The authors also found gene expression differences between resting
cells and renal PTCs exposed to cisplatin and UC-MSCs, with a high recurrence of genes
involved in mitochondrial metabolisms, such as amino acid catabolism, urea cycle, fatty
acid metabolism, and ETS components. Although the authors did not study the specific
role of mitochondrial transference, it can be noted that MSCs induced the reprogramming
of damaged tubular cells mainly through the improvement of different mitochondrial

pathways [79].
(c) Heart

Zhang et al. [136] reported that transplantation of human induced, pluripotent, stem-
cell derived MSCs (i.PSC-MSCs) (intramyocardial injection at four sites in the left ventricle)

into a mouse model of doxorubicin induced cardiomyopathy attenuated left ventricular
dilatation, myocardial damage and fibrosis, resulting in good mitochondrial retention in
cardiomyocytes and the bioenergetic preservation of the heart tissue. The i.PSC-MSCs
attenuated the doxorubicin induced cardiomyocyte damage mainly by increasing tunneling
nanotubes formation and the TNF-« /nuclear factor kappa light chain enhancer of activated

B cells (NF- kB) signaling pathway and Miro-1.

Therefore, this study showed the protective effects of iPSC-MSCs against doxorubicin-
induced cardiomyopathy by mitochondrial transfer of iPSC-MSCs to damaged cardiomyocytes.

As shown in Section 3.4, some recent studies have attempted to perform the MT in

drug induced pathologies in several organs. These exciting results emphasize the many

benefits of transplanting respiratory-competent mitochondria to alleviate mitochondrial

alterations, oxidative stress, and tissue injuries during drug-induced toxicity.
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4. MT as a Possible Therapy against Cisplatin-Induced Cardiorenal Alterations

In this review, we discuss if MT could have new possibilities in treating or comple-
menting existing therapies to prevent the side effects produced by cisplatin, since some
approximations with other nephrotoxins have already been made [135].

As mentioned, oxidative stress and mitochondrial dysfunction are pivotal contributors
to renal and cardiac cell death during cisplatin toxicity [36]. Cisplatin primarily impairs
respiratory function, and induces lipid peroxidation and mtDNA damage [55,89]. On the
other hand, MT has shown beneficial results in several pathophysiological contexts [36,137].
However, MT is an emerging field that requires more detailed investigations for its potential
use as a joint therapy against oxidative stress and mitochondrial dysfunction [81,138] in
the context of the use of chemotherapies.

Although many beneficial effects have been probed during mitochondrial therapy, this
field has some limitations. For example, several diseases affect mitochondria in different
tissues, because mtDNA mutations are expressed at different ratios in different tissues
(heteroplasmy) [139]. Therefore, the source of mitochondria and previous genetic analysis
of mtDNA will have to be carried out before transplantation [140]. Concerning this, Maeda
et al. [124] established a novel technology to generate somatic mitochondrial DNA replaced
cells (MirCs), combined with a temporal reduction in endogenous mtDNA and coincuba-
tion with exogenous isolated mitochondria. The results showed that mitochondrial disease
patient derived fibroblasts regained respiratory function and showed lifespan extension,
suggesting a possible application to treat maternal inherited mitochondrial diseases and
improving the possibilities of using mitochondria from the same individual (autologous).

Several tissues are damaged during chemotherapeutic treatment, which decreases the
viability of autologous transplantation, a type of transplant that has not been shown to
induce immune responses [108,141]. Many studies have overcome the use of autologous
mitochondria by using other sources, such as MSCs [89,121,135], UC-MSCs, and bone
marrow-mesenchymal stem cells (BM-MSCs) [50]. Like stem cell based therapy [50,79,89],
mitochondria obtained from stem cells have provided a powerful treatment to repair acute
organ damage due to their regenerative capacity [50]. The transplantation of human bone
marrow MSCs in cisplatin induced AKI has improved disease symptoms, decreased cis-
platin nephrotoxicity in vitro and in vivo, and enhanced mice survival with AKIL. Some
effects were attributed to mitochondrial biogenesis and metabolic pathways [50,87]. Mi-
tochondria derived from MSCs and transferred to T lymphocytes have been proved to
drive T-regulatory cells (T-reg) phenotype activation through forkhead box P3 (FOXP3),
interleukin 2 receptor subunit alpha (IL2RA), cytotoxic T-lymphocyte antigen 4 (CTLA4),
and transforming growth factor-beta (TGF-f31) [113], suggesting that mitochondria from
MSCs could promote immune regulation by directing T cells to a regulatory phenotype.
However, it has been shown that adult stem cells” metabolic functions and somatic cells
are attenuated with aging [36].

