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Abstract: Cisplatin is one of the most widely used chemotherapeutic drugs in the treatment of a
wide range of pediatric and adult malignances. However, it has various side effects which limit its
use. Cisplatin mouse models are widely used in studies investigating cisplatin therapeutic and toxic
effects. However, despite numerous promising results, no significant improvement in treatment
outcome has been achieved in humans. There are many drawbacks in the currently used cisplatin
protocols in mice. In the paper, the most characterized cisplatin protocols are summarized together
with weaknesses that need to be improved in future studies, including hydration and supportive
care. As demonstrated, mice respond to cisplatin treatment in similar ways to humans. The paper
thus aims to illustrate the complexity of cisplatin side effects (nephrotoxicity, gastrointestinal toxicity,
neurotoxicity, ototoxicity and myelotoxicity) and the interconnectedness and interdependence of
pathomechanisms among tissues and organs in a dose- and time-dependent manner. The paper
offers knowledge that can help design future studies more efficiently and interpret study outcomes
more critically. If we want to understand molecular mechanisms and find therapeutic agents that
would have a potential benefit in clinics, we need to change our approach and start to treat animals
as patients and not as tools.
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1. Introduction

In 2018, 18.1 million new cases and 9.5 million cancer-related deaths were diagnosed
worldwide. It is estimated that by 2040 the number of new cancer cases per year will rise
to 29.5 million and the number of cancer-related deaths to 16.4 millions [1].

Despite intensive research and progress in cancer therapy, chemotherapeutic drugs
are still the basis of systemic therapy for many cancers. Cisplatin is one of the most widely
prescribed chemotherapeutic drugs, used to treat a wide range of pediatric and adult
malignances such as ovarian, testicular, bladder, head, neck, breast and lung [2,3]. It is
prescribed in nearly 50% of all tumor chemotherapies [4]. However, it has limited use in
clinical practice due to various deleterious side effects. Currently, around 40 side effects
of cisplatin have been reported [5]. Extensive supportive medical care of cisplatin treated
cancer patients enables the use of very high-dose cisplatin regimens [3,6–8]. However,
with the use of high-dose treatment regimens acute kidney injury, persistent diarrhea,
neurological disorders and loss of hearing became major hurdles of cisplatin therapy. These
unwanted effects result in reduction or cessation of therapy or have a major impact on
patients’ quality of life, leading to higher levels of negative states such as depression and
anxiety. There is no effective therapy for the prevention of these side effects; the current
treatment strategy is symptomatic with limited effectiveness.

Based on extensive research, and after 40 years of cisplatin use, the anti-cancer ef-
fects of cisplatin are well understood, while the mechanisms of cisplatin toxicity remain
unclear [9–11]. Therefore, increasing emphasis is being placed on various strategies to
reveal the mechanisms responsible for toxicities and to overcome cisplatin side effects.
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Cisplatin mouse models are a promising strategy; however, despite intensive investigation
and numerous promising results, no significant improvement in the treatment outcomes
has been reached in clinical practice [12–14].

The aim of the present paper is firstly to illustrate the complexity of cisplatin mouse
models. The review summarizes the data to demonstrating that mice respond to cisplatin
treatment in a similar way as humans. Mice develop all the same cisplatin side effects
that humans do. However, in contrast to cisplatin treated cancer patients, in which all
cisplatin side effects are monitored and treated, in animal studies usually one cisplatin
toxicity is under investigation, while other side effects of cisplatin are mostly neglected or
ignored. For instance, in cisplatin nephrotoxicity or neurotoxicity studies gastrointestinal
injury is usually neglected. Secondly, to encourage researchers to take into consideration
all events that are taking place in a mouse and to reconsider the severity and the time
course of toxicity in accordance with other interdependent and interconnected mechanisms
and toxicities in the body. Understanding the complexity of cisplatin side effects in a
dose- and time-dependent manner as well as the interconnectedness and interplay of
pathomechanisms among tissues and organs can help design future studies more efficiently
and interpret study outcomes more critically. Thirdly, the review aims to expose limitations
and weaknesses of current cisplatin protocols together with suggestions for future studies.
It is important to recognize that not only the lack of complex knowledge and approaches
but also a lack of robust and validated cisplatin mouse models are important factors that
contributed to poor translatability. Since the literature is extremely numerous, only the
most relevant articles are included.

2. Cisplatin Mouse Models

Cisplatin mouse models have been used to investigate pharmacokinetics and tissue
distribution of cisplatin [15–17], the repair capacity of cisplatin-DNA adducts [18], the
molecular mechanisms of cisplatin toxicity [19–23] and to test a new generation of platinum-
based chemotherapy drugs or adjunctive therapies [24–35], or other potential agents or
strategies to prevent or treat cisplatin toxicities [36–41].

Table 1 shows cisplatin protocols in mice reported in publications in 2020/2021.
Nephrotoxicity [42–44] was by far the most frequently studied toxicity, followed by neu-
rotoxicity [45–47], ototoxicity [16,48,49], gonadotoxicity [50–53], gastrointestinal toxic-
ity [54–56], muscle wasting [57–59] and anemia [60].

Table 1. Examples of mouse cisplatin toxicity protocols used in studies published from April 2020 to February 2021.

Cisplatin Toxicity (100%) Cisplatin Protocols Endpoint
Nephrotoxicity

(57.1%)
8, 10, 15, 20, 25, 30, 40 mg/kg single ip

(most frequently used 20 mg/kg single ip) d3–d4

Gastrointestinal toxicity
(3.6%) 20 mg/kg single ip d3

Ototoxicity
(10.7%)

30 mg/kg single ip (FVB; hydration 1mL 2xdaily; 50% mortality)
3 cycles: 3 × (3–3.5 mg/kg/daily for 4 days followed by 10 days recovery)

Cumulative dose = 36 or 42 mg/kg

d21

d42
Neurotoxicity

(10.7%)
2 cycles: 2 × (2.3 mg/kg/daily for 5 days followed by 5 days recovery)

Cumulative dose = 23 mg/kg d15, d30, d65

Gonadotoxicity
(10.7%)

3 × 5 mg/kg ip
5 × 3mg/kg ip

d4
d14

Muscle
(3.6%) 4 × 3 mg/kg/daily d4

Anemia
(3.6%) 4 × 7mg/kg/week ip 2 months

A MEDILINE/PubMed search, using keywords “cisplatin”,“mouse”,“toxicity” was
conducted in February 2021. Due to a huge number of publications (more than 10.000
results), the search was limited to studies from April 2020 to February 2021. One hundred
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full text articles were retrieved and examined. Special attention was paid to the cisplatin
treatment protocol, duration of the study, model (healthy or tumor bearing), humane
intervention and endpoints used, clinical markers of toxicity, necropsy or histology findings,
randomization (group allocation). To better evaluate cisplatin treatment protocols in
mouse studies, publications were divided in two groups. In the first group, cisplatin
treatment was used mostly as a positive control to evaluate the antitumor activity of a
novel agent or treatment strategy in tumor bearing mice. Due to huge variability in cisplatin
protocols, results are presented in Table S1. In the second group cisplatin treatment was
used to investigate cisplatin toxicity in healthy mice. Most frequently used cisplatin
protocols for specific toxicity are presented in Table 1. In toxicity studies only the toxicity
under investigation was examined, while other side effects of cisplatin were not reported.
Hydration was rarely used, supportive care never. Legend: ip—intraperitonealy, d—day.

3. Cisplatin Nephrotoxicity

Experimental nephrotoxicity, first reported in 1971 [61], is the most frequently studied
cisplatin side effect. Over the past decades, researchers have demonstrated that cisplatin can
cause nephrotoxicity or acute kidney injury (AKI) of varying severity in a dose-dependent
manner [62]. Depending on the dose (single or cumulative) rodents may develop acute
(early) or chronic (advanced) kidney injury. However, AKI evolves slowly and predictably
after initial and repeated exposure. Unlike other drug toxicities, clinical evidence of
cisplatin nephrotoxicity develops within a few days after administration. In clinical practice,
nephrotoxicity typically presents approximately 10 days after cisplatin treatment [3]. In
mice, clinical evidence of nephrotoxicity develops 4–6 days after a single sub-lethal dose of
cisplatin (Figure 1). To better understand development of the nephrotoxicity after a single
sub-lethal nephrotoxic dose of cisplatin, the development over time of morphological,
functional, and clinical changes is schematically presented in Figure 1.

Figure 1. Schematic presentation of clinical signs and kidney function in mice after a nephrotoxic dose of cisplatin. First,
two days after a single high dose of cisplatin (10–13 mg/kg; ip), minimal structural changes in the proximal tubules
(P3) can be detected (i.e., mitochondria alterations, focal loss of the microvillus brush border, pycnotic nuclei, increased
cytoplasmic vesicles) [63,64]. More obvious changes such as loss of the brush border or necrotic cells sloughing into
the tubular lumen are usually seen 3–4 days after injection and changes are located in all parts of the proximal tubules
(P1–3) [63–65]. Depending on the dose, increased BUN/Cr are usually observed 3–7 days after cisplatin injection [66–69],
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and if nephrotoxicity is reversible, BUN/Cr return to the baseline levels within 14 days [70]. In such cases, the first signs
of structural regeneration can be observed 7 days after cisplatin injection [64,71]. A single high dose of cisplatin (B6D2F1:
8 mg/kg, 10 mg/kg, 12 mg/kg, 14 mg/kg; ip) induces dose-dependent weight loss (11–26%), reticulocytopenia with the
lowest levels of body weight and reticulocytes observed 6 days after cisplatin injection. Necrosis in kidney tubular cells can
be seen up to 10–22 days post-treatment [72]. When a lethal dose is used, death may occur within 10 days [73] and the time
course of AKI development or mortality can occur slightly faster, but still 1–2 days after cisplatin injection. Cisplatin (F1
CBAxC57BL, 12 mg/kg, ip) induces lymphocytopenia, thrombocytopenia and anemia. Cisplatin exhibits cytotoxicity to
spleen (CFU-S), granulocyte–macrophage (CFU-C) colony-forming units and mononuclear cells (MNC) in bone marrow
and white blood cells (WBC) (adapted and modified from Nowrousian et al. [74]) Legend: P1–3 denotes kidney proximal
tubules parts 1–3, DT—distal tubules; BB—brush border; BM—basal membrane; BUN- blood urea nitrogen; Cr—serum
creatinine; AST—aspartate aminotransferase; WBC—white blood cells; Hb—hemoglobin; GFR—glomerular filtration rate;
CFU—colony-forming unit; MNC—mononuclear cells; ER—endoplasmic reticulum.

In patients, cisplatin treatment is usually administered in cycles with 1- or 3-week
intervals and a cycle consisting of a single high dose of cisplatin or multiple lower daily
doses (see Table 2). In mice or rats, nephrotoxicity is mostly induced by a single cisplatin
administration. Repeated cisplatin protocols for nephrotoxicity are extremely rare [44],
which is also the main critique of AKI models [13]. Moreover, in mice, a wide variation of
cisplatin dosage is used to induce renal toxicity, i.e., from low sub-therapeutic (5 mg/kg),
sub-lethal nephrotoxic (10–12 mg/kg) to lethal dosage (14–18 mg/kg) or even higher
(>20 mg/kg) [44]. The use of a different dosage of cisplatin can be useful when the time
course and/or the severity of nephrotoxicity and its functional, morphological or molecular
abnormalities are under systematic investigation. However, for testing potential agents
or treatment strategies we need a robust and validated cisplatin mouse model. Currently,
there is no standardized, robust or validated cisplatin mouse model of AKI that is clinically
or physiologically relevant to patients [44].

Recently, Siskind and coworkers [75] established a mouse model of repeated admin-
istration of cisplatin (FVD, 7 mg/kg per week for 4 weeks) [76]. However, their aim was
to obtain a model for chronic kidney disease [76–78]. In the past, it has already been
demonstrated that cisplatin can have long term effects on kidney morphology and function
after single [64,79,80] or repeated [81–83] cisplatin administration. However, the long-term
toxic effects of cisplatin became the subject of investigation recently, when it was realized
that even a mild and reversible AKI can have long term effects in patients [84–86] or that
chronic kidney disease may develop undetected [87,88].

Table 2. Examples of cisplatin regimes used in the clinics and incidence of AKI complications.

Cisplatin Clinical Dose in Humans 1 (iv) AKI Incidence, Severity ref MED??

