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Abstract

:

Cisplatin, an inorganic complex of platinum, is a chemotherapeutic drug that has been used for 45 years. Despite the progress of pharmaceutical sciences and medicine and the successful application of other platinum complexes for the same purpose, cisplatin is still the therapy of choice in many cancers. Treatment for testicular, ovarian, head and neck, urothelial, cervical, esophageal, breast, and pulmonary malignancies is still unthinkable without the use of this drug. However, cisplatin is also known for many side effects, of which the most pronounced are nephrotoxicity leading to acute renal failure, neurotoxicity, and ototoxicity. Mechanistic studies have proven that one of the conditions that plays a major role in the development of cisplatin-induced toxicities is oxidative stress. Knowing the fact that numerous antioxidants can be used to reduce oxidative stress, thereby reducing tissue lesions, organ failure, and apoptosis at the cellular level, many studies have defined antioxidants as a priority for investigation as a cotreatment. To investigate the mechanism of antioxidant action in vivo, many animal models have been employed. In the last few years, studies have mostly used rodents and zebrafish models. In this article, some of the most recent investigations that used animal models are listed, and the advantages and disadvantages of such experimental studies are pointed out.
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1. Introduction


1.1. Definition of Oxidative Damage


To understand the concept of oxidative damage, several factors must be understood. Free radicals are notably unstable and exhibit considerable nonselective reactivity with other molecular species [1]. The concept of free radicals was initially introduced by Moses Gomberg in 1900 when he researched trivalent carbon [2]. It was widely believed that these highly reactive and short-lived entities were absent from biological systems but their role as free radicals in biological processes and involvement in pathological processes and aging phenomena is substantial [3].



Our understanding of free radicals has since expanded considerably; they are now acknowledged as active participants in a multitude of life processes within an array of organisms. Furthermore, their function should not solely be perceived as deleterious but also as integral components of numerous normal physiological functions. There are both endogenous and exogenous sources for the generation of free radicals. Within living organisms (endogenously), free radicals are produced as a natural byproduct of regular metabolic processes within mitochondria. They can also arise due to xanthine oxidase activity, peroxisome function, ischemic events, phagocytosis, inflammatory reactions, and the arachidonic acid pathway. On the other hand, various external factors influence free radical production; these include medications, environmental contaminants such as pollution or pesticides, tobacco smoke exposure, physical exertion diverse forms of radiation like ultraviolet or ionizing radiation, industrial solvent usage, and ozone concentrations [1,4]. By clarifying our understanding of these highly reactive molecular species’ roles and sources, we can now perceive free radicals from a more holistic perspective instead of purely as detrimental agents. In biological systems, free radicals have three elements in their structure: oxygen (O), nitrogen (N), and sulfur (S); thus, there can be distinguished reactive oxygen species (ROS), reactive nitrogen species (RNS), and reactive sulfur species (RSS) [1,5]. What is a great irony is that these elements are essential for life, and they are generated in normal aerobic metabolism, but due to the formation of free radicals, they also may have harmful effects on the organism. In addition to free radicals (superoxide anion radical, O2−·; hydroxyl radical, HO·; nitrogen oxide radical, NO·; and alkyloxy radical, RO·), reactive species also include extremely reactive nonradical forms, such as hydrogen peroxide and organic peroxides, singlet oxygen, ozone, peroxynitrites, thiols, and thiosulfonates [5,6].



The negative side of free radicals is certainly their great reactivity towards all classes of primary biomolecules (proteins, carbohydrates, lipids, and nucleic acids) [7,8]. They can react with other stable molecules in numerous ways and different types of reaction mechanisms [1]. The reason for the manifestation of the harmful effects of free radicals lies in the origin and development of oxidative stress, a process in the body when the redox homeostasis in cells is disturbed, i.e., the state when the production of these reactive species overcomes the body’s defense mechanisms [5]. In general, the body has a balanced system of free radical production and activities of antioxidants, compounds that act against free radicals, whereby reactive species exhibit their beneficial properties, while the negative consequences are mostly reduced [4]. Therefore, if the established balance is disturbed, either by the hyperproduction of free radicals (especially ROS) or a reduced amount and activity of enzymatic and nonenzymatic antioxidants, symptoms of oxidative stress appear in cells [1,9]. This complex process has a deleterious influence on the organism that depends upon several factors, including the specific category of the oxidizing agent, the precise location and intensity of its generation, the composition, and functions of a multitude of antioxidant substances present, as well as the efficiency and efficacy of cellular repair mechanisms in response to oxidative stress [9]. The mitochondrion is recognized as the principal cellular organelle responsible for the production of ROS. Within the mitochondria, adenosine triphosphate (ATP) is generated via a series of oxidative phosphorylation processes. The deviation in this process results in the formation of O2∙ or H2O2, which can subsequently be converted into other ROS. It is important to note that additional sources of ROS production include the reactions involving cytochrome P-450 enzymes, NAD(P)H oxidases, peroxisomal oxidases, and xanthine oxidase. These alternative pathways further contribute to the complex landscape of ROS generation within cells [3,9].



During instances of pathological conditions, an overproduction of free radicals is observed, which can be attributed to the presence of prooxidant compounds and various other risk factors such as tobacco consumption, excessive physical activity, elevated stress levels, and other contributing elements. This phenomenon leads to the development of the well-studied oxidative stress, having significant implications for cellular and molecular processes. From this state, many serious physiological ailments can be developed because of tissue damage, ischemia/reperfusion, and hypoxia-induced oxidative stress, e.g., heart failure, stroke, angina, hypertension, Alzheimer, Parkinson, Wilson’s disease, rheumatoid arthritis, multiple sclerosis, infertility, diabetes, cataracts, asthma, allergies, etc. [1,3]. The disturbance in redox equilibrium affects cell homeostasis, signal transduction, gene expression, receptor activation, and pathogen recognition. Moreover, oxidative stress is one of the most prominent underlying factors for cancer development. The ROS synthesis in mitochondria initiates cellular redox signaling processes that correlate to proliferative cellular responses. The activation of transcription factors contributes to the promotion of tumorigenesis, and mitochondrial DNA may experience damage caused by ROS, leading to genetic mutations that have been identified as regulators of the tumorigenic phenotype [10].




1.2. Cisplatin and Its Mechanism of Action


Cisplatin (cis-diamminedichloridoplatinum (II)) is an inorganic complex that exhibits a square planar molecular geometry. In this structure (cis-[Pt(NH3)2Cl2]), a central platinum (II) ion is coordinated by two chlorine atoms and two ammonia ligands situated in the cis-configuration. Since its approval by the United States Food and Drug Administration (FDA) in 1978, cisplatin has been employed extensively as a chemotherapeutic agent for various malignancies. Presently, it is part of the World Health Organization’s list of essential medicines [11,12,13]. The underlying mode of action for cisplatin’s antineoplastic properties involves its reaction and binding to deoxyribonucleic acid (DNA) within cells, which causes irreversible apoptosis (Figure 1). It has been hypothesized that the primary means of cellular uptake for cisplatin occurs passively via diffusion; however, the use of the plasma membrane copper transporter 1 (Ctr1p) for active transport may also contribute. Upon entering the cell and losing two chloride ions, it transforms into a reactive complex that readily bonds with DNA. This interaction results in both intra-strand and inter-strand DNA crosslinks resistant to DNA repair mechanisms and localized denaturation, thereby impeding further DNA replication and transcription processes, ultimately exerting its cytotoxic effect [14,15,16]. Cisplatin, a highly efficacious antineoplastic agent, has been extensively employed in the treatment of a diverse range of neoplasms, with a primary focus on testicular, ovarian, head and neck, urothelial, cervical, esophageal, breast, and pulmonary malignancies [15].





2. Oxidative Damage in Systemic Toxicity Induced by Cisplatin


The preferential bonding sites for cisplatin within DNA include the N-7 and O-6 atoms of neighboring guanine (G) molecules, as well as the N-7 and N-1 atoms of adenine (A) or, less frequently, the N-3 atom of cytosine (C). Notably, the main product responsible for cisplatin’s anticancer activity is the formation of 1,2-guaninedeoxynucleotide (GpG) adducts. In these adducts, platinum atoms are intrachain-coordinated to the N(7) atoms of guanine moieties from adjacent DNA chains. The formation of DNA adducts precedes the process of DNA damage identification by various proteins that effectively convey DNA damage signals to downstream signaling pathways, including the p53, mitogen-activated protein kinase (MAPK), and p73 pathways, ultimately resulting in apoptosis. Although there are available DNA repair mechanisms, the cells are, in most cases, susceptible to apoptotic or nonapoptotic cell death. The toxicity occurs via a cascade mechanism that begins with the development of oxidative stress due to the modulation of calcium signaling. The next step is mitochondrial dysfunction, where the activation of executioner caspases occurs followed by the development of apoptosis [11,17]. Moreover, cisplatin instigates apoptosis and impedes the proliferation of stem cells by elevating the expression levels of proapoptotic genes, concurrently attenuating the expression of one of the key antiapoptotic genes, Bcl-2. Cisplatin forms a bond with mitochondrial DNA (mtDNA), triggering irreversible damage that consequently leads to the obstructed replication and transcription of mtDNA, culminating in mitochondrial dysfunction and cellular demise. The impairment of mtDNA and ensuing mitochondrial dysfunction give rise to the generation of unbound reactive oxygen species (ROS) and trigger oxidative stress-mediated reactions [18,19,20,21,22] (Figure 2).



Therefore, while cisplatin plays a crucial role in cancer treatment, its administration is associated with myriad adverse effects, resulting in complications such as vomiting, gastrointestinal disorders, and toxic manifestations influencing multiple organs and systems. In the context of cisplatin therapy, nephrotoxicity, neurotoxicity, and ototoxicity are the most frequently observed toxicities, while instances of myelosuppression and hepatotoxicity may also occur [21,23,24,25]. The aforementioned toxic consequences of cisplatin stem from the compound’s affinity toward sulfur-containing molecules (e.g., glutathione), wherein thiol groups coordinate with the Pt (II) ion and subsequently impede cisplatin–DNA interactions. The resulting complexes exhibit high reactivity and are primarily accountable for cisplatin’s side effects [19,20]. Besides cisplatin binding to various cytoplasmic molecules, other proposed mechanisms underlying cisplatin-induced toxicity involve the elevated generation of ROS and inhibition of antioxidant enzymes, such as superoxide dismutase, glutathione peroxidase, and glutathione-S-transferase. Evidently, free radical formation, oxidative stress, inflammation instigated by free radical action, and the disruption of mitochondrial function contribute significantly to the manifestation of cisplatin’s toxic effects [26,27,28].



2.1. Role of Cisplatin-Induced Oxidative Stress in Tissue Injury


The role of cisplatin as a chemotherapeutic agent is extremely important. This can be seen, first of all, from the fact that, after over 40 years of its use and the large number of side effects it causes, cisplatin therapy is still the therapy of choice in a large number of malignant conditions. However, it is necessary to refer to the very serious side effects and organ toxicities that this drug causes. Namely, cisplatin can cause toxicities of different levels, from mild to highly severe conditions. The ones that are mentioned most often and that represent the biggest problem due to the seriousness of the conditions they cause are nephrotoxicity and peripheral neurotoxicity. Nephrotoxicity is recorded in 20–41% of patients and is mostly present in adults, and a similar situation is also related to peripheral neuropathy, which is present in adults in as many as 86% of cases. The category of younger patients and children is most often affected by the development of ototoxicity (it occurs in more than 50% of children receiving cisplatin therapy) [24].



There are two aspects of the generation of cisplatin toxicities. The first one arises from the cisplatin primary action, binding to the DNA, and the second aspect is directed towards the development of oxidative stress via the formation of free radicals and disruption of the inner defense mechanisms [16].



In addition to renal, peripheral nervous, and auditory systems, cisplatin therapy may also impact organs such as the hepatic system, cardiovascular system, and gastrointestinal tract. Myelosuppression, pronounced nausea, and emetic responses are potential side effects of this treatment as well. The problems that cisplatin causes in the gastrointestinal tract are different, and the most common occur very often, primarily related to nausea and vomiting. As a consequence, diarrhea, weight loss, and, in some patients, even anorexia can develop. Cisplatin may cause various hematological disorders, such as thrombosis, thrombocytopenia, neutropenia, leukopenia, and anemia, but also myelosuppression. From a clinical perspective, cisplatin may effectively treat specific tumors; however, it can also induce long-term toxicological consequences, causing secondary malignancies, particularly in cured testicular cancer patients [29].