Plasma derived mitochondria could also be valuable sources of mitochondria [142,143].
Sampling is less invasive than muscle or other tissues, suggesting that their study is essen-
tial to establish other alternatives of MT and their possible therapeutic effects. However,
extracellular mitochondria are a recent finding, and there is much to discover before using
them in functional studies because their increases have been postulated as markers of
damage [128]. The recent discovery of mitochondria in blood might be a potential source
of plasma MT, facilitating the obtention and extraction in less invasive manners [133].

It would be necessary to investigate the adverse effects of DAMPs present in isolated
heterogeneous or allergenic mitochondria when several injections could be needed [108].
Solutions of isolated mitochondria could contain some damaged mitochondrial membrane
fragments and genomes that may act as DAMPs, inducing innate immune activation in the
cytosol and highlighting the care of technical procedures during isolation [124]. The leakage
of mtDNA from the mitochondrial matrix is a ligand of Toll-like receptor 9 (TLR-9), which
induces immune responses and cell injury through the stimulation of NF-«B [125,130].
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The study of mitochondria protection before the transplant could be performed, such as
covering them in liposomes or transplantation microvesicles rich in mitochondria [144].

More studies could improve the mitochondrial drug delivery system that can transport
therapeutic molecules to the mitochondria of the targeted diseases cells, which could help
to facilitate the cellular specific uptake of the foreign mitochondria to the damaged cells.
For example, the cell-penetrating peptide (Pep-1) has been shown to facilitate the cellular
uptake of foreign mitochondria and improve the disturbances produced after peroxide
induced oxidative stress [145]. On the other hand, Maeda et al. [125] reported using the
transactivator of transcription dextran complexes (TAT-dextran) to enhance the cellular
uptake of exogenous mitochondria cocultured with rat cardiomyocytes. TAT-dextran
improved the protective effect of mitochondrial replenishment against oxidative stress and
increased the level of cellular uptake, reduced apoptosis, and prevented the reduction of
oxidative phosphorylation. These findings suggest that mitochondria could be directed
with specific peptides to reduce unspecific internalization, which would be essential to
overcoming mitochondria’s unspecific loss in systemic transplantation, a more accessible
form of transplantation.

The possibility of transplanting mitochondria into noncancerous cells damaged by
cisplatin therapy is a challenge that depends on effective internalization strategies and
the route of administration to the body. Therapies against the cytotoxic effects of cis-
platin preferentially seek tissue preservation and aim to avoid possible interaction with
chemotherapy at all costs. Preclinical studies should evaluate the potential interference of
MT in the effectiveness of cisplatin therapy during cancer. There are some controversial
studies about the different effects of the mitochondrial uptake in cancer cells, mainly due
to the contradiction between the energetic requirements of the different types of cancer
cells because some have a Warburg effect (aerobic glycolysis in cancer cells), and others
depend mainly on oxidative phosphorylation (OXPHOS) [146].

It is known that there is a mutual interaction between neoplastic drugs and the tumor
microenvironment [147]. Tumors are generally associated with nontumor cells through
complex interactions that promote survival and chemoresistance [118]. The transfer of
mitochondria between normal activated MSCs and the MSC cell line HS27a activated them
after exposition to the ROS-inducing chemotherapy agents (cytarabine and daunorubicin)
that activated HS27a cells were able to prevent therapy induced apoptosis and death due
to a recovered OXPHOS metabolism. Mouse intact mitochondria from syngeneic mice
were incorporated in B16p0 mouse melanoma cells (cells devoid of mtDNA), showing
a normalization of their mitochondrial respiration. Interestingly, the decrease in critical
mitochondrial complex I and complex II subunits abolished or retarded the ability of tumor
formation [148], suggesting that these cells mainly depended on OXPHOS [146].