50–75 mg/m2# 1.35–2.03 mg/kg 25–33%, mild-moderate [62] 16.7–25.0 mg/kg
15–20 mg/m2 daily for 5 days# 0.41–0.54 mg/kg 50–75%, mild-moderate [62] 5.0–6.7 mg/kg

100 mg/m2# 2.7 mg/kg severe to irreversible [62] 33.4 mg/kg
75 mg/m2 every 3 weeks up to 6 cycles * 2.03 mg/kg 53%, mild-moderate [89] 25 mg/kg

100 mg/m2 with concurrent radiation ** 2.7 mg/kg ** 47–60% of patients
discontinued therapy [90] 33.4 mg/kg

80 mg/m2 1 h iv infusion 2.2 mg/kg H# [91] 27 mg/kg
1 dose of cisplatin in humans measured as mg per skin area (mg/m2) was translated in mg/kg using the correction factor for human body
weight of 60 kg and the body surface area 1.62 m2 (Km = 37) [92]. #data from 1978 when supportive care measures were not established;
* therapy cisplatin/docetaxel (lung cancer); cisplatin 2 h infusion every 3 weeks, antiemetic prophylaxis, hydration with up to 3000 mL of
normal saline; cumulative dose = 340 mg/m2 [89]; ** 2–3 cycles every 3 weeks; doses of cisplatin for subsequent cycles were adjusted at
the discretion of the physician; (squamous cell cancer of the head and neck); cisplatin 2 h infusion diluted in 1 L of 0.9% saline and 1–2 h
hydration with 1 L of saline pre and post cisplatin infusion; antiemetic premedication (dexamethasone, 5-HT3 antagonist, neurokinin-1
receptor antagonist) [90]; H#—the highest dose recommended as a single administration [91]. MED—mouse equivalent dose, needs to be
treated with caution (see warning in Section 3.3). Calculation was done according to guide for dose conversion using correction factor for
20 g mouse (Km = 0.081) [92].
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3.1. Pathopysiological Mechanisms

The severity of kidney injury (mild, moderate, severe) and consequently functional,
morphological, molecular, and inflammatory alterations in the kidney as well as morbidity
and mortality depends on the cisplatin dosage and the time of study termination [44].
The pathophysiological mechanisms of cisplatin AKI in rodents involve cellular uptake,
damage of proteins, lipids and mitochondria, oxidative stress, disruption of the cytoskeletal
integrity of the cell polarity, alterations in membrane proteins and water channels, leading
to damage of epithelial cells of renal tubules, loss of brush border, activation of cytokines,
receptors and inflammatory cells, and finally reduced reabsorptive capacity, which re-
flects clinically as polyuria, proteinuria, glycosuria, electrolyte wasting (hyponatremia,
hypomagnesemia, hypokalemia, hypocalcemia), reduced creatinine (Cr) clearance and
glomerular filtration rate (GFR) and failure to clear nitrogenous wastes from the blood.
As a result, blood urea nitrogen (BUN) and uric acid accumulate in the blood (described
in detail in [44]). Intensive investigation of molecular mechanisms of cisplatin nephro-
toxicity resulted in a plethora of information, including contradictory ones. The latter is
the consequence of above-mentioned heterogeneity of cisplatin protocols. Namely, the
course and the signature of underlying mechanisms (i.e., severity of oxidative stress, in-
tensity of inflammation, activation of particular immune cell types, inflammatory and
molecular crosstalk and response, type of cell death, etc.) strongly depend on the severity
of AKI (mild, moderate–reversible, severe, irreversible) or cisplatin dose (subtherapeutic,
therapeutic, lethal, intoxication). An update on molecular mechanisms involved in the
pathogenesis of cisplatin nephrotoxicity can be found elsewhere [93–96].

3.2. Weaknesses and Translatability

To study AKI, researchers use a single dose of cisplatin in a dosage above LD100 and
terminate study 48–96 h after cisplatin treatment (Table 1). To avoid the inevitable death of
animals, they use shorter endpoints. Differences in AKI severity are then confirmed by the
histology report, BUN, Cr or other molecular markers. If differences in AKI severity are
significant, the testing agent or strategy is evaluated as beneficial and promising [37,44].
The problems of such studies are numerous. First, the lethal dosage of cisplatin causes
systemic toxicity and multi-organ failure, which clinically represent different pathology (i.e.,
intoxication) and treatment (i.e., detoxication). Second, evaluation of potential treatment
strategies based on the significant differences in BUN, Cr, renal histology or survival in
such protocols does not have any clinical useful value. At the end, animals die despite
significant improvements in some markers (i.e., BUN, Cr, severity of tubular necrosis,
time of mortality), which is very likely an effect of biological variability (inter-individual
variability is high in both, mice and humans). In humans, severity of AKI is graded
according to the levels of serum creatinine: grade 1: increased serum Cr levels to 1.5–1.9
times baseline, grade 2: increased Cr levels to 2.0–2.9 times baseline, grade 3: increased Cr
levels to 3.0 times baseline or >4.0 mg/dl or initiation of renal replacement therapy [12].
Third, at autopsy and when interpreting results scientists often forget or ignore other
pathologies or side effects (i.e., gastrointestinal, myelotoxicity, anemia, vasculitis, etc,)
which significantly affect the study outcomes and hamper comparison of results and
development of valid therapeutic strategies. Forth, cisplatin treated mice usually do not
receive any supportive care. Moreover, some studies even use water deprivation prior
cisplatin treatment [44]. Hydration and supportive care affect nephrotoxicity and mortality
enormously and also influence Cr and BUN levels. Dehydration, degradation due to
starvation or loss of body weight, gastric or intestinal bleeding [97–99], all of which are
usually seen in cisplatin models (see gastrointestinal toxicity section) affect the levels of
BUN/Cr resulting in misinterpretation of the actual degree of renal damage [65,97,99].

In humans, treatment with cisplatin consists of repeated cycles of as high a dose as
possible. The dose in humans is balanced between antitumor efficacy and toxicity to avoid
unacceptable toxic side effects. However, the patient is constantly monitored and provided
with extensive supportive medical care (i.e intravenous hydration, diuretics, slow infusion
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of the drug, anti-emetics) [3,12,100]. Despite all care measures, severe kidney injury is ob-
served in one third of cisplatin treated patients (inter-individual variability; Table 2) [3,12].
In addition, 16–40% of the patients treated with cisplatin develop myelotoxicities, of which
leukocytopenia and neutropenia have the highest incidence [89]. Depending on a dose
(single or cumulative) cisplatin can cause leucocytopenia, thrombocytopenia, and anemia
also in mice (toxicity on hemopoietic cells, Figure 1). Myelotoxicity can be observed already
a day after cisplatin administration and is more toxic for earlier hemopoietic progenitor
cells than for the mature cells [74].

To improve cisplatin protocols, it is thus important to understand why selection of
certain cisplatin dosage, the time-point of measurement or observation (i.e., scientific
endpoints) and the use of supportive care are the key variables that directly affect the
measured outcomes of a study and the translatability. Not only the severity of cisplatin
nephrotoxicity but also the incidence of nephro-, myelo-, neuro-, oto-toxicity are dose-
related in both, humans and animals (explained in the following sections). The dose of
cisplatin (single and/or cumulative) is thus important not only from the animal welfare
point of view but mostly from the scientific and clinical point of view. When evaluating
potential treatment agents both, sub-therapeutic and lethal dosages result in a lack of
translatability, unnecessary suffering of animals and time and money costs.

3.3. Mouse Equivalent Dose–Simplistic Pharmacological Guides

Some research papers refer to mouse cisplatin dose, which was calculated from
the human clinical dose using simplistic calculation. Table 2 includes examples of such
calculations. Based on numerous studies investigating maximum tolerated dose (MTD)
or lethal dose (LD100) of cisplatin in mice (Table 3) it is obvious that such simplistic
guides for dose conversion between animals and humans [92] (or other similar papers)
can do more harm than benefit. “This overly simplistic conversion neglects discussion of
interspecies differences in drug absorbance, metabolism, clearance, etc. These differences
in pharmacokinetics greatly affect the resulting peak plasma concentration (Cmax) values
and exposure derived from area under curve (AUC), which influence the dose response
relationship of potential therapeutics” [101]. In addition, in humans cisplatin is given as
intravenous 1–2 h infusion treatment with pre and post hydration with up to 3 L of saline,
while in mice intraperitoneal administration without any hydration is usually used. Both,
route of administration and particularly hydration have profound effects on the distribution
and elimination rates and consequently LD100 or MTD [91]. LD100 and MTD doses for
intraperitoneal administration of cisplatin in mice without hydration are summarized in
Table 3. However, it is important to emphasize that currently used MTD dose in mice does
not necessary represent a clinically relevant dose of cisplatin for therapeutic efficacy [15].
Concentration may vary between a MTD dose in mice and concentration achieved in
humans (due to above explained reasons) which means that study outcomes can have
limited value from translational perspective of a drug. Since doses of cisplatin in published
animal studies vary widely (from 1–40mg/kg, Table 1, Table S1) a publication with a
clinically relevant cisplatin doses in mice, like published for some other drugs [102], is
more than needed.

As explained above, the dose (single/cumulative) and the timepoint are two variables
that directly relate to severity and the incidence of cisplatin nephrotoxicity. However, in
the following sections, it will be shown that cisplatin induces also gastrointestinal toxicities
in the body whose severity is also dose dependent and can affect cisplatin nephrotoxicity
significantly. The kidney participates in the control of fluid osmolality, acid-base balance
and electrolyte concentrations (i.e., Mg, K, Na, Cl), and is the main organ responsible for
filtration and detoxification of the blood and is thus directly confronted with all toxins,
cytokines, detrimental waste products, or microorganisms that are flushed or penetrate
into the circulation from or though other organs.
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Table 3. Cisplatin acute toxicity and single or repeated maximum tolerated dose given intraperi-
tonealy varies among mouse strains.

Strain, Sex, Age Single Dose LD100 Endpoint Ref.

BALB/c, female, (N = 8) 14.5mg/kg; ip d7 [69,103]
C57BL/6, male, 11–15wk; (N = 5) 15 mg/kg; ip d10 [104]
CBA; female, 24 months, (N = 3) 16 mg/kg; ip d7 [105]

Single MTD

BALB/c, female, 8–10 wk; (N = 3) 6 mg/kg; ip d10 [106]
C57BL/6J, female, 8–10 wk; (N = 3) 6 mg/kg; ip d10 [106]

Repeated MTD

C57BL/6J, female, 8–10 wk; (N = 3) 3 × 4 mg/kg; ip d21 [106]
Repeated administration: once mice had recovered to 100% of their starting weight or a clinical score of 0, a second
MDT was given (d0, d8, d16). MTD is defined as a dose as high as possible that causes no unacceptable toxicity
such as no clinical evidence of toxicity, no reduction in mean body weight >10% to 15% and, no mortality [106].
Legend: N: number of animals; ip: intraperitonealy; iv: intravenously; LD: lethal dose; LD100: dose of cisplatin
that results in 100% mortality in animals (without hydration or supportive care); d: day, MTD: maximum
tolerated dose.

4. Cisplatin Gastrointestinal Toxicity

Cisplatin is one of the most emetogenic drugs in the clinic [107] causing profound and
long lasting gastrointestinal symptoms such as nausea, vomiting, bloating, diarrhea, con-
stipation [108,109]. Gastrointestinal side effects can occur in up to 40% patients receiving
standard dose chemotherapy or 100% patients receiving high dose chemotherapy. Gas-
trointestinal problems can persist up to 10 years after the treatment cessation (late/chronic
toxicity). Despite guidelines to navigate management of gastrointestinal side effects, diar-
rhea is responsible for about 5% of early deaths during chemotherapy [110].

Cisplatin can cause acute (within 24 h) and delayed vomiting/pica (24 h after cis-
platin) in both, humans and rodents [111–113]. In rodents, acute vomiting reflects as a
reduction in food intake, an increase in non-nutritive substance intake, and a delay in
gastric emptying (so-called pica behavior; rodents do not have vomiting reflex). Acute pica
occurs after low and high cisplatin doses, while delayed pica, including gastric stasis and
stomach distension is dose-dependent (single or cumulative) [56,112–114] and worsens
after repeated cisplatin administration [113].

Cisplatin causes damage to the gastrointestinal mucosa along the whole gastrointesti-
nal tract (the stomach, small intestine and colon), however in the colon mucosal lesions
appear later and are less severe [72]. Alterations are seen in the morphology [72], kinetics,
secretory and digestive function and nutrition uptake [108,115]. Changes are similar to
those observed in humans. Mucosal damage after single cisplatin injection can persist
up to 10 days [72]. The severity of mucosal damage along the gastrointestinal tract is
dose-dependent [72]. Mucosal damage with inflammation, digestive dysfunction, disrup-
tion of water and electrolyte balance are responsible for dehydration, malnutrition, and
changes in feces consistency [110]. However, an initial increase in gastrointestinal transit,
associated with acute intestinal inflammation, is followed by a slowing in transit. Recent
studies have shown that cisplatin can cause morphological and functional alterations in
the enteric neurons in a dose-dependent manner [116]. Partial loss of enteric neurons and
gial cells [55] was suggested to be responsible for reduced gut motility (Figure 2).