When the focus is on the most common side effect of cisplatin therapy, nephrotoxicity, it should be noted that the kidney tissue retains the largest amount of cisplatin that enters the body—in some cases, even five times higher amount than serum. During the excretion of cisplatin through the kidneys, they accumulate extremely high concentrations of this drug, primarily in the proximal tubule epithelial cells, where it can enter via copper transporter Ctr1 and the organic cation transporter 2 [16]. Numerous studies have demonstrated that cisplatin induces damage to an array of renal components, encompassing the vasculature, glomerular apparatus, and, most prevalently, the renal tubules [30]. Depending on the duration and concentration of the treatment, cisplatin can cause necrosis or apoptosis of renal cells, leading to acute kidney injury and nephrotoxicity. The apoptosis pathway is triggered by ROS production and accumulation [24]. According to Hosohata [31], there are several ways of unfolding cisplatin-induced oxidative stress in kidney cells. The first path of accumulation of ROS in renal tissue is via the highly reactive cisplatin form. It has a high affinity towards the thiol functional group of compounds, particularly glutathione (GSH), which is known as one of the most important compounds in antioxidant defense. After cisplatin enters into a reaction with GSH, the breakdown of GSH molecules occurs, reducing its concentration and, therefore, decreasing the endogenous antioxidant activity of the organism. Because of this, there is an increase in the amount of ROS in the cells and the occurrence of oxidative stress. In addition, tubular cell death can occur due to the activation of many signaling pathways (MAPK, P53, and P21). All this can lead to the triggering of an inflammatory response, which additionally contributes to the accumulation of ROS in tissues and the development of fibrosis. Another factor that influences the high amounts of ROS in renal cells can be cisplatin-induced mitochondrial dysfunction. Finally, the increase in the amount of ROS and the occurrence of oxidative stress in the microsomes of kidney tissue can also occur due to the effect of cisplatin on the cytochrome P450 system [31].



Neurotoxicity is considered the second-most serious side effect of cisplatin treatment after nephrotoxicity. It is characterized by the primary sensory neuropathy originating from cisplatin-induced damage of the dorsal root ganglia of the spinal cord [24]. The first signs of development of a peripheral sensory neuropathy condition are aberrant sensory symptoms (pain, burning sensation, and decreased sensitivity) with a symmetric distribution in the extremities, specifically affecting the hands and feet, with potential extension to the elbows and knees. These symptoms can last long after the cisplatin therapy is over; thus, cisplatin-induced neuropathy can severely affect the quality of patients’ lives, causing damage even after treatment [16,24,25]. One of the proposed mechanisms of cisplatin-induced neuropathy development postulates that oxidative stress and mitochondrial dysfunction act as initiators for neuronal apoptosis events. Peripheral neurotoxicity may be regulated through a decrement in the functioning of the enzymes associated with DNA base excision, the rectification of oxidative impairments, and redox equilibrium. Furthermore, during peripheral neuropathy, apoptosis may arise mediated via augmented p53 activity and the release of cytochrome-C in a mitochondrial pathway [32].



Cisplatin treatment in younger patients often causes ototoxicity, with a percent of occurrence above 50%. The symptoms arising in pediatric patients are detrimental and irreversible, and they are represented by bilateral hearing loss, which occurs extremely quickly, tinnitus, and earache. This type of toxicity occurs due to the accumulation of large amounts of cisplatin in cochlear cells, which is helped by the developed activity of copper transporter 1 (Ctr1) and the organic cations transporter 2 (OCT2). In fact, hearing aid cell damage occurs, as previously, due to a high level of oxidative stress caused by the action of cisplatin in forming ROS, as well as a significant reduction in antioxidant protection in the cells [16,33]. A high level of ROS in the cells of the inner ear can trigger cell death via activation of the NADPH oxidase isoform NOX3 that is expressed only in the cochlea, while the death of the outer hair cells of the cochlea can be provoked by cytochrome C releasing and the activating of caspases 9 and 3 [24]. In clinical practice, it has been confirmed that children are significantly more susceptible than adults are to the development of these adverse effects, even if the treatment used lower doses of cisplatin.



Other organ toxicities provoked by cisplatin’s deleterious activity are not expressed to such a significant extent as those mentioned above. Nevertheless, they can cause serious physiological problems and affect the quality of patients’ lives. Cisplatin-induced hepatotoxicity has a similar mechanism of development, as in the case of damage to other tissues, and it causes a state of oxidative stress in liver tissue. This type of damage is most often present in patients who receive large doses of this chemotherapeutic agent. Here, oxidative stress can be considered responsible for damage to liver morphology and function, too. Namely, cisplatin, as it is already well known, reduces the level of GSH in liver cells, and this leads to a significant increase in the production of ROS in the mitochondria, an increase in the level of cytokines, and, therefore, an increased risk of cell apoptosis [34,35]. Hepatocyte damage may also be caused by an increased expression of CYP450 [11,36]. Treatment with cisplatin can potentially cause toxicity in cardiac tissue that can be both acute and cumulative, although this is not a very common occurrence. Cisplatin-induced cardiotoxicity is characterized by arrhythmias (ventricular arrhythmia, supraventricular tachycardia, atrial fibrillation, sinus bradycardia, etc.); electrocardiography anomalies; thromboembolic; cardiomyopathy; and congestive heart failure [22,30]. The excess in producing high levels of oxidative stress also underlines the arising of cisplatin toxicity in the cardiovascular system [37,38].




2.2. Mitochondrial Dysfunction and Inflammatory Responses Induced by Cisplatin


Cisplatin treatment not only results in oxidative stress due to a reduced ability of the body’s endogenous defense to oppose the large amount of ROS that is generated in the process but, on the other hand, imbalances in the functioning of mitochondria occur, as well as the emergence of a pronounced inflammatory response. The mitochondrial dysfunction is a direct consequence of cisplatin accumulation in the mitochondrial matrix, causing redox imbalance. The development of this condition can be registered primarily based on the appearance of histopathological changes such as mitochondria swelling. This is particularly observed in cells that have a high metabolic rate, which implies that they have a very large number of mitochondria. An increased level of ROS is also responsible for changes in the function of respiratory processes in mitochondria, because it affects the reduced activity of mitochondrial respiration complexes I−IV. Even the activity of cytochrome C oxidase can be interrupted by cisplatin. Therefore, the first line of the negative influence of cisplatin represents the detriment of mitochondrial respiration, which leads to an additional increase in ROS. Cisplatin also affects the reduction of calcium absorption in these organelles and can thus promote cell death. This inorganic complex can also affect the reduction of energy production in mitochondria by reducing the peroxisome proliferator-activated receptor (PPAR)-alpha-mediated expression of target genes associated with cellular fatty acid consumption (acyl coenzyme A (acyl-CoA) oxidase and CYP4A1) [29,30,39]. For example, in kidney cells, this cascade of mitochondrial events can even lead to the development of secondary malignancies.



Amador-Martínez et al. [40] explained in detail how the process of mitochondrial dysfunction affects kidney cells and leads to acute kidney injury and, eventually, renal cell apoptosis. After entrance into the cells, cisplatin accumulation in the mitochondria occurs due to the exceptional reactivity of cisplatin with proteins and mitochondrial DNA (mtDNA), while the amount of cisplatin that reacts with nuclear DNA (nDNA) is minimal. The processes underlying cisplatin-induced mitochondrial dysfunction and, thus, acute renal toxicity are closely related to a higher stability of cisplatin–mtDNA reaction products, increasing the concentration of superoxide radical in mitochondria that cannot exit, and mtDNA in comparison to nDNA have a higher mutation rate, which then leads to the development of oxidative stress, inflammation, and apoptosis. High ROS levels induce both structural and functional discrepancies in mitochondria, ultimately causing severe renal tissue injuries [40].



Cisplatin can interact and activate a number of signaling pathways, like MAPK, caspase-3, Bcl-2, p53, and p21, and affect the mitophagy and mitochondrial dynamics, thus causing kidney cell damage [40]. These and many other inflammatory responses can be triggered by cisplatin-induced tissue damage. Inflammation that arises from cisplatin’s negative effects is generally mediated via tumor necrosis factor-alpha (TNF-α) and other cytokines and chemokines. Namely, in kidney cells and other tissues, cisplatin activity leads to this; however, it is also a fact that the picture with other solid tumors is significantly different and that, in those cases, it occurs very often that damage-associated molecular pattern molecules (DAMPs) form as a consequence of tissue damage. These DAMPs are active in the process of releasing chemokines and other cytokines, causing a state of inflammation, in the first line of the activation of toll-like receptor 4 (TLR4) and TNF-α [29,41]. The event of translocation of the transcription factor nuclear factor kappa B (NF-κB) from the cytosol to the nucleus also occurs in this state. The NF-κB pathway induces an increased production and concentration of TNF-α, a proinflammatory cytokine that is generally responsible for the formation of inflammatory processes induced by cisplatin, particularly in kidney cells. Furthermore, TNF-α interacts with endothelial adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and E-selectin to invoke inflammatory cells in tissues. During the inflammation in the renal tubular epithelial cells, TNF-α induces tissue injury and cell death via binding to TNF receptors type 1 and 2 (TNFR1 and TNFR2) [29]. This further leads to the activation of many inflammatory factors and the accumulation of macrophages and neutrophils, which can produce additional quantities of ROS and induce cell toxicity [30]. Another part of the augmentation of inflammation during cisplatin exposure is the activation of the MAPK signaling pathway. This process is highly present, particularly in renal tissues, causing high levels of nephrotoxicity caused by cisplatin-adverse reactions [29,30,42].





3. Clinical Implications


Among more than 3000 platinum-based compounds tested as antitumor agents, mainly due to their toxicities, only 7 of them have been approved for individual and/or (more frequent) combinations with other drugs in therapies against different cancer diseases. The synergistic combinations of cisplatin derivatives in the treatment of various malignancies are classified according to the nature of the additional drugs: other anticancer agents (Fluorouracil, Gemcitabine, Cytarabine, Fludarabine, Pemetrexed, Ifosfamide, Irinotecan, Topotecan, Etoposide, Amrubicin, Doxorubicin, Epirubicin, Vinorelbine, Docetaxel, Paclitaxel, and Nab-Paclitaxel); modulators of resistant mechanisms; signaling protein inhibitors (Erlotinib, Bortezomib, and Everolimus); and immunotherapeutic drugs (Atezolizumab, Avelumab, Bevacizumab, Cemiplimab, Cetuximab, Durvalumab, Erlotinib, Imatinib, Necitumumab, Nimotuzumab, Nivolumab, Onartuzumab, Panitumumab, Pembrolizumab, Rilotumumab, Trastuzumab, Tremelimumab, and Sintilimab) [43]. However, there are numerous confirmations that the administration of almost all the mentioned drugs might be accompanied by oxidative damage, therefore making the individual prooxidative effect of those combinations more complex.



3.1. Limitations of Cisplatin as a Therapeutic Agent


The toxicity and many side effects of cisplatin are quite well known, because they mostly occur in a large number of patients. Both clinicians and patients are prepared to fight it in order to achieve the most positive outcome of the therapy, which means curing the patient with minimal consequences that cisplatin can cause. However, what represents a cardinal bottleneck in the use of this drug is the occurrence of chemoresistance [44]. The occurrence of cisplatin resistance can be twofold: intrinsic or acquired resistance against cisplatin. In general, intrinsic resistance has not yet been fully investigated, and the mechanisms that cause it have not been fully defined. On the other hand, it has long been known that an acquired resistance is a very common concept and that it mainly arises through two categories of mechanisms. The first group of intracellular events is the one where the drug uptake is reduced, the accumulation is decreased, contrary drug efflux arises, and cisplatin can be inactivated by binding to proteins bearing thiol groups and non-protein molecules with the mentioned group (e.g., glutathione—GSH) or other antioxidants. The second group implies activities related to increased levels of DNA repair, alterations in topoisomerase II, and an increased tolerance to DNA damage [19,24]. There are a very large number of factors that enter into the process of forming a resistance to the action of cisplatin. Many cell cycles and molecules present in the cell are involved in this process. Various phases can be counted there, such as signaling cascades and transcription factors, the repair of DNA lesions, nucleotide excision repair, the mismatch repair pathway (MMR), homologous recombination, replicative bypass, etc. [24].



One of the most comprehensive explanations of the mechanisms of cisplatin resistance was given by Galluzzi et al., who divided them based on the timeline of the development of potential resistance in malignant cells and the functional parameters. Namely, the first changes by occurrence may be when cisplatin is not yet bound to its target molecules in cytoplasm and DNA or pre-target resistance. Thereafter, resistance may be correlated with particular cisplatin-induced damage in the targeted molecules or on-target resistance. Post-target resistance arises in the lethal signaling pathways to which the resulting damage to molecules leads. The last form of cisplatin resistance or off-target resistance may occur in molecules and signaling pathways that are not directly related to the mechanisms of action of cisplatin but may interfere with the process [45].



Decreased intracellular accumulation of cisplatin, a consequence of diminished uptake or augmented efflux, is commonly observed in cell lines with resistance, and enhanced inactivation by intracellular proteins can contribute to that. As already said, cisplatin can undergo covalent binding to GSH, forming a cisplatin–GSH conjugate that prevents the crosslinking of cisplatin and can be eliminated from the cell via the ATP-dependent pump. Modifications in the oncogene expression, like c-fos, c-jun, c-myc, c-abl, and H-ras, and tumor suppressor genes (e.g., p53) have been implicated in cellular resistance to cisplatin as well. Cisplatin-induced damage can be eliminated from the genome by proteins involved in nucleotide excision repair. In addition, the inactivation of mismatch repair genes bestows a resistance to cisplatin. Cell lines with induced cisplatin resistance exhibit substantially elevated levels of repair compared to their parental cell lines, suggesting that DNA repair is one of the crucial phases in the arising of cisplatin resistance. Numerous studies have demonstrated that cisplatin-resistant cells have a greater capacity for adduct tolerance than the corresponding parental cisplatin-sensitive cell lines. Consequently, an enhanced comprehension of the resistance mechanisms operative in vivo can identify potential targets for intervention and potentially augment the applicability of cisplatin in cancer treatment [46].