Elliot et al. [149] showed that transplantation of mitochondria, from untransformed
mammary epithelial cell line (MCF-12A), into human cancer cells (MDA-MB-231, NCI/-
ADR-Res, and MCF-7) inhibited the proliferation of MCF-7 and NCI/ADR-Res positive
cancer cells and reverted chemoresistance to doxorubicin, Abraxane and carboplatin. The
last data suggest that MT could revert cancer cell metabolism. However, oppositely,
Caicedo et al. [150] showed that the acquisition of mitochondria from MSCs by a cancer cell
line (MDA-MB-232) (by MitoCeption) led to a remarkable increase in mtDNA concentration,
oxidative phosphorylation, ATP production, and invasion and proliferation capacities for
the MDA-MB-231 cancer cells, suggesting that the resource of the mitochondria plays an
essential role in the phenotype that cancer cells acquire.

In vivo and in vitro experiments have shown that the cisplatin cytotoxic effect cor-
relates with the mitochondria cellular density in the length of the intestinal epithelium
and intestinal epithelial cells (IEC-6). The reduction in mitochondrial density prevented
noncancer cells from dying from apoptosis or necrosis, suggesting that cells with a higher
density of mitochondria seem to accumulate a large amount of cisplatin [49]. Just as we
described before, drug induced liver, kidney and heart toxicity were notably ameliorated
after direct and systemic transplant of mitochondria in the respective models so, we could
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not assert that a more significant number of mitochonderia is toxic during treatment with
cisplatin, since this agent produces very similar effects to doxorubicin, such as oxidative
stress and ROS [151], which was used in the models described by Kubat et al. [135] (see
Table 3) and Zhang et al. [136].

Finally, Boukelmoune et al. [101] reported that MSCs transferred healthy mitochondria
to NSCs treated with cisplatin in vitro. Exogenous mitochondria were able to improve
mitochondrial membrane potential in NSCs, as well as survival. Thus, the incorporation of
mitochondria in cells could exert other important mechanisms independent of mitochon-
drial density and cisplatin response. MT is a burgeoning field that could be applicable
for treating many nephrotoxic and cardiotoxic injuries in which conventional therapies
have been unsuccessful, but there is a lot to discover in the new therapeutic approaches.
Therefore, developing new models for studying MT in organs with a high density of mi-
tochondria, such as the heart or the kidney, during cisplatin treated cancer is a field that
needs to be further explored.

5. Concluding Remarks and Future Directions

The current review presents several studies highlighting ROS production and mito-
chondrial dysfunction as the principal side effects during cisplatin therapy in the heart
and the kidney. Cisplatin is a platinum compound that is still used worldwide for the
treatment of several cancers. Clinical attempts to ameliorate cisplatin-induced cardiac
toxicity have also met very little success. Therefore, it has become imperative to limit
these toxicities associated with cisplatin treatment. Treatments of cisplatin induced renal
and cardiac toxicities remain significant challenges, despite several clinical interventions.
Although we presented some studies addressing how transplanted mitochondria could
rescue respiratory function and other disturbances in the damaged mitochondria, there are
still different questions that must be carefully addressed during treatment experimentation.
Continued research in the mechanisms of adverse drug side effects is imperative to our
advancement in continuing to predict, treat, and ultimately prevent serious adverse events
in cisplatin treatment and even other chemotherapeutics that induce renal and cardiac
alterations. The effects of MT go beyond alleviating oxidative stress, since replenishing
with healthy mitochondria restores mtDNA and other metabolic functions, such as the
tricarboxylic cycle, urea cycle, nucleotide synthesis, calcium homeostasis and proliferation.
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