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Cisplatin is a common metal platinum complex. The platinum atom in the molecule is of great significance to its antitumor effect.
Clinically, it can show curative effect on a variety of solid tumors. However, cisplatin has certain adverse effects in treatment,
one among which is acute renal injury (AKI). Except for the nuclear DNA damage caused by cisplatin, damage of organelles, and
cytoplasm also contribute to side effects. Endoplasmic reticulum stress, mitochondrial apoptosis pathway or cascade reaction caused
by complement and caspase protein also play important roles in cisplatin induced renal injury. Therefore, the damage studies of
organelles and cytoplasm are also necessary for exploring adverse effects of cisplatin. This paper reviews the damage of endoplasmic
reticulum, mitochondria, and indirect DNA apoptosis pathways induced by cisplatin. It also explains in detail why cisplatin is easy to
cause kidney damage. Deep understanding of such interactions could be helpful to exploit better drugs which would minimize kidney
injury and maximize anti-tumor effects of cisplatin.
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Introduction
Cisplatin or (SP-4-2) - dichloroamine platinum (II) is
one of the most potential and widely used chemical
drugs for the treatment of varieties of solid tumors
(Fig. 1).1 However, till now the clinical application of
cisplatin is still limitd because of its side effects and drug
resistance.

The key of anti-tumor effect of cisplatin is damage
to DNA of tumor, which also lead to renal injury.2,3

Some reports link cisplatin poisoning with organelle dys-
function, such as endoplasmic reticulum, cytoskeleton,
and mitochondria, both in vivo and in vitro. Apoptosis
and necrosis of renal tubular cells play a major role in
cisplatin induced acute renal injury,4 which is related
to infiltration of inflammatory cells,5 regulation of p53
on apoptosis,6 oxidative stress,34 endoplasmic reticulum
stress.10 Although cisplatin has obvious nephrotoxicity,
so far, the antitumor effect of cisplatin in platinum
anticancer drugs cannot be replaced. A correct under-
standing of its roles is necessary for the clinical therapy
and basic experimental research.

Endoplasmic reticulum stress
As an important organelle in cells, endoplasmic reticu-
lum plays an important role in the steady-state processes
of protein synthesis, processing, folding, modification
and degradation.7 Endoplasmic reticulum stress means
that under pathological conditions, cells may lose
protease deposition. It will lead to unfolded protein
response (UPR), due to the increase of unfolded proteins

in endoplasmic reticulum and the accumulation of
misfolded proteins.

Some studies have shown that endoplasmic reticulum
stress is related to cisplatin induced apoptosis of renal
cells and tissues. For instance, It has been found
that caspase-12 plays a significant role in cisplatin
induced apoptosis of LLC-PK1 renal tubular epithelial
cells.8 Caspase 12 mainly exists in the endoplasmic
reticulum and mediates endoplasmic reticulum stress-
related cell death. Caspase-12 in the activation of innate
immune response, pro-inflammatory caspase mediates
the maturation of specific cytokines such as pro-IL-1
β And pro-IL-18 to form active IL-1 β and IL-18, which
mediates the occurrence of cellular inflammation. But
it may also be involved in a form of cell death called
pyroptosis. Other studies have shown the blocking
effect of kca3. 1 potassium channel protects cisplatin
induced AKI through mitochondrial and endoplasmic
reticulum stress pathways that attenuate apoptosis9

and cisplatin affects intracellular calcium signaling
through the stress on endoplasmic reticulum (ER).10

By increasing intracellular calcium levels, caspase-
1 is activated and lysosomes are further activated.11

This mechanism affects the lysosomal degradation of
misfolded proteins and further aggravates the unfolded
protein response. This effect is not dependent on IL-1
β and IL-18, but is mediated by caspase 7 activation
of caspase 1.12 These experiments show that the ion
channel plays an important role in causing endo-
plasmic mesh stress and preventing cisplatin kidney
damage.
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Fig. 1. Molecular structure of cisplatin1 (reproduced with permission, copyright @Elsevier, 2019) and atomic structure of platinum.

Mitochondrial pathway
Relationship between cisplatin and mitochondria
Another important cytoplasmic target of cisplatin is
considered to be mitochondria. Mitochondria supply
energy through tricarboxylic acid cyclic oxidation
phosphorylation and fatty acid oxidation. Moreover, they
can maintain the steady-state level of Ca2+, reduce
the equivalent carrier, and participate in the internal
apoptotic signal pathway regulating cell death.13,14 And
the experiment showed a high correlation between cell
sensitivity to cisplatin and cell mitochondrial density.
Compared with other tubules, injury of proximal tubule
cells which have the highest density of mitochondria are
most severe, which is a common feature in cisplatin-
induced injury. Cisplatin can enter into cells through
passive diffusion, active transport, and promoting
diffusion. However, active transport and diffusion can
make cisplatin accumulate in specific cells or specific
organelles, thus aggravating local damage. Particularly,
Copper transporters (Ctr1 and ctr2) can participate
in drug uptake by facilitated diffusion and transport
cisplatin to cells.15,26 Cisplatin enters the cell through
the copper transporter proteins and plays a role in the
cytoplasm, organelles and nucleus of the cell. However,
cisplatin will reduce the concentration of Ctr1 and the
accumulation of cisplatin in cancer cells, which will
reduce the efficacy of the drug. In animal models, Ctr1
was found to be highly expressed in both proximal and
distal renal tubules, and most of it was located outside
the basement membrane.17 Higher cisplatin accumula-
tion can be obtained in cells with higher Ctr1 expression,
which makes cells with high Ctr1 expression more
sensitive to cisplatin.18 Moreover, copper transporters
play an important role in the transport of cell membrane
and mitochondria, this mechanism may make cisplatin
easy to deposit in mitochondria.