According to the data so far, cisplatin is the most effective in the treatment of testicular germ cell cancer, with 80% of patients in permanent complete remission. However, it is also a fact that the picture with other solid tumors is significantly different and that, in those cases (ovarian, prostate, lung, and colorectal cancer), cisplatin resistance occurs very often [45].



In addition to the fact that more and more work is being done on this topic in scientific circles, as newly defined model systems are being used in order to determine the way to avoid cisplatin resistance, thus increasing its effectiveness in a larger number of solid tumors, this problem can also be observed as another aspect: namely, how to use some compounds or complex mixtures of active substances that would reduce the unwanted effects of cisplatin and, on the other hand, have no effect or even reduce the characteristics of resistance. Even many natural products have been used for this purpose, to act against tumor drug resistance in different ways. For example, terpenoids andrographolide and pristimerin, as well as flavonoid apigenin, act in various cancer types by inhibiting pro-survival autophagy (inhibits autophagy and promotes cell apoptosis), thus facilitating cisplatin sensitivity [47].




3.2. Potential Strategies to Minimize Oxidative Damage


Treatment with cisplatin can trigger the enhanced overproduction of reactive oxygen species within cells, causing a series of chain reactions that leads to deleterious consequences. This is a concentration and time-dependent process, so, with larger amounts and a longer period of exposure, cisplatin manages to overcome the mechanisms of antioxidant protection of the organism and lead to numerous physiological changes and apoptosis as a consequence [16,26]. Thus, oxidative stress should be considered one of the main events that should be taken into account when defining cotreatments to prevent or mitigate the negative effects of cisplatin [25].



Numerous studies have dealt with the application of antioxidant treatments in order to improve cisplatin therapy events. Both natural and synthetic compounds have been used, and many of them have been patented in recent years. For example, the use of some specific lactone compounds are patented as antioxidant agents, among other things, to reduce oxidative stress caused by cisplatin [48]. Recently, the application of some enol compounds (N-(4-acetyl-3,5-dihydroxyphenyl)-2-oxocytclopentane-1-carboxamide (gavinol), 4-N-acetyl-2,6-dihydroxyacetaphenone (NAHA), 2′,4′,6′-trihydroxyacetophenone (THA), and 2-acetylcyclopentanone (2-ACP)) as nucleophilic chemicals in treatment with cisplatin were patented [49]. They are able to lower oxidative stress and, thus, reduce the sensory neuropathy and ototoxicity caused by cisplatin. On the other hand, the same systematic role was observed with nitrated lipids. The use of nitrated fatty acids or esters was patented by Yang [50] to treat organ toxicities induced by chemotherapy, particularly the use of cisplatin.



Besides synthetic antioxidants, various natural compounds with antioxidant action have been studied to lower oxidative stress in the organism exposed to cisplatin. Pure isolated compounds or complex multicomponent mixtures of antioxidants like plant extracts gave great results in the amelioration of cisplatin side effects for which oxidative stress is a characteristic background [51,52]. Some recently patented research results inspire hope that, by applying antioxidants as a mandatory additional therapeutic option in chemotherapy, excellent results may be achieved in accomplishing an equilibrium between deleterious substances and the antioxidative defense, thus protecting the body and increasing the effectiveness of basic therapy. For instance, in 2016, two types of research dealing with the amelioration of cisplatin-induced oxidative stress were patented. The first invention showed that a mixture of Pineliae Rhizoma and Scutellariae Radix plant extract can serve as significant agents to reduce damage to the gastrointestinal tract and a gastrointestinal motility disorder caused by cisplatin therapy [53]. The second patent dealt with Elsholtziae Herba extract as an active ingredient that has been proven can be used for the prevention, improvement, or treatment of acute renal failure, among other things, by reducing the production of ROS [54]. The most recently patented invention represents that the use of brown Flammulina velutipes extract can inhibit acute kidney injury caused by cisplatin by lowering the oxidative stress parameters and inflammation response [55].



Nevertheless, the aspect that is rarely emphasized in research studies, although it should be of crucial importance, is the possibility of the interfering of adjuvant therapy with cisplatin, thus diminishing its action and lowering the chemoprotective effects of cisplatin therapy. There have been numerous studies on natural products showing the absence of interaction with cisplatin activity. It was demonstrated that various groups of phytochemicals did not show antagonistic properties toward cisplatin’s main function, e.g., flavonoids, saponins, alkaloids, phenylpropanoids, polysaccharides, napthoquinones, etc. [17]. Some of the natural compounds, such as α-tocopherol (vitamin E), vitamin C, and (−)-epigallocatechin gallate, even showed synergistic effects with cisplatin due to their antineoplastic properties [56,57,58]. The most desirable property of synthetic compounds that could be used as an adjunct to cisplatin therapy is the thiol group protection [59,60].



The largest number of published studies and patents issued for the application of compounds with antioxidant activity in diminishing the negative effects of cisplatin therapy dealt with the application of these compounds in the simplest form, as pure compounds in a solution without any carrier that might improve their action. Nevertheless, the improvements in the fields of compound encapsulation and the synthesis of diverse nanostructures has created an opportunity for antioxidants to be applied and tested in completely new forms with increased efficiency. Nanoparticles have shown great activity in reducing oxidative stress and enhancing cancer treatment [61]. The renal toxicity caused by cisplatin treatment can be successfully treated with polymeric and metallic nanoparticles that mostly act as inhibitors of oxidative stress and scavengers of generated free radicals. This could be found in the overview study by Davoudi et al. [62]. Moreover, lately, synthesized ROS-responsive nanoparticles with “on demand” spatiotemporal release loaded with astaxanthin showed quite promising results in the treatment of oxidative stress during cisplatin-induced ototoxicity [63]. Another novelty in the application of nanoparticles was represented by Zhang and coworkers [64], regarding the implementation of a synergistic antioxidant inhibition nanoplatform to enhance oxidative injury in tumor cells only, thus enabling cisplatin to achieve its antitumor effect without interactions with the antioxidant protection system of cancer cells. This just shows how versatile nanostructures can be used in various aspects of chemotherapy.



Liposomes are the form in which both antioxidants and therapeutic drugs can be encapsulated and distributed. Liposome spheres consist of a hydrophilic core surrounded by a bilayer consisting of phospholipids. They are mostly used in the pharmaceutical industry as delivery systems due to their dual nature; they can encapsulate both hydrophilic and hydrophobic active substances [65]. These vesicles are quite stable and can enhance the bioavailability of encapsulated active compounds [66]. Several studies have shown that this methodology of compound preparation can be effectively used in the treatment of cisplatin side effects [67,68].





4. Animal Experimental Models


Cisplatin is a highly utilized chemotherapeutic agent applied in the treatment of numerous pediatric and adult neoplasms. It is administered in approximately 50% of all anticancer therapies. Therefore, the application of this drug represents a great clinical challenge in terms of the number of side effects it causes. To determine the mechanism of cisplatin activity in the human body, in a therapeutic sense, and when introducing cotreatments that would reduce harmful effects, scientific studies often resort to the use of living subjects who undergo predefined treatments. Most often, it concerns different species of rodents (rats and mice), some knockout species, and, in some cases, dogs are also used, and, in recent times, the use of fruit flies and zebrafish for in vivo tests has become more frequent (Figure 3).



Despite the widespread use of living organisms in cisplatin-related studies, some problems are becoming more common, particularly regarding the use of rodent models. Some previous articles discussed in detail all aspects of cisplatin scientific studies in vivo, the advantages and gaps in treatment design, and the interpretation of the results [69,70]. Generally, cisplatin rodent models are quite simple and exhibit a comparable response to cisplatin intervention as observed in humans. The side effects induced by cisplatin in mice and rats are akin to those experienced by human patients. However, the main messages of more detailed critical observations are as follows. Contrary to the vigilant monitoring and management of cisplatin-associated side effects in cancer patients, animal studies typically narrow their focus on a single aspect of cisplatin toxicity while frequently disregarding or overlooking others. That can be considered one of the most common mistakes. Comprehending the intricacies of cisplatin’s dose- and time-sensitive repercussions and the interconnectivity and interplay between various pathological mechanisms among tissues and organs may enhance the design efficiency of future research and promote a more discerning interpretation of study findings. Acknowledging that not only the absence of comprehensive knowledge and methodologies but also the lack of rigorous and validated animal models for cisplatin are significant factors impeding translatability is crucial [69,70,71]. Another important factor is the increase in cisplatin resistance [24,72].



Considering that many studies have been included in earlier review articles up to 2021, the aim of this article was to review recently published in vivo studies that used cisplatin, to pay attention to the improvements compared to previously established methodologies, and to highlight new ways of investigating cisplatin therapy and side effects.



Overview of Recent Relevant Animal Models


In order to investigate the effects of cisplatin and various cotreatments in the human population, various animal models are employed. These are mostly mice, rats, and, in some cases, rabbits. Of the greatest importance is the correct design of the experiment, that all activities are ethically fully justified, and that the most comprehensive conclusions can be drawn from the study itself. Table 1 lists some of the most prominent recent studies on the effects of cisplatin using animal models.



Mice and rats comprise an estimated 95% of all living models utilized in laboratory settings, with mice being the most frequently employed species for biomedical research purposes. Several factors contribute to their widespread selection as a preferred animal model. These factors include their size (which simplifies housing and maintenance requirements); rapid reproductive cycles and relatively short lifespans; overall gentle and amiable dispositions; and an extensive knowledge base related to their anatomy, genetic properties, biological processes, and physiological attributes, as well as the ability to breed genetically modified mice and those carrying spontaneous mutations. As mammals, mice exhibit a high degree of similarity with human beings in terms of the form, physiology, and functionality of their organ systems. This further enhances their suitability for use in scientific research aimed at understanding human biology and disease mechanisms. The number of types that are in use for the aforementioned research but also in general research studies is versatile. There can be included models of inbred strains, outbred stocks, spontaneous mutants, genetically engineered mice/“knock-in”/“knock-out”, or transgenic models [99]. Generally, the most often used animal model for inducing acute renal injury by cisplatin are Wistar albino rats, Swiss albino mice, BALB/cN mice, and C57BL/6 mice [100,101,102,103,104,105,106,107,108].



In recently reported scientific studies, the following types of mice have been increasingly used as in vivo models: Kunming, C57BL/6 J, ICR, and BALB/cN mice. Therefore, in the study reported by Tong et al. [73], acute kidney injury was induced in male Kunming mice (6–8 weeks old) using the intraperitoneal injection of cisplatin (20 mg/kg dissolved in saline on the second day) along with treatment with different doses of aspirin for five days. The results showed that aspirin at certain concentrations is able to protect the body from cisplatin-induced acute kidney injury by acting on reducing the inflammatory response that is a consequence of increased oxidative stress, mitochondrial dysfunction, and apoptosis, conditions to which cisplatin leads. In addition, it was concluded that, in the range of activity of the active component that was examined, activation of the AMP-activated protein kinase (AMPK) signaling pathway and peroxisome proliferator-activated receptor-gamma coactivator (PGC-1α) is actually included. Male Kunming mice were also models on which fucoidan-proanthocyanidins nanoparticles were tested to protect in vivo systems against cisplatin-induced acute kidney injury [77]. Animals were also treated with the same dose of cisplatin (20 mg/kg) once on the first day and different concentrations of active component for three days. This research was well combined and supplemented with in vitro tests such as antioxidant and ROS generation assays on HK-2 cells, cell viability, mitochondrial membrane potential, and autophagy. The study reported that the synthesis of nanoparticles of tested compounds can be beneficial for the alleviation of nephrotoxicity caused by cisplatin by the activation of mitophagy and inhibition of the mtDNA-cGAS/STING signaling pathway. Wu et al. [74] tested 7-hydroxycoumarin-β-D-glucuronide in the treatment of nephrotoxicity caused by cisplatin. For that purpose, male C57BL/6 J mice were used and treated with the experiment-tested compound at various concentrations for 3 days, along with cisplatin (10 mg/kg) intraperitoneally (i.p.) on day 3. In this experiment, a twice-lower dose of cisplatin was used, which also caused acute renal failure. Therefore, when designing the previous experimental models, it should be considered whether was it necessary for the concentration of cisplatin to be so high. In this case, it was established that the tested compound alleviated the occurrence of nephrotoxicity by acting on the inhibition of p38 MAPK-mediated apoptosis in living organisms [74]. In addition, male BALB/cN mice have recently been used as model organisms for testing acute renal injury caused by cisplatin [76].