4.1. Weaknesses and Translatability

Like humans also cisplatin treated mice suffer from nausea/pica, stomach and gut
inflammation, abdominal pain, and have reduced food and water intake and altered feces
consistency (from sticky, loose to diarrhea), all of which by itself is a risk factor for kidney
impairment. Therefore, extensive hydration and treatment of gastrointestinal symptoms
are routinely applied into clinical settings to reduce intravascular depletion of fluid and
electrolytes (Mg, K, Na, Cl) and consequently the incidence and the severity of renal injury
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in cisplatin treated patients [3]. An example of an incidence and severity of gastroin-
testinal symptoms in cisplatin treated cancer patients is shown in Table 4. However, in
cancer patients, age, co-morbidities (diabetes, hypertension), and concomitant nephrotoxic
medications (antibiotics-infections, NSAID, etc) can increase the risk of cisplatin-induced
kidney injury [3]. Many cisplatin treated patients have thus AKI with mixed renal etiology,
while in cisplatin animal studies AKI is mostly result of severe dehydration, malnutrition,
electrolyte wasting, systemic toxicity, and cisplatin nephrotoxicity [117]. In addition, up
to 100 % of patients develop Mg depletion, which has been associated with increased
cisplatin transport to the kidney and enhanced cisplatin nephrotoxicity [3,12]. Thus, the
development of AKI in mice and in cancer patients differs in the etiology, underlying
mechanisms and importantly, the treatment [117].

Table 4. An example of an incidence and severity of cisplatin acute toxicities in cancer patients.

Severity
(Grade) Any (1–4) Severe (3–4) Any (1–4) Severe (3–4)

Nausea 90.7% 23.6% Anaemia 76.7% 2.3%
Vomiting 58.1% 14% Leukopenia 83.7% 44.2%
Diarrhea 65.1% 18.6% Neutropenia 72.1% 55.8%

Constipation 27.9% 0% Thrombocytopenia 32.6% 9.3%
Stomatitis 55.8% 9.3% Creatinine 55.8% 2.3%

Neurosensory 53.5% 2.3% Infection 41.9% 25.6%
Fatigue 81.4% 20.1% Fever 23.6% 0%

Weight loss 41.9% 2.3%

Cisplatin 75 mg/m2 every 3 weeks up to 6 cycles or until cessation (cumulative = 340 mg/m2). Therapy
cisplatin/docetacel; cisplatin 2h infusion every 3 weeks, antiemetic prophylaxis, pre and post cisplatin hydration
with up to 3000 mL of normal saline [89].

4.2. Mechanisms

Investigation of the molecular mechanisms involved in gastrointestinal toxicity has
not been paid much attention; thus, the literature is very scarce. The mechanism by
which cisplatin induces damage to epithelial cells, neurons or glia cells is not known.
Inflammation and oxidative stress involving NF-κB and TNF-α pathways have been
proposed as key players (for more information see [118]). However, although enteric
neurons have control over the intestinal movement [119], as shown in Hirschsprung
disease in humans where loss of intrinsic enteric nervous system results in reduced or
absent gut motility, other factors are also important for normal gut motility. Interestingly,
cisplatin can have long-term effects in the gastrointestinal tract also in mice (Figure 3).

4.3. Gastrointestinal Toxicity Can Impair Kidney and Brain Function and Vice Versa

Motility in the gastrointestinal tract is regulated by the autonomic nervous system
composed of extrinsic (i.e., parasympathetic, vagal nerve (the rest-and-digest), sympa-
thetic (fight-or-flight)) and intrinsic enteric nervous systems (ENS) [119–121]. The primary
regulator of gut motility is intrinsic ENS, followed by extrinsic ENS (parasympathetic,
symphatetic) and the central nerve system. However, the gut microbiota, immune sys-
tem and gut secretions also interact and modulate gut motility [122]. The gut microbiota
can affect intestinal transit by modulating the anatomy of the adult ENS (in a serotonin
(5-HT)-dependent fashion) [123] and activity of gut-extrinsic sympathetic neurons [124].

In addition, gut barrier dysfunction (i.e., leaky gut) is associated with various kidney
disorders. Recent animal studies have demonstrated a direct link between gut inflammation
and structural alterations in the kidneys [125], suggesting that persistent gastrointestinal
problems of cisplatin treated patients could be involved in the pathogenesis of long-term
kidney pathology. Interestingly, renal complications develop in up to 23% of patients with
inflammatory bowel disease [125]. On the other hand, impaired kidney function may
contribute to long-term gastrointestinal problems in cancer survivors (uremia, cytokines,
etc.) [126]. Furthermore, recent studies have demonstrated multiple complex pathways
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between the gut and the brain [119], linking chemotherapy induced gut–brain axis dys-
regulation with cognitive impairment, depression and fatigue [127]. The gut microbiota
has also been linked with various neurological disorders [128]. In fact, cisplatin causes
gut microbiota dysbiosis directly (i.e., cisplatin affects microbiota [129,130]) and indirectly
(injury of epithelial cells and inflammation; mucositis [131]), which in the long term can
contribute to chronic kidney disease and cognitive impairment [127,132], all of which are
frequent complications of cisplatin therapy in cancer survivors. To date, no work has
been undertaken to investigate the effects of cisplatin on the submucosal plexus, smooth
muscle cells of the muscle layer in the gut wall, extrinsic nerves (i.e., parasympathetic and
sympathetic), or the gut–kidney–brain axis dysfunction.

Figure 2. Cisplatin causes acute and chronic effects in the gastrointestinal tract. A single injection of cisplatin causes pica,
a rodent-specific behavior of nausea, which reflects as a progressive reduction in food intake, increase in non-nutritive
material intake (for instance bedding) and decreased gastric motility [107]. As a result the stomach is full of bedding and
markedly enlarged/distended (white arrow) [114]. Reduction in food (68%) and water intake (45%) and an increase in
stomach content (threefold) is evident from day 2 on (C57BL/6; 6 mg/kg ip) [114]. First morphological changes in the
small intestinal mucosa (i.e., apoptosis, necrosis, decreased number of goblet cells, shortened villi and inflammatory cell
infiltration) can be seen 1 day after a single cisplatin injection (B6D2F1: 8 mg/kg, 10 mg/kg, 12 mg/kg, 14 mg/kg; ip;
d1,3,6,10,14) followed by reduced mucosal digestive function (depletion in maltase, sucrose, disaccharidase activity and
reduced absorption) [108,115]. Depression in crypt cell production is already evident 2h after cisplatin and is maximal
between 12 and 24 h post-treatment (CBA: 10 mg/kg, ip). Cisplatin causes lesions also in the colon mucosa, however, they
appear later and are less severe [72]. The severity of gastrointestinal damage and mucosal dysfunction is dose-dependent
and can persist up to 10 days after a single sub-lethal dose of cisplatin (B6D2F1: 8 mg/kg, 10 mg/kg, 12 mg/kg, 14 mg/kg;
ip; d1,3,6,10,14) [72]. Mucosal recovery is slow, first signs of recovery can be observed 7 days post-treatment [72]. Repeated
cisplatin administration (C57BL/6; 4 mg/kg/week for 4 weeks, ip; ↓20% BW) besides gut lesions (↑IL-1β and IL-10) also
causes delayed pica, [55] and alterations in the ENS seen as loss of neurons in the myenteric ganglia of mouse gastric fundus
(total and nNOS+) [56] and colon (neurons (total, ChAT+, nNOS+) and gial cells (SOX-10+, GFAP+, S100β+) [55]. Circulation
and the nervous system are the main pathways for communication between the gut, the kidney and the brain in health or
disease (the brain–gut–kidney axis). Legend: BW—body weight; ChAT—choline acetyltransferase; ENS—enteric nerve
system; GFAP—glial fibrillary acidic protein; NET—neutrophil extracellular traps; nNOS—neuronal nitric oxide synthase;
ip—intraperitonealy.
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Figure 3. Cisplatin can have long-term effects in the gastrointestinal tract (A). A case of penetrating
ulcer (B, arrow and C) in a mouse that survived a single lethal dose of cisplatin (17 mg/kg). Three
months after cisplatin recovery, body weight started to decrease, and the mouse was killed and
autopsy performed. Inflammatory cells found in the kidney (D).

5. Cisplatin Neurotoxicity

Cisplatin causes dose related, cumulative toxic effects on the peripheral and central
nervous systems (i.e., peripheral neuropathy, chemo brain). Peripheral neuropathy is
characterized by sensory loss, often accompanied by pain, starting in the distal extremi-
ties [8,133,134]. Chemobrain is characterized by subtle to moderate cognitive deficits such
as a decrease in processing speed, memory, executive functioning, and attention [11]. In
humans, 49% to 100% of cisplatin treated patients develop some symptoms of neuropa-
thy [135]. The incidence and the severity increase with higher cumulative dose and longer
exposure time to cisplatin. Peripheral neuropathy generally develops after a cumulative
dose of 250 to 350 mg/m2 [136], usually as mild neuropathy in a few patients. When cumu-
lative dose reaches 350–420 mg/m2, neuropathy occurs in up to 50% of patients and after
600 mg/m2, neuropathy occurs in almost all patients, however, 30–40% of them develop
moderate neuropathy, and 10% of them severe and disabling neuropathy [7,8,135,137].

In mice, serial testing at different cumulative doses of cisplatin showed that neuropa-
thy develops progressively with higher cumulative doses [18,138]. Declines in sensory
nerve conduction velocity (SNCV) and sudomotor responses were found from cumulative
doses of 10 mg/kg, while reduction in the intensity of the nociceptive response to pinprick
painful stimuli occurred at cumulative doses of 40 mg/kg (5 or 10 mg/kg/week up to
cumulative doses of 40 mg/kg) [138]. In another study SNCV occur at cumulative dose
16 mg/kg (0.5 mg/kg twice per week up to cumulative doses of 32 mg/kg) [18]. There
are many protocols of cisplatin induced mouse neurotoxicity [139]. They differ in the
dosage, frequency of administration, cumulative dose and consequently in the severity
of neurotoxicity and measured outcomes, i.e., the mortality, intensity and the incidence.
The most characterized protocol for cisplatin neurotoxicity in mice is administration of
cisplatin in two cycles, where one cycle is composed of daily intraperitoneal injection of
cisplatin at a dose of 2.3 mg/kg for 5 days, followed by 5 days of recovery (cumulative
dose 23 mg/kg; see Figure 4). This protocol induces structural, functional and molecular
changes in the peripheral sensory neurons, dorsal root ganglia (DRG), spinal cord, and the
brain. Changes can be observed 3–5 weeks after first cisplatin injection. Mice show altered
behavioral responses to thermal and mechanical stimuli and impaired performance in the
novel object and place recognition tasks. However, although the induced neuropathy is
mild and reversible [46], no study reported how many mice develop peripheral neuropathy
(the incidence and severity of neuropathy is dose dependent). It has been recognized that
models of mild neuropathy have higher inter-individual differences, which requires a
higher number of animals per group [140]. In the literature, we can find cisplatin protocols
for peripheral neuropathy with an even lower cumulative dose of cisplatin and/or a shorter
time point of testing. Considering that neurotoxicity is dose- and time-dependent, such
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cisplatin protocols do not induce all characteristics of peripheral neuropathy and need to
be taken with caution.

Research on cisplatin toxicity of the central system started recently. Advanced neu-
roimaging techniques in cancer patients have revealed that chemotherapy causes structural
alterations in white and gray matter, alterations in the activation of the fronto-parietal atten-
tional network in cancer patients [141], and changes in structural brain networks [142,143].
Cisplatin can cross the blood–brain barrier and penetrate into the brain in low concen-
trations [15,133] and causes alteration in various parts of the brain in humans and ro-
dents [144]. Structural abnormalities in cerebral white matter [145,146], reduction in myelin
density [147], and cerebral neurogenesis [146], changes in synaptic integrity in the pre-
frontal cortex [148] and decrease in global functional neuronal connectivity in the brain
were found also in mice [147]. Cisplatin induced mitochondrial dysfunction and structural ab-
normalities in brain synaptosomes in the hippocampus [147]. Mice with higher cumulative dose
and longer exposure time to cisplatin developed even more severe impairment of mitochondrial
transport and mitochondrial dysfunction [149], showing dose dependent toxicity.

