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Despite the dramatic advancements in pelvic radiotherapy, urinary toxicity remains a significant side-effect. The assessment of clinico-dosimetric predictors of radiation cystitis (RC) based on clinical data has improved substantially over the last decade; however, a thorough understanding of the physiopathogenetic mechanisms underlying the onset of RC, with its variegated acute and late urinary symptoms, is still largely lacking, and data from pre-clinical research is still limited. The aim of this review is to provide an overview of the main open issues and, ideally, to help investigators in orienting future research. First, anatomy and physiology of bladder, as well as the current knowledge of dose and dose-volume effects in humans, are briefly summarized. Subsequently, pre-clinical radiobiology aspects of RC are discussed. The findings suggest that pre-clinical research on RC in animal models is a lively field of research with growing interest in the development of new radioprotective agents. The availability of new high precision micro-irradiators and the rapid advances in small animal imaging might lead to big improvement into this field. In particular, studies focusing on the definition of dose and fractionation are warranted, especially considering the growing interest in hypo-fractionation and ablative therapies for prostate cancer treatment. Moreover, improvement in radiotherapy plans optimization by selectively reducing radiation dose to more radiosensitive substructures close to the bladder would be of paramount importance. Finally, thanks to new pre-clinical imaging platforms, reliable and reproducible methods to assess the severity of RC in animal models are expected to be developed.
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INTRODUCTION

Despite dramatic advance in pelvic radiotherapy, mainly due to the implementation of image-guided intensity-modulated (IMRT) techniques, acute and late urinary toxicity (radiation cystitis [RC] or actinic cystitis) remains a significant side-effect, especially in the case of high-dose schedules such as those used for prostate and gynecological cancer treatment (1, 2). The assessment of clinical, molecular and/or genetic predictors of urinary toxicity has improved substantially over the last decade, also by use of data from large cohorts of prospectively monitored patients treated with external beams or brachytherapy (3–7). Nevertheless, a thorough understanding of the pathophysiology at the base of acute and late radiation-induced urinary symptoms, such as urgency, nocturia, urethral stenosis, incontinence, hematuria, etc., is still largely lacking, as well as robust pre-clinical data based on animal models. The advent of micro-irradiators, capable of delivering radiotherapy even to small animals with micrometric resolution, and the simultaneous rapid advancement of imaging methods, might lead to big advancements into this field. Animal models of radiation-induced bladder toxicity might improve the current understanding of physio-pathogenetic mechanisms at the base of radiation induced cystitis and expedite the detection and testing of possible radioprotective agents aimed at reducing such damage.

The aim of the current paper is therefore to review this suboptimally explored field of research, with the aim of providing both basic researchers and radiation oncologists an overview of the main open issues and, ideally, to assist them in orienting future research. First, normal bladder anatomy and physiology, radiation dose and dose-volume effects are briefly summarized. Then, the potential of modern radiobiology “tools” and the realization of robust and reproducible animal models of radiation-induced cystitis, are described. The most promising approaches aimed at preventing/minimizing RC are then discussed, by systemically reviewing both historical and recent findings on animal experiments. Finally, suggestions for future research will be explored.


Anatomical Features

The urinary bladder collects urine from the ureters and, when sufficiently filled, empties through the urethra. Two different parts can be distinguished: the bladder body, located above the inter-ureteric crest, and the base, composed of the trigone, the bladder neck and the urethro-vesical junction (8).

The urinary bladder is a hollow smooth muscle organ made up of 4-folds. The most external one is the adventitia, a serous layer. Below, the detrusor muscle, a thick muscular layer made up of smooth muscle cells and extracellular matrix, rich in collagen and elastin, allows bladder emptying. Three layers of muscular cells, differently distributed between bladder body and neck, exists: outer longitudinal, circular medial and inner longitudinal (8, 9). The submucosa is the smooth connective tissue laying between the detrusor muscle and the inner mucosal layer. It is rich in elastin and collagen, mostly types 1 and 3, mixed with a proteoglycan matrix which attracts water, giving the tissue high elasticity (8). Finally, the most internal layer, the mucosa is structured in three parts from the outer to the inner: muscolaris mucosae, a thin muscular layer dividing the submucosa from the mucosa; lamina propria, a connective layer, rich in blood vessels and nerve endings, which structurally and functionally supports the urothelium; and urothelium, a pseudostratified epithelium where basal, intermediate and umbrella cells can be identified (8). Each umbrella cell covers many intermediate cells, and their shape resembles an umbrella; they are in direct contact with urine and flatten when the bladder fills (10). Most of their membrane apical surface (almost 80%) is covered with protein plaque whose precise composition is unclear, but a main component seems to be protein called Uroplakin (9). Together with the glycosaminoglycan (GAG) layer over the urothelium and the tight junctions between umbrella cells, the protein plaque creates the urine-plasma barrier and probably hampers bacterial adherence (9, 11). Another function of urothelial cells seems the detection of bladder volumes and strain, through a direct signaling on afferent nerves or indirect communication with interstitial cells (9).



Physiology and Mechanical Features

Storage of urine and voiding represent the two most important functions of the urinary bladder, involving extremely complex interactions between its structural components and the nervous system.

Urine storage occurs at low pressure, and the bladder behaves passively (8, 9). During filling, the smooth muscle cells have to relax, elongate and rearrange. Laplace's law, assuming spherical shape, incompressible wall and an isotropic homogeneous stretch, accurately describes the bladder mechanics during filling: wall tension, intravesical pressure and bladder size are directly related (8, 9). During bladder filling, intravesical pressure is relatively constant, avoiding urine outflow to the upper urinary tract, and bladder is slowly stretched while volume increases (8, 9, 11, 12). A small increase in bladder pressure during filling is caused by a small increase in bladder wall tension, due to the viscoelastic response of the extracellular matrix when collagen fibers, initially folded, begin to stretch (12, 13). The viscoelastic property of the bladder wall is directly reflected in bladder compliance (C), defined as the change in volume (V) relative to the corresponding change in intravesical pressure (P). High compliance indicates that bladder volume could increase during filling without a significant pressure surge (9).

During the active micturition phase, smooth cells contract rapidly and synchronously throughout the bladder (8, 9). Immediately prior to voiding, after parasympathetic nerve system activation, the sphincters relax, the detrusor contracts and internal pressure increases (9, 12, 14). Contraction of muscle cells occurs with the interaction of α-myosin and actin molecules, triggered by intracellular calcium concentration increase and calmodulin activation. Thanks activation of muscarinic M3 receptor by acetylcholine, intracellular calcium is released by the opening of membrane nifedipine-sensitive L-type Ca2+ channels, by the increase in inositol 1,4,5-trisphosphate (IP3) production with consequent release of calcium from the sarcoplasmic reticulum, and by the activation of ryanodine receptors (9).

In addition, cellular framework and membrane attachments are provided by other cytoskeletal proteins, such as non-muscle β- and γ-actins, filamin, calponin and intermediate filaments (8, 9, 11).

All of these mechanisms can be significantly altered and impaired by irradiation (See below 2.5.2 Radiation damage and bladder dysfunction).



Clinical Doses and Thresholds in Humans

Although both state-of-the-art imaging guidance and intensity modulated techniques have been developed to allow better radiation dose distribution and improve treatment safety, when radiation is delivered to pelvic organs, the involvement of healthy portions of the bladder is inevitable. Therefore, a significant fraction of irradiated patients experience bladder radiation-induced side effects. The onset of RC significantly affects patients' quality of life, as there are no recommended standard management treatments (15). Radiation dose, fraction, and field size, as well as age at radiation treatment, genetic variations, concurrent therapies and comorbidities such as diabetes and immunodeficiency are considered risk factors for developing RC (16).

In particular, several recent reviews (17–20) have outlined how radiation dose correlates to the risk of urinary toxicity. Evidence of a quite rapid increase of the risk of Grade 3 urinary toxicity according to the Common Toxicity Criteria for Adverse Events (CTCAE, e.g., urethral stenosis and/or bladder neck stricture requiring surgical intervention, gross hematuria requiring blood transfusion and/or hyperbaric oxygen therapy, urinary incontinence requiring treatments such as invasive treatment) (21) for 2-Gy equivalent doses (EQD2) to the whole bladder above 50–55 Gy have been demonstrated (22). Segments of the urinary tract can receive much higher doses of radiation during bladder, prostate and gynecologic cancer radiotherapy, and dose-volume effects for several urinary symptoms have been demonstrated (23). The bladder shows the behavior of a prevalently serial organ, being extremely sensitive to even small volumes receiving high doses, such that any procedure leading to a reduction of bladder volumes receiving EQD2 doses ≥75–78 Gy or ≥8–12 Gy/week may significantly decrease the risk of toxicity (18). Here, image-guided radiotherapy (IMRT) reduced bladder areas overlaying the planning target volume (PTV) and hence lowered urinary toxicity risk. A spatial effect was also highlighted in the trigone, the most radiosensitive bladder substructure, for which the mean dose delivered was proven to be strongly associated to a higher risk of severe acute and late urinary damage (19). More recently, growing evidence of bladder sensitivity to fractionation suggested an [image: image] value (a parameter of the sensitivity of both tumor and healthy tissues to fractionation) significantly lower than previously hypothesized, in the range of 1 Gy. The prevalent dose-effect in hypofractionated protocols is consistently associated with the risk of severe late toxicities such as gross hematuria, urethral stenosis and severe incontinence (21), a risk which rises considerably for prescribed EQD2 radiation doses to the PTV above 80–85 Gy (calculated for an [image: image] ratio of 1 Gy).



Image-Guided Small Animal Irradiation Systems

The use of image-guided small animal irradiation systems is rapidly increasing in preclinical and translational radiotherapy research (24, 25). Recent technological developments allow the possibility of mimicking in vivo the main steps of clinical image-guided radiotherapy, from CT images to treatments, and the evaluation of the effects of radiation on tumor and healthy tissues. The main difference with respect to the clinical setting is that the entire procedure, comprising CT imaging, dose planning and delivery, is performed within about 20 min, while the animal is under anesthesia. This strict time limitation is necessary to reduce the effect of hypothermia, as well as to increase the number of animals that can be treated in a single experimental session.

Considering the size of the animals and the small volumes to be treated, lower photon energy beams generated using a conventional x-ray tube working at a tension up to about 200–250 kVp (instead of MV energies needed for treating humans) are used. The same x-ray tube is normally employed to acquire CT images of the animal, with a tension range between 40 and 80 kVp.

Two small animal image guided irradiators are currently commercially available: SARRP (Xstrahl, Atlanta, GA, USA) and XRAD225Cx SmART (PXI North Branford, CT, USA). The two systems are similar in terms of x-ray energy and differ mainly in terms of the geometry of CT acquisition. There are also home-made solutions and prototypes developed by several research groups (26–29). An exhaustive description of these prototypes is beyond the scope of this review.

Given the size of mice and rats, the downscaling of the imaging, planning and dose delivery procedures on such small animals is not a trivial issue. As mentioned in a recent ESTRO ACROP guideline (30), challenges include how to perform accurate and precise small field dosimetry and how to verify dose distributions on such small fields.