Alkaloid sinomenine was tested to define its protective properties. Toxicity was induced on the second day by the intraperitoneal injection of CP (13 mg/kg). It was shown that the active substance was able to exert its protective nature on the organism by interacting with the many signaling pathways connected with oxidative stress, inflammation, and apoptosis. Nowadays, nanoparticles are synthesized and used more often because of more efficient transport to damaged cells and organs, and better and higher efficiency action is expected [109]. Thus, more and more attention is being paid to nanoparticles on the topic related to the treatment of side effects caused by chemotherapeutics, especially cisplatin. Yan et al. [78] recently used ICR mice to design a model system for the analysis of the effects of various doses of chitosan–tripolyphosphate-encapsulated dihydromyricetin nanoparticles on acute kidney injury caused by cisplatin (10 mg/kg, i.p.) treatment. In addition to in vivo experiments, it is significant that in vitro assays related to nanoparticle properties were also introduced to comprehensively demonstrate the mode of action of the tested substances. It was reported that the tested nanoparticles inhibited oxidative stress and proinflammatory cytokines and activated the Nrf2 signaling pathways, thus ameliorating cisplatin’s deleterious effects in the kidneys. Why it is necessary to look at the problem from several angles and accordingly design the entire study, including animal models, can best be seen from the study reported by Wang et al. [75]. Namely, the authors designed a study based on the network pharmacology and molecular docking of arabinogalactan in order to include animal models. Male ICR mice were used, and acute renal injury was caused by cisplatin (20 mg/kg i.p.) on the seventh day of treatment. First, arabinogalactan was introduced orally in different doses once a day for ten days. The reported results demonstrated the necessity of a multi-analysis approach, predicting potential targets, and showed oxidative stress reduction and the amelioration of kidney cell apoptosis caused by cisplatin.



Hepatotoxicity, although present in cisplatin treatment, is generally rarely the main goal of an animal study, and therefore, a smaller number of studies actually focused on the effect of cisplatin treatment on liver cells. One such recent study was reported by Santos et al. [79], where the idea was to evaluate the role of galectin-3 in liver protection against cisplatin damaging effects. Hepatotoxicity was induced in male Wistar rats by cisplatin injection on three consecutive days (10 mg/kg/day, i.p.). Since, in some groups, galectin-3 was inhibited by modified citrus pectin (MCP) treatment, its effect in reducing hepatic toxicity could be clearly observed. It was noted that the inhibition of galectin-3 resulted in increasing oxidative stress, inflammation, and apoptosis during cisplatin treatment. From the number of parameters, it can be concluded that galectin-3 in hepatocytes has a significant role in protection from cisplatin-induced toxicity. Furthermore, animal models, particularly murine models, serve as a valuable tool for establishing xenograft models by inducing the transplantation of human tumor cells. These models involve the engraftment of human tumor cells either subcutaneously or orthotopically into immunodeficient mice, which lack the ability to reject the human cellular components [110]. In the research study by Gao and coworkers [80], a male BALB/c mice model was used for inducing the xenograft tumor of hepatocellular carcinoma. The in vivo tumorigenesis was generated by the dorsal subcutaneous injection of H22 cells. Treatment of the animals was continued after seven days by injection of aucubin (5 and 10 mg/kg i.p.) or/and cisplatin (5 mg/kg, i.p.) once daily for 1 week. The results revealed that aucubin showed antitumor effects and improved the antitumor efficiency of cisplatin through the suppression of the Akt/β-catenin/PD-L1 axis. Based on this, the conclusion can be reached that such xenograft tumor models are quite advantageous, because it is actually possible to define the complete range of effects of cisplatin on an organism with an already-developed tumor. In addition, they are useful for examining cotreatments not only on the undesired effects of chemotherapy but also on the chemotherapeutic activity of cisplatin itself.



The neurotoxicity of cisplatin, particularly peripheral neuropathy, represents one of the major repercussions of cisplatin treatment [25]. Different models have been developed in order to best induce nerve damage by cisplatin treatment in animals [111,112,113,114]. In addition, various animal models can be used to assess anxiety and depressive behavior, which can also occur as a consequence of cisplatin treatment [18,115,116]. The most recent studies generally used rat models for cisplatin-induced neurotoxicity, probably due to the simpler and easier monitoring and analysis of the changes that occurred, both by experimenters and by software programs. For example, albino Wistar rats were used for the analysis of the neuroprotective activity of lansoprazole against neuronal cell damage caused by cisplatin [81]. Brain toxicity was induced by one dose of cisplatin (10 mg/kg, i.p.) after 5 days of treatment with Lansoprazole (50 mg/kg, p.o.). After various tests for evaluation of the behavioral parameters, like open field and forced swimming tests, many parameters were assessed ex vivo, including primary oxidative stress parameters but also inflammatory parameters and mechanistic studies. The results suggested that the tested compound was able to diminish cisplatin-induced cortical toxicity via multiple signaling pathways, lowering the behavioral changes, inflammation response, and levels of oxidative stress. Another study conducted on Wistar albino rats tested the effects of nanoemulsion formed with Hypericum perforatum L. extract on cisplatin-induced cognitive impairment, a state often caused by most chemotherapeutics [82]. After the administration of Hypericum nanoemulsion for 21 days, the toxicity in animals was induced by a single dose of cisplatin (10 mg/kg, i.p.). The results showed that the tested material was able to alleviate the negative effects in animals, particularly to lower neurobehavioral alterations and reduce the oxidative stress parameters in brain tissue. The parameters of neuroinflammation were also decreased, along with reduced apoptosis. On the other hand, Sprague–Dawley rats were chosen by Daral et al. [83] as a model system for the analysis of the hippocampus parameters in the state of cisplatin-induced cognitive impairment. The tested substance hypothesized to help reduce the side effects of cisplatin in this experiment was agomelatine administered to the animals daily along with cisplatin (5 mg/kg/week, i.p.) for 4 weeks. The results of a panel of conducted neurobehavioral tests, levels of oxidative stress, and inflammatory parameters, as well as histological observations, showed that the selected treatment was able to improve spatial learning and exploration behaviors. It also reduced neuroinflammation and oxidative stress in the hippocampus of treated animals, standing out as a good candidate for cotreatment of the side effects of cisplatin on the neurological system, potentially interacting with the BDNF/TrkB/nNOS pathways in the hippocampus.



As already mentioned, ototoxicity is one of the most serious problems that can arise primarily in pediatric patients due to cisplatin treatment. In this case, too, animal studies were used to be able to approach the problem from multiple angles and find an adequate solution for the protection of the auditory system from the deleterious effect of cisplatin. One direction is to determine the very mechanism of action of cisplatin. A recent study by Yu et al. [84] dealt with examining how cisplatin damages hearing. Namely, to investigate how Pou4f3 gene mutation can influence pyroptosis in the cochleae of cisplatin-induced deafness, male C57BL/6 mice were used, as well as AAV2-mouse Pou4f3 wild type/mutant, sh-Pou4f3/sh-NC, and sh-NLRP3/sh-NC, for assessing their knockdown and mutation. The dose of cisplatin 20 mg/kg/day (i.p.) administered for 5 consecutive days was enough to induce mice deafness. It was shown that the treatment with cisplatin induced the pyroptosis of cochlear hair cells through the NLRP3/Caspase-3/GSDME pathway and downregulated the Pou4f3 level in the regular mice strain. In the knockout strain of mice, it was clear that this chemotherapy induced auditory damage through the mentioned pathway, especially when the Pou4f3 gene mutation occurred. Another model of ototoxicity was employed by Wang and coworkers [85], who used male C57BL/6 mice for inducing auditory changes with cisplatin (3.0 mg/kg/day, i.p.) for 4 days, followed by 10 days for recovery, for a total of three cycles. Besides in vivo studies, the in vitro treatment of HEI-OC1 cells (an auditory hair cell line) was also introduced. The results showed that ototoxicity was caused by high levels of oxidative stress originating from miR-34a/DRP-1-mediated mitophagy. This was also one of the few studies that mentioned the limitations of the method of examination and the possibilities for improvement. Another example of animal use for models of cisplatin-induced ototoxicity was a study with wild-type C57BL/6 J mice where toxicity was provoked by cisplatin therapy (30 mg/kg, i.p.) [86]. The idea was to inhibit arginine methyltransferase 5 (PRMT5) in order to assess its potential therapy for hearing loss caused by cisplatin. Thus, it was reported based on the obtained results that PRMT5 inhibitors reduced cisplatin-induced hearing loss by acting via the PI3K/Akt-mediated mitochondrial apoptotic pathway. Besides murine models, aquatic models like zebrafish (Danio rerio) have been increasingly used recently. Zebrafish have genetic homology with humans, so this model can be used for various purposes to address various toxicities, metabolic syndromes, neurogenerative diseases, inflammation, etc. [117]. The embryos from transgenic zebrafish (Brn3C:EGFP) were recently used for the investigation of the drug esomeprazole’s influence on cisplatin-induced ototoxicity [87]. This type of zebrafish was used because of naturally present neuromasts colored in green, which excluded the need for additional staining and could easily be handled by fluorescence microscopy. Zebrafish embryos were treated with cisplatin (1000 μM) for 5 days post-fertilization and with esomeprazole (2, 20, or 200 μM) for 4 h. As with some of the previous studies, this research was combined with in vitro tests on HEI-OC1 cells. The results indicated that the drug treatment was able to reduce hair cell loss in zebrafish larvae caused by cisplatin, showing an ease and precision when using such an animal model system.



In addition to the development of appropriate animal models for the previously listed, most frequently investigated, adverse effects of cisplatin, models for other injuries that may occur during the use of this chemotherapeutic agent are also in use. For instance, the effects of the plant mixture Wei-Tong-Xin (WTX) on cisplatin-induced changes in gastric antral mucosa were investigated on Kunming mice [88]. Apoptosis in gastric antral mucosa in animals was induced by cisplatin injection (10 mg/kg i.p.), and various concentrations of the tested mixture were given for three consecutive days. With this model, the tested compound was able to reduce the oxidative stress in the gastric antrum of mice and caused the inhibition of the activation of Parkin-dependent mitophagy and apoptosis as negative effects of cisplatin. In combination with in vitro analyses, the overall conclusion was that WTX accomplished its activity towards the elimination of cisplatin side effects on the gastric level. BALB/c mice (6–8 weeks old) were used in a model of colorectal cancer in order to show whether liposomes, with coordinated platinum (II) atoms and a carboxylic group in aspartic acid and glutamic acid, were able to enhance the therapeutic activity of cisplatin [89]. It was shown that liposomes were able to maintain the drug levels in the circulation much longer and had much higher effectiveness against tumor development. The effects of cisplatin on the reproductive system can also be investigated using animal models [35]. A recent model for cisplatin-induced ovarian toxicity was reported in the study by Dinc et al. [90]. The negative effects of cisplatin in the ovaries of albino female Wistar rats were induced by a single daily dose of cisplatin (2.5 mg/kg) for 14 days. A cotreatment with monoterpenoid phenol carvacrol to ameliorate the negative effects of cisplatin was explored. The ovarian tissues were used for analyzing oxidative stress and the inflammatory parameters and histopathological changes. The results showed that higher doses of the tested compound were able to ameliorate ovarian toxicity related to cisplatin by decreasing the inflammation and oxidative stress conditions. Tests on testicular toxicity are mostly done on Wistar rats as well. Nevertheless, we can cite one recent study that used male New Zealand rabbits (8–10 months old) for monitoring testicular damage—to be precise, azoospermia [91]. Generally, it is considered that this is the most frequent breed of rabbits used for research purposes besides European, California, and Dutch-belted rabbits [99]. Thus, in the research conducted by Ismail et al. [91], the rabbits were injected with a single dose of cisplatin (0.7 mL/kg) intratesticular. The tested adipose-derived mesenchymal stem cells (ADMSCs) were administered three days later. The treatment showed significant improvement in the epididymal sperm count, a reduced level of oxidative stress in the testicular tissue, and maintained the hormones at normal physiological levels, in contrast to the cisplatin treatment itself. The zebrafish model is also ideal for the analysis of cisplatin effects on ionocytes, mitochondrion-rich specialized epithelial cells involved in the maintenance of osmotic homeostasis. One such study was published recently by Hung et al. [92], showing the zebrafish as a model for the exploration of cisplatin-induced oxidative stress and apoptosis in ionocytes. Zebrafish (AB strain) embryos were treated with different concentrations of cisplatin solution. They showed that cisplatin reduced labeled ionocytes, the oxidative stress was increased, and apoptosis advanced, followed by the high expression of antioxidative and apoptotic genes. Cisplatin myelosuppression may also be induced in animals, and new methods of suppression of negative effects can be tested. In the study of Xu et al. [93], the authors used mfat-1 transgenic mice in order to analyze the effects of endogenous ω-3 polyunsaturated fatty acids (PUFAs) on cisplatin-induced myelosuppression. In comparison to wild-type mice, it was shown that cisplatin-induced myelosuppression could be prevented by higher levels of ω-3 PUFAs, which act via oxidative damage inhibition and regulation of the NRF2-MDM2-p53 signaling pathway. Fatigue is one of the side effects that can actually be detected in patients without engaging in additional analyses. It represents a big problem during the therapy itself and can continue even after the application of cisplatin is finished [118]. Scott et al. tested male C57BL/6 J mice for the development of cisplatin-induced fatigue and the role of interleukin-10 (IL-10) in the recovery process. The animals were treated with cisplatin for five consecutive days, and the result of decreased voluntary wheel running was shown as a parameter of fatigue-like behavior. By intranasal administration of IL-10 monoclonal antibody IL-10na, the role of IL-10 activity was investigated. Although the results did not confirm this assumption, the model itself performed well in the analysis of cisplatin-induced peripheral neuropathy.