Experimental studies show that negatively charged
mitochondria attract positively charged cisplatin. Com-
pared with cisplatin sensitive cells, Ovarian tumor cells

have low mitochondrial membrane potential, which
limits the entry of cisplatin into mitochondria, so they
have certain cisplatin resistance.19 The mitochondrial
DNA damage of cisplatin-resistant cells was also small.
The renal cells sensitive to cisplatin have higher mito-
chondrial membrane potential, which makes cisplatin
easier to enter their mitochondria and cause more
serious damage.

Relationship between cisplatin and mtDNA
Previous studies have shown that only a small amount
of cisplatin interacts with nuclear DNA, while the largest
amount of cisplatin interacts with protein and mito-
chondrial DNA.20 The difference between mitochondrial
DNA and nuclear DNA is that mitochondrial DNA lacks
histone, which makes it more vulnerable to free radicals.
Mitochondrial DNA lacks effective DNA repair mecha-
nism, which also makes it more vulnerable to damage.
DNA repair mechanism is an important part of cisplatin
cytotoxicity. Once cisplatin enters into the cell, one of
the two chlorine atoms in cisplatin is hydrated, making
it easier to enter nucleus, organelles and react with the
DNAs. In addition, In vitro studies have confirmed that
monoaquated platinum is more active for DNA binding
than diaquated platinum.21 Due to the unsuccessful DNA
repair process, this causes DNA damage, which activates
DNA protection and repair mechanisms.10,18 The pro-
apoptotic pathway is triggered, resulting in the activation
of caspases (including caspase-3 and -7), which leads to
apoptosis.22 Interestingly, They can also induce necrosis
through the loss of membrane unity23 (Fig. 2). However,
it is worth mentioning that studies have reported that
secondary necrosis and focal death caused by cisplatin
are related to NLRP1, but not NLRP3.24 The role of other
NLR members, including AIM1 and NLRC4, in cisplatin
induced AKI is not clear.

Studies have shown that ROS together with Bax
(Bcl2 related x) and Ca2+ lead to mitochondrial DNA
damage, repair and reduce mitochondrial permeability
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Fig. 2. DNA damage pathway after cisplatin administration1 (reproduced with permission, copyright @Elsevier, 2019).

transition.25 This phenomenon promotes mitochondrial
rupture.26 In addition, p53 inhibits the anti-apoptotic
protein on the mitochondrial membrane.27 For example,
B-cell lymphoma (Bcl) anti-apoptotic protein family. Bcl
family proteins are indispensable for keeping mitochon-
drial function and integrity28 through p53 activation,29

which can aggravate nephrotoxicity.

Results of mitochondrial damage
Mitochondrial dysfunction can lead to a wide range of
effects. Dysfunction leads to a decrease in ATP synthesis,
which forces stimulated cells to play a role in starvation
mode. Mitochondrial rupture releases cytochrome c and
pro-caspase-9, which combine with cytoplasmic Apaf-
1 and ATP to form an apoptotic complex and activate
caspase-9.26 It activates caspase mediated apoptosis by
releasing caspase-9 mediators. Peroxidation in the pro-
cess of lipid metabolism, hypoxia reperfusion injury of
cisplatin to local renal vessels and damage in the pro-
cess of ATP formation lead to the production of reactive
oxygen species or free radicals30 (Fig. 3).

Oxidative stress
Oxidative stress also plays a special role in cisplatin
induced nephrotoxicity, which is an imbalance between
oxidation and antioxidation. Studies have shown that the
toxic and side effects caused by cisplatin, such as liver

Fig. 3. Pathway of kidney injury caused by cisplatin in mitochondria1

(reproduced with permission, copyright @Elsevier, 2019).

and kidney toxicity, are closely related to the increase
of reactive oxygen species.31 Under physiological and
pathological conditions, reactive oxygen species are very
important to maintain renal function and structure.32,33
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Fig. 4. The role of complement in cisplatin induced nephrotoxicity.