With regard to the two available commercial systems, the dose is calculated using dedicated treatment planning systems (TPS) based on Superposition–Convolution (31) and Monte Carlo simulation (25). An example of a planned treatment to the entire rat bladder is shown in Figure 1. Here, the TPS allows the calculation of dose volume histogram (DVH), visualization of the beams, dose distributions etc., as in clinical TPS.


[image: Figure 1]
FIGURE 1. The image shows an example of a planned treatment to the entire rat bladder. The TPS allows the calculation of dose volume histogram (DVH), the visualization of the beams, the dose distributions, etc., similar to a clinical TPS.


In order to obtain a better delineation of the target volume it is also possible to merge the planning CT image with images acquired with different modalities, such as Magnetic Resonance (MR) (32), Positron emission tomography (PET) (33), single photon emission tomography (SPECT) (34) and bioluminescence imaging (35, 36). Importantly, the use of multimodal imaging can significantly increase planning time, while reducing system throughput.




LITERATURE REVIEW


Methods of Bibliographic Research

In October 2019, the peer-reviewed scientific literature was scrutinized by S.Z. and A.B. for pre-clinical research on in-vivo small animal (mouse and rat) models of radiation cystitis. The research platform Scopus (Elsevier tool) was used: the search strategy and the multiple keywords combinations used are detailed in Table 1. Eligibility was limited to documents in the medical area published in English. Specific exclusion criteria were used to avoid non-pertinent subjects, such as studies relative to bladder cancer, radioactive nuclides or non-ionizing radiation, in vitro experiments, pharmaceutical or clinical trials. Of the initial 78 abstracts reviewed, 30 were excluded on the base of the above mentioned criteria, resulting in 48 full papers (4 of which are reviews) published between 1985 and 2019. The articles, despite reporting very different end-points and methods, are grouped into three main topics (i.e., Radiation damage and bladder dysfunction; Pathology and preclinical models; Radioprotective agents) and are summarized in Tables 2–4, respectively. Table 5 includes five studies on abscopal/bystander effects retained for completeness, although they are not discussed in the current review.


Table 1. Search and exclusion strategy used in the bibliographic research on scopus for the current review.

[image: Table 1]


Table 2. Chronological summary of the pre-clinical cystometric studies about radio-induced toxicity on the normal bladder.
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Table 3. Chronological summary of the pre-clinical immunohistochemical studies about radio-induced toxicity on the normal bladder.
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Table 4. Chronological summary of the pre-clinical studies about radioprotective effects on the normal bladder.
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Table 5. Chronological summary of the pre-clinical studies about bystander and abscopal effects: the clonogenic the survival of brain cells after pencil beam and/or microbeam in-vivo irradiation (usually using a synchrotron) is compared with that of the corresponding not-targeted bladder cells.
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Contribution of Animal Models to the Understanding of the Physio-Pathogenesis of Radiation Cystitis

High energy ionizing radiation affects various bladder cell types, among which urothelial, neuronal, detrusor, and vascular smooth muscle cells; pre-clinical research in the last decades has tried to clarify these processes. At a molecular level, RT-induced injury can be triggered either via direct damage to DNA or other cellular macromolecules (i.e., protein, lipids etc.) causing early cell death and/or functional deficiency, or via an indirect activity, breaking down water atoms into free oxygen radicals and producing oxidative stress (82). The release of free oxygen radicals can cause cell membrane lipid peroxidation or react with DNA, leading in both cases to DNA damage, replication failure and cell death (3). Subsequently, a number of downstream abnormalities of the bladder wall might occur at multiple levels, which can be classified into three consequential phases: (a) an early or acute phase of inflammation, which occurs during or just after the completion of a conventional therapy protocol such as 2 Gy per 5 days/week to a total dose of 60–70 Gy in 6–7 weeks; (b) a symptom-free phase; (c) a late non-reversible, fibrotic phase that develops gradually and can be detected from 6 months to years after RT (48, 83). The former response is transient and often resolves in a few weeks or months. Its symptoms are caused by the activation of the pro-inflammatory cascade. In particular, one of the early stage events is the increase of the inflammatory, proliferative and pro-apoptotic nuclear factor-kappa B (NF-κB), which stimulates endothelial cyclooxygenase (COX2) expression and arachidonic acid conversion into prostaglandins in endothelial cells, determining vasodilatation and increased muscle tone (edema and hyperemia) (60). NF-κB activation might bring to the increase in membrane urothelial intercellular adhesion molecule 1 (ICAM-1) levels in the vascular endothelial cells, prompting and supporting leucocyte infiltration in the lesion (49, 50). These events result in a functional impairment of the organ, and patients therefore experience symptoms such as increased frequency, urgency and dysuria (47). After a symptom-free period, the duration of which is highly variable, a late chronic response might develop. In this phase, at molecular level, uroplakin 3 downregulation on the luminal surface of the bladder urothelium, together with loss of superficial urothelial cells (umbrella cells), produces the disruption of urine-plasma barrier and thus an increased permeability (59, 84, 85) leading to a chemical irritation of the bladder wall caused by urine components. Furthermore, transforming growth factor beta-1 (TGF-β1) expression increase, and the subsequent accumulation of extracellular matrix and collagen deposition eventually supports the development of fibrosis (86, 87).

Histologically, several phenomena can be detected, such as a combination of urothelial cell denudation and tumor-like epithelial hyperproliferation, vascular damage and hemorrhaging, submucosal telangiectasia, fibrin deposition, formation of ulcers, loss of smooth muscle cells, influx of fibroblasts, collagen accumulation and, eventually, fibrosis (17, 47). All these anomalies lead eventually to hematuria and a permanent reduction of the bladder compliance, which could ultimately result in an impaired ureteric emptying and, thus, renal dysfunction. Moreover, voiding failure can also derive from the progressive underactivity of detrusor muscle, which subsequently becomes acontractile.

Due to the complexity of this condition, current non-invasive treatment options have limited effectiveness and, in certain extreme scenarios, radical cystectomy is required (52).

The establishment of reliable preclinical models mimicking urothelial toxicity (UT) and aimed at understanding all the molecular processes involved in disease progression is fundamental for testing “tailored” therapies. To date, mice and rats have been commonly used for RC modeling, and a positive correlation has been seen between radiation dose (usually in the range of 5–40 Gy) and urothelial changes at early or late post-irradiation time points. However, different experimental methods, endpoints, irradiation doses, dose distribution and sources along with different animal species have been used. Therefore, the full comprehension of RT-induced UT and the availability of comprehensive models that faithfully recapitulate all the pathological paths still represent an unmet need.

Interestingly, dose and fractionation effects were mostly investigated in older studies (Table 2) using single fraction or minimally fractionated protocols. No studies on dose and fractionation using modern micro-irradiators have been published to date. Similarly, there are no specific studies dealing with the quantification of bladder volume effects and/or the existence of more sensitive sub-structures.

Each research group developed its own animal model using different strains of rats or mice, as listed in Tables 2–4. Despite this variability, the general practice was to use a single radiation dose of 20 Gy, roughly corresponding to a fractionated radiotherapy treatment delivering 60 Gy in 30 fractions over 6 weeks (4, 44). Several cystometric studies showed that 20 Gy is a dose sufficient to observe in at least 50% of animals (47, 49, 88), a biphasic response in the acute phase (88) at about 7 and 23 days after RT, respectively (47), and a late phase starting at 4–6 months (44, 49, 83). Interestingly, Dörr et al. highlighted a strong correlation between damage in the second (but not in the first) acute wave and late damage (47).

Some works also studied radiation doses over 20 Gy delivered in 1 fraction (41, 44, 47, 51, 89). This dose escalation was associated with a higher toxicity rate (41) and more severe symptoms in terms of bladder dysfunction (51), degenerative type of epithelial changes (41) and increase of mast cell density (44). Regarding the late response, the latent time was found to be inversely dependent on the dose (48, 89).

The effects of fractionated radiotherapy were investigated in several works (42, 48, 90). Dörr et al. demonstrated that when radiation is delivered in equal-sized dose fractions, the radiation dose producing the damage in 50% of animals (ED50) is higher than in single dose irradiation. Furthermore, ED50 was shown to be sensitive to the interval between fractions (90). Other studies highlighted that the sparing effect obtained by dose fractionation results in a lower risk of chronic response (42, 48).

Stewart et al. evaluated the recovery of bladder at late time points and the consequent re-irradiation tolerance in mice and highlighted a possible indirect correlation between long-term injury and radiation dose administered in the first treatment; furthermore the prolongation of the interval time between treatment did not prevent late radiation damage in the bladder (40).



In vivo Functional Evaluation

As in clinical setting, also small animals functional assessment of radiation cystitis can be undertaken. Cystometric evaluation, in both mice and rats (Table 2) represents the state of the art for quantifying in vivo functional bladder impairment.

Historically, one of the first attempts at assessing urinary frequency was reported in 1978 by Stewart et al. by placing an irradiated mice in a metabolic cage and counting the number and size of urine patches on a paper moving under it (91). Subsequently more precise technologies have been developed (38). Various cystometric models exist, but catheterizing the animals and placing them in metabolic cages is generally necessary. The bladder catheter is connected to a pressure transducer and a microinjection pump. Micturition volumes are recorded with a fluid collector under the metabolic cage. A room-temperature saline solution can be instilled into the bladder constantly at different rates depending on the aims of the investigator. Thus, bladder basal pressure, threshold pressure, flow pressure, maximum micturition pressure, micturition volume and micturition interval can be directly recorded. When male mice or rats (which display slight differences among species) are used, due to the anatomic structure of the urethra in the rodents, surgical implantation of the catheter is generally necessary if bladder catheterization is required; the catheter is positioned at the dome of the bladder and then tunneled subcutaneously to an interscapular region incision (or, less frequently, to the abdomen).

Many examples of the application of this technology in radiation cystitis setting may be found in the literature (Table 2). Lundbeck et al. reported one of the first attempts in female mice (doses delivered from 5 to 40 Gy), showing a reduction of reservoir function starting from 20 Gy in both acute (peak at 14 days) and late phase (300 days follow up) (89). Stewart et al. ascertained an increased urinary frequency and a reduced bladder capacity in a mouse model (female mice of strain C3H) after irradiation from 10 to 30 Gy in both early and late time settings (6 to 53 weeks after treatment, each animal was examined every 4/6 weeks) (41). Vale et al. after irradiating four equal groups of nine female Wistar rats at 10, 15, 20 and 25 Gy, performed a weekly cystometric evaluation until 2 months after irradiation and subsequently once every 3 weeks up to 6 months. A biphasic reduction of at least 30% in the bladder compliance index (calculated as volume injected to induce an increase in intravesical pressure of 5 cmH20) was obtained at 4/6 weeks and at 6 months after irradiation in all groups of animals receiving at least 15 Gy (44). Dörr et al. evaluated bladder reservoir function in female mice through cystometry in the dose fractionation setting: four equal-sized doses per fraction with increasing intervals of 0–8 h were applied to female mouse (strain CH3) bladders, and bladder capacity was measured 3 times 2 weeks before irradiation and at 3–4 day intervals during the initial 30 days after irradiation, obtaining a clear dose-response relationship (44, 48, 90).