One of the less frequently studied negative activities of cisplatin is cardiotoxicity. Mainly rats are used as an animal model for the purposes of such in vivo experiments. Thus, recent studies, such as the one reported by Yildirim et al. [38], used Sprague–Dawley rats (8–10 weeks old) for evaluating the effects of sinapic acid on cisplatin-induced toxicity. Sinapic acid (20 mg/kg/day) was administered to rats intragastrically for five weeks, while a single dose of cisplatin (3 mg/kg, i.p.) per week was used to induce toxicity in the animals. Based on the monitoring of the biochemical parameters and histological changes in heart tissue, it was concluded that sinapic acid was able to reduce oxidative stress and prevent the development of serious inflammatory conditions, thus mitigating cardiotoxicity in animals. Another recent example of a cardiotoxicity model employed Wistar albino rats to examine a antidiabetic drug used in type 2 diabetes called Canagliflozin (CA) to treat cisplatin-induced changes in the heart structure and function [95]. After 10 days of oral administration of CA (10 mg/kg/day) and toxicity induced by a single dose of cisplatin (7 mg/kg, i.p.) on the 5th day, the serum and heart tissue homogenates were tested on various parameters. The results showed that the use of this drug was helpful in the treatment of cisplatin-induced cardiotoxicity, since the oxidative damage was reduced via the nuclear factor-erythroid 2 related factor 2 (Nrf2) signal and the inflammation was ameliorated via the reduction of the cardiac NO2−, MPO, iNOS, NF-κB, TNF-alpha, and IL-1β levels, with upregulated levels of the kinases and the p-AKT proteins, Bax, cytochrome C, and Bcl-2 levels.



One of the rarely investigated conditions to which the use of cisplatin can lead is lung disease. Recently, Azithromycin was used to monitor the parameters of oxidative stress in acute lung injury caused by cisplatin [96]. Namely, Azithromycin, a macrolide antibiotic, was given to male albino rats (25 mg/kg/day) for 10 days, and toxicity was caused on day 7 by an intraperitoneal dose of cisplatin (7 mg/kg). The treatment with the tested compound was able to reduce the levels of the oxidative stress parameters like ROS, MDA, NO, MPO, NF-κB p65, TNF-α, and IL-1β and decrease the levels of GSH, SOD, GST, and IL-10. It also mitigated the levels of NF-κB p65 and the proinflammatory parameters. What should definitely be taken into consideration when deciding to test the negative effects of cisplatin (or any other substance) on animal models is, firstly, the justification of the use of living organisms and, then, planning the design of the experiment, where special attention should be focused on “thinking outside the box”, meaning which parameters can be examined during one experiment in order to make the study as efficient as possible and observing the examined problem from several angles. The number of animals necessary for the research must also be taken into account and should be as low as possible. One of these studies was recently published by Mahmoud et al. [97]. They observed the effect of newly synthesized apocynin-chitosan nanoparticles on multiorgan failure (hepatic, cardiac, and renal oxidative injury) caused by cisplatin. Male Wistar albino rats were used as in vivo model organisms and treated with cisplatin (7 mg/kg, i.p.) followed by 5 days of oral application of apocynin-chitosan nanoparticles (135.6 mg/kg). The functional parameters of all the monitored organs were examined, as well as the level of oxidative stress. The results revealed the high amelioration of cisplatin-induced toxicity by apocynin-chitosan nanoparticles through lowering the oxidative stress mediated by Nrf2 activation and reducing the inflammation via NF-κB suppression. Of course, animal models can be used for evaluating the positive effects of cisplatin, too. For example, an animal model was developed for inducing oral ulcerative mucositis with cisplatin and the evaluation of nociception in rats [98]. Male Wistar rats (5–8 weeks old) were pretreated with cisplatin (4 mg/kg/day, i.p.) twice at 4-day intervals, oral ulcerative mucositis was developed using acetic acid, and the defined parameters were assessed. In this scenario, it was reported that cisplatin could be considered for its beneficial effects in reducing inflammation and nociceptive behavior in animals.



By reviewing the listed recent literature, it can be established that the item that is repeated in all tests using animal models is precisely the determination of oxidative stress using different methods of analysis. This indicates that the reduction in oxidative stress and, thus, the prevention of numerous subsequent harmful effects in cisplatin-induced toxicity is the main imperative that every study strives to achieve. Therefore, it is certainly one of the important therapeutic targets for the cotreatment of side effects during chemotherapy that includes cisplatin as the primary chemotherapeutic agent. The level of oxidative stress in serum and in tissue homogenates of animal models can be measured very simply, reliably, and effectively, and therefore, they have widespread research applications.





5. Conclusions and Perspectives


Based on the reported data regarding recent improvements in the research of reducing the negative effects of cisplatin, it can be concluded that the current technology is quite advanced, and many new ideas are being applied in order to reach the end result, which is the complete prevention of the manifestation of unwanted effects of these chemotherapeutics. The investigated active compounds were mainly used to alleviate the levels of oxidative stress. The active substances are either obtained from natural sources or synthesized based on molecular design so that they exhibit the appropriate antioxidant effect. Moreover, antioxidants are increasingly applied in new forms, all with the aim of greater bioavailability and targeted action in the desired organ system or corresponding cells. Nanotechnologies have a significant role in the development of suitable therapies for the side effects of cisplatin, and it is believed that this will be the goal that scientific work will strive for in the future.



The fact that the role of animal models in advancing biomedical research remains a crucial aspect of the scientific process must not be ignored. A diverse range of species has been selected based on project-specific objectives and hypotheses, considering factors such as their biological, anatomical, functional, and genetic similarities to humans or other animals. Rodents, particularly mice and rats, dominate the current landscape of experimental subjects in biomedical research, which utilizes approximately 20 million animals annually [117,119]. Despite the numerous discoveries arising from animal experimentation, various limitations and ethical concerns have been raised concerning interspecies differences that may exist in anatomy, metabolism, physiology, and genetics. One primary concern is the inconsistency of the data generated from trials involving animal models. Frequent criticisms include the lack of randomization and blinding and inadequate or no use of formal statistical analysis [119,120]. To address these issues and promote transparency in reporting results from animal studies, Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines were developed with the information required for scientific publications utilizing animal models. Ethical considerations continue to be an integral part of discussions surrounding the use of animals in research [119].



In conclusion, while animal models will likely remain essential to advancing scientific knowledge in various medical fields, especially for research into the appropriate treatment for cisplatin-induced toxicity, the ongoing ethical dialogue and development of guidelines ensure the continued evolution of the best practices designed to limit unnecessary suffering and enhance the research integrity.







Author Contributions


Conceptualization: J.S.K.S., D.S. and G.R.; Data curation: J.S.K.S., D.S. and G.R.; Methodology: J.S.K.S., D.S. and G.R.; Writing—original draft: J.S.K.S., D.S. and G.R.; and Writing—review and editing: J.S.K.S., D.S. and G.R. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Faculty of Medical Sciences University of Kragujevac (JP 07/22), the Ministry of Science, Technological Development and Innovation of the Republic of Serbia (Agreement No. 451-03-47/2023-01/200378).




Data Availability Statement


All data are available upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Carocho, M.; Ferreira, I.C.F.R. A Review on Antioxidants, Prooxidants and Related Controversy: Natural and Synthetic Compounds, Screening and Analysis Methodologies and Future Perspectives. Food Chem. Toxicol. 2013, 51, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Gomberg, M. An Instance of Trivalent Carbon: Thiphenylmethyl. J. Am. Chem. Soc. 1900, 22, 757–771. [Google Scholar] [CrossRef]

	



Lushchak, V.I. Free Radicals, Reactive Oxygen Species, Oxidative Stress and Its Classification. Chem. Biol. Interact. 2014, 224, 164–175. [Google Scholar] [CrossRef]

	



Halliwell, B. Free Radicals and Antioxidants—Quo Vadis? Trends Pharmacol. Sci. 2011, 32, 125–130. [Google Scholar] [CrossRef] [PubMed]

	



Đukić, M.M. Oksidativni Stres—Slobodni Radikali, Prooksidansi i Antioksidansi; Mono i Manjana: Belgrade, Serbia, 2008; ISBN 978-86-7804-156-3. [Google Scholar]

	



Gruhlke, M.C.H.; Slusarenko, A.J. The Biology of Reactive Sulfur Species (RSS). Plant Physiol. Biochem. 2012, 59, 98–107. [Google Scholar] [CrossRef] [PubMed]

	



Halliwell, B. Reactive Oxygen Species in Living Systems: Source, Biochemistry, and Role in Human Disease. Am. J. Med. 1991, 91, S14–S22. [Google Scholar] [CrossRef] [PubMed]

	



Noctor, G.; Lelarge-Trouverie, C.; Mhamdi, A. The Metabolomics of Oxidative Stress. Phytochemistry 2015, 112, 33–53. [Google Scholar] [CrossRef]

	



Rahal, A.; Kumar, A.; Singh, V.; Yadav, B.; Tiwari, R.; Chakraborty, S.; Dhama, K. Oxidative Stress, Prooxidants, and Antioxidants: The Interplay. BioMed Res. Int. 2014, 2014, 761264. [Google Scholar] [CrossRef]

	



Pisoschi, A.M.; Pop, A.; Iordache, F.; Stanca, L.; Predoi, G.; Serban, A.I. Oxidative Stress Mitigation by Antioxidants—An Overview on Their Chemistry and Influences on Health Status. Eur. J. Med. Chem. 2021, 209, 112891. [Google Scholar] [CrossRef]

	



Dasari, S.; Bernard Tchounwou, P. Cisplatin in Cancer Therapy: Molecular Mechanisms of Action. Eur. J. Pharmacol. 2014, 740, 364–378. [Google Scholar] [CrossRef]

	



World Health Organization. Comparative Table of Medicines on the WHO Essential Medicines Lists from 1977–2011 (XLS); World Health Organization: Geneva, Switzerland, 2011. [Google Scholar]

	



Katanić, J.; Matić, S.; Pferschy-Wenzig, E.-M.; Kretschmer, N.; Boroja, T.; Mihailović, V.; Stanković, V.; Stanković, N.; Mladenović, M.; Stanić, S.; et al. Filipendula Ulmaria Extracts Attenuate Cisplatin-Induced Liver and Kidney Oxidative Stress in Rats: In Vivo Investigation and LC-MS Analysis. Food Chem. Toxicol. 2017, 99, 86–102. [Google Scholar] [CrossRef] [PubMed]

	



Chirino, Y.I.; Pedraza-Chaverri, J. Role of Oxidative and Nitrosative Stress in Cisplatin-Induced Nephrotoxicity. Exp. Toxicol. Pathol. 2009, 61, 223–242. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Ruiz, S.; Maksimović-Ivanić, D.; Mijatović, S.; Kaluderović, G.N. On the Discovery, Biological Effects, and Use of Cisplatin and Metallocenes in Anticancer Chemotherapy. Bioinorg. Chem. Appl. 2012, 2012, 140284. [Google Scholar] [CrossRef] [PubMed]

	



Romani, A.M.P. Cisplatin in Cancer Treatment. Biochem. Pharmacol. 2022, 206, 115323. [Google Scholar] [CrossRef] [PubMed]

	



Dasari, S.; Njiki, S.; Mbemi, A.; Yedjou, C.G.; Tchounwou, P.B. Pharmacological Effects of Cisplatin Combination with Natural Products in Cancer Chemotherapy. Int. J. Mol. Sci. 2022, 23, 1532. [Google Scholar] [CrossRef]

	



Vukovic, R.; Kumburovic, I.; Joksimovic Jovic, J.; Jovicic, N.; Katanic Stankovic, J.S.; Mihailovic, V.; Djuric, M.; Velickovic, S.; Arnaut, A.; Selakovic, D.; et al. N-Acetylcysteine Protects against the Anxiogenic Response to Cisplatin in Rats. Biomolecules 2019, 9, 892. [Google Scholar] [CrossRef]

	



Crul, M.; Schellens, J.H.; Beijnen, J.H.; Maliepaard, M. Cisplatin Resistance and DNA Repair. Cancer Treat. Rev. 1997, 23, 341–366. [Google Scholar] [CrossRef]

	



Bugarčić, Ž.D.; Bogojeski, J.; Petrović, B.; Hochreuther, S.; van Eldik, R. Mechanistic Studies on the Reactions of Platinum(II) Complexes with Nitrogen- and Sulfur-Donor Biomolecules. Dalt. Trans. 2012, 41, 12329–12345. [Google Scholar] [CrossRef]

	



Kelland, L. The Resurgence of Platinum-Based Cancer Chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584. [Google Scholar] [CrossRef]

	



Rosic, G.; Joksimovic, J.; Selakovic, D.; Jakovljevic, V.; Zivkovic, V.; Srejovic, I.; Djuric, M.; Djuric, D. The Beneficial Effects of Sulfur-Containing Amino Acids on Cisplatin-Induced Cardiotoxicity and Neurotoxicity in Rodents. Curr. Med. Chem. 2017, 25, 391–403. [Google Scholar] [CrossRef]

	



Longo, V.; Gervasi, P.G.; Lubrano, V. Cisplatin Induced Toxicity in Rat Tissues: The Protective Effect of Lisosan G. Food Chem. Toxicol. 2011, 49, 233–237. [Google Scholar] [CrossRef] [PubMed]

	



Rabik, C.A.; Dolan, M.E. Molecular Mechanisms of Resistance and Toxicity Associated with Platinating Agents. Cancer Treat. Rev. 2007, 33, 9–23. [Google Scholar] [CrossRef] [PubMed]