Cisplatin induces oxidative stress by forming reactive
oxygen species (ROS). NADPH oxidase is the main
enzyme source of ROS in cisplatin nephrotoxicity, which
is also known as NOXs, plays an important role in
maintaining cell homeostasis.35,36 NADPH plays an
important role in keeping glutathione (GSH) from being
oxidized and is involved in maintaining the content of
intracellular reduced GSH. It is worth noting that NOX4
(NADPH Oxidase 4) is mostly expressed in renal cells.37,38

This indicates that NOX4 plays an indispensable role
in cisplatin induced renal injury. Therefore, the in-
depth study of NOX4 will help to prevent cisplatin
induced renal injury. In addition, cisplatin affects the
mitochondrial respiratory chain and leads to the exces-
sive production of reactive oxygen species. In kidney,
cisplatin can combine with the abundant endogenous
antioxidant glutathione in renal tubular cells to form
glutathione conjugate. Then pass GGT and APN, which
are cleaved into cysteine conjugates in renal tubular cells
and further metabolized into active mercaptans in the
proximal tubular segment of the kidney.39,40 These highly
active mercaptans can combind to some important
proteins in proximal renal tubular cells to form more
toxic nephrotoxin.41 In addition, high activity mercaptan
can produce a large amount of ROS in renal cells at
the same time, which further aggravates renal injury.
Cisplatin induced ROS accumulation and renal injury
were attenuated in CYP2E1 deficient mice.42 It shows
that CYP system plays an important role in the formation

of ROS induced by cisplatin. In addition, PtII is a kind of
soft acid. The cisplatin and molecular species produced
by its hydrolysis will preferentially react with soft and
easily polarized bases, such as glutathione.43 It leads to
the reduction of cellular antioxidants, which leads to
oxidative stress and cell death too.

The balance between the generation of active oxygen
and the elimination of active oxygen in the human body
is very precise. Oxidative stress can initiate autophagy of
mitochondria, thus eliminating damaged mitochondria
and maintaining homeostasis.44 Therefore, reactive oxy-
gen species are the main mediators of phagocytes and
play an important role in the normal survival of cells.
On the other hand, excessive oxidative stress may lead
to serious cell damage, and even organ failure.45 There
may be a cascade amplification reaction in the transport
of reactive oxygen species, which leads to the increase
and rapid diffusion of reactive oxygen species.

Immune complement and caspase protein
One of the common causes of cisplatin induced renal
injury also includes the dysfunction of upstream cell
function. Excessive cell death caused by necrosis can
trigger the inflammatory process and spread renal tubu-
lar injury. It has been reported that complement path-
way can amplify the role of caspase pathway. Studies
have identified that C3aR, the key mediator of Cpb1 –
C3 – C3aR signaling pathway, plays a key role in the early
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production of proinflammatory mediators in vivo.46 It
shows that serine protease and cysteine protease play the
same important role in cisplatin induced renal injury.

Cisplatin activates the complement system and has
a significant impact on mitochondria, which can be
divided into direct impact and indirect impact. Indirect
effects of complement activity on mitochondria. Under
the stimulation of LPS, the activation of C3aR causes the
quick release of cellular ATP to the outside of the cell.
Extracellular ATP triggers P2X7 purinergic receptors on
monocytes and macrophages in an autocrine manner,
activates inflammatory bodies, and supports monocytes
to produce pro-inflammatory IL-1.47 This shows that
activation of IL-1β may be independent of the NLRP3
inflammasome in cisplatin-treated kidney. Therefore,
the role of other inflammatory bodies in cisplatin-
induced AKI deserves further study. Direct effects of
complement activity on mitochondria, stimulating the
expression of C5ar1 on the surface of neutrophils induces
its activation, resulting in the production of reactive
oxygen species.48 Therefore, intracellular C5 activation
and C5aR1 involvement may need to be strictly regulated
to maintain the activity of mitochondrial functional
effectors supporting immune cells, but inhibit obvious
cell damage and death at the same time (Fig. 4).

The respiratory burst caused by complement will
lead to the increase of ROS and the increase of cellular
reactive oxygen species. It aggravates the damage of
organelles and the nephrotoxicity of cisplatin, resulting
in cascade amplification, which will have a serious
impact on the whole kidney. Due to the important role
of complement in cisplatin induced renal injury, the role
of complement in cisplatin induced renal injury may
become a research hotspot in the future.

Future trends
In summary, our understanding of how cisplatin causes
renal injury has been deepened year by year. However,
there are still relatively few studies on the toxic dam-
age of mitochondria, endoplasmic reticulum, and other
organelles caused by cisplatin. The complex effect of
cisplatin on the organelles of renal cells limits people’s
understanding of it. Clarifying its toxicological effects
on organelles and cytoplasm and the role of comple-
ment in damage will attract the attention of experi-
menters and the public to the rapid development of drug
research and development, strategic decision-making,
and human clinical experiments. It also lays a solid foun-
dation for the in-depth study of cisplatin induced renal
injury, the research and development of other platinum
drugs.
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