5.1. Behavioral Tests and Their Weakness

Various behavioral tests have been used to evaluate mice wellbeing, motor activity
behavioral responses to mechanical and thermal stimuli, and cognitive performance. It was
consistently reported that this cisplatin protocol (Figure 4) induces changes in mice response
to radiant heat-paw, tail immersion, adhesive removal test and the von Frey test. Alterations
were interpreted as heat hyperalgesia and mechanical allodynia [150–153]. The pattern of
onset and progression of the heat hyperalgesia was similar to the mechanical allodynia
and persisted for up to 5 weeks post treatment [150]. No difference was observed in the
open field test, motor coordination or signs of paresis (the rotarod test) [153], cold plate test,
locomotor activity, grip strength (muscle strength) [150,151]. However, activity patterns of
cisplatin treated mice did alter moderately [153], the exploratory activity and body weight
of mice were reduced and recovered after cessation of the cisplatin treatment [151]. It was
claimed that this cisplatin protocol does not cause significant deterioration in the general
health of mice. However, two independent research groups reported body weight decrease
(10% after the first cycle and 17% after the second cycle) and sudden death of a mouse
during the study [150,151,153].

Why is all this information important? In humans, peripheral neuropathy is char-
acterized by sensory loss and pain. Patients describe a range of predominantly sensory,
bilateral symptoms in both hands and feet (i.e., a stocking and glove distribution) such as
numbness, tingling, spontaneous pain, and hypersensitivity to mechanical and/or cold
stimuli [8,14,133,134]. Loss of cognitive abilities of concentration, attention, learning and
memory, and executive functions are characteristics of chemotherapy induced cognitive
impairment [154].

The pain, sensory abnormalities and cognitive abilities are difficult to evaluate without
verbal communication. In animals, therefore, various behavioral tests are used. However,
the behavioral tests have many drawbacks. A major shortcoming is that they are all evoked
responses. Mice and rats are prey species and when distressed they will mask their sponta-
neous behavior, sensations and signs of pain. There are many factors that can influence and
confound behavioral tests, for instance, aggression (males are prone to aggression) [155],
gender of the experimenter (exposure to male experimenters causes in mice stress that re-
sults in stress-induced analgesia) [156], anxiety and/or agitation (caused by over-handling
or repeated testing) [153] and health states like kidney injury and visceral pain. We have
explained that cisplatin causes pica and dose related injuries and inflammation along the
gastrointestinal tract, all of which result in visceral pain. Mice suffering from visceral pain
of lower abdomen respond to mechanical and thermal stimulation of the hind-paw or
tail in the same manner as mice with peripheral neuropathy [157]. It was demonstrated
that inflammation in the gastrointestinal tract activates satellite glial cells in DRG and
cause excitation of those DRG neurons that innervate particular parts of the gut [158,159].
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Major sensory nerves that arise from the L4–L6 DRG neurons innervate the colon [120,160].
These DRG neurons are examined in cisplatin neuropathy studies. Accordingly, visceral
pain can be mistakenly diagnosed as peripheral neuropathy. In addition, repeated cis-
platin treatment worsens gut toxicity and induces delayed pica, thus, conditioned place
preference test used to test the analgesics for cisplatin neuropathy [161] might also be
mistakenly interpreted as peripheral neuropathy treatment. None of the neurotoxicity
studies evaluated kidney or gut damage.

All the above demonstrates the need for understanding the characteristics and the
complexity of cisplatin mouse models to correctly design and interpret the study outcomes.
It also demonstrates that outcomes of behavioral tests alone are not sufficient to characterize
the model or to evaluate the role of a particular gene or therapeutic agent in the model.

To evaluate and confirm cisplatin induced neuropathy in rodents it is recommended
to use behavioral, electrophysiological and histological tests [162]. Electrophysiological
tests have limitations. The most significant drawback of the conduction velocity changes is
that nerve conduction velocities do not correlate with symptoms [162]. In addition, results
of the electrophysiologic tests can vary among studies and even within the laboratory,
due to many factors including mice’s body temperature during the recording (the tests
are done under anesthesia) [162]. The most reliable is histological assessment, light and
electron microscopy. A relevant indicator of small-diameter sensory nerve fiber status in
neurotoxicity studies is analysis of intra-epidermal nerve fibers, a method also used for
evaluation of peripheral neuropathy in patients, which has yet to become a routine end
point in nonclinical safety testing [163]. However, we also need to perform autopsies and
analyze all vital organs, particularly the gut and the kidney to evaluate the severity of the
injury and inflammation and correctly report and interpret the study outcomes.

Figure 4. Cisplatin neurotoxicity. In mice, two cycles of cisplatin (2.3 mg/kg/daily for 5 days followed by 5 days recovery;
5d+5r/5d+5r; cumulative dose 23 mg/kg) resulted in reduced density of intraepidermal nerve fibers (IENF) (wk3, and
wk5) [152,164] and epidermal Merkel cells [152] in the mouse plantar footpad. Merkel cells, mechanosensory cells actively
involved in touch reception (tactile sensation), [165–167] are proposed to underlie sensory dysfunction in diabetic patients
and animals [168]. In sensory nerves (sciatic, caudal, tibial) mild hypomyelination with few degenerating axons (reduced
density of myelinated fibers without alterations in axon diameter) can be observed together with a slight decrease in the
sensory nerve conduction velocity (SNCV; indication of demyelination) and the sensory nerve action potential (SNAP) [153].
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In sensory neurons (trigeminal ganglia) cisplatin activated the transient receptor potential (TRP) channels (TRPA1,
TRPV1) [151], a non-selective cation channels involved in chemical and thermal evoked pain sensation [169]. In the
spinal cord (L4-L6) cisplatin activated microglia (Iba1), induced pro-inflammatory cytokines (IL-1β, IL-6, TNFα, iNOS,
CD16, a marker of pro-inflammatory microglia (wk3) and increased protein levels of triggering receptor expressed on
myeloid cells 2 (TREM2) and DNAX activating protein of 12 kDa (DAP12) (wk3) [152]. TREM2/DNAX is a receptor
complex predominantly expressed on microglia in the central nervous system associated with neurodegenerative diseases
and inflammatory response of microglia [152]. Cisplatin induced structural abnormalities in cerebral white matter (loss
of neuronal dendritic spines and arborizations) [145,146] and reduced myelin density in the cingulated cortex [147]. It
also [145] decreased cerebral neurogenesis (DCX+ cells) [146] but did not cause inflammation (IL1β, IL6, TNFα, GFAP,
CD11b) [146] or microglia (Iba1−, GFAP−) activation [145]. However, decreased synaptic integrity (synaptophysin, vGlut2,
vGAT) in the prefrontal cortex [148] and global functional neuronal connectivity in the mouse brain was found (fMRI) [147].
Cisplatin induced mitochondrial dysfunction and structural abnormalities in brain synaptosomes [147]. Mice treated
with three cycles of cisplatin (protocol 2.3 mg/kg 5d + 5r/5d + 5r/5d + 5r; cumulative dose 34.5mg/kg) developed more
severe impairment of mitochondrial transport and mitochondrial dysfunction in the hippocampus [149] (43% decrease in
cytochrome C activity, ATP production, 96% increase in ROS, 29% decrease in mitochondrial membrane potential, impaired
mitochondrial transport, reduced α-tubulin acetylation in the hippocampus, decrease in dendritic spine and synaptic
density (vGlut1 and PSD95) [149]. Legend: DAP12—DNAX activating protein of 12 kDa; DRG—dorsal root ganglia;
GFAP—glial fibrillary acidic protein; IENF—intraepidermal nerve fibers; IL—interleukine; Iba1—ionized calcium-binding
adaptor molecule 1; iNOS—inducible nitric oxide synthase; L4-L6—lumbal vertebra; mtDNA—mitochondrial DNA; NER
- nucleotide excision repair; Olig-2—oligodendrocyte lineage gene 2; ROS—reactive oxidative species; SNAP—sensory
nerve action potential; SNCV—sensory nerve conduction velocity; TNFα—tumor necrosis factor alpha; TRP—transient
receptor potential channels (TRPA1, TRPV1); TREM2—triggering receptor expressed on myeloid cells 2; vGlut2—vesicular
glutamate transporter 2; vGAT—vesicular GABA transporter.

5.2. Cisplatin Mechanisms

Cisplatin exerts its antitumor activity by binding to guanine and adenine residues,
forming cisplatin–DNA adducts that bend and unwind the DNA helix (i.e., distorting
its structure by intra- and inter-strand DNA cross-linkage), thus interfering with DNA
replication and/or transcription which results in DNA damage, induction of cell cycle
arrest, inhibition of DNA synthesis and repair, senescence or cell death (by activating
necrotic and apoptotic pathways). While these effects of cisplatin on cancer cells are desired,
the same process in normal tissue causes varying degrees of toxicity [5,129,130]. In dividing
stem or progenitor cells (myelotoxicity, gut stem cells, etc) cisplatin induces different types
of cell death, while in non-dividing cells transcription and translation are more affected
leading to senescence, degeneration or dysfunction. Similar to the effect in kidneys (tubular
cells), cisplatin was reported to cause DNA damage, activation of apoptotic pathways
like p53 activation, Bax translocation, mitochondrial cytochrome C release, activation of
caspase-3 and caspase-9 and cell death also in DRG sensory neurons [170].

DRC neurons are non-dividing cells that need a high level of active transcription
to sustain their large size, high metabolism, and long axons [171]. Repeated cisplatin
administration results in accumulation of cisplatin–DNA adducts in DRG neurons, which
is subsequently removed and repaired by nucleotide excision repair (NER) [18]. NER is one
of the major DNA repair pathways particularly relevant for cisplatin–DNA adduct repair.
Serial testing with increasing cumulative doses of cisplatin showed that mice with NER
dysfunctions accumulated higher numbers of cisplatin–DNA adducts in DRG neurons and
developed higher severity of peripheral neuropathy [18].

In 2011, Podratz and coworkers demonstrated that cisplatin binds not only nuclear
DNA but also mitochondrial DNA (mtDNA), both with the same binding affinity [170].
However, in contrast to nuclear DNA, in mitochondrial DNA isplatin–DNA adducts
inhibited mtDNA replication and transcription of mitochondrial genes which resulted
in mitochondrial vacuolization and degradation. It was proposed that mitochondrial
dysfunction is very likely the consequence of reduced repair of cisplatin adducts in mtDNA,
particularly NER [170]. Until recently it was believed that mitochondria do not possess
NER. However, extensive investigation in the last decade has shown that mitochondrial
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DNA repair is very diverse and complex. Mitochondria have an NER mechanism, but
it differs from the nuclear one. The proteins that participate in the NER mechanism are
imported into the mitochondria in response to oxidative stress [172]. Thus, it is possible,
that the NER mechanism is indeed involved in mitochondrial dysfunction (not only in
DRG neurons but also in other tissues with high amounts of mitochondria like proximal
tubular cells [19] and the brain [41]). However, the contribution of NER in mitochondrial
dysfunction remains to be determined.

Loss of mitochondrial number was found in axons of the sensory nerve (tibial) [164],
while in the DRG neurons and the brain, mostly alterations in mitochondrial morphol-
ogy [170] and gene expression were observed [146,164], which suggests that mitochondria
were injured but still able to cope and maintain basal functions. However, with higher
cumulative dose and longer exposure time to cisplatin more severe impairment of mitochon-
drial transport and function occurs [149], showing dose dependent toxicity. Interestingly,
mitochondrial damage has been investigated and linked with cisplatin toxicity in renal cells
of proximal tubules already in the 1980s [63]. Nevertheless, the main cause of cisplatin tox-
icity remains unknown. We must recall that cisplatin can affect a wide variety of molecules
and mechanisms in the cell, it binds not only to DNA but also to various proteins and
affects their numerous functions, influences the transport in the cells, etc., [173] (Figure 5).

Figure 5. Schematic presentation of cisplatin toxicity in non-tumor cells in the body. Extent and
intensity of oxidative stress, changes in signaling, metabolism, function, intensity of inflamma-
tion, activation of certain immune cell types, inflammatory and molecular crosstalk and response,
type of cell death, etc., depend on cisplatin dose (single or cumulative) and severity of toxicity.
ER—endoplasmic reticulum; mtDNA—mitochondrial DNA; ROS—reactive oxygen species.

6. Cisplatin Ototoxicity

Cisplatin ototoxicity is a common cisplatin side effect. Cisplatin treated cancer pa-
tients experience progressive, bilateral, primarily high-frequency sensorineural hearing
loss. Ototoxicity is dose-dependent cisplatin side effect which can start at doses from
60 mg/m2/cycle and affects approximately 62% patients. However, in high dose treat-
ment schedules (150–225 mg/m2/cycle) up to 100% of patients can be affected [174]. It
is reported that 40–80% of adults [16] and 60% of children develop permanent hearing
loss [175]. A recent study reported that young children (<5 years) are more susceptible
than older children (>5 years). Since young children develop hearing loss at lower cumu-
lative dose and early during cisplatin therapy, audiological monitoring is recommended
at each cisplatin cycle [176]. The exact mechanism responsible for hearing loss is not
fully understood [174,177,178], but data suggest that cisplatin directly stimulates the pro-
duction of cytokines leading to inflammation, oxidative stress, endoplasmic reticulum
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stress and, finally, to various forms of cell death [179]. Currently, there is no treatment to
reduce cisplatin ototoxicity [174,177,178]. However, sodium thiosulfate, a thiol-containing
antioxidant, has shown promising results in a phase III clinical trial [180].