	



Katanic Stankovic, J.S.; Selakovic, D.; Mihailovic, V.; Rosic, G. Antioxidant Supplementation in the Treatment of Neurotoxicity Induced by Platinum-Based Chemotherapeutics—A Review. Int. J. Mol. Sci. 2020, 21, 7753. [Google Scholar] [CrossRef] [PubMed]

	



Karasawa, T.; Steyger, P.S. An Integrated View of Cisplatin-Induced Nephrotoxicity and Ototoxicity. Toxicol. Lett. 2015, 237, 219–227. [Google Scholar] [CrossRef] [PubMed]

	



Pabla, N.; Dong, Z. Cisplatin Nephrotoxicity: Mechanisms and Renoprotective Strategies. Kidney Int. 2008, 73, 994–1007. [Google Scholar] [CrossRef]

	



Fong, C.W. Platinum Anti-Cancer Drugs: Free Radical Mechanism of Pt-DNA Adduct Formation and Anti-Neoplastic Effect. Free Radic. Biol. Med. 2016, 95, 216–229. [Google Scholar] [CrossRef]

	



Qi, L.; Luo, Q.; Zhang, Y.; Jia, F.; Zhao, Y.; Wang, F. Advances in Toxicological Research of the Anticancer Drug Cisplatin. Chem. Res. Toxicol. 2019, 32, 1469–1486. [Google Scholar] [CrossRef]

	



Dugbartey, G.J.; Peppone, L.J.; de Graaf, I.A.M. An Integrative View of Cisplatin-Induced Renal and Cardiac Toxicities: Molecular Mechanisms, Current Treatment Challenges and Potential Protective Measures. Toxicology 2016, 371, 58–66. [Google Scholar] [CrossRef]

	



Hosohata, K. Role of Oxidative Stress in Drug-Induced Kidney Injury. Int. J. Mol. Sci. 2016, 17, 1826. [Google Scholar] [CrossRef]

	



Argyriou, A.A.; Bruna, J.; Marmiroli, P.; Cavaletti, G. Chemotherapy-Induced Peripheral Neurotoxicity (CIPN): An Update. Crit. Rev. Oncol. Hematol. 2012, 82, 51–77. [Google Scholar] [CrossRef]

	



Cho, S.I.; Lee, J.-E.; Do, N.Y. Protective Effect of Silymarin against Cisplatin-Induced Ototoxicity. Int. J. Pediatr. Otorhinolaryngol. 2014, 78, 474–478. [Google Scholar] [CrossRef] [PubMed]

	



Katanić, J.; Mihailović, V.; Matić, S.; Stanković, V.; Stanković, N.; Boroja, T.; Mladenović, M.; Stanić, S.; Kreft, S.; Mihailović, M. The Ameliorating Effect of Filipendula Hexapetala Extracts on Hepatorenal Toxicity of Cisplatin. J. Funct. Foods 2015, 18, 198–212. [Google Scholar] [CrossRef]

	



Boroja, T.; Katanić, J.; Rosić, G.; Selaković, D.; Joksimović, J.; Mišić, D.; Stanković, V.; Jovičić, N.; Mihailović, V. Summer Savory (Satureja hortensis L.) Extract: Phytochemical Profile and Modulation of Cisplatin-Induced Liver, Renal and Testicular Toxicity. Food Chem. Toxicol. 2018, 118, 252–263. [Google Scholar] [CrossRef] [PubMed]

	



Fu, B.; Wang, N.; Tan, H.Y.; Li, S.; Cheung, F.; Feng, Y. Multi-Component Herbal Products in the Prevention and Treatment of Chemotherapy-Associated Toxicity and Side Effects: A Review on Experimental and Clinical Evidences. Front. Pharmacol. 2018, 9, 1394. [Google Scholar] [CrossRef] [PubMed]

	



El-Awady, E.S.E.; Moustafa, Y.M.; Abo-Elmatty, D.M.; Radwan, A. Cisplatin-Induced Cardiotoxicity: Mechanisms and Cardioprotective Strategies. Eur. J. Pharmacol. 2011, 650, 335–341. [Google Scholar] [CrossRef]

	



Yildirim, C.; Cangi, S.; Orkmez, M.; Yilmaz, S.G.; Bozdayı, M.A.; Yamaner, H.; Cevik, S. Sinapic Acid Attenuated Cisplatin-Induced Cardiotoxicity by Inhibiting Oxidative Stress and İnflammation with GPX4-Mediated NF-KB Modulation. Cardiovasc. Toxicol. 2023, 23, 10–22. [Google Scholar] [CrossRef]

	



Portilla, D.; Dai, G.; McClure, T.; Bates, L.; Kurten, R.; Megyesi, J.; Price, P.; Li, S. Alterations of PPARα and Its Coactivator PGC-1 in Cisplatin-Induced Acute Renal Failure. Kidney Int. 2002, 62, 1208–1218. [Google Scholar] [CrossRef]

	



Amador-Martínez, I.; Hernández-Cruz, E.Y.; Jiménez-Uribe, A.P.; Sánchez-Lozada, L.G.; Aparicio-Trejo, O.E.; Tapia, E.; Barrera-Chimal, J.; Pedraza-Chaverri, J. Mitochondrial Transplantation: Is It a Feasible Therapy to Prevent the Cardiorenal Side Effects of Cisplatin? Future Pharmacol. 2021, 1, 3–26. [Google Scholar] [CrossRef]

	



Manohar, S.; Leung, N. Cisplatin Nephrotoxicity: A Review of the Literature. J. Nephrol. 2018, 31, 15–25. [Google Scholar] [CrossRef]

	



Guégan, J.-P.; Ezan, F.; Théret, N.; Langouët, S.; Baffet, G. MAPK Signaling in Cisplatin-Induced Death: Predominant Role of ERK1 over ERK2 in Human Hepatocellular Carcinoma Cells. Carcinogenesis 2013, 34, 38–47. [Google Scholar] [CrossRef]

	



Tsvetkova, D.; Ivanova, S. Application of Approved Cisplatin Derivatives in Combination Therapy against Different Cancer Diseases. Molecules 2022, 27, 2466. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Li, X.; Guo, Q. Drug Resistance in Cancers: A Free Pass for Bullying. Cells 2022, 11, 3383. [Google Scholar] [CrossRef] [PubMed]

	



Galluzzi, L.; Vitale, I.; Michels, J.; Brenner, C.; Szabadkai, G.; Harel-Bellan, A.; Castedo, M.; Kroemer, G. Systems Biology of Cisplatin Resistance: Apast, Present and Future. Cell Death Dis. 2014, 5, e1257. [Google Scholar] [CrossRef] [PubMed]

	



Kartalou, M.; Essigmann, J.M. Mechanisms of Resistance to Cisplatin. Mutat. Res.—Fundam. Mol. Mech. Mutagen. 2001, 478, 23–43. [Google Scholar] [CrossRef]

	



Yao, J.; Ma, C.; Feng, K.; Tan, G.; Wen, Q. Focusing on the Role of Natural Products in Overcoming Cancer Drug Resistance: An Autophagy-Based Perspective. Biomolecules 2022, 12, 1565. [Google Scholar] [CrossRef]

	



Mioskoski, C.; Gall, T.L.; Desage, M.; Meunier, S.; Diego, S.; Taran, F.; Nowaczyk, S. Lactone Compounds Which Can Be Used as Antioxidant Agents in Pharmaceutical, Cosmetic or Food Compositions and Their Method of Preparation. U.S. Patent US20110098351A1, 28 April 2011. [Google Scholar]

	



Lopachin, R.; Geohegan, B.C. Nucleophilic Chemicals Useful in the Treatment of Cisplatin-Induced Sensory Neuropathy and Ototoxicity. U.S. Patent US20220016051A1, 20 January 2022. [Google Scholar]

	



Yang, T. Use of Nitrated Lipids for Treatment of Side Effects of Toxic Medical Therapies. U.S. Patent US20110196037A1, 11 September 2014. [Google Scholar]

	



Gómez-Sierra, T.; Eugenio-Pérez, D.; Sánchez-Chinchillas, A.; Pedraza-Chaverri, J. Role of Food-Derived Antioxidants against Cisplatin Induced-Nephrotoxicity. Food Chem. Toxicol. 2018, 120, 230–242. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Ryu, H.M.; Kim, D.J.; Byun, J.S.; Sohn, K.C.; Ku, S.K. Composition Containing Herbal Medicine Extracts of Pinellia and Scutellaria for Reducing Side Effects due to Anticancer Drugs 2016. U.S. Patent US20180289763A1, 11 October 2018. [Google Scholar]

	



Shin, H.K.; Jung, Y.; Ha, K.; Seob, C.; Kim, Y.J. Composition comprising natural substance extract as active ingredient for preventing or treating acute renal failure 2016. U.S. Patent US9433655B2, 6 September 2016. [Google Scholar]

	



Lee, M.-M.; Huang, G.-J. Use of Brown Flammulina Velutipes Extract for Inhibiting Acute Kidney Injury Caused by Cisplatin 2023. U.S. Patent US20230173005A1, 8 June 2023. [Google Scholar]

	



Hu, F.; Wei, F.; Wang, Y.; Wu, B.; Fang, Y.; Xiong, B. EGCG Synergizes the Therapeutic Effect of Cisplatin and Oxaliplatin through Autophagic Pathway in Human Colorectal Cancer Cells. J. Pharmacol. Sci. 2015, 128, 27–34. [Google Scholar] [CrossRef]

	



Leonetti, C.; Biroccio, A.; Gabellini, C.; Scarsella, M.; Maresca, V.; Flori, E.; Bove, L.; Pace, A.; Stopacciaro, A.; Zupi, G.; et al. A-Tocopherol Protects against Cisplatin-Induced Toxicity without Interfering with Antitumor Efficacy. Int. J. Cancer 2003, 104, 243–250. [Google Scholar] [CrossRef]

	



Leekha, A.; Gurjar, B.S.; Tyagi, A.; Rizvi, M.A.; Verma, A.K. Vitamin C in Synergism with Cisplatin Induces Cell Death in Cervical Cancer Cells through Altered Redox Cycling and P53 Upregulation. J. Cancer Res. Clin. Oncol. 2016, 142, 2503–2514. [Google Scholar] [CrossRef]

	



Sadowitz, P.D.; Hubbard, B.A.; Dabrowiak, J.C.; Goodisman, J.; Tacka, K.A.; Aktas, M.K.; Cunningham, M.J.; Dubowy, R.L.; Souid, A. Kinetics of Cisplatin Binding to Cellular DNA and Modulations by Thiol-Blocking Agents and Thiol Drugs. Drug Metab. Dispos. 2002, 30, 183–190. [Google Scholar] [CrossRef] [PubMed]

	



Custódio, J.B.A.; Cardoso, C.M.P.; Santos, M.S.; Almeida, L.M.; Vicente, J.A.F.; Fernandes, M.A.S. Cisplatin Impairs Rat Liver Mitochondrial Functions by Inducing Changes on Membrane Ion Permeability: Prevention by Thiol Group Protecting Agents. Toxicology 2009, 259, 18–24. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.X.; Liu, F.F.-C.; Lip, H.; Liu, J.; Zhang, Q.; Wu, X.Y. Pharmaceutical Nanoformulation Strategies to Spatiotemporally Manipulate Oxidative Stress for Improving Cancer Therapies—Exemplified by Polyunsaturated Fatty Acids and Other ROS-Modulating Agents. Drug Deliv. Transl. Res. 2022, 12, 2303–2334. [Google Scholar] [CrossRef] [PubMed]

	



Davoudi, M.; Jadidi, Y.; Moayedi, K.; Farrokhi, V.; Afrisham, R. Ameliorative Impacts of Polymeric and Metallic Nanoparticles on Cisplatin-Induced Nephrotoxicity: A 2011–2022 Review. J. Nanobiotechnol. 2022, 20, 504. [Google Scholar] [CrossRef] [PubMed]

	



Gu, J.; Wang, X.; Chen, Y.; Xu, K.; Yu, D.; Wu, H. An Enhanced Antioxidant Strategy of Astaxanthin Encapsulated in ROS-Responsive Nanoparticles for Combating Cisplatin-Induced Ototoxicity. J. Nanobiotechnol. 2022, 20, 268. [Google Scholar] [CrossRef]

	



Zhang, Q.; Sun, Z.; Sun, W.; Yu, B.; Liu, J.; Jiang, C.; Lu, L. Engineering a Synergistic Antioxidant Inhibition Nanoplatform to Enhance Oxidative Damage in Tumor Treatment. Acta Biomater. 2023, 158, 625–636. [Google Scholar] [CrossRef]

	



Dymek, M.; Sikora, E. Liposomes as Biocompatible and Smart Delivery Systems—The Current State. Adv. Colloid Interface Sci. 2022, 309, 102757. [Google Scholar] [CrossRef]

	



Rauf, M.A. Stability and Release of Bioactives from Liposomes; Elsevier Inc.: Amsterdam, The Netherlands, 2022; ISBN 9780128239353. [Google Scholar]

	