In conclusion, all the authors seemed to agree that acute damage is confined to only a few days after irradiation, irrespective of the dose delivered, while late toxicity could emerge at different time lapses and with intensity depending on radiation dose and fractionation; in addition, cystometry has to be considered as a feasible, easy to interpret and reliable way to assess RC functional impairment.



Histopathological Model of RC

Several animal models, employing both mouse and rat, have been developed with the aim of investigating the pathological modifications that occur in the bladder after irradiation but a “standard” universally recognized RC model is still lacking. To standardize the evaluation of histologic patterns, which are meant to be surrogates of the functional status of the bladder, morphological scores have been used.

To date, hematoxylin and eosin (H&E), indisputably remains the most informative staining employed, allowing the recognition of macroscopic signs of both early acute and late histological changes. Rajaganapathy et al. described the alterations of the rats' bladder wall 6 weeks after radiation (early inflammatory phase) through an analysis of the organ sections stained with H&E. In their study it was possible to discriminate several pathological features at three different radiation doses (20, 30, and 40 Gy). No sign of inflammation could be detected at the lowest dose (20 Gy), while edematous changes, immune cell infiltration, ectasic blood vessels in the lamina propria and hyperplasic urothelium were evident following 30 Gy irradiation. In addition, the staining highlighted degenerative-type epithelial changes, urothelial cell swelling and small nests of urothelial cells in the lamina propria surrounding blood vessels after 40 Gy radiation (51). Zwaans et al. in their mouse model of chronic radiation-induced cystitis used a scoring method to show the presence of urothelial thinning, ischemic necrosis and inflammation on H&E-stained slide, while Masson trichrome staining, which allows for a better visualization of both collagen deposition and smooth muscle fibers, was employed to score fibrosis (52). Both an intensity-based score (52) or a percentage of bladder wall area score (92), have been used to assess fibrosis.

In order to support such histopathological evidences, immunohistochemical staining can be employed to better visualize features such as urothelium loss and loss of smooth muscle (e.g., with markers COX-1/2 and UP-III) (52, 65). Morphological scores have been implemented, for example, by Zwaans et al. using a simple “positive vs. negative” staining assessment (52), and by Jiang et al. using integrated optical density (92).

Many of the single histological features present in the animal models of RC, such as inflammatory infiltrate, submucosal fibrosis, surface ulceration and nests of urothelial cells within the lamina propria referred to as “pseudocarcinomatous urothelial hyperplasia,” have also been described in humans by several research groups (93, 94). Moreover, histopathological changes in the human irradiated bladder have also been divided into “early” (predominant <12 months after irradiation) and “late” (predominant >12 months after irradiation) changes, consistent with the proposed model of RC progression in the animal model (52, 93). However, there are some subtle differences: for example, fibrosis has seldom been reported in humans as an early change that persists into the chronic phase, while in small animal models it occurs in the late phase only (95). This implies that even given the extensive experimentation on animal models, there are some limitations in the application of this knowledge to humans to be considered when planning clinical trials and experimental treatments.



Radioprotective Agents

Great effort has been spent in finding new radioprotective agents (RA) to improve the range of clinical options for the management of radiotherapy-induced toxicity. An RA is natural compound or an artificially synthetized substance able to prevent radiation induced acute and late effects. In other words, RA should protect patients' healthy tissues during treatment and prevent the development of detrimental effects (96). According to the timing of their administration, it is possible to distinguish three classes of RAs. The first class includes agents intended for the prophylaxis of RT injuries, and is therefore administered before exposure to the radiation dose (97). This category comprises compounds with sulfhydryl groups, antioxidant properties or free radical scavengers (98). The second class of RA is represented by mitigators, administered during or shortly after RT, before symptoms appear, and are aimed at minimizing toxicity by preventing or reducing radiation damage on cells or tissues (99). These mitigators are, in fact, directed at hindering a series of cellular insults that stimulate proliferation and immune-inflammatory responses, including DNA repair, apoptosis and regulation of signal transduction cascades (100). The third heterogeneous group comprises symptomatic treatments given after RT.

Currently, the clinical management of RC includes both systemic and local treatments mostly focused on pain and symptomatic relief, which, however, neither prevent the development of RC nor reverse it in case of assumption after RT administration. The approved therapies may vary depending on the degree and the phase of radiation induced bladder damage. Anticholinergic agents and β3-adrenergic receptor agonists, for instance, are used to attenuate acute phase symptoms such as frequency and urgency. On the other hand, a wide range of drugs are systemically administered to cope with RT induced chronic response. Examples of this class of pharmaceuticals are represented by WF10, also known as Tetrachlorodecaoxygen (TCDO), a formulation given intravenously able to stimulate natural immunity in order to reduce inflammation; sodium pentosan polysulphate (SPP), a synthetic sulphated polysaccharide that decrease urothelial permeability by replacing defective glycosaminoglycans; tranexamic acid, used to inhibit fibrinolysis and prevent clot urinary retention in patients with hemorragic cystitis (95).

Nevertheless, although systemic treatments are non-invasive and avoid inpatient hospital admission, these therapies had low efficacy often accompanied by dose-dependent toxicity. For this reason, local treatments and bladder irrigation are considered the first line of intervention in all grades of the disease (101), aiming at protect the urothelium, arrest focal bleeding points and remove blood clots. Several agents are employed as intravesical therapies and directed at improving bladder compliance (102) including formalin, aluminum salts, hyaluronic acid, prostaglandins, botulinum toxin, polydeoxyribonucleotides and early placental extract (83, 95).

In recent years, hyperbaric oxygen and laser ablation have also emerged as non-invasive management options able to produce symptom relief and stop the progression of the pathologic process. They are, however, cumbersome for patients, requiring lengthy treatments and, in case of ablation a performance status that typically patients with radiation-induced cystitis do not have (83, 95, 103).

To date, many compounds have promised improvements in preclinical radioprotection research, most belonging to the third treatment category of RAs. For instance, Bortezomib, a potent proteasome inhibitor currently used in clinics for multiple myeloma treatment, is implicated also in the blockade of NF-κB (104–108) and therefore it was recently investigated in a radiation induced urinary bladder dysfunction mouse model (76). The study employs a daily subcutaneous dose of 0.02 mg/ml of Bortezomib given between days 0–15 or 15–30, at the two acute radiation-induced bladder inflammatory waves, after a single graded radiation dose. The aim was to identify the window of time in which the drug was more effective. At cystometry evaluation the most favorable outcome was obtained in case of drug administration at the first acute inflammatory wave (days 0–15), with no significant variation when given in the second, meaning that distinct mechanisms are involved in the acute phases. In 2018, Ikeda et al. investigated the effect of the hormone relaxin in reversing radiation induced bladder fibrosis in adult female C57Bl/6 mice (109). Relaxin is a 6 kDa hormone involved in the relaxation of uterine smooth muscle and in the softening of the pubic symphysis during pregnancy. Although a relaxing effect of the hormone on the bladder has not been demonstrated yet, its receptors were found to be expressed on detrusor cells as well as in the lamina propria and, to a lesser extent, the urothelium. In this study, relaxin 2 was administered to 7-week post-irradiated animals (10 Gy radiation dose) at a concentration of 400 μg/kg/day for 2 weeks. As a result, the treatment increased bladder compliance and bladder wall force generation. The hypothesized mechanism of action involved the activation of specific pathways associated to the activation of relaxin receptors; the stimulation of neoangiogenesis through the phosphorylation of AKT, the expression of platelet derived growth factor (PDGF) and vascular endothelial growth factor (VEGF), the enhancement of contractile function mediated by increased Cav1.2 (i.e., L-type Ca2+ channel) and the arrest of profibrotic TGF-β signaling (110) induced by ERK1/2 phosphorylation and upregulation of neuronal Nitric Oxide Syntase (nNOS) and cyclic guanosine monophosphate (cGMP) levels. Tacrolimus, a calcineurin inhibitor that prevents the growth and differentiation of T cells by indirectly blocking IL-2 expression was tested in a RC rat model in which animals received a high radiation dose (40 Gy). In this study, due to its hydrophobic nature, in order to improve drug solubility and delivery and reduce systemic toxicity, Tacrolimus was encapsulated into liposome (51). A significant improvement on the inter-micturition interval was achieved (111). L-arginine, due to its anti-oxidant and anti-inflammatory properties (6, 112, 113), as well as due to its proposed protective effect on endothelium by the stimulation of endothelium-derived relaxing factors (114), was tested in several preclinical studies on pelvic radiation-induced bladder toxicity. In these studies, the amino acid administration triggered nitric oxide formation in animals with impaired endothelial function at basal levels (115), reduced radiation-induced diarrhea in around 40% of rats (116), and prevented bladder modification, restoring the morphology of blood vessels by recovering VEGF and FGF expression in the bladder wall (73).




CONCLUSION AND FUTURE PERSPECTIVES

A brief summary of the revised literature is reported in Table 6, along with summarized conclusions. The current review has underlined renewed interest in pre-clinical research on radiation induced urinary toxicity and the bladder response to radiotherapy. In particular, a considerable interest in the development and testing of RA has been increased in recent years, especially for high risk conditions such the use of high doses, as for prostate cancer, and the existence of baseline risk factors, i.e., genetic predisposition or clinical factors (e.g., impaired baseline urinary function, adjuvant or salvage irradiation after prostatectomy). Importantly, a greater effort should be spent in the translation of pre-clinical results into clinical trials. Nonetheless, further pre-clinical studies are needed to clarify the applicability and therapeutic advantages of radioprotective agents in the treatment of radiation cystitis. Future goals will be the identification of novel molecules and strategies to pursue in order to guarantee a broader efficacy at a cellular, tissue, organ and whole organism level.


Table 6. Brief summary of the revised literature with some conclusions; unmet needs; future perspectives.

[image: Table 6]

Despite the availability of micro-irradiators, animal studies on bladder radiation focusing on dose, fractionation and volume effects, are largely lacking. Such investigations deserves greater attention for several reasons, e.g., given the growing interest in hypo-fractionation and ablative therapies, investigations mimicking these situations might help in better understanding the mechanisms of bladder radiation response in these extreme condition; or given some evidences (20) of high sensitivity to moderate hypofractionation (2.3–3.0 Gy/fr), experiments on animal models on this subject might shed light on the issue.

Another significant issue concerns evidence of “spatial” effects suggesting that specific sub-structures (i.e., the trigone) may be more sensitive to radiation (18–20): experiments set to identify the mechanisms underlying these effects would be of paramount importance in guiding plan optimization to selectively reduce the dose to these sub-structures.

A related development that could be useful for further advances in the field is the increasing use of combined therapies, including chemotherapeutic agents and immunotherapy. Testing dose and volume effects in these scenarios is an issue of paramount importance to understand the interaction between drugs and radiation induced reactions, damage repair and immune system.