In the past, a wide variety of cisplatin protocols has been used to model ototoxicity.
Most frequently a single, high dose of cisplatin has been used and effects were evaluated
a few days later (due to high mortality rate, similarly to nephrotoxicity studies) [178].
Repeated administration of low dosage was also used, but frequently resulted in high
mortality or inconsistent and small changes in hearing sensitivity [48]. Protocols were
recently summarized and can be found elsewhere [178].

Mouse model of ototoxicity is included in this review mostly as an example of
an animal study that aimed to establish a clinically relevant and reproducible mouse
model [16,48]. Specifically, it is the first study that reported extensive supportive care
for mice during cisplatin treatment. The study [16,48] is summarized with hope that
supportive care becomes a part of every cisplatin protocol in animal studies.

To get clinically relevant model of cisplatin ototoxicity, Cunningham and cowork-
ers [16] used an already-established cisplatin protocol. However, to optimize the protocol,
firstly a pharmacokinetic study was done to get information on cisplatin distribution and
elimination rates from various tissues (kidney, liver, inner ear, brain and heart) before and
after each cycle (protocol composed of three cycles of a daily ip injection of cisplatin at a
dose 3.5 mg/kg for 4 days, followed by 10 days of recovery; cumulative dose 42 mg/kg) [16].
An auditory function and the three doses were evaluated after each cycle and finally the
protocol with clinically relevant and reproducible hearing loss with the lowest suffering
of the animals was established [48]. Briefly, CBA/CaJ male and female mice were used
and treated with above stated cisplatin protocol but three different doses of cisplatin (2.5,
3.0, and 3.5 mg/kg, cumulative dose 30, 36 and 42 mg/kg, respectively) were evaluated.
After the second cycle, minimal hearing loss was observed (at 3.5 mg/kg/day) but without
significant threshold shifts across frequencies [16]. Mice developed a dose-dependent loss
of cochlear outer hair cell function (distortion product otoacoustic emissions; DPOAEs)
and hearing sensitivity (auditory brainstem response; ABR). No significant difference
was found between male and female mice. A cisplatin dose of 3.0 mg/kg/day showed
better health state of mice than 3.5 mg/kg/day but similarly robust hearing loss across
all frequencies, most severe at the high frequencies [48]. This dose (3.0 mg/kg) was thus
selected for further characterization of cochleotoxicity and vestibulotoxicity. Assessment of
auditory function follows 42 days after the first cisplatin injection. It was found that after
cessation of cisplatin administration hearing loss in mice even progresses over time [16,48],
similar to cisplatin ototoxicity in humans [174].

Hydration and Supportive Care in Cisplatin Protocols

From the first day of the study, all cisplatin treated mice received intensive supportive
care (twice daily). Supportive care was composed of hydration (1 mL of 0.9%NaCl and 1ml
of Normasol injected subcutenously) and supplemental nutrition (0.3 mL high calorie liquid
supplement, DietGel Recovery cups and pellets on the floor cage). Body weight, overall
health, activity and body condition scoring [181] was used to monitor the overall condition
of each mouse on daily basis (muscular tone, body fat content, coat maintenance, overall
energy level. Using supportive care protocol, all mice in the study survived although their
body weight progressively decreased during each cycle and at the end of the experiment
reached significant loss of their initial weight (21% at dose 2.5 mg/kg and 27% at dose 3.0,
3.5 mg/kg). The only drawback of this study is that the kidney function and gastrointestinal
damage in mice were not examined. Inflammation has significant effects on health and
disease. Treatment of inflammation (in the gut and kidney) could improve the mice’s health
state. Particularly because during the auditory testing mice need to be anesthetized, and
diseased animals are at higher risk of death during the anesthesia. Thus, during anesthesia
special care is needed to avoid additional hypothermia, hypoxia, acidosis, and death.
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We must recall that mice treated with cisplatin suffer from acute and delayed pica,
gastric distension (delay in gastric emptying, stomach filled with bedding), reduced food
intake, inflammation in intestine, polyuria (malnutrition, dehydration and electrolyte
waste). In addition, mice treated with cisplatin are hypothermic [182]. Mice that are ill and
suffer abdominal pain (intestine inflammation, nausea/pica/full stomach, kidney injury)
are less active and vital, do not rear/climb up after water and food, and do not care for
their nests. Well-structured nests are important for their body temperature maintenance.
Supportive care is mandatory, to prevent agonistic death from dehydration, malnutrition
and hypothermia. Vitamin C and sodium bicarbonate pretreatments has been show to
improve mice’s health and reduce cisplatin nephrotoxicity [182], while dexamethasone, a
corticosteroid used in humans and/or ondansetron, a serotonin 5-HT3 receptor antagonist,
showed confounding results [106].

It is interesting that in the 1980s the effects of hydration and cisplatin vehicle (Table 5)
on nephrotoxicity and tumor burden were tested in cisplatin treated mice and rats. Al-
though both hydration [183] and the vehicle in which cisplatin was dissolved [184,185]
markedly reduced mortality and nephrotoxicity, hydration became a routinely used method
of nephrotoxicity prevention only in clinics but not in preclinical models. Intravenous
hydration using isotonic saline solution significantly reduces cisplatin half-life, urinary cis-
platin concentrations and proximal tubule transit time [3,12], which reduces nephrotoxicity
and allows higher doses of cisplatin for the cancer treatment. Thus, hydration affects the
MTD dose and, consequently, also the therapeutic effect of cisplatin (dose dependent) in pre-
clinical studies (see Section 3.3). In addition, not only the incidence but also the severity of
cisplatin toxicity is dose dependent. Based on the cisplatin protocol mice thus can develop
(Figure 6): changes in molecular mechanisms without structural damage (process is in the
range of the physiological limits and does not affect the clinical picture, although molecular
markers can show significant increases; MTD); changes in molecular mechanisms with
structural damage (although structural damage is histologically confirmed and clinical
signs are present, damage is still in the range where regression and restitution or repair
is possible; mild, moderate); clinical signs are present and structural damage is obvious,
regression and repair is possible only if properly treated (severe-systemic inflammation)
and intoxication (irreversible).

Table 5. Effect of cisplatin vehicle on cisplatin toxicity/mortality [184,185].

Cisplatin Vehicle LD50

distilled water 10.8 ± 1.0 mg/kg
0.9% NaCl 15.3 ± 1.6 mg/kg
4.5% NaCl 24.5 ± 0.7 mg/kg

LD50—dose of cisplatin that results in 50% mortality in animals.

Various factors can affect response to cisplatin treatment such as strain, substrain [44,106],
age [105,186], hydration [183], circadian rhythms [23,187–189]. However, there is high inter-
individual variability also among mice within the same inbred strain (genetically uniform)
showing that environmental and phenotypic factors like physical state play important roles in
cisplatin toxicity. Since there are many factors that can influence cisplatin effects (therapeutic
or toxic) scientists are encouraged to thoroughly report all details in their study and follow
the ARRIVE guidelines [190] or the Gold Standard Publication Checklist [191], FELASA
recommendations [192,193] and standardized genetic nomenclature of rodents (http://www.
informatics.jax.org/nomen/strains.shtml) 6th October 2021.

http://www.informatics.jax.org/nomen/strains.shtml
http://www.informatics.jax.org/nomen/strains.shtml
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Figure 6. Dose-dependent toxicity of cisplatin and factors affecting maximum tolerated dose (MTD), nephrotoxic and lethal dose.

7. Cisplatin Distribution and Elimination

To better understand the complexity of cisplatin toxicity in various organs, basic
knowledge about cisplatin distribution, elimination and accumulation is briefly summa-
rized. Cisplatin reaches systemic circulation within 10 min after systemic administration
(ip, iv) [15,16,194] and within 1 h cisplatin is already distributed in almost all tissues stud-
ied (kidney, liver, lung, inner ear, heart and brain), with the highest concentration in the
kidney [16]. There is a linear correlation between cisplatin dose (3.75, 7.5 or 15 mg/kg) and
cisplatin concentration in the blood or tissues (kidney, liver, tumor, brain and testis) 1 h
after ip administration [15]. Free cisplatin eliminates from the blood predominantly by the
kidney, much less by biliary [194] or intestinal excretion [184].

It appears that the rate of cisplatin clearance in repeated treatment depends on the
dose (cumulative) and the frequency interval (daily vs weekly). Repeated administration
of low dose of cisplatin (16 mg/m2 or 2.5 mg/kg) did not affect the elimination rates
of cisplatin until the fifth cycle (ip; five cycles with 3-week intervals between each cy-
cle). After the fifth cycle elimination of cisplatin significantly decreased (cumulative dose
reached 12.5 mg/kg) [195]. In contrast, repeated administration of higher doses of cisplatin
(5 mg/kg iv; three cycles with 3 weeks between each cycle) resulted in decreased renal
clearance and increased accumulation of cisplatin in the kidney by each cycle (cumulative
dose at the second cycle reached 10 mg/kg) [196], suggesting a longer elimination half-life
of cisplatin and an impaired elimination/detoxification mechanisms when reaching critical
levels of cisplatin (Table 3). A similar situation occurred in the case of cisplatin protocol
for ototoxicity (three cycles of 14 mg/kg (3.5 mg/kg/daily) with 10-day intervals between
each cycle). After each cycle the elimination of cisplatin decreased, resulting in gradual
retention of cisplatin in tissues. After the third cycle (42 days after the start) cisplatin in
all examined tissues reached levels twofold higher than after the first cycle. The highest
concentration of cisplatin was detected in the liver, followed by spleen, femur, kidney,
inner ear, lung, heart, skeletal muscle, small intestine and brain. Two months later (60 days
recovery) marked decline was observed in all tissues except femur and inner ear. However,
in all examined tissues cisplatin was still present at the detected levels [16].

While elimination of cisplatin from the blood is very rapid (mostly within 1 h), elim-
ination from the tissues is a longer process lasting weeks or even years. In tissues cis-
platin accumulates in all cell compartments, the mitochondria, nucleus, cytoplasm, mi-
crosomes [195,197]. In general, the larger decline of cisplatin concentration in tissues
occurs within the first 24 h [15,16], followed by slower elimination rates during the first 30
days [15,79,195] reaching an almost steady state 3 months after a single nephrotoxic dose
of cisplatin [195]. Recently it was found that elimination rates from the inner ear are much
lower than in other organs. Cisplatin retains in the inner ear for months in both mice and
humans (at least 18 months after patients last cycle) [16]. It was also found that the highest
levels of cisplatin in the inner ear accumulate in the stria vascularis (the region of the inner
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ear that maintains the ionic composition of endolymph), while cisplatin accumulation in
mechanosensory hair cells is more limited. Similar cisplatin distribution was also found in
humans. Long-term retention of cisplatin was associated with progressive hearing loss in
mice [16].

Cisplatin retention in the tissues can be evaluated also by detecting cisplatin-DNA
adducts, a method usually used in the nervous system (see section neurotoxicity). However,
cisplatin–DNA adducts can be found also in other tissues (kidney, liver, testis and brain).
Nevertheless, the formation of cisplatin–DNA adducts is a slower process; depending on
the tissue it can take up to 4 h or more [15,198]. After single dose of cisplatin (7.5 mg/kg) the
highest levels were observed in the kidney cortex, particularly tubules. The levels persisted
for 24 h (liver, kidney), followed by a slow decline, while in other tissues (tumor, testis)
decline was observed within first 12 h. Formation of cisplatin–DNA adducts was dose
dependent with large inter-individual variations, particularly for kidney and tumor [15].
Cisplatin–DNA adducts can be detected in various tissues in patients treated with cisplatin
for many months after therapy [198].

8. Discussion

As shown in the paper, there are many similarities between mice and humans. Mice
develop all cisplatin side effects in a dose- and time-dependent manner. Just as humans,
mice also develop cisplatin side effects of varying severity from mild to multi-organ failure,
each pathology with its own time course and pathophysiological response or molecular
signature. Despite all the similarities, there is an apparent gap between the results in animal
models and human clinical trials.

As described, there are many drawbacks in the currently used cisplatin protocols.
Besides a wide variability in protocols [44], most of cisplatin protocols have no similarities
to the treatment schedules used in cancer patients. In humans, cisplatin is given in cycles
with extensive hydration and supportive care to provide the highest possible dose of
cisplatin to improve the success of therapy, while in tumor bearing mice a wide variety
of cisplatin protocols with no hydration or supportive care are used. In mice, cisplatin
treatment ranges from a single to repeated (multiple) administration, where cumulative
doses range from sub-therapeutic to lethal doses or even higher (see Table 1 and Table S1).
To evaluate potential beneficial effects of therapy or toxicity, in mice studies, most frequently
only the size or the volume of the tumor is used as a measure of successful treatment and
the body weight is used as a marker of systemic toxicity. No examination of gut toxicity,
myelotoxicity or neurotoxicity is performed. Rarely, a few blood parameters are examined.
Body condition of the animals and mortality rate are rarely reported and necropsy and
histology of all vital organs are rarely performed (Table S1). Importantly, cisplatin protocol,
hydration and supportive care all together affect not only the MTD or lethal dose but
also the therapeutic dose of cisplatin and its side effects (dose-dependent). Higher doses
of cisplatin result in higher cisplatin tissue retention (see section cisplatin distribution
and elimination).

As demonstrated in the article, mice respond to cisplatin therapy in a similar way
to humans. Importantly, mouse response to cisplatin is highly dependent on cisplatin
protocols. Thus, we can say that we get what we design. If we want to understand
molecular mechanisms and find therapeutic agents that would have a potential benefit in
clinics, we need to use similar cisplatin treatment protocols as are used in cancer patients.

In this paper, only the most characterized cisplatin protocols were presented together
with weaknesses that need to be improved in future studies. An example of hydration
and supportive care in repeated cisplatin protocol is summarized with the hope that in
the future hydration and supportive care become a part of cisplatin protocols. The use
of the same cisplatin protocol by various research groups around the world could help
evaluate, optimize and validate particular cisplatin protocols. Investigating cisplatin effects
in all organs of a currently established model and gaining insight into complex cisplatin
toxicology would help understand the underlying mechanisms of cisplatin toxicity in a
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time-dependent manner. It would enable the use of optimal markers of a certain toxicity at
a given time period/point in the development of the toxicity. Optimized and validated
models can then be used to test potential treatment strategies for cisplatin toxicity. However,
first optimization with hydration and supportive care is needed. This may affect the dose
adjustment in cisplatin protocols. Then protocols need to be tested and optimized in
tumor-bearing animals.

Research on mice enables systematic and controlled investigation of complex mecha-
nisms involved in the development of cisplatin therapeutic or toxic effects. In addition, it
enables investigation of pathogenesis of cisplatin toxicity in a time- and dose-dependent
manner. However, it is important that we change our approach to animal studies and start
to treat animals in research as patients and not as a tool. Otherwise we must ask ourselves

“what have we chosen to ignore in this model, and at what cost?” [199].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9101406/s1, Table S1: Publications reporting cisplatin protocols in tumor-bearing
mice published in the period from April 2020 to February 2021.
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Abbreviations

AKI acute kidney injury
AST aspartate aminotransferase
BB brush border
BM basal membrane
BUN blood urea nitrogen
BW body weight
ChAT choline acetyltransferase
Cr serum creatinine
CFU colony-forming unit
d day
DAP12 DNAX activating protein of 12 kDa
DRG dorsal root ganglia
DT distal tubules
ENS enteric nerve system
ER endoplasmic reticulum
GFAP glial fibrillary acidic protein
GFR glomerular filtration rate
Hb hemoglobin
IENF intraepidermal nerve fibers
IL interleukine
Iba1 ionized calcium-binding adaptor molecule 1
iNOS inducible nitric oxide synthase
L4-L6 lumbal vertebra
LD lethal dose
LD100 MNC dose of cisplatin that results in 100% mortality in animalsmononuclear cells
MTD maximum tolerated dose
mtDNA mitochondrial DNA
N number of animals
NET neutrophil extracellular traps
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nNOS neuronal nitric oxide synthase
NER nucleotide excision repair
Olig-2 oligodendrocyte lineage gene 2
P1–3 proximal tubules pars 1–3
ROS reactive oxidative species
SNAP sensory nerve action potential
SNCV sensory nerve conduction velocity
TNFα tumor necrosis factor alpha
TRP transient receptor potential channels (TRPA1, TRPV1)
TREM2 triggering receptor expressed on myeloid cells 2
vGlut2 vesicular glutamate transporter 2
vGAT vesicular GABA transporter
WBC white blood cells
ip intraperitonealy
iv intravenously
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44. Perše, M.; Večerić-Haler, Ž. Cisplatin-Induced Rodent Model of Kidney Injury: Characteristics and Challenges. Biomed. Res. Int.
2018, 2018, 1462802. [CrossRef] [PubMed]

45. Acklin, S.; Zhang, M.; Du, W.; Zhao, X.; Plotkin, M.; Chang, J.; Campisi, J.; Zhou, D.; Xia, F. Depletion of senescent-like neuronal
cells alleviates cisplatin-induced peripheral neuropathy in mice. Sci. Rep. 2020, 10, 14170. [CrossRef]

46. Zhang, M.; Du, W.; Acklin, S.; Jin, S.; Xia, F. SIRT2 protects peripheral neurons from cisplatin-induced injury by enhancing
nucleotide excision repair. J. Clin. Investig. 2020, 130, 2953–2965. [CrossRef]

47. Podratz, J.L.; Tang, J.J.; Polzin, M.J.; Schmeichel, A.M.; Nesbitt, J.J.; Windebank, A.J.; Madigan, N.N. Mechano growth factor
interacts with nucleolin to protect against cisplatin-induced neurotoxicity. Exp. Neurol. 2020, 331, 113376. [CrossRef]

48. Fernandez, K.; Wafa, T.; Fitzgerald, T.S.; Cunningham, L.L. An optimized, clinically relevant mouse model of cisplatin-induced
ototoxicity. Hear. Res. 2019, 375, 66–74. [CrossRef]

49. Gersten, B.K.; Fitzgerald, T.S.; Fernandez, K.A.; Cunningham, L.L. Ototoxicity and Platinum Uptake Following Cyclic Adminis-
tration of Platinum-Based Chemotherapeutic Agents. J. Assoc. Res. Otolaryngol. 2020, 21, 303–321. [CrossRef]

50. Huang, J.; Shan, W.; Li, N.; Zhou, B.; Guo, E.; Xia, M.; Lu, H.; Wu, Y.; Chen, J.; Wang, B.; et al. Melatonin provides protection
against cisplatin-induced ovarian damage and loss of fertility in mice. Reprod. Biomed. Online 2021, 42, 505–519. [CrossRef]

51. Zhang, K.; Sun, C.; Hu, Y.; Yang, J.; Wu, C. Network pharmacology reveals pharmacological effect and mechanism of Panax
notoginseng (Burk.) F. H. Chen on reproductive and genetic toxicity in male mice. J. Ethnopharmacol. 2021, 270, 113792. [CrossRef]
[PubMed]

52. Eldani, M.; Luan, Y.; Xu, P.C.; Bargar, T.; Kim, S.Y. Continuous treatment with cisplatin induces the oocyte death of primordial
follicles without activation. FASEB J. 2020, 34, 13885–13899. [CrossRef] [PubMed]

53. Gouveia, B.B.; Barberino, R.S.; Dos Santos Silva, R.L.; Lins, T.L.B.G.; da Silva Guimarães, V.; do Monte, A.P.O.; Palheta, R.C.; de
Matos, M.H.T. Involvement of PTEN and FOXO3a Proteins in the Protective Activity of Protocatechuic Acid against Cisplatin-
Induced Ovarian Toxicity in Mice. Reprod. Sci. 2021, 28, 865–876. [CrossRef] [PubMed]

54. Hu, J.N.; Yang, J.Y.; Jiang, S.; Zhang, J.; Liu, Z.; Hou, J.G.; Gong, X.J.; Wang, Y.P.; Wang, Z.; Li, W. Panax quinquefolium
saponins protect against cisplatin evoked intestinal injury via ROS-mediated multiple mechanisms. Phytomedicine 2021, 82,
153446. [CrossRef] [PubMed]

55. Nardini, P.; Pini, A.; Bessard, A.; Duchalais, E.; Niccolai, E.; Neunlist, M.; Vannucchi, M.G. GLP-2 Prevents Neuronal and Glial
Changes in the Distal Colon of Mice Chronically Treated with Cisplatin. Int. J. Mol. Sci. 2020, 21, 8875. [CrossRef] [PubMed]

56. Pini, A.; Garella, R.; Idrizaj, E.; Calosi, L.; Baccari, M.C.; Vannucchi, M.G. Glucagon-like peptide 2 counteracts the mucosal
damage and the neuropathy induced by chronic treatment with cisplatin in the mouse gastric fundus. Neurogastroenterol. Motil.
2016, 28, 206–216. [CrossRef] [PubMed]

57. Sakai, H.; Ikeno, Y.; Tsukimura, Y.; Inomata, M.; Suzuki, Y.; Kon, R.; Ikarashi, N.; Chiba, Y.; Yamada, T.; Kamei, J. Upregulation of
ubiquitinated proteins and their degradation pathway in muscle atrophy induced by cisplatin in mice. Toxicol. Appl. Pharmacol.
2020, 403, 115165. [CrossRef] [PubMed]

58. Damrauer, J.S.; Stadler, M.E.; Acharyya, S.; Baldwin, A.S.; Couch, M.E.; Guttridge, D.C. Chemotherapy-induced muscle wasting:
Association with NF-κB and cancer cachexia. Eur. J. Transl. Myol. 2018, 28, 7590. [CrossRef]

59. Moreira-Pais, A.; Ferreira, R.; Gil da Costa, R. Platinum-induced muscle wasting in cancer chemotherapy: Mechanisms and
potential targets for therapeutic intervention. Life Sci. 2018, 208, 1–9. [CrossRef]

60. Zhang, X.; Lei, Y.; Hu, T.; Wu, Y.; Li, Z.; Jiang, Z.; Yang, C.; Zhang, L.; You, Q. Discovery of Clinical Candidate (5-(3-(4-
Chlorophenoxy)prop-1-yn-1-yl)-3-hydroxypicolinoyl)glycine, an Orally Bioavailable Prolyl Hydroxylase Inhibitor for the Treat-
ment of Anemia. J. Med. Chem. 2020, 63, 10045–10060. [CrossRef]

61. Kociba, R.J.; Sleight, S.D. Acute toxicologic and pathologic effects of cis-diamminedichloroplatinum (NSC-119875) in the male rat.
Cancer Chemother. Rep. 1971, 55, 1–8.

62. Madias, N.E.; Harrington, J.T. Platinum nephrotoxicity. Am. J. Med. 1978, 65, 307–314. [CrossRef]
63. Singh, G. A possible cellular mechanism of cisplatin-induced nephrotoxicity. Toxicology 1989, 58, 71–80. [CrossRef]
64. Dobyan, D.C.; Levi, J.; Jacobs, C.; Kosek, J.; Weiner, M.W. Mechanism of cis-platinum nephrotoxicity: II. Morphologic observations.

J. Pharmacol. Exp. Ther. 1980, 213, 551–556. [PubMed]
65. McKeage, M.J.; Morgan, S.E.; Boxall, F.E.; Murrer, B.A.; Hard, G.C.; Harrap, K.R. Lack of nephrotoxicity of oral ammine/amine

platinum (IV) dicarboxylate complexes in rodents. Br. J. Cancer 1993, 67, 996–1000. [CrossRef] [PubMed]
66. Bodenner, D.L.; Dedon, P.C.; Keng, P.C.; Katz, J.C.; Borch, R.F. Selective protection against cis-diamminedichloroplatinum(II)-

induced toxicity in kidney, gut, and bone marrow by diethyldithiocarbamate. Cancer Res. 1986, 46, 2751–2755.
67. Kramer, R.A. Protection against cisplatin nephrotoxicity by prochlorperazine. Cancer Chemother. Pharmacol. 1989, 25, 156–160.