Curcio, M.; Cirillo, G.; Amato, R.; Guidotti, L.; Amantea, D.; De Luca, M.; Nicoletta, F.P.; Iemma, F.; Garcia-Gil, M. Encapsulation of Alpha-Lipoic Acid in Functional Hybrid Liposomes: Promising Tool for the Reduction of Cisplatin-Induced Ototoxicity. Pharmaceuticals 2022, 15, 394. [Google Scholar] [CrossRef]

	



Ibrahim, A.E.; Shafaa, M.W.; Khedr, M.H.; Rashed, R.F. Comparative Study between Lutein and Its Liposomal Form on Cisplatin-Induced Retinal Injury in Rabbits. Cutan. Ocul. Toxicol. 2019, 38, 279–285. [Google Scholar] [CrossRef]

	



Perše, M. Cisplatin Mouse Models: Treatment, Toxicity and Translatability. Biomedicines 2021, 9, 1406. [Google Scholar] [CrossRef]

	



Perše, M.; Večerić-Haler, Ž. Cisplatin-Induced Rodent Model of Kidney Injury: Characteristics and Challenges. BioMed Res. Int. 2018, 2018, 1462802. [Google Scholar] [CrossRef] [PubMed]

	



Authier, N.; Balayssac, D.; Marchand, F.; Ling, B.; Zangarelli, A.; Descoeur, J.; Coudore, F.; Bourinet, E.; Eschalier, A. Animal Models of Chemotherapy-Evoked Painful Peripheral Neuropathies. Neurotherapeutics 2009, 6, 620–629. [Google Scholar] [CrossRef] [PubMed]

	



Sarin, N.; Engel, F.; Rothweiler, F.; Cinatl, J.; Michaelis, M.; Frötschl, R.; Fröhlich, H.; Kalayda, G.V. Key Players of Cisplatin Resistance: Towards a Systems Pharmacology Approach. Int. J. Mol. Sci. 2018, 19, 767. [Google Scholar] [CrossRef]

	



Tong, D.; Xu, E.; Ge, R.; Hu, M.; Jin, S.; Mu, J.; Liu, Y. Aspirin Alleviates Cisplatin-Induced Acute Kidney Injury through the AMPK-PGC-1α Signaling Pathway. Chem. Biol. Interact. 2023, 380, 110536. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Shi, X.; Zang, Y.; Zhao, X.; Liu, X.; Wang, W.; Shi, W.; Wong, C.T.T.; Sheng, L.; Chen, X.; et al. 7-Hydroxycoumarin-β-D-Glucuronide Protects against Cisplatin-Induced Acute Kidney Injury via Inhibiting P38 MAPK-Mediated Apoptosis in Mice. Life Sci. 2023, 327, 121864. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.Q.; Liu, X.X.; Zhang, J.J.; Zhang, S.; Jiang, C.; Zheng, S.W.; Wang, Z.; Li, D.Y.; Li, W.; Shi, D.F. Amelioration of Cisplatin-Induced Kidney Injury by Arabinogalactan Based on Network Pharmacology and Molecular Docking. J. Funct. Foods 2023, 104, 105504. [Google Scholar] [CrossRef]

	



Potočnjak, I.; Šimić, L.; Batičić, L.; Križan, H.; Domitrović, R. Sinomenine Mitigates Cisplatin-Induced Kidney Injury by Targeting Multiple Signaling Pathways. Food Chem. Toxicol. 2023, 171, 113538. [Google Scholar] [CrossRef]

	



Gao, X.; Yin, Y.; Liu, S.; Dong, K.; Wang, J.; Guo, C. Fucoidan-Proanthocyanidins Nanoparticles Protect against Cisplatin-Induced Acute Kidney Injury by Activating Mitophagy and Inhibiting MtDNA-CGAS/STING Signaling Pathway. Int. J. Biol. Macromol. 2023, 245, 125541. [Google Scholar] [CrossRef]

	



Yan, Q.; Li, M.; Dong, L.; Luo, J.; Zhong, X.; Shi, F.; Ye, G.; Zhao, L.; Fu, H.; Shu, G.; et al. Preparation, Characterization and Protective Effect of Chitosan—Tripolyphosphate Encapsulated Dihydromyricetin Nanoparticles on Acute Kidney Injury Caused by Cisplatin. Int. J. Biol. Macromol. 2023, 245, 125569. [Google Scholar] [CrossRef]

	



Santos, D.D.; Sasso, G.R.S.; Belote, N.M.; da Silva, R.A.; Lice, I.; Correia-Silva, R.D.; Borges, F.T.; Carbonel, A.A.F.; Gil, C.D. Galectin-3 Is a Key Hepatoprotective Molecule against the Deleterious Effect of Cisplatin. Life Sci. 2023, 318, 121505. [Google Scholar] [CrossRef]

	



Gao, Z.X.; Zhang, Z.S.; Qin, J.; Zhang, M.Z.; Cao, J.L.; Li, Y.Y.; Wang, M.Q.; Hou, L.L.; Fang, D.; Xie, S.Q. Aucubin Enhances the Antitumor Activity of Cisplatin through the Inhibition of PD-L1 Expression in Hepatocellular Carcinoma. Phytomedicine 2023, 112, 154715. [Google Scholar] [CrossRef] [PubMed]

	



Ali, F.E.M.; Hassanein, E.H.M.; El-Bahrawy, A.H.; Hemeda, M.S.; Atwa, A.M. Neuroprotective Effect of Lansoprazole against Cisplatin-Induced Brain Toxicity: Role of Nrf2/ARE and Akt/P53 Signaling Pathways. J. Chem. Neuroanat. 2023, 132, 102299. [Google Scholar] [CrossRef] [PubMed]

	



Khalil, H.M.A.; El Henafy, H.M.A.; Khalil, I.A.; Bakr, A.F.; Fahmy, M.I.; Younis, N.S.; El-Shiekh, R.A. Hypericum perforatum L. Nanoemulsion Mitigates Cisplatin-Induced Chemobrain via Reducing Neurobehavioral Alterations, Oxidative Stress, Neuroinflammation, and Apoptosis in Adult Rats. Toxics 2023, 11, 159. [Google Scholar] [CrossRef] [PubMed]

	



Saral, S.; Topçu, A.; Alkanat, M.; Mercantepe, T.; Şahin, Z.; Akyıldız, K.; Karataş, K.S.; Yıldız, L.; Tümkaya, L.; Yazıcı, Z.A. Agomelatine Attenuates Cisplatin-Induced Cognitive Impairment via Modulation of BDNF/TrkB Signaling in Rat Hippocampus. J. Chem. Neuroanat. 2023, 130, 102269. [Google Scholar] [CrossRef] [PubMed]

	



Yu, R.; Wang, K.; Luo, W.; Jiang, H. Knockdown and Mutation of Pou4f3 Gene Mutation Promotes Pyroptosis of Cochleae in Cisplatin-Induced Deafness Mice by NLRP3/Caspase-3/GSDME Pathway. Toxicology 2022, 482, 153368. [Google Scholar] [CrossRef]

	



Wang, H.; Lin, H.; Kang, W.; Huang, L.; Gong, S.; Zhang, T.; Huang, X.; He, F.; Ye, Y.; Tang, Y.; et al. MiR-34a/DRP-1-Mediated Mitophagy Participated in Cisplatin-Induced Ototoxicity via Increasing Oxidative Stress. BMC Pharmacol. Toxicol. 2023, 24, 16. [Google Scholar] [CrossRef]

	



Zheng, Z.; Nan, B.; Liu, C.; Tang, D.; Li, W.; Zhao, L.; Nie, G.; He, Y. Inhibition of Histone Methyltransferase PRMT5 Attenuates Cisplatin-Induced Hearing Loss through the PI3K/Akt-Mediated Mitochondrial Apoptotic Pathway. J. Pharm. Anal. 2023, 13, 590–602. [Google Scholar] [CrossRef]

	



Jeon, H.; Song, I.S.; Park, J.G.; Lee, H.; Han, E.; Park, S.; Lee, Y.; Song, C.-m.; Hur, W.; Lee, I.G.; et al. Protective Effects of Esomeprazole against Cisplatin-Induced Ototoxicity: An in Vitro and in Vivo Study. Aquat. Toxicol. 2023, 260, 106573. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, S.; Jin, Y.; Wang, J.; Wang, R.; Yang, X.; Zhang, S.; Yan, T.; Jia, Y. Wei-Tong-Xin Ameliorated Cisplatin-Induced Mitophagy and Apoptosis in Gastric Antral Mucosa by Activating the Nrf2/HO-1 Pathway. J. Ethnopharmacol. 2023, 308, 116253. [Google Scholar] [CrossRef]

	



Mirhadi, E.; Gheybi, F.; Mahmoudi, N.; Hemmati, M.; Soleymanian, F.; Ghasemi, A.; Askarizadeh, A.; Iranshahi, M.; Jaafari, M.R.; Alavizadeh, S.H. Amino Acid Coordination Complex Mediates Cisplatin Entrapment within PEGylated Liposome: An Implication in Colorectal Cancer Therapy. Int. J. Pharm. 2022, 623, 121946. [Google Scholar] [CrossRef]

	



Dinc, K.; Ozyurt, R.; Coban, T.A.; Yazici, G.N.; Suleyman, Z.; Yavuzer, B.; Suleyman, H. The Effect of Carvacrol on the Proinflammatory Cytokines, Histology, and Fertility Outcome of Cisplatin-Related Ovarian Change in a Rat Model. Taiwan. J. Obstet. Gynecol. 2023, 62, 256–263. [Google Scholar] [CrossRef] [PubMed]

	



Ismail, H.Y.; Shaker, N.A.; Hussein, S.; Tohamy, A.; Fathi, M.; Rizk, H.; Wally, Y.R. Cisplatin-Induced Azoospermia and Testicular Damage Ameliorated by Adipose-Derived Mesenchymal Stem Cells. Biol. Res. 2023, 56, 2. [Google Scholar] [CrossRef] [PubMed]

	



Hung, G.Y.; Wu, C.L.; Motoyama, C.; Horng, J.L.; Lin, L.Y. Zebrafish Embryos as an in Vivo Model to Investigate Cisplatin-Induced Oxidative Stress and Apoptosis in Mitochondrion-Rich Ionocytes. Comp. Biochem. Physiol. Part-C Toxicol. Pharmacol. 2022, 259, 109395. [Google Scholar] [CrossRef]

	



Xu, Q.; Zhang, Z.; Tang, M.; Xing, C.; Chen, H.; Zheng, K.; Zhao, Z.; Zhou, S.; Zhao, A.Z.; Li, F.; et al. Endogenous Production of ω-3 Polyunsaturated Fatty Acids Mitigates Cisplatin-Induced Myelosuppression by Regulating NRF2-MDM2-P53 Signaling Pathway. Free Radic. Biol. Med. 2023, 201, 14–25. [Google Scholar] [CrossRef] [PubMed]

	



Scott, K.; Boukelmoune, N.; Taniguchi, C.; West, A.P.; Heijnen, C.J.; Dantzer, R. Resolution of Cisplatin-Induced Fatigue Does Not Require Endogenous Interleukin-10 in Male Mice. Behav. Brain Res. 2023, 444, 114381. [Google Scholar] [CrossRef]

	



Ali, F.E.M.; Hassanein, E.H.M.; Abd El-Ghafar, O.A.M.; Rashwan, E.K.; Saleh, F.M.; Atwa, A.M. Exploring the Cardioprotective Effects of Canagliflozin against Cisplatin-Induced Cardiotoxicity: Role of INOS/NF-ΚB, Nrf2, and Bax/Cytochrome C/Bcl-2 Signals. J. Biochem. Mol. Toxicol. 2023, 37, e23309. [Google Scholar] [CrossRef]

	



Hassanein, E.H.M.; Sayed, G.A.; Alzoghaibi, A.M.; Alammar, A.S.; Abdel-Wahab, B.A.; Abd El-Ghafar, O.A.M.; Mahdi, S.E.; Atwa, A.M.; Alzoghaibi, M.A.; Mahmoud, A.M. Azithromycin Mitigates Cisplatin-Induced Lung Oxidative Stress, Inflammation and Necroptosis by Upregulating SIRT1, PPARγ, and Nrf2/HO-1 Signaling. Pharmaceuticals 2023, 16, 52. [Google Scholar] [CrossRef]

	



Mahmoud, N.A.; Hassanein, E.H.M.; Bakhite, E.A.; Shaltout, E.S.; Sayed, A.M. Apocynin and Its Chitosan Nanoparticles Attenuated Cisplatin-Induced Multiorgan Failure: Synthesis, Characterization, and Biological Evaluation. Life Sci. 2023, 314, 121313. [Google Scholar] [CrossRef]

	



Nakatomi, C.; Hitomi, S.; Yamaguchi, K.; Hsu, C.C.; Harano, N.; Iwata, K.; Ono, K. Effect of Cisplatin on Oral Ulcer-Induced Nociception in Rats. Arch. Oral Biol. 2022, 144, 105572. [Google Scholar] [CrossRef]

	



Hickman, D.L.; Johnson, J.; Vemulapalli, T.H.; Crisler, J.R.; Shepherd, R. Commonly Used Animal Models. In Principles of Animal Research for Graduate and Undergraduate Students; Elsevier: Amsterdam, The Netherlands, 2017; Volume 7, pp. 117–175. ISBN 9786024517199. [Google Scholar]

	



Sun, C.-Y.; Nie, J.; Zheng, Z.-L.; Zhao, J.; Wu, L.-M.; Zhu, Y.; Su, Z.-Q.; Zheng, G.-J.; Feng, B. Renoprotective Effect of Scutellarin on Cisplatin-Induced Renal Injury in Mice: Impact on Inflammation, Apoptosis, and Autophagy. Biomed. Pharmacother. 2019, 112, 108647. [Google Scholar] [CrossRef]

	



Saifi, M.A.; Sangomla, S.; Khurana, A.; Godugu, C. Protective Effect of Nanoceria on Cisplatin-Induced Nephrotoxicity by Amelioration of Oxidative Stress and Pro-Inflammatory Mechanisms. Biol. Trace Elem. Res. 2019, 189, 145–156. [Google Scholar] [CrossRef] [PubMed]

	



Lin, M.T.; Ko, J.L.; Liu, T.C.; Chao, P.T.; Ou, C.C. Protective Effect of D-Methionine on Body Weight Loss, Anorexia, and Nephrotoxicity in Cisplatin-Induced Chronic Toxicity in Rats. Integr. Cancer Ther. 2018, 17, 813–824. [Google Scholar] [CrossRef] [PubMed]

	



Sahu, A.K.; Verma, V.K.; Mutneja, E.; Malik, S.; Nag, T.C.; Dinda, A.K.; Arya, D.S.; Bhatia, J. Mangiferin Attenuates Cisplatin-Induced Acute Kidney Injury in Rats Mediating Modulation of MAPK Pathway. Mol. Cell. Biochem. 2019, 452, 141–152. [Google Scholar] [CrossRef] [PubMed]

	



Kaushik, S.; Tomar, A.; Puthanmadhom Narayanan, S.; Nag, T.C.; Arya, D.S.; Bhatia, J. Pitavastatin Attenuates Cisplatin-Induced Renal Injury by Targeting MAPK and Apoptotic Pathways. J. Pharm. Pharmacol. 2019, 71, 1072–1081. [Google Scholar] [CrossRef]

	



Domitrović, R.; Cvijanović, O.; Pernjak Pugel, E.; Blagojević Zagorac, G.; Mahmutefendić, H.; Škoda, M. Luteolin Ameliorates Cisplatin-Induced Nephrotoxicity in Mice through Inhibition of Platinum Accumulation, Inflammation and Apoptosis in the Kidney. Toxicology 2013, 310, 115–123. [Google Scholar] [CrossRef]

	



Domitrović, R.; Cvijanović, O.; Pernjak-Pugel, E.; Škoda, M.; Mikelić, L.; Crnčević-Orlić, Ž. Berberine Exerts Nephroprotective Effect against Cisplatin-Induced Kidney Damage through Inhibition of Oxidative/Nitrosative Stress, Inflammation, Autophagy and Apoptosis. Food Chem. Toxicol. 2013, 62, 397–406. [Google Scholar] [CrossRef]

	



Domitrović, R.; Potočnjak, I.; Crnčević-Orlić, Ž.; Škoda, M. Nephroprotective Activities of Rosmarinic Acid against Cisplatin-Induced Kidney Injury in Mice. Food Chem. Toxicol. 2014, 66, 321–328. [Google Scholar] [CrossRef]

	



Badary, O.A.; Abdel-Maksoud, S.; Ahmed, W.A.; Owieda, G.H. Naringenin Attenuates Cisplatin Nephrotoxicity in Rats. Life Sci. 2005, 76, 2125–2135. [Google Scholar] [CrossRef]

	



Faraji, A.H.; Wipf, P. Nanoparticles in Cellular Drug Delivery. Bioorganic Med. Chem. 2009, 17, 2950–2962. [Google Scholar] [CrossRef]

	



Richmond, A.; Su, Y. Mouse Xenograft Models vs GEM Models for Human Cancer Therapeutics. Dis. Model Mech. 2008, 1, 78–82. [Google Scholar] [CrossRef]

	



Podratz, J.L.; Knight, A.M.; Ta, L.E.; Staff, N.P.; Gass, J.M.; Genelin, K.; Schlattau, A.; Lathroum, L.; Windebank, A.J. Cisplatin Induced Mitochondrial DNA Damage in Dorsal Root Ganglion Neurons. Neurobiol. Dis. 2011, 41, 661–668. [Google Scholar] [CrossRef] [PubMed]

	



Ogihara, T.; Nakagawa, T.; Hayashi, M.; Koyanagi, M.; Yonezawa, A.; Omura, T.; Nakagawa, S.; Kitada, N.; Imai, S.; Matsubara, K. Improvement of Peripheral Vascular Impairment by a Phosphodiesterase Type 5 Inhibitor Tadalafil Prevents Oxaliplatin-Induced Peripheral Neuropathy in Mice. J. Pharmacol. Sci. 2019, 141, 131–138. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Carozzi, V.A.; Reed, N.; Mi, R.; Marmiroli, P.; Cavaletti, G.; Hoke, A. Ethoxyquin Provides Neuroprotection against Cisplatin-Induced Neurotoxicity. Sci. Rep. 2016, 6, 28861. [Google Scholar] [CrossRef] [PubMed]

	



Tuncer, S.; Dalkilic, N.; Akif Dunbar, M.; Keles, B. Comparative Effects of Alpha Lipoic Acid and Melatonin on Cisplatin-Induced Neurotoxicity. Int. J. Neurosci. 2010, 120, 655–663. [Google Scholar] [CrossRef]

	



Abdelkader, N.F.; Saad, M.A.; Abdelsalam, R.M. Neuroprotective Effect of Nebivolol against Cisplatin-Associated Depressive-like Behavior in Rats. J. Neurochem. 2017, 141, 449–460. [Google Scholar] [CrossRef]

	



Kumburovic, I.; Selakovic, D.; Juric, T.; Jovicic, N.; Mihailovic, V.; Stankovic, J.K.; Sreckovic, N.; Kumburovic, D.; Jakovljevic, V.; Rosic, G. Antioxidant Effects of Satureja hortensis L. Attenuate the Anxiogenic Effect of Cisplatin in Rats. Oxid. Med. Cell. Longev. 2019, 2019, 8307196. [Google Scholar] [CrossRef]

	



Domínguez-Oliva, A.; Hernández-Ávalos, I.; Martínez-Burnes, J.; Olmos-Hernández, A.; Verduzco-Mendoza, A.; Mota-Rojas, D. The Importance of Animal Models in Biomedical Research: Current Insights and Applications. Animals 2023, 13, 1223. [Google Scholar] [CrossRef]

	



dos Santos, N.A.G.; Ferreira, R.S.; dos Santos, A.C. Overview of Cisplatin-Induced Neurotoxicity and Ototoxicity, and the Protective Agents. Food Chem. Toxicol. 2020, 136, 111079. [Google Scholar] [CrossRef]

	



Robinson, N.B.; Krieger, K.; Khan, F.; Huffman, W.; Chang, M.; Naik, A.; Yongle, R.; Hameed, I.; Krieger, K.; Girardi, L.N.; et al. The Current State of Animal Models in Research: A Review. Int. J. Surg. 2019, 72, 9–13. [Google Scholar] [CrossRef]

	



Mukherjee, P.; Roy, S.; Ghosh, D.; Nandi, S.K. Role of Animal Models in Biomedical Research: A Review. Lab. Anim. Res. 2022, 38, 18. [Google Scholar] [CrossRef]








[image: Ijms 24 14574 g001] 





Figure 1. Cisplatin action within the cell. Created with BioRender.com (accessed on 11 September 2023). Red dots, cisplatin; blue dots, hydrolyzed cisplatin. 
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Figure 2. The basic mechanism of cisplatin action within the cell, modified from [11,17]. Created with BioRender.com (accessed on 11 September 2023). 
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Figure 3. The most frequently used animal models in the in vivo study of cisplatin action. Created in Biorender.com (accessed on 11 September 2023). 
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Table 1. An insight into some recent representative research dealing with cisplatin therapy and its side effects.
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	Cisplatin-Induced Damage
	Used Animal Model
	Treatment
	Ref.





	Nephrotoxicity (acute kidney injury)
	Male Kunming mice (6–8 weeks old)
	Aspirin (5/10/20/40 mg/kg dissolved in saline) daily for 5 days + a single intraperitoneal (i.p.) injection of cisplatin (20 mg/kg) on day 2
	[73]



	Nephrotoxicity (acute kidney injury)
	Male C57BL/6 J mice
	7-hydroxycoumarin-β-D-glucuronide (7.5, 15, 30 mg/kg) daily for 3 days + cisplatin (10 mg/kg i.p.) on day 3
	[74]



	Nephrotoxicity (acute kidney injury)
	Male ICR mice (8 weeks old)
	Network pharmacology analysis + Arabinogalactan (per oral—p.o.—200 and 400 mg/kg, respectively once daily for ten days, 7 days before and 3 days after cisplatin injection) + cisplatin (20 mg/kg i.p.).
	[75]



	Nephrotoxicity (acute kidney injury)
	Male BALB/cN mice (12–14 weeks old)
	cisplatin (13 mg/kg, i.p.) + inomenine (5 mg/kg, p.o.) on the third and the fourth day after cisplatin
	[76]



	Nephrotoxicity (acute kidney injury)
	Male Kunming mice
	cisplatin (20 mg/kg) once on the first day + Fucoidan-proanthocyanidins nanoparticles (50 and 100 mg/kg, p.o.) once a day for 3 days
	[77]



	Nephrotoxicity (acute kidney injury)
	ICR mice (6 weeks)
	CS-DMY-NPs (300, 200, and 100 mg/kg/day) for 5 days + cisplatin (10 mg/kg, i.p.)
	[78]



	Hepatotoxicity
	Male Wistar rats (60–70 days)
	MCP on days 1–7 (100 mg/kg/day) + cisplatin on days 8, 9 and 10 (10 mg/kg/day, i.p.)
	[79]



	Hepatocellular carcinoma (in vivo tumorigenesis)
	Male BALB/c mice
	a dorsal subcutaneous injection of 2 × 106 H22 cells. At day 7, aucubin (5 and 10 mg/kg i.p.) or/and cisplatin (5 mg/kg i.p.) once daily for 1 week.
	[80]



	Neurotoxicity
	Male albino Wistar rats
	Lansoprazole (50 mg/kg, p.o.) + cisplatin (10 mg/kg dose, i.p.) on the 5th day
	[81]



	Neurotoxicity
	Male albino Wistar rats
	Hypericum nanoemulsion (100 mg/kg) for 21 days + cisplatin (10 mg/kg, i.p.) on day 14
	[82]



	Neurotoxicity
	Male Sprague–Dawley rats (14 weeks)
	Agomelatine (40 mg/kg/day, p.o.) and cisplatin (5 mg/kg/week, i.p.) for 4 weeks.
	[83]



	Ototoxicity
	Male C57BL/6 mice (8–12 weeks) and AAV2-mouse Pou4f3 wild type/mutant, sh-Pou4f3/sh-NC and sh-NLRP3/sh-NC
	Cisplatin (20 mg/kg/day, i.p.) for 5 consecutive days
	[84]



	Ototoxicity
	Male C57BL/6 mice (6 weeks)
	Cisplatin (3.0 mg/kg/day, i.p.) for 4 days, 10 days for recovery (total of three cycles)
	[85]



	Ototoxicity
	Wild-type adult C57BL/6 J mice (7–8 weeks)
	Cisplatin (30 mg/kg, i.p.) + PRMT5 inhibitors
	[86]



	Ototoxicity
	Transgenic zebrafish (Brn3C:EGFP) embryos
	Cisplatin (1000 μM, 5 days post-fertilization + esomeprazole (2, 20, or 200 μM) for 4 h
	[87]



	Apoptosis in the gastric antral mucosa
	Male Kunming mice
	Wei-Tong-Xin (0.5, 1, 2 g/kg, p.o.) for 3 days + cisplatin (10 mg/kg i.p.)
	[88]



	Colorectal cancer therapy
	BALB/c mice (6–8 weeks)
	A single bolus tail vein injection of various liposomal formulations and free cisplatin and cisplatin conjugates (3 mg/kg cisplatin equivalent) + 3.5 × 105 C26 cells
	[89]



	Ovarian toxicity
	Albino female Wistar rats
	Carvacrol (50 and 100 mg/kg, i.p.) + cisplatin (2.5 mg/kg), all once a day for 14 days
	[90]



	Testicular damage
	Male New Zealand rabbits (8–10 months)
	Cisplatin (0.7 mL/kg) injected as a single intra-testicular dose + ADMSCs three days later
	[91]



	Oxidative stress and apoptosis in mitochondrion-rich ionocytes
	Zebrafish (AB strain, 8–12 months) embryos
	50, and 100 μM cisplatin solutions (10 embryos in 1 mL of cisplatin solution per well)
	[92]



	Myelosuppression
	mfat-1 transgenic mice,

C57BL/6 J mice
	7.5 mg/kg cisplatin (once a week for a total of two weeks), a diet containing arachidonic acid
	[93]



	Fatigue
	Male C57BL/6 J mice
	cisplatin (2.83 or 2.3 mg/kg/day, i.p.) for five consecutive days
	[94]



	Cardiotoxicity
	Sprague–Dawley rats (8–10 weeks)
	Sinapic acid (20 mg/kg/day, intragastrically) for five