Another largely unexplored field of investigation is pre-clinical imaging: high quality small animal images before and after radiation delivery may potentially become a powerful, non-invasive, quantitative surrogate for the measurement of radiobiological effects. For the bladder echography as well as targeted optical imaging seem especially promising.

Finally, an attempt should be made to set up reliable and reproducible methods to quantify the severity of RC in animal models. This implies the fulfillment of an easy-to-realize, ideally quick and economical, but at the same time sufficiently robust, quantitative analysis of RC severity both in vivo, e.g., by means of ultrasounds and/or MRI, and after the animal's sacrifice, e.g., through the development of a histological quantitative scoring of the radiation-induced lymphocyte infiltrate, collagen matrix deposition and neoangiogenesis.



AUTHOR CONTRIBUTIONS

SZ and ABre performed the literature review and wrote a large part of the manuscript and tables. AES contributed to the preclinical radiotherapy part and coordinated the work. GF, ABri, AS, and FM contributed to the anatomical description of the urinary tract. FS and RL contributed to the section on histopathology. ND, CF, and CC focused on the radiotherapy discussion. CF and CC also supervised the entire work. FB and RV contributed to the section focused on radioprotective agents. All authors contributed to the article and approved the submitted version.



FUNDING

The research leading to these results has received funding from AIRC under IG 2018 - ID. 21441 project – CC.



ACKNOWLEDGMENTS

The authors thank Dr. Frank Bagg for the linguistic revision of the manuscript.



REFERENCES

 1. Spampinato S, Fokdal L, Marinovskij E, Axelsen S, Pedersen EM, Pötter R, et al. Assessment of dose to functional sub-structures in the lower urinary tract in locally advanced cervical cancer radiotherapy. Phys Med. (2019) 59:127–32. doi: 10.1016/j.ejmp.2019.01.017

 2. Budäus L, Bolla M, Bossi A, Cozzarini C, Crook J, Widmark A, et al. Functional outcomes and complications following radiation therapy for prostate cancer: a critical analysis of the literature. Eur Urol. (2012) 61:112–27. doi: 10.1016/j.eururo.2011.09.027

 3. Baskar R, Dai J, Wenlong N, Yeo R, Yeoh KW. Biological response of cancer cells to radiation treatment. Front Mol Biosci. (2014) 1:24. doi: 10.3389/fmolb.2014.00024

 4. Ambrus JL, Halpern J, Bardos T, Chmielwicz ZF, Klein E. Radiation sensitizing and radiation protective agents in experimental radiation therapy. J Med. (1988) 19:369–81.

 5. Grape HH, Dedering A, Jonasson AF. Retest reliability of surface electromyography on the pelvic floor muscles. Neurourol Urodyn. (2013) 32:215–23. doi: 10.1002/nau.20648

 6. Coman D, Yaplito-Lee J, Boneh A. New indications and controversies in arginine therapy. Clin Nutr. (2008) 27:489–96. doi: 10.1016/j.clnu.2008.05.007

 7. de Langhe S, de Meerleer G, de Ruyck K, Ost P, Fonteyne V, de Neve W, et al. Integrated models for the prediction of late genitourinary complaints after high-dose intensity modulated radiotherapy for prostate cancer: making informed decisions. Radiother Oncol. (2014) 112:95–9. doi: 10.1016/j.radonc.2014.04.005

 8. Andersson KE, Arner A. Urinary bladder contraction and relaxation: physiology and pathophysiology. Physiol Rev. (2004) 84:935–86. doi: 10.1152/physrev.00038.2003

 9. Wein A, Kavoussi L, Alan P, Peters C. Campbell-Walsh Urology, 11th edn. Philadelphia, PA: Elsevier (2013).

 10. Farsund T, Dahl E. Cell Kinetics of mouse urinary bladder epithelium - III. A histologic and ultrastructural study of bladder epithelium during regeneration after a single dose of cyclophosphamide, with special reference to the mechanism by which polyploid cells are formed. Virchows Arch B Cell Pathol. (1978)26:215–23.

 11. Roccabianca S, Bush TR. Understanding the mechanics of the bladder through experiments and theoretical models: where we started and where we are heading. Technology. (2016) 04:30–41. doi: 10.1142/S2339547816400082

 12. Korkmaz I, Rogg B. A simple fluid-mechanical model for the prediction of the stress-strain relation of the male urinary bladder. J Biomech. (2007) 40:663–8. doi: 10.1016/j.jbiomech.2006.02.014

 13. Parekh A, Cigan AD, Wognum S, Heise RL, Chancellor MB, Sacks MS. Ex vivo deformations of the urinary bladder wall during whole bladder filling: contributions of extracellular matrix and smooth muscle. J Biomech. (2010) J43:1708–16. doi: 10.1016/j.jbiomech.2010.02.034

 14. Ding HL, Ryder JW, Stull JT, Kamm KE. Signaling processes for initiating smooth muscle contraction upon neural stimulation. J Biol Chem. (2009) 284:15541–8. doi: 10.1074/jbc.M900888200

 15. Veerasarn V, Boonnuch W, Kakanaporn C. A phase II study to evaluate WF10 in patients with late hemorrhagic radiation cystitis and proctitis. Gynecol Oncol. (2006) 100:179–84. doi: 10.1016/j.ygyno.2005.08.014

 16. Shadad AK, Sullivan FJ, Martin JD, Egan LJ. Gastrointestinal radiation injury: symptoms, risk factors and mechanisms. World J Gastroenterol. (2013) 19:185–98. doi: 10.3748/wjg.v19.i2.185

 17. Clement CH, Stewart FA, Akleyev AV, Hauer-Jensen M, Hendry JH, Kleiman NJ, et al. ICRP publication 118: ICRP statement on tissue reactions and early and late effects of radiation in normal tissues and organs - threshold doses for tissue reactions in a radiation protection context. Ann ICRP. (2012) 41:1–322. doi: 10.1016/j.icrp.2012.02.001

 18. Landoni V, Fiorino C, Cozzarini C, Sanguineti G, Valdagni R, Rancati T. Predicting toxicity in radiotherapy for prostate cancer. Phys Med. (2016) 32:521–32. doi: 10.1016/j.ejmp.2016.03.003

 19. Rancati T, Palorini F, Cozzarini C, Fiorino C, Valdagni R. Understanding urinary toxicity after radiotherapy for prostate cancer: first steps forward. Tumori. (2017) 103:395–404. doi: 10.5301/tj.5000681

 20. Rancati T, Fiorino C. Modelling Radiotherapy Side Effects: Practical Application for Planning Optimisation. Boca Raton, FL: CRC Press (2019). p. 113–36. doi: 10.1201/b21956-5

 21. Cozzarini C, Fiorino C, Deantoni C, Briganti A, Fodor A, La Macchia M, et al. Higher-than-expected severe (Grade 3-4) late urinary toxicity after postprostatectomy hypofractionated radiotherapy: a single-institution analysis of 1176 patients. Eur Urol. (2014) 66:1024–30. doi: 10.1016/j.eururo.2014.06.012

 22. Viswanathan AN, Yorke ED, Marks LB, Eifel PJ, Shipley WU. Radiation dose-volume effects of the urinary bladder. Int J Radiat Oncol Biol Phys. (2010) 76(Suppl. 3):S116–22. doi: 10.1016/j.ijrobp.2009.02.090

 23. Cozzarini C, Rancati T, Carillo V, Civardi F, Garibaldi E, Franco P, et al. Multi-variable models predicting specific patient-reported acute urinary symptoms after radiotherapy for prostate cancer: results of a cohort study. Radiother Oncol. (2015) 116:185–91. doi: 10.1016/j.radonc.2015.07.048

 24. Verhaegen F, Granton P, Tryggestad E. Small animal radiotherapy research platforms. Phys Med Biol. (2011) 56:R55–83. doi: 10.1088/0031-9155/56/12/R01

 25. van Hoof SJ, Granton PV, Verhaegen F. Development and validation of a treatment planning system for small animal radiotherapy: SmART-Plan. Radiother Oncol. (2013) 109:361–6. doi: 10.1016/j.radonc.2013.10.003

 26. Graves EE, Zhou H, Chatterjee R, Keall PJ, Gambhir SS, Contag CH, et al. Design and evaluation of a variable aperture collimator for conformal radiotherapy of small animals using a microCT scanner. Med Phys. (2007) 34:4359–67. doi: 10.1118/1.2789498

 27. Pidikiti R, Stojadinovic S, Speiser M, Song KH, Hager F, Saha D, et al. Dosimetric characterization of an image-guided stereotactic small animal irradiator. Phys Med Biol. (2011) 56:2585–99. doi: 10.1088/0031-9155/56/8/016

 28. Tillner F, Thute P, Löck S, Dietrich A, Fursov A, Haase R, et al. Precise image-guided irradiation of small animals: a flexible non-profit platform. Phys Med Biol. (2016) 61:3084–108. doi: 10.1088/0031-9155/61/8/3084

 29. Sharma S, Narayanasamy G, Przybyla B, Webber J, Boerma M, Clarkson R, et al. Advanced small animal conformal radiation therapy device. Technol Cancer Res Treat. (2017) 16:45–56. doi: 10.1177/1533034615626011

 30. Verhaegen F, Dubois L, Gianolini S, Hill MA, Karger CP, Lauber K, et al. ESTRO ACROP: Technology for precision small animal radiotherapy research: optimal use and challenges. Radiother Oncol. (2018) 126:471–8. doi: 10.1016/j.radonc.2017.11.016

 31. Pinter C, Lasso A, Wang A, Jaffray D, Fichtinger G. SlicerRT: radiation therapy research toolkit for 3D Slicer. Med Phys. (2012) 39:6332–8. doi: 10.1118/1.4754659

 32. Bolcaen J, Descamps B, Deblaere K, Boterberg T, Hallaert G, Van den Broecke C, et al. MRI-guided 3D conformal arc micro-irradiation of a F98 glioblastoma rat model using the small animal radiation research platform (SARRP). J Neurooncol. (2014) 120:257–66. doi: 10.1007/s11060-014-1552-9

 33. Kuntner C, Stout D. Quantitative preclinical PET imaging: opportunities and challenges. Front Phys. (2014) 2:12. doi: 10.3389/fphy.2014.00012

 34. Franc BL, Acton PD, Mari C, Hasegaway BH. Small-animal SPECT and SPECT/CT: important tools for preclinical investigation. J Nucl Med. (2008) 49:1651–63. doi: 10.2967/jnumed.108.055442

 35. Kuo C, Coquoz O, Troy TL, Xu H, Rice BW. Three-dimensional reconstruction of in vivo bioluminescent sources based on multispectral imaging. J Biomed Opt. (2007) 12:024007. doi: 10.1117/1.2717898

 36. Ghita M, Brown KH, Kelada OJ, Graves EE, Butterworth KT. Integrating small animal irradiators with functional imaging for advanced preclinical radiotherapy research. Cancers. (2019) 11:170. doi: 10.3390/cancers11020170

 37. Knowles JF. Radiation-induced hydronephrosis in the rat: a new experimental model. Int J Radiat Biol. (1985) 48:737–44.

 38. Lundbeck F, Djurhuus JV, aeth M. Bladder filling mice: an experimental in vivo model to evaluate the reservoir function of the urinary bladder in a long term study. J Urol. (1989) 141:1245–9. doi: 10.1016/S0022-5347(17)41231-6

 39. Lundbeck F, Ulsø N, Overgaard J. Cystometric evaluation of early and late irradiation damage to the mouse urinary bladder. Radiother Oncol. (1989) 15:383–92. doi: 10.1016/0167-8140(89)90085-6

 40. Stewart FA, Oussoren Y, Luts A. Long-term recovery and reirradiation tolerance of mouse bladder. Int J Radiat Oncol Biol Phys. (1990) 18:1399–406.

 41. Stewart FA, Lundbeck F, Oussoren Y, Luts A. Acute and late radiation damage in mouse bladder: a comparison of urination frequency and cystometry. Int J Radiat Oncol Biol Phys. (1991) 21:1211–9.

 42. Bentzen SM, Lundbeck F, Christensen LL, Overgaard J. Fractionation sensitivity and latency of late radiation injury to the mouse urinary bladder. Radiother Oncol. (1992) 25:301–7.

 43. Dorr W, Schultz-Hector S. Early changes in mouse urinary bladder function following fractionated X irradiation. Radiat Res. (1992) 131:35–42.

 44. Vale JA, Bowsher WG, Liu K, Tomlinson A, Whitfield HN, Trott KR. Post-irradiation bladder dysfunction: development of a rat model. Urol Res. (1993) 21:383–8.

 45. Dörr W, Dorr W. Impact of time between x-ray fractions on acute changes in the function of the urinary bladder in the mouse. Radiat Res. (1995) 141:219. doi: 10.2307/3579051

 46. Dörr W, Kraft M. Effects of ageing and x-lrradiation on the diurnal rhythm of mouse urinary bladder capacity. Urol Int. (1997) 58:153–9.

 47. Dörr W, Beck-Bornholdt H-P. Radiation-induced impairment of urinary bladder function in mice: fine structure of the acute response and consequences on late effects. Radiat Res. (1999) 151:461–7.

 48. Dörr W, Bentzen SM. Late functional response of mouse urinary bladder to fractionated X-irradiation. Int J Radiat Biol. (1999) 75:1307–15.

 49. Jaal J, Dörr W. Early and long-term effects of radiation on intercellular adhesion molecule 1 (ICAM-1) expression in mouse urinary bladder endothelium. Int J Radiat Biol. (2005) 81:387–95. doi: 10.1080/09553000500147600

 50. Jaal J, Brüchner K, Hoinkis C, Dörr W. Radiation-induced variations in urothelial expression of intercellular adhesion molecule 1 (IGAM-1): association with changes in urinary bladder function. Int J Radiat Biol. (2004) 80:65–72. doi: 10.1080/09553000310001632921

 51. Rajaganapathy BR, Janicki JJ, Levanovich P, Tyagi P, Hafron J, Chancellor MB, et al. Intravesical liposomal tacrolimus protects against radiation cystitis induced by 3-beam targeted bladder radiation. J Urol. (2015) 194:578–84. doi: 10.1016/j.juro.2015.03.108

 52. Zwaans BMM, Krueger S, Bartolone SN, Chancellor MB, Marples B, Lamb LE. Modeling of chronic radiation-induced cystitis in mice. Adv Radiat Oncol. (2016) 1:333–43. doi: 10.1016/j.adro.2016.07.004

 53. Giglio D, Wasén C, Mölne J, Suchy D, Swanpalmer J, Jabonero Valbuena J, et al. Downregulation of toll-like receptor 4 and IL-6 following irradiation of the rat urinary bladder. Clin Exp Pharmacol Physiol. (2016) 43:698–705. doi: 10.1111/1440-1681.12583

 54. Crowe R, Vale J, Trott KR, Soediono P, Robson T, Burnstock G. Radiation-induced changes in neuropeptides in the rat urinary bladder. J Urol. (1996) 156:2062–6.

 55. Kraft M, Oussoren Y, Stewart FA, Dörr W, Schultz-Hector S. Radiation-induced changes in transforming growth factor β and collagen expression in the murine bladder wall and its correlation with bladder function. Radiat Res. (1996) 146:619–27.

 56. Kruse JJCM, Te Poele JAM, Russell NS, Boersma LJ, Stewart FA. Microarray analysis to identify molecular mechanisms of radiation-induced microvascular damage in normal tissues. Int J Radiat Oncol Biol Phys. (2004) 58:420–6. doi: 10.1016/j.ijrobp.2003.09.031

 57. Kanai AJ, Epperly M, Pearce L, Birder L, Zeidel M, Meyers S, et al. Differing roles of mitochondrial nitric oxide synthase in cardiomyocytes and urothelial cells. Am J Physiol - Hear Circ Physiol. (2004) 286:13–21. doi: 10.1152/ajpheart.00737.2003

 58. Jaal J, Dörr W. Radiation induced inflammatory changes in the mouse bladder: the role of cyclooxygenase-2. J Urol. (2006) 175:1529–33. doi: 10.1016/S0022-5347(05)00658-0

 59. Jaal J, Dörr W. Radiation-induced damage to mouse urothelial barrier. Radiother Oncol. (2006) 80:250–6. doi: 10.1016/j.radonc.2006.07.015

 60. Jaal J, Dörr W. Radiation induced late damage to the barrier function of small blood vessels in mouse bladder. J Urol. (2006) 176:2696–700. doi: 10.1016/j.juro.2006.07.138

 61. Soler R, Vianello A, Füllhase C, Wang Z, Atala A, Soker S, et al. Vascular therapy for radiation cystitis. Neurourol Urodyn. (2011) 30:428–34. doi: 10.1002/nau.21002

 62. Xu Y, Fang F, Miriyala S, Crooks PA, Oberley TD, Chaiswing L, et al. KEAP1 is a redox sensitive target that arbitrates the opposing radiosensitive effects of parthenolide in normal and cancer cells. Cancer Res. (2013) 73:4406–17. doi: 10.1158/0008-5472.CAN-12-4297

 63. Ozbilgin MK, Aktas C, Temel M, Önal T, Uluer ET, Vatansever HS, et al. POMC expression of the urothelium of the urinary bladder of mice submitted to pelvic radiation. Eur J Inflamm. (2016) 14:34–9. doi: 10.1177/1721727X15624698

 64. Ozbilgin MK, Aktas C, Uluer ET, Buyukuysal MC, Gareveran MS, Kurtman C. Influence of radiation exposure during radiotherapy: evidence for the increase of versican and heparin-binding EGF-like growth factor concentrations. Anal Quant Cytol Histol. (2016) 38:126–32.

 65. Ozbilgin MK, Onal T, Ozcan C, Temel M, Aktas C, Gareveran MS, et al. Effects of cyclooxygenase on the urothelium of the urinary bladder of mice exposed to pelvic radiation. Anal Quant Cytol Histol. (2016) 38:103–10.

 66. Edrees G, Luts A, Stewart F. Bladder damage in mice after combined treatment with cyclophosphamide and X-rays. The influence of timing and sequence. Radiother Oncol. (1988) 11:349–60.

 67. Malkinson FD, Geng L, Hanson WR. Prostaglandins protect against murine hair injury produced by ionizing radiation or doxorubicin. J Invest Dermatol. (1993) 101(Suppl. 1):S135–7.

 68. Horsman MR, Siemann DW, Chaplin DJ, Overgaard J. Nicotinamide as a radiosensitizer in tumours and normal tissues: the importance of drug dose and timing. Radiother Oncol. (1997) 45:167–74.

 69. Kanai AJ, Zeidel ML, Lavelle JP, Greenberger JS, Birder LA, de Groat WC, et al. Manganese superoxide dismutase gene therapy protects against irradiation-induced cystitis. Am J Physiol Ren Physiol. (2002) 283:F1304–12. doi: 10.1152/ajprenal.00228.2002

 70. Jaal J, Dörr W. Effect of recombinant human keratinocyte growth factor (rHuKGF, Palifermin) on radiation-induced mouse urinary bladder dysfunction. Int J Radiat Oncol Biol Phys. (2007) 69:528–33. doi: 10.1016/j.ijrobp.2007.05.074

 71. Dinçbaş FÖ, Öksüz DÇ, Atalar B, Altug T, Ilvan S, Gedik N, et al. The role of amifostine on late normal tissue damage induced by pelvic radiotherapy with concomitant gemcitabine: an in vivo study. Med Oncol. (2009) 26:402–8. doi: 10.1007/s12032-008-9136-1

 72. Rocha BR, Gombar FM, Barcellos LM, Costa WS, Barcellos Sampaio FJ, Ramos CF. Glutamine supplementation prevents collagen expression damage in healthy urinary bladder caused by radiotherapy. Nutrition. (2011) 27:809–15. doi: 10.1016/j.nut.2010.07.020

 73. Costa WS, Ribeiro MN, Cardoso LEM, Dornas MC, Ramos CF, Gallo CBM, et al. Nutritional supplementation with l-arginine prevents pelvic radiation-induced changes in morphology, density, and regulating factors of blood vessels in the wall of rat bladder. World J Urol. (2013) 31:653–8. doi: 10.1007/s00345-012-0938-6

 74. Horsman MR. Enhancing the radiation response of tumors but not early or late responding normal tissues using a vascular disrupting agent. Acta Oncol. (2017) 56:1634–8. doi: 10.1080/0284186X.2017.1348629

 75. Oscarsson N, Ny L, Mölne J, Lind F, Ricksten S-E, Seeman-Lodding H, et al. Hyperbaric oxygen treatment reverses radiation induced pro-fibrotic and oxidative stress responses in a rat model. Free Radic Biol Med. (2017) 103:248–55. doi: 10.1016/j.freeradbiomed.2016.12.036

 76. Sarsarshahi S, Madjd Z, Bozsaky E, Kowaliuk J, Kuess P, Ghahremani MH, et al. An evaluation of the effect of bortezomib on radiation-induced urinary bladder dysfunction [Untersuchung der wirkung von bortezomib auf die strahleninduzierte harnblasenfunktionsstörung]. Strahlentherapie Onkol. (2019) 195:934–9. doi: 10.1007/s00066-019-01497-8

 77. Singh H, Saroya R, Smith R, Mantha R, Guindon L, Mitchel REJ, et al. Radiation induced bystander effects in mice given low doses of radiation in vivo. Dose Res. (2011) 9:225–42. doi: 10.2203/dose-response.09-062.Singh

 78. Fernandez-Palomo C, Schültke E, Smith R, Bräuer-Krisch E, Laissue J, Schroll C, et al. Bystander effects in tumor-free and tumor-bearing rat brains following irradiation by synchrotron X-rays. Int J Radiat Biol. (2013) 89:445–53. doi: 10.3109/09553002.2013.766770

 79. Mothersill C, Fernandez-Palomo C, Fazzari J, Smith R, Schültke E, Bräuer-Krisch E, et al. Transmission of signals from rats receiving high doses of microbeam radiation to cage mates: an inter-mammal bystander effect. Dose Res. (2014) 12:72–92. doi: 10.2203/dose-response.13-011.Mothersill

 80. Fernandez-Palomo C, Bräuer-Krisch E, Laissue J, Vukmirovic D, Blattmann H, Seymour C, et al. Use of synchrotron medical microbeam irradiation to investigate radiation-induced bystander and abscopal effects in vivo. Phys Med. (2015) 31:584–95. doi: 10.1016/j.ejmp.2015.03.004

 81. Fernandez-Palomo C, Schültke E, Bräuer-Krisch E, Laissue JA, Blattmann H, Seymour C, et al. Investigation of abscopal and bystander effects in immunocompromised mice after exposure to pencilbeam and microbeam synchrotron radiation. Health Phys. (2016) 111:149–59. doi: 10.1097/HP.0000000000000525

 82. Di Maggio FM, Minafra L, Forte GI, Cammarata FP, Lio D, Messa C, et al. Portrait of inflammatory response to ionizing radiation treatment. J Inflamm. (2015) 12:14. doi: 10.1186/s12950-015-0058-3

 83. Zwaans BMM, Chancellor MB, Lamb LE. Modeling and treatment of radiation cystitis. Urology. (2016) 88:14–21. doi: 10.1016/j.urology.2015.11.00

 84. Dörr W, Eckhardt M, Ehme A, Koi S. Pathogenesis of acute radiation effects in the urinary bladder. Experimental results. Strahlentherapie Onkol. (1998) 174(Suppl. 3):93–5.

 85. Hicks RM. The mammalian urinary bladder: an accommodating organ. Biol Rev. (1975) 50:215–46. doi: 10.1111/j.1469-185X.1975.tb01057.x

 86. Bentzen SM. Preventing or reducing late side effects of radiation therapy: radiobiology meets molecular pathology. Nat Rev Cancer. (2006) 6:702–13. doi: 10.1038/nrc1950

 87. Mauviel A. Transforming growth factor-beta: a key mediator of fibrosis. Methods Mol Med. (2005) 117:69–80. doi: 10.1385/1-59259-940-0:069

 88. Lundbeck F, Djurhuus JC, Vaeth M. Bladder filling in mice: an experimental in vivo model to evaluate the reservoir function of the urinary bladder in a long term study. J Urol. (1989) 141:1245–9.

 89. Lundbeck F, Ulsø N, Overgaard J. Cystometric evaluation of early and late irradiation damage to the mouse urinary bladder. Radiother Oncol. (1989) 15:383–92.

 90. Dorr W. Impact of time between X-ray fractions on acute changes in the function of the urinary bladder in the mouse. Radiat Res. (1995) 141:219–22.

 91. Stewart FA, Michael BD, Denekamp J. Late radiation damage in the mouse bladder as measured by increased urination frequency. Radiat Res. (1978) 75:649–59.

 92. Jiang X, Chen Y, Zhu H, Wang B, Qu P, Chen R, et al. Sodium tanshinone IIA sulfonate ameliorates bladder fibrosis in a rat model of partial bladder outlet obstruction by inhibiting the TGF-β/Smad pathway activation. PLoS ONE. (2015) 10:e0129655. doi: 10.1371/journal.pone.0129655

 93. Suresh UR, Smith VJ, Lupton EW, Haboubi NY. Radiation disease of the urinary tract: histological features of 18 cases. J Clin Pathol. (1993) 46:228–31. doi: 10.1136/jcp.46.3.228

 94. Kryvenko ON, Epstein JI. Pseudocarcinomatous urothelial hyperplasia of the bladder: clinical findings and followup of 70 patients. J Urol. (2013) 189:2083–6. doi: 10.1016/j.juro.2012.12.005

 95. Pascoe C, Duncan C, Lamb BW, Davis NF, Lynch TH, Murphy DG, et al. Current management of radiation cystitis: a review and practical guide to clinical management. BJU Int. (2019) 123:585–94. doi: 10.1111/bju.14516

 96. Saaya FM, Xie KT, Tanaka K, Fujita K, Wang B. Research and development of radioprotective agents: a mini-review. Int J Radiol. (2017) 4:128–38. doi: 10.17554/j.issn.2313-3406.2017.04.41

 97. Stone HB, Moulder JE, Coleman CN, Ang KK, Anscher MS, Barcellos-Hoff MH, et al. Models for evaluating agents intended for the prophylaxis, mitigation and treatment of radiation injuries. Radiat Res. (2004)162:711–28. doi: 10.1667/RR3276

 98. Patt HM, Tyree EB, Straube RL, Smith DE. Cysteine protection against X irradiation. Science. (1949) 110:213–4. doi: 10.1126/science.110.2852.213

 99. Chen CC. Selected Topics in DNA Repair. InTech (2012). doi: 10.5772/1749

 100. Moulder JE, Cohen EP. Future strategies for mitigation and treatment of chronic radiation-induced normal tissue injury. Semin Radiat Oncol. (2007) 17:141–8. doi: 10.1016/j.semradonc.2006.11.010

 101. Mallick S, Madan R, Julka PK, Rath GK. Radiation induced cystitis and proctitis - prediction, assessment and management. Asian Pac J Cancer Prev. 16:5589–94. doi: 10.7314/APJCP.2015.16.14.5589

 102. Smit SG, Heyns CF. Management of radiation cystitis. Nat Rev Urol. (2010) 7:206–14. doi: 10.1038/nrurol.2010.23

 103. Horan N, Cooper JS. Hyperbaric, Radiation Cystitis [Internet]. StatPearls. (2018) Available online at: http://www.ncbi.nlm.nih.gov/pubmed/29261976 (accessed Dec 30, 2019).

 104. Amiri KI, Horton LW, LaFleur BJ, Sosman JA, Richmond A. Augmenting chemosensitivity of malignant melanoma tumors via proteasome inhibition: implication for bortezomib (VELCADE, PS-341) as a therapeutic agent for malignant melanoma. Cancer Res. (2004) 64:4912–8. doi: 10.1158/0008-5472.CAN-04-0673

 105. Dai Y, Rahmani M, Grant S. Proteasome inhibitors potentiate leukemic cell apoptosis induced by the cyclin-dependent kinase inhibitor flavopiridol through a SAPK/JNK- and NF-κB-dependent process. Oncogene. (2003) 22:7108–22. doi: 10.1038/sj.onc.1206863

 106. Fujioka S, Schmidt C, Sclabas GM, Li Z, Pelicano H, Peng B, et al. Stabilization of p53 is a novel mechanism for proapoptotic function of NF-κB. J Biol Chem. (2004) 27927549–59. doi: 10.1074/jbc.M313435200

 107. Li Q, Verma IM. NF-κB regulation in the immune system. Nat Rev Immunol. (2002) 2:725–34. doi: 10.1038/nri910

 108. Yamamoto Y, Gaynor RB. IκB kinases: key regulators of the NF-κB pathway. Trends Biochem Sci. (2004)29:72–9. doi: 10.1016/j.tibs.2003.12.003

 109. Ikeda Y, Zabbarova IV, Birder LA, Wipf P, Getchell SE, Tyagi P, et al. Relaxin-2 therapy reverses radiation-induced fibrosis and restores bladder function in mice. Neurourol Urodyn. (2018) 37:2441–51. doi: 10.1002/nau.23721

 110. Samuel CS. Relaxin: antifibrotic properties and effects in models of disease. Clin Med Res. (2005) 17:241–9. doi: 10.3121/cmr.3.4.241

 111. Rico MJ, Lawrence I. Tacrolimus ointment for the treatment of atopic dermatitis: clinical and pharmacologic effects. Allergy asthma Proc. (2019) 23:191–7.

 112. Zheng P, Yu B, He J, Tian G, Luo Y, Mao X, et al. Protective effects of dietary arginine supplementation against oxidative stress in weaned piglets. Br J Nutr. (2013) 109:2253–60. doi: 10.1017/S0007114512004321

 113. Cukier RI. A molecular dynamics study of water chain formation in the proton-conducting K channel of cytochrome c oxidase. Biochim Biophys Acta - Bioenerg. (2005) 1706:134–46. doi: 10.1016/j.bbabio.2004.10.004

 114. de Morais Puga GI, Novais P, Zanesco A. Efeitos Terapêuticos Da Suplementação De L-Arginina Nas Doenças Cardiovasculares E Endócrino-Metabólicas Therapeutic Effects Of L-Arginine Supplementation on The Cardiovascular and Endocrine-Metabolic Diseases. 107–14. Available online at: http://www.scielo.mec.pt/pdf/am/v25n3/v25n3a04.pdf (accessed September 15, 2020).

 115. Böger RH. The pharmacodynamics of L-arginine. J Nutr. (2007) 137(Suppl. 2):1650S−5. doi: 10.1093/jn/137.6.1650S

 116. Pinto FCM, Campos-Silva P, de Souza DB, Costa WS, Sampaio FJB. Nutritional supplementation with arginine protects radiation-induced effects. An experimental study. Acta Cir Bras. (2016) 31:650–4. doi: 10.1590/S0102-865020160100000002

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zuppone, Bresolin, Spinelli, Fallara, Lucianò, Scarfò, Benigni, Di Muzio, Fiorino, Briganti, Salonia, Montorsi, Vago and Cozzarini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fonc-10-527121-t004.jpg
Reference

Edrees et al.
(66)

Malkinson
etal.

©n

Horsman et al.
©8)

Kanai et al.
©9)

Jaaletal.
79

Dingbas et al.
(@]

Rochaet al.
72

Costaet al.
T3

Rajaganapathy
etal. (51)

Horsman et al.
74

Oscarsson

etal. (75)

Sarsarshahi
etal. (76)

Animal model
(strain)

Female mouse
(e3H)

Male mouse
(BsD2F1)

Female mouse
(CDFIand
C3H)

Female rat
(Sprague-
Daviey)

Female mouse
(C3H/Neu)

Male rat
(Wistar)

Rat (sex n.a.)
(Wistar)

Male rat
(Wistar)

Female rat
(Sprague-
Dawley)

Male and
Female Mice
(CDF1)

Female rat
(Sprague-
Daviey)
Female mouse
(C3H/Neu)

Set-up

13-25Gy n 1 fr. delivered by
250 KV X-ray machine + Oy

2-4.5 Gy/fr. x 10-15 fr. after
PGs administration

Nicotinamide injected after
local iradiation delivered by
250 kV X-ray irradiator

385Gy in 1 fr. delivered by 6
MeV linac 4+ MnSOD
transgene injection 24 h
before RT

Graded radiation doses
delivered by Seifert Isovolt
320/20 X-ray machine +
rHUKGF

25Gyin 5 f. delivered by Co®
teletherapy unit -+ AF + GEM

11.64Gy in 1 fr. delivered by 6
MeV linac + L-glutamine

10Gyin 1 fr. delivered by 10
MeV linac + L-arginine

40@y in 1fr. delivered by
SARRP unit + liposomal
tacrolimus

Graded radiation doses +
VDA(CA4P)

20Gyin 1 r. delivered by 6
MeV linac + with and without
20 sessions of HBOT

14-24 Gy in 1 fr. delivered by
YXLON Maxishot device +
bortezomib

Endpoint (method)

Micturition frequency
(cystometry), incidence
of haematuria

Murine hair loss

i) Moist desquamation
i) Reservoir function
(transurethral
cystometry)
Transepithelial
resistance and
permeabilty damage
on detrusor function

Reservoir function
(transurethral
cystometry)

Bladder fibrosis (H&E)

Amount of collagen
(Masson's trichrome,
Picro Sirius Red)
Immuno-histocheristry
Morphologic change of
blood vessels in the
wall (HSE, expression
of VEGF and FGF)
Micturition
frequency(cystometry)
Morphological changes
(H&E)

Reservoir function
(transurethral
oystometry)

Oxidative stress and
pro-fibrotic factors

Reservoir function
(transurethral
cystometry)

Toxicity timing after
RT

5 months (rad)
1 week (Cy)

Early and 9-12 month
(rad+Cy)

Immediately after the
fractionated RT

) 11-80 days
i) 9 months

1,48, and 96h
7:and 24 days
6 months.

Early phase response:
1-80 days

Late phase response:
60-360 days

4 months

15 days

16 days

2 and 6 weeks

9 months

28 days

Acute response: 6-9

days

Late response: 21-24
days

Several agents were tested in combination with radiation and the effect was measured using various techniques.
RT, radiotherapy; Cy, Cyclophosphamide; PGs, prostaglandins; MnSOD, Manganese superoxide dismutase gene therapy; VEGF, vascular endothelial growth factor; FGF, Wbroblast
growth factors; AF, amifostine; GEM, gemcitabine; H&E, hematoxylin & eosin; rHuKGF, palifermin; HBOT, hyperbaric oxygen therapy; CA4F, combretastatin A-4 phosphate; VDA, vascular
disrupting agents; SARRP, small animal radiation research platform; IMI, inter- micturition intervals IMI.

Findings

Cy administered up to 9 months
before or after iradiation induced
more severe bladder damage than
X-rays alone

PGs may provide protection of tissue
as bladder mucosa

Best radiosensitization with minimal
effect on normal tissues (bladder) at
time of nicotinamide peak plasma
drug concentrations

MnSOD transgene allows.
transepithelial resistance and
permeabilty to recover within 4
weeks and shows baseline pressures
and more stable voiding patterns after
6 months

Early: EDS0 from 20 to 27 Gy

Late: EDS0 from 16 to 22Gy

tHUKGF administration before
iradiation modified early and late:
radiation effects

AF may have a beneficial effect in
limiting the radio-sensitizing effect of
GEM

L-glutamine seems to prevent
bladder wall damage

L-arginine was radioprotective

Lipo-tacrolimus treated rats show an
increased post- irradiation IMI and
minimal edematous changes

EDSO0 = 14 Gy for bladder
VDA has no effect on the early (skin)
or late (bladder and lung) tissues
responding to radiation

HBOT may prevent radiation-induced
changes

Dally bortezomib injections between
days 0-15 resulted in a significant
decrease in responders
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Animal model
(strain)

Female
mouse
(C57BL6 and
Balb/c)

Rat (sex n.2.)
(Wistar)

Male rat

(Wistar)

Male rat
(Fisher)

Male/female
mouse
(NU-Foxn 1)

Set-up

Whole body
irradiiation (Co60
source) at single and
serial low dose
(20mGy-2Gy)
17.5,35, 70, 350 Gy
delivered by
synchrotron on one
brain hemisphere
Whole body MRT
and HSR on one
brain hemisphere
(85 and 350Gy
skin-entry doses)

MRT (20 or 200Gy
skin-entry doses) on
one brain
hemisphere with
inoculated F98 cells

PB (200 or 1,000Gy
skin-entry doses)
and MRT (22 Gy or
110Gy) on one brain
hemisphere with and
without glioma
injected 7d earlier

Endpoint (method)

RIBE
(clonogenic survival)

RIBE
(clonogenic survival)

RIBE
(proteomics,
clonogenic survival)

RIBE/abscopal
effects

(calcium flux, role of
5HT, clonogenic
survival and
proteomic profil)
RIBE/abscopal
effects

(calcium flux,
clonogenic survival)

Thus, in this field of research the normal bladder does not deal with any direct radiation effect.
RT, radiotherapy; RIBE, radiation-induced bystander effects; PB, Pencil Beam; MRT, microbeam irradiation; HSR, homogenous synchrotron radiation.

Euthanasia timing
after RT

24h

4,8,12h

48h
(hours in cage with
uneradicated rats)

48h
(hours in cage with
unirradiated rats)

2,12,48h

Findings

Genotype determined the type of
bystander signal/response

Both MRT and HSR yielded a
demonstrable abscopal effect
after high doses of iadiation

Evidence of strong RIBE signal in
the contra-lateral brain
hemisphere and weaker effects
in the distant bladder of the
ivadiated rats. Proximity to an
iradiated animel induced
signaling changes in an
un-irradiated partner
Membrane related functions
were critical for true RIBE
expression. Bystander effects (in
partner animals) were not the
same as abscopal effects (in the
irradiated animal)

Calcium data did not support
calcium channel mediated
mechanism. The presence of a
tumor reduced or reversed the
effect. The immune response
played arole.
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Animal model
(strain)

Female rat
(Wistar)

Female Mouse
(CsD2F1/Bom)

Female mouse
(C3D2F4/Bom)

Female mouse
(C3H/Hen
Af-nu*)

Female mouse
(C3H/Hen
Afnu*)

Female mouse
(C3D2F1/Bom)

Female Mouse
(C3H/Nev)

Female rat
(Wistar)

Female Mouse
(C3H/Nev)

Female mouse
(C3H/Nev)

Female mouse
(CBH/Ney)

Female Mouse
(C3H/Neu)

Female Mouse
(C3H/Nev)

Fomale rat
(Sprague-
Dawley)

Female Mouse
(C3H/HeN)

Female rat
(Sprague-
Dawley)

Dose set-up

20-40Gyin 11 to
ureter/trigone defivered
by 300 kV X-rays
machine through a
ventral beam

20Gyin 1 fr. delivered
by 250 kV X-rays
machine

5-30Gyin 1.
delivered by 250 KV
X-ray machine through
aventral beam

8-16 Gy repeated after
1 day or 3 or 9 months
and delivered by 250
KV X-ray machine
through a ventral beam

10-80Gyin 1 fr.
delivered by 250 KV
X-ray machine through
aventral beam

110 10 fractions for an
overall time of 4-4.5
days and a total dose
of 5-60 Gy delivered by
250 kV X-ray machine
Single-dose or
fractionated irradiation
delivered by Seifert
Isovolt 320/20 X-ray
machine

10, 15, 20, 25 Gy in 1fr.
delivered by Pantak
320- KV Xeray
generator

Four equal-sized dose
fractions were applied
with intervals of 0-8h
and delivered by Seifert
Isovolt 320/20 X-ray
machine

19Gy in 1 fr. delivered
by Seifert Isovolt
320/20 X-ray machine

Graded single dose
delivered by Seifert
Isovolt 320/20 X-ray
machine

() 1010 fr. applied
within 5 days.

(i) 4 equal-sized dose
fractions applied with
intervals of 0-8h and
delivered by Seifert
Isovolt 320/20 X-ray
machine

20Gy in 1fr. delivered
by Sifert Isovolt
320/20 X-ray machine
through a ventral beam
20,30, 40Gy in 1fr.
delivered by SARRP
unit through three
ventral beams

20Gy in 1fr. delivered
by SARRP unit through
two ventral beams

20Gy in 1fr. delivered
by 6 MeV linac through
two side- field

Endpoint (method)

Hydronephrosis
(intravenous
urography)

Reservoir function
(transurethral
cystometry)

Resenvoir function
(transurethral
cystometry)

Functional damage
(transurethral
cystometry)

Functional damage
(transurethral
cystometry)

Reservoir function
(transurethral
cystometry)

Reservoir function
(transurethral
cystometry)

Resenvoir function
(transurethral
cystometry)

Resenvoir function
(transurethral
cystometry)

Resenvoir function
(transurethral
cystometry)

Reservoir function
(transurethral
cystometry)

Reservoir function
(transurethral
cystometry)

Reservoir function
(transurethral
cystometry)

Micturition frequency
(metabolic cage)

Micturition frequency
(metabolic cage)

Functional damage
(metabolic cage)

Toxicity timing after RT

Death: <40 days
Hydronephrosis: >42 days

No change in the control group
within 200 days.

Biphasic change in the irradiated
group

Acute response: 10-14 days
(Functions restored after another
month)

Late response: dependent on
the dose

Early damage: 2 weeks
(reirradiation at 9 months ater
16Gy)

Late damage: undirect
relationship with the dose
administered in the first
treatment and no dependency
upon time between treatments

Acute response: 5-21 days
(duration: <1 week)
Late response: 16-40 weeks

Late response: >30 days
Latent period: 85-401 days

Early response 7-25 days after
=10Gyin 1fr.

Duration of the response: 3-9
days

First reduction: 4 weeks
Second reduction: 3-4 months
and persistent at 6 months

Acute response: <30 days
Half-time of repair = 1.2h

Complete recovery <30 days,
followed by a symptom-free
latent time of about 15 weeks

Acute response:
- 1-15 days (I wave) with mean
latent time = 7.1 days

- 16-30 days (Il wave) with mean
latent time = 23.3 days

Half time of repair: 0.39h
Latent time to chronic functional
changes: 12-40 weeks inversely
dependent on the BED

Rate = 40% for days 0-15
Rate = 64% for days 16-30
Rate = 71% after 180 days

Early response: 6 weeks

Late response: starting at 17
weeks

14 days

Findings

Rate at 23.4 Gy to ureter =
14/16

Rate at 25 Gy to trigone = 9/11
Many rats died with 37.4 Gy to
ureter; No death associated with
40Gy to trigone

Evidence of biphasic change in
the biadder reservoir function:
acute and late damage

RDso = 17.2 Gy for the acute
response.

Late toxicity time was
dose-dependent: 10-15 Gy,
20Gy, 25-30 Gy groups were
significant different

Prolonging the overall treatment
time does not result in the
prevention of late radiation injury
in the bladder

Acute response rate (20-30 Gy):
20-40%

Late response rate (10-15 Gy):
<20%

a/p =58Gy

Late raciation injury in the mouse
urinary bladder was not highly
sensitive to change in dose per
fraction

a/p ==11.1-12.4 Gy (acute
responding tissue)

Biphasic reduction for 15-25 Gy

EDSO0 = 18.2Gy for single dose
ED50 = 28.1 Gy for 8h protocol
£ =104 Gy

No changes in the diurnal
pattern were observed.

In the late phase, the absolute
capacity and the amplitude of
fluctuations decreased

EDSO0 = 21.7 Gy (I acute wave)
EDSO0 = 19.3Gy (Il acute wave)
EDSO0 = 18.7 Gy (ate response)
Response during the second but
not the first acute wave
correlated with the late response
(p=0.0008)

() repair capacity:
(i) repair Kinetics: &
Dose fractionation sparing effect
was in the lower range of tissues
with a chronic response

Iraiation induced significant
acute and chronic reduction in
biadder capacity by >50%

40 Gy caused reductions in the
‘mean inter-micturition interval by
~20 min

Micturition frequency in imradiated
mice was significantly increased
compared to controls. The
radiation exposure attenuated
the urothelial integrity long-term

Irradiation led to urodynamic
changes.

Water intake and micturition
frequency were found not to be
correlated

In these studlies the endipoint is the functional damage in terms of reservoir function (reduction in the bladder capacity by >50% at a fixed intravesical pressure) andor micturition

frequency.

RT, radiotherapy; RDso, response dose 50%; ED50, radiation dose producing damage in the 50% of cases; dose BED, biologically effective dose; H&E, Hematoxylin & Eosin; SARRR,

'small animal radiation research platform.
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Animal model
(strain)

Female mouse
(C3H/Hen
Afnut)

Female rat
Wistar)

Female rat
(Wistar)

Mouse (sox
na) (C3HHen
Afnu+ and
C3H/Neu)

Female mouse
(C3H/Hen
Af-nut)

Rat (Sprague-
Dawley)
Mouse
(nNOS™/~,
iNOS™/=,
eNOS™/~,
C57BL10)
Female mouse
(C3H/Neu)

Female Mouse
(C3H/Neu)

Female mouse
(C3H/Neu)

Female Mouse
(C3H/Neu)

Female rat
(Lewis)

Male mouse
(NCRNU)

Male mouse
(Swiss Albino)

Mele mouse
(Swiss Albino)

Mele mouse
(Swiss Albino)

Female rat
(Sprague-
Dawiey)

Female rat
(Sprague-
Dawley)

Female Mouse
(C3H/HeN)

Dose set-up

10-30Gy n 11
delivered by a 250
KV X-rays machine
through a ventral
beam

10, 15, 20, 26 Gy in
1fr. delivered by
Pantak 320- kV
X-ray generator

15.and 256Gy in 1 fr.
delivered by Pantak
HF 320 X-ray
generator

25 or 19Gy (EDSO
40 weeks after RT)

20Gy to rectum
16Gy to kidney
delivered in 1 fr. by
250-kV X-ray

0-50Gy in 1 or more
.(1-3 days interval)
delivered by 6 MeV
linac

20Gy in 1fr.
delivered by Seifert
Isovolt 320/20 X-ray
machine

20Gyin 1fr.
delivered by Seifert
Isovolt 320/20 X-ray
machine

20Gyin 1fr.
delivered by Seifert
Isovolt 320/20 X-ray
machine

20Gy in 1fr.
delivered by Seifert
Isovolt 320/20 X-ray
machine

20Gy in 1fr.
delivered by Cesium
isotope-based

irradiator collimated
by shield on bladder

5Gyin 5 fr. delivered
by 250 KV X-ray
machine

10Gyin 1 fr.
deiivered by Co®®
RT

10Gyin 11r.
delivered by Co®®
RT

10Gyin 1 fr.
delivered by Co®
RT

20Gyin 1fr.
delivered by 6 MeV
linac through two
side- field

20,30, 40Gy in 1fr.
delivered by SARRP
unit through three
ventral beams
20Gy in 1fr.
deiivered by SARRP
unit through two
ventral beams

Endpoint (method)

Morphological
changes
(hematoxyiin eosin
staining)

Morphological
changes (HEE,
toluidine blue
staining)
Changes in
neuropeptides

Morphological
changes (TGF-p
expression and
collagen content)

Telangiectasia
(microarray analysis
of RNA isolated from
pre-iradiated
Kidney! rectum)
Umbrella cells
ulceration

Morphological
changes (ICAM-1
expression)

Vasodilatation
(COX-2 in blood
vessels)

Decrease in n° of
umbrella cells (UP-I)

Amount of collagen
(Masson’s
Trichrome)

Amount of collagen
(Masson’s
Trichrome) and
vascularization
(VonWillebrand
factor)
Utrastructural and
mitochondrial
damage

Morphological
changes (H8E),
POMC
immunoreactivity
Reaction of versican
and HB-EGF

COX-1 and COX-2
immunoreactivity

Extensive immuno-
histochemical
characterization

Morphological
changes (H8E)

Morphological
changes (H&E)
Fibrosis (Masson
Trichrome)

Mast cls (toluidine
blue staining)

Toxicity timing after RT

2 weeks: no changes
7-12 months: epithelial
denudation, hyperplasia,
necrosis, fibrosis

6 months

6 months

Increase in TGF-§:
90-360 days

Increase in collagen | and
1ll: >180 days

10-20 weeks

na.

Increasing signal at day
2-4and 16-28
Permanent signal
between 90-360 days

Early: 4-16 days
Late: 90-360 days

Early phase: 0-31 days
Initial late phase: 90, 120
days

In the entire late phase,
but most pronounced at
day 120 and 180

1.5 and 3 months.

60 days

24h, 48h, and 7 days

7 days

24h, 48h, and 7 days

16h—14 days

Early response: 6 weeks

Starting at 17 weeks after
treatment

Findings

The late damage was
characterized by epithelial
denudation and focal
hyperplasia; fibrosis and
ulceration were also detectable
at higher doses (20-30 Gy)
Evidence of increase mast cel
densiy. Fibrosis in 9/18 rats

Increase in the density of NPY,
SP- and TH-immunoreactive
nerves in the urinary bladder

TGF-beta expression and
connective tissue metabolism
were important factors
determining reduced bladder
function after irradiation

Identification of genes expressed
in tissues with manifest vascular
damage

MINOS was in the
cardiomyocytes and urothelial
cells, and can be either
protective or detrimental

Imadiation induces significant
early and late deregulation in
ICAM-1 expression levels,
preceding bladder functional
response

COX-2 dependent inflammatory
response in the bladder wall
during the early phase after
radiation

Iradiation resulted in
morphological impairment of the
urothelial barrier

Suggested neovascularization in
the late phase of
radiation-induced bladder
damage

Anti-Angiogenesis therapy is
proposed to prevent and/or treat
the pathology of radiation cystitis

Parthenolide enhanced
radiosensitiity of prostate
tumors but protects healthy
tissues (bladder) from radiation

No morphological alterations.
Expression of POMC on the
urothelium seems to spare
biadder from radiation injuries
Increase of versican and HB-EGF
concentrations may play a role in
the side effects of RT

The expression of COX-1 and
COX-2 seems to prevent bladder
damage from radiation

Iradiation may suppress.
important immunoregulatory
pathways

Evidence of degenerative type
epithelial changes, urothelial
swelling and hyperplasia

Pathological changes included
fibrosis, inflammation, urothelial
thinning, and necrosis. The
radiation exposure attenuated
the long-term urothefial integrity

RT, radiotherapy; ICAM-1, intercellular adhesion molecule 1; mtNOS, mitochondrial nitric oxide synthase; COX, cyclooxygenase; UP-Ill, uroplakin-il; POMC, Proopiomelanocortin;

HB-EGF, heparin-binding EGF-like growth factor; ICAM-

irradliation on intercellular adhesion molecule 1; H&E, Hematoxylin & Eosin; SARRP, small animal radiation research platform.
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Findings from literature

Bladder mechanism

Radiation effect at the molecular level (direct and
indirect damage to DNA) is followed by downstream
abnormalities of bladder wal in three phases:

1) Early/acute phase: reversible

—Increase of NF-«B
—COX2 and prostaglandin expression
> Vasodiatation, increased muscle tone
— hyperermia, ederma

—increase of ICAM-1
—leucocyte infration
—inflammatory symptomns (frequency, urgency,

dysuria)

2) Symptom-free phase
Late phase: persistent, fibrotic

—UP-1ll downregulation and loss of umbrela cells
—increase of permeabiity
—chermical iritation from urine components.

—Increase of TGF-p1 expression
—accumulation of extracellular matrix and

collagen deposition
—development of fibrosis
—hematuria, permanent reduction of bladider

compliance, voiding failure

Animal models and dose set up:

« Each research group developed their own animal
model using different strains of rats or mice.

« Radiation dose was tested in the range 5-40 Gy.

* The general practice was to use a single
radiation dose of 20-25 Gy, approximately
equal to EDS0 and estimated to mimic the
delivered cinical doses to pelvic tumors.

* Doses over 20 Gy proved to be associated with
ahigher toxicity rate and more severe symptoms.

« D50 increases with the number of fractions
and the interval between fractions.

+ Late radiation injury seemed to be inversely
related to the dose given in the first treatment
and independent of the interval
between treatments.

In vivo functional evaluation

* Acute damage is confined to only a few weeks
after irradiation, irrespective of the dose delivered,
with a biphasic response at about 7 and 23 days
after RT, respectively.

+ late toxicity could emerge at different time
lapses (within 6 month to 1 year) with intensity
depending on radiation dose and fractionation.

No changes in the diurnal urinary pattern were

observed during cystometry. If male mice/rats are

used, a surgical implantation of the catheter is
deemed necessary.

I model of RC

Histopathologi

* H&E (the most informative): recogrition of both
early acute and late histological changes.

* Masson trichrome: to assess the level of
bladder wall fibrosis as an intensity-based score
or as a percentage of bladder wall area score.

« urothelial and inflammation markers to better
visualize the urothelium (e.g., COX-1/2 and UP-Ill).

« Simple “positive vs. negative” staining using
integrated optical density: to better visualize
urothelium loss and loss of smooth muscle.

Radioprotective agents

Clinical management of RC:

* Systemic treatments (e.g., anticholinergic
agents and p3-adrenergic receptor agonists,
TCDO, SPP, tranexaric acid): non-invasive and
citcumvent inpatient hospital admission; these
therapies suffer from a very low efficacy, often
accompanied by dose-dependent toxicity.

* Local treatments and bladder irrigation:
considered the first ine of intervention in all
grades of the disease, aiming at steriization,
arrest of focal bleeding points and removal of
blood clots (e.g., intravesical therapies)

« hyperbaric oxygen and laser ablation:
emerged as non-invasive management; they are,
however, cumbersome for patients requiring
lengthy treatments, and a level of fitness that
many patients with radiation cystitis do
not possess.

Classes of RAs:

« agents for the prophylaxis of RT injuries,
administered before exposure.

« mitigators given during or shortly after RT, aimed
at minimizing or preventing the effects of radiation
on cells/tissues.

 treatments or therapeutic preparations
applied after RT, to ameliorate
radio-induced symptoms.

Compounds in radioprotection preciinical research:

* Bortezomib: implicated in the NF-«B blockade.

 Hormone relaxin: reversing fibrosis.

* Tacrolimus and L-arginine: to hinder the
production and release of
pro-inflammatory cytokines.

Conclusions

The full comprehension of RT-induced
urothelial toxicity and the availability of models
that faithfully recapitulate all