[CrossRef]
68. Naganuma, A.; Satoh, M.; Imura, N. Prevention of lethal and renal toxicity of cis-diamminedichloroplatinum(II) by induction of

metallothionein synthesis without compromising its antitumor activity in mice. Cancer Res. 1987, 47, 983–987.
69. Baldew, G.S.; van den Hamer, C.J.; Los, G.; Vermeulen, N.P.; de Goeij, J.J.; McVie, J.G. Selenium-induced protection against

cis-diamminedichloroplatinum(II) nephrotoxicity in mice and rats. Cancer Res. 1989, 49, 3020–3023. [PubMed]

http://doi.org/10.1177/0192623309339605
http://doi.org/10.1155/2018/1462802
http://www.ncbi.nlm.nih.gov/pubmed/30276200
http://doi.org/10.1038/s41598-020-71042-6
http://doi.org/10.1172/JCI123159
http://doi.org/10.1016/j.expneurol.2020.113376
http://doi.org/10.1016/j.heares.2019.02.006
http://doi.org/10.1007/s10162-020-00759-y
http://doi.org/10.1016/j.rbmo.2020.10.001
http://doi.org/10.1016/j.jep.2021.113792
http://www.ncbi.nlm.nih.gov/pubmed/33422656
http://doi.org/10.1096/fj.202001461RR
http://www.ncbi.nlm.nih.gov/pubmed/32830364
http://doi.org/10.1007/s43032-020-00305-4
http://www.ncbi.nlm.nih.gov/pubmed/33174187
http://doi.org/10.1016/j.phymed.2020.153446
http://www.ncbi.nlm.nih.gov/pubmed/33387967
http://doi.org/10.3390/ijms21228875
http://www.ncbi.nlm.nih.gov/pubmed/33238628
http://doi.org/10.1111/nmo.12712
http://www.ncbi.nlm.nih.gov/pubmed/26547262
http://doi.org/10.1016/j.taap.2020.115165
http://www.ncbi.nlm.nih.gov/pubmed/32738330
http://doi.org/10.4081/ejtm.2018.7590
http://doi.org/10.1016/j.lfs.2018.07.010
http://doi.org/10.1021/acs.jmedchem.0c01161
http://doi.org/10.1016/0002-9343(78)90825-2
http://doi.org/10.1016/0300-483X(89)90105-4
http://www.ncbi.nlm.nih.gov/pubmed/7193726
http://doi.org/10.1038/bjc.1993.182
http://www.ncbi.nlm.nih.gov/pubmed/8494733
http://doi.org/10.1007/BF00689575
http://www.ncbi.nlm.nih.gov/pubmed/2720662


Biomedicines 2021, 9, 1406 23 of 28

70. Mizushima, Y.; Nagahama, H.; Yokoyama, A.; Morikage, T.; Yano, S. Studies on nephrotoxicity following a single and repeated
administration of cis-diamminedichloroplatinum (CDDP) in rats. Tohoku J. Exp. Med. 1987, 151, 129–135. [CrossRef] [PubMed]

71. Yamate, J.; Tatsumi, M.; Nakatsuji, S.; Kuwamura, M.; Kotani, T.; Sakuma, S. Immunohistochemical observations on the kinetics
of macrophages and myofibroblasts in rat renal interstitial fibrosis induced by cis-diamminedichloroplatinum. J. Comp. Pathol.
1995, 112, 27–39. [CrossRef]

72. Harrison, S.D. Toxicologic evaluation of cis-diamminedichloroplatinum II in B6D2F1 mice. Fundam. Appl. Toxicol. 1981, 1, 382–385.
[CrossRef]

73. Wagner, T.; Kreft, B.; Bohlmann, G.; Schwieder, G. Effects of fosfomycin, mesna, and sodium thiosulfate on the toxicity and
antitumor activity of cisplatin. J. Cancer Res. Clin. Oncol. 1988, 114, 497–501. [CrossRef]

74. Nowrousian, M.R.; Schmidt, C.G. Effects of cisplatin on different haemopoietic progenitor cells in mice. Br. J. Cancer 1982, 46,
397–402. [CrossRef] [PubMed]

75. Sharp, C.N.; Siskind, L.J. Developing better mouse models to study cisplatin-induced kidney injury. Am. J. Physiol. Renal Physiol.
2017, 313, F835–F841. [CrossRef] [PubMed]

76. Sharp, C.N.; Doll, M.A.; Dupre, T.V.; Shah, P.P.; Subathra, M.; Siow, D.; Arteel, G.E.; Megyesi, J.; Beverly, L.J.; Siskind, L.J. Repeated
administration of low-dose cisplatin in mice induces fibrosis. Am. J. Physiol. Renal Physiol. 2016, 310, F560–F568. [CrossRef]
[PubMed]

77. Sears, S.M.; Sharp, C.N.; Krueger, A.; Oropilla, G.B.; Saforo, D.; Doll, M.A.; Megyesi, J.; Beverly, L.J.; Siskind, L.J. C57BL/6 mice
require a higher dose of cisplatin to induce renal fibrosis and CCL2 correlates with cisplatin-induced kidney injury. Am. J. Physiol.
Renal Physiol. 2020, 319, F674–F685. [CrossRef] [PubMed]

78. Sharp, C.N.; Doll, M.; Dupre, T.V.; Beverly, L.J.; Siskind, L.J. Moderate aging does not exacerbate cisplatin-induced kidney injury
or fibrosis despite altered inflammatory cytokine expression and immune cell infiltration. Am. J. Physiol. Renal Physiol. 2019, 316,
F162–F172. [CrossRef]

79. Dobyan, D.C. Long-term consequences of cis-platinum-induced renal injury: A structural and functional study. Anat. Rec. 1985,
212, 239–245. [CrossRef]

80. Behling, E.B.; Sendão, M.C.; Francescato, H.D.; Antunes, L.M.; Costa, R.S.; Bianchi, M.e.L. Comparative study of multiple dosage
of quercetin against cisplatin-induced nephrotoxicity and oxidative stress in rat kidneys. Pharmacol. Rep. 2006, 58, 526–532.
[PubMed]

81. Yamate, J.; Ishida, A.; Tsujino, K.; Tatsumi, M.; Nakatsuji, S.; Kuwamura, M.; Kotani, T.; Sakuma, S. Immunohistochemical study
of rat renal interstitial fibrosis induced by repeated injection of cisplatin, with special reference to the kinetics of macrophages
and myofibroblasts. Toxicol. Pathol. 1996, 24, 199–206. [CrossRef]

82. Yamate, J.; Sato, K.; Ide, M.; Nakanishi, M.; Kuwamura, M.; Sakuma, S.; Nakatsuji, S. Participation of different macrophage
populations and myofibroblastic cells in chronically developed renal interstitial fibrosis after cisplatin-induced renal injury in rats.
Vet. Pathol. 2002, 39, 322–333. [CrossRef]

83. Yamate, J.; Machida, Y.; Ide, M.; Kuwamura, M.; Kotani, T.; Sawamoto, O.; LaMarre, J. Cisplatin-induced renal interstitial fibrosis
in neonatal rats, developing as solitary nephron unit lesions. Toxicol. Pathol. 2005, 33, 207–217. [CrossRef]

84. Palant, C.E.; Amdur, R.L.; Chawla, L.S. The Acute Kidney Injury to Chronic Kidney Disease Transition: A Potential Opportunity
to Improve Care in Acute Kidney Injury. Contrib. Nephrol. 2016, 187, 55–72. [CrossRef]

85. Ferenbach, D.A.; Bonventre, J.V. Mechanisms of maladaptive repair after AKI leading to accelerated kidney ageing and CKD. Nat.
Rev. Nephrol. 2015, 11, 264–276. [CrossRef]

86. Ferenbach, D.A.; Bonventre, J.V. Acute kidney injury and chronic kidney disease: From the laboratory to the clinic. Nephrol. Ther.
2016, 12 (Suppl. 1), S41–S48. [CrossRef]

87. Chawla, L.S.; Eggers, P.W.; Star, R.A.; Kimmel, P.L. Acute kidney injury and chronic kidney disease as interconnected syndromes.
N. Engl. J. Med. 2014, 371, 58–66. [CrossRef] [PubMed]

88. Palant, C.E.; Chawla, L.S.; Faselis, C.; Li, P.; Pallone, T.L.; Kimmel, P.L.; Amdur, R.L. High serum creatinine nonlinearity: A renal
vital sign? Am. J. Physiol. Renal Physiol. 2016, 311, F305–F309. [CrossRef] [PubMed]

89. Atmaca, A.; Al-Batran, S.E.; Werner, D.; Pauligk, C.; Güner, T.; Koepke, A.; Bernhard, H.; Wenzel, T.; Banat, A.G.; Brueck, P.; et al.
A randomised multicentre phase II study with cisplatin/docetaxel vs oxaliplatin/docetaxel as first-line therapy in patients with
advanced or metastatic non-small cell lung cancer. Br. J. Cancer 2013, 108, 265–270. [CrossRef] [PubMed]

90. McKibbin, T.; Cheng, L.L.; Kim, S.; Steuer, C.E.; Owonikoko, T.K.; Khuri, F.R.; Shin, D.M.; Saba, N.F. Mannitol to prevent
cisplatin-induced nephrotoxicity in patients with squamous cell cancer of the head and neck (SCCHN) receiving concurrent
therapy. Support Care Cancer 2016, 24, 1789–1793. [CrossRef]

91. Liston, D.R.; Davis, M. Clinically Relevant Concentrations of Anticancer Drugs: A Guide for Nonclinical Studies. Clin. Cancer Res.
2017, 23, 3489–3498. [CrossRef]

92. Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–31.
[CrossRef] [PubMed]

93. McSweeney, K.R.; Gadanec, L.K.; Qaradakhi, T.; Ali, B.A.; Zulli, A.; Apostolopoulos, V. Mechanisms of Cisplatin-Induced
Acute Kidney Injury: Pathological Mechanisms, Pharmacological Interventions, and Genetic Mitigations. Cancers 2021, 13, 1572.
[CrossRef]

http://doi.org/10.1620/tjem.151.129
http://www.ncbi.nlm.nih.gov/pubmed/3576612
http://doi.org/10.1016/S0021-9975(05)80087-8
http://doi.org/10.1016/S0272-0590(81)80008-5
http://doi.org/10.1007/BF00391499
http://doi.org/10.1038/bjc.1982.216
http://www.ncbi.nlm.nih.gov/pubmed/6889884
http://doi.org/10.1152/ajprenal.00285.2017
http://www.ncbi.nlm.nih.gov/pubmed/28724610
http://doi.org/10.1152/ajprenal.00512.2015
http://www.ncbi.nlm.nih.gov/pubmed/26739893
http://doi.org/10.1152/ajprenal.00196.2020
http://www.ncbi.nlm.nih.gov/pubmed/32830540
http://doi.org/10.1152/ajprenal.00463.2018
http://doi.org/10.1002/ar.1092120304
http://www.ncbi.nlm.nih.gov/pubmed/16963799
http://doi.org/10.1177/019262339602400208
http://doi.org/10.1354/vp.39-3-322
http://doi.org/10.1080/01926230490523978
http://doi.org/10.1159/000442365
http://doi.org/10.1038/nrneph.2015.3
http://doi.org/10.1016/j.nephro.2016.02.005
http://doi.org/10.1056/NEJMra1214243
http://www.ncbi.nlm.nih.gov/pubmed/24988558
http://doi.org/10.1152/ajprenal.00025.2016
http://www.ncbi.nlm.nih.gov/pubmed/27194712
http://doi.org/10.1038/bjc.2012.555
http://www.ncbi.nlm.nih.gov/pubmed/23329236
http://doi.org/10.1007/s00520-015-2978-0
http://doi.org/10.1158/1078-0432.CCR-16-3083
http://doi.org/10.4103/0976-0105.177703
http://www.ncbi.nlm.nih.gov/pubmed/27057123
http://doi.org/10.3390/cancers13071572


Biomedicines 2021, 9, 1406 24 of 28

94. Holditch, S.J.; Brown, C.N.; Lombardi, A.M.; Nguyen, K.N.; Edelstein, C.L. Recent Advances in Models, Mechanisms, Biomarkers,
and Interventions in Cisplatin-Induced Acute Kidney Injury. Int. J. Mol. Sci. 2019, 20, 3011. [CrossRef] [PubMed]

95. Loren, P.; Saavedra, N.; Saavedra, K.; Zambrano, T.; Moriel, P.; Salazar, L.A. Epigenetic Mechanisms Involved in Cisplatin-Induced
Nephrotoxicity: An Update. Pharmaceuticals 2021, 14, 491. [CrossRef] [PubMed]

96. Tanase, D.M.; Gosav, E.M.; Radu, S.; Costea, C.F.; Ciocoiu, M.; Carauleanu, A.; Lacatusu, C.M.; Maranduca, M.A.; Floria, M.;
Rezus, C. The Predictive Role of the Biomarker Kidney Molecule-1 (KIM-1) in Acute Kidney Injury (AKI) Cisplatin-Induced
Nephrotoxicity. Int. J. Mol. Sci. 2019, 20, 5238. [CrossRef]

97. Gautier, J.C.; Riefke, B.; Walter, J.; Kurth, P.; Mylecraine, L.; Guilpin, V.; Barlow, N.; Gury, T.; Hoffman, D.; Ennulat, D.; et al.
Evaluation of novel biomarkers of nephrotoxicity in two strains of rat treated with Cisplatin. Toxicol. Pathol. 2010, 38, 943–956.
[CrossRef]

98. Espandiari, P.; Rosenzweig, B.; Zhang, J.; Zhou, Y.; Schnackenberg, L.; Vaidya, V.S.; Goering, P.L.; Brown, R.P.; Bonventre, J.V.;
Mahjoob, K.; et al. Age-related differences in susceptibility to cisplatin-induced renal toxicity. J. Appl. Toxicol. 2010, 30, 172–182.
[CrossRef]

99. Jodrell, D.I.; Newell, D.R.; Morgan, S.E.; Clinton, S.; Bensted, J.P.; Hughes, L.R.; Calvert, A.H. The renal effects of N10-propargyl-
5,8-dideazafolic acid (CB3717) and a non-nephrotoxic analogue ICI D1694, in mice. Br. J. Cancer 1991, 64, 833–838. [CrossRef]

100. Launay-Vacher, V.; Rey, J.B.; Isnard-Bagnis, C.; Deray, G.; Daouphars, M. Prevention of cisplatin nephrotoxicity: State of the art
and recommendations from the European Society of Clinical Pharmacy Special Interest Group on Cancer Care. Cancer Chemother.
Pharmacol. 2008, 61, 903–909. [CrossRef] [PubMed]

101. Blanchard, O.L.; Smoliga, J.M. Translating dosages from animal models to human clinical trials-revisiting body surface area
scaling. FASEB J. 2015, 29, 1629–1634. [CrossRef] [PubMed]

102. Spilker, M.E.; Chen, X.; Visswanathan, R.; Vage, C.; Yamazaki, S.; Li, G.; Lucas, J.; Bradshaw-Pierce, E.L.; Vicini, P. Found in
Translation: Maximizing the Clinical Relevance of Nonclinical Oncology Studies. Clin. Cancer Res. 2017, 23, 1080–1090. [CrossRef]
[PubMed]

103. Baldew, G.S.; McVie, J.G.; van der Valk, M.A.; Los, G.; de Goeij, J.J.; Vermeulen, N.P. Selective reduction of cis-
diamminedichloroplatinum(II) nephrotoxicity by ebselen. Cancer Res. 1990, 50, 7031–7036. [PubMed]

104. Nakamura, T.; Yonezawa, A.; Hashimoto, S.; Katsura, T.; Inui, K. Disruption of multidrug and toxin extrusion MATE1 potentiates
cisplatin-induced nephrotoxicity. Biochem. Pharmacol. 2010, 80, 1762–1767. [CrossRef]

105. Parham, K. Can intratympanic dexamethasone protect against cisplatin ototoxicity in mice with age-related hearing loss?
Otolaryngol. Head Neck Surg. 2011, 145, 635–640. [CrossRef] [PubMed]

106. Aston, W.J.; Hope, D.E.; Nowak, A.K.; Robinson, B.W.; Lake, R.A.; Lesterhuis, W.J. A systematic investigation of the maximum
tolerated dose of cytotoxic chemotherapy with and without supportive care in mice. BMC Cancer 2017, 17, 684. [CrossRef]

107. Vera, G.; Chiarlone, A.; Martín, M.I.; Abalo, R. Altered feeding behaviour induced by long-term cisplatin in rats. Auton. Neurosci.
2006, 126–127, 81–92. [CrossRef] [PubMed]

108. Allan, S.G.; Smyth, J.F.; Hay, F.G.; Leonard, R.C.; Wolf, C.R. Protective effect of sodium-2-mercaptoethanesulfonate on the
gastrointestinal toxicity and lethality of cis-diamminedichloroplatinum. Cancer Res. 1986, 46, 3569–3573.

109. Stavraka, C.; Ford, A.; Ghaem-Maghami, S.; Crook, T.; Agarwal, R.; Gabra, H.; Blagden, S. A study of symptoms described by
ovarian cancer survivors. Gynecol. Oncol. 2012, 125, 59–64. [CrossRef]

110. McQuade, R.M.; Stojanovska, V.; Abalo, R.; Bornstein, J.C.; Nurgali, K. Chemotherapy-Induced Constipation and Diarrhea:
Pathophysiology, Current and Emerging Treatments. Front. Pharmacol. 2016, 7, 414. [CrossRef]

111. Cubeddu, L.X. Serotonin mechanisms in chemotherapy-induced emesis in cancer patients. Oncology 1996, 53 (Suppl. 1), 18–25.
[CrossRef]

112. Cabezos, P.A.; Vera, G.; Castillo, M.; Fernández-Pujol, R.; Martín, M.I.; Abalo, R. Radiological study of gastrointestinal motor
activity after acute cisplatin in the rat. Temporal relationship with pica. Auton. Neurosci. 2008, 141, 54–65. [CrossRef]

113. Cabezos, P.A.; Vera, G.; Martín-Fontelles, M.I.; Fernández-Pujol, R.; Abalo, R. Cisplatin-induced gastrointestinal dysmotility is
aggravated after chronic administration in the rat. Comparison with pica. Neurogastroenterol. Motil. 2010, 22, 797–805. [CrossRef]

114. Liu, Y.L.; Malik, N.; Sanger, G.J.; Friedman, M.I.; Andrews, P.L. Pica—A model of nausea? Species differences in response to
cisplatin. Physiol. Behav. 2005, 85, 271–277. [CrossRef]

115. Allan, S.G.; Smyth, J.F. Small intestinal mucosal toxicity of cis-platinum-comparison of toxicity with platinum analogues and
dexamethasone. Br. J. Cancer 1986, 53, 355–360. [CrossRef] [PubMed]

116. Vera, G.; Castillo, M.; Cabezos, P.A.; Chiarlone, A.; Martín, M.I.; Gori, A.; Pasquinelli, G.; Barbara, G.; Stanghellini, V.; Corinaldesi,
R.; et al. Enteric neuropathy evoked by repeated cisplatin in the rat. Neurogastroenterol. Motil. 2011, 23, 370–378. [CrossRef]
[PubMed]

117. Makris, K.; Spanou, L. Acute Kidney Injury: Definition, Pathophysiology and Clinical Phenotypes. Clin. Biochem. Rev. 2016, 37,
85–98. [PubMed]

118. Shahid, F.; Farooqui, Z.; Khan, F. Cisplatin-induced gastrointestinal toxicity: An update on possible mechanisms and on available
gastroprotective strategies. Eur. J. Pharmacol. 2018, 827, 49–57. [CrossRef] [PubMed]

119. Jakob, M.O.; Kofoed-Branzk, M.; Deshpande, D.; Murugan, S.; Klose, C.S.N. An Integrated View on Neuronal Subsets in the
Peripheral Nervous System and Their Role in Immunoregulation. Front. Immunol. 2021, 12, 679055. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20123011
http://www.ncbi.nlm.nih.gov/pubmed/31226747
http://doi.org/10.3390/ph14060491
http://www.ncbi.nlm.nih.gov/pubmed/34063951
http://doi.org/10.3390/ijms20205238
http://doi.org/10.1177/0192623310379139
http://doi.org/10.1002/jat.1484
http://doi.org/10.1038/bjc.1991.409
http://doi.org/10.1007/s00280-008-0711-0
http://www.ncbi.nlm.nih.gov/pubmed/18317762
http://doi.org/10.1096/fj.14-269043
http://www.ncbi.nlm.nih.gov/pubmed/25657112
http://doi.org/10.1158/1078-0432.CCR-16-1164
http://www.ncbi.nlm.nih.gov/pubmed/27551002
http://www.ncbi.nlm.nih.gov/pubmed/2208170
http://doi.org/10.1016/j.bcp.2010.08.019
http://doi.org/10.1177/0194599811409304
http://www.ncbi.nlm.nih.gov/pubmed/21572077
http://doi.org/10.1186/s12885-017-3677-7
http://doi.org/10.1016/j.autneu.2006.02.011
http://www.ncbi.nlm.nih.gov/pubmed/16567130
http://doi.org/10.1016/j.ygyno.2011.12.421
http://doi.org/10.3389/fphar.2016.00414
http://doi.org/10.1159/000227636
http://doi.org/10.1016/j.autneu.2008.05.004
http://doi.org/10.1111/j.1365-2982.2010.01483.x
http://doi.org/10.1016/j.physbeh.2005.04.009
http://doi.org/10.1038/bjc.1986.59
http://www.ncbi.nlm.nih.gov/pubmed/3516192
http://doi.org/10.1111/j.1365-2982.2011.01674.x
http://www.ncbi.nlm.nih.gov/pubmed/21299719
http://www.ncbi.nlm.nih.gov/pubmed/28303073
http://doi.org/10.1016/j.ejphar.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29530589
http://doi.org/10.3389/fimmu.2021.679055
http://www.ncbi.nlm.nih.gov/pubmed/34322118


Biomedicines 2021, 9, 1406 25 of 28

120. Spencer, N.J.; Hu, H. Enteric nervous system: Sensory transduction, neural circuits and gastrointestinal motility. Nat. Rev.
Gastroenterol. Hepatol. 2020, 17, 338–351. [CrossRef]

121. Rao, M.; Gershon, M.D. The bowel and beyond: The enteric nervous system in neurological disorders. Nat. Rev. Gastroenterol.
Hepatol. 2016, 13, 517–528. [CrossRef]

122. Dimidi, E.; Christodoulides, S.; Scott, S.M.; Whelan, K. Mechanisms of Action of Probiotics and the Gastrointestinal Microbiota
on Gut Motility and Constipation. Adv. Nutr. 2017, 8, 484–494. [CrossRef] [PubMed]

123. De Vadder, F.; Grasset, E.; Mannerås Holm, L.; Karsenty, G.; Macpherson, A.J.; Olofsson, L.E.; Bäckhed, F. Gut microbiota regulates
maturation of the adult enteric nervous system via enteric serotonin networks. Proc. Natl. Acad. Sci. USA 2018, 115, 6458–6463.
[CrossRef] [PubMed]

124. Muller, P.A.; Schneeberger, M.; Matheis, F.; Wang, P.; Kerner, Z.; Ilanges, A.; Pellegrino, K.; Del Mármol, J.; Castro, T.B.R.; Furuichi,
M.; et al. Microbiota modulate sympathetic neurons via a gut-brain circuit. Nature 2020, 583, 441–446. [CrossRef] [PubMed]

125. Chang, C.J.; Wang, P.C.; Huang, T.C.; Taniguchi, A. Change in Renal Glomerular Collagens and Glomerular Filtration Barrier-
Related Proteins in a Dextran Sulfate Sodium-Induced Colitis Mouse Model. Int. J. Mol. Sci. 2019, 20. [CrossRef] [PubMed]

126. Vaziri, N.D.; Zhao, Y.Y.; Pahl, M.V. Altered intestinal microbial flora and impaired epithelial barrier structure and function in
CKD: The nature, mechanisms, consequences and potential treatment. Nephrol. Dial. Transplant. 2016, 31, 737–746. [CrossRef]
[PubMed]

127. Yang, T.; Richards, E.M.; Pepine, C.J.; Raizada, M.K. The gut microbiota and the brain-gut-kidney axis in hypertension and
chronic kidney disease. Nat. Rev. Nephrol. 2018, 14, 442–456. [CrossRef]

128. Chen, Y.; Xu, J. Regulation of Neurotransmitters by the Gut Microbiota and Effects on Cognition in Neurological Disorders.
Nutrients 2021, 13, 2099. [CrossRef] [PubMed]

129. Dilruba, S.; Kalayda, G.V. Platinum-based drugs: Past, present and future. Cancer Chemother. Pharmacol. 2016, 77, 1103–1124.
[CrossRef]

130. Raudenska, M.; Balvan, J.; Fojtu, M.; Gumulec, J.; Masarik, M. Unexpected therapeutic effects of cisplatin. Metallomics 2019, 11,
1182–1199. [CrossRef]

131. Stojanovska, V.; Sakkal, S.; Nurgali, K. Platinum-based chemotherapy: Gastrointestinal immunomodulation and enteric nervous
system toxicity. Am. J. Physiol. Gastrointest. Liver Physiol. 2015, 308, G223–G232. [CrossRef]

132. Bajic, J.E.; Johnston, I.N.; Howarth, G.S.; Hutchinson, M.R. From the Bottom-Up: Chemotherapy and Gut-Brain Axis Dysregula-
tion. Front. Behav. Neurosci. 2018, 12, 104. [CrossRef]

133. Thompson, S.W.; Davis, L.E.; Kornfeld, M.; Hilgers, R.D.; Standefer, J.C. Cisplatin neuropathy. Clinical, electrophysiologic,
morphologic, and toxicologic studies. Cancer 1984, 54, 1269–1275. [CrossRef]

134. Roelofs, R.I.; Hrushesky, W.; Rogin, J.; Rosenberg, L. Peripheral sensory neuropathy and cisplatin chemotherapy. Neurology 1984,
34, 934–938. [CrossRef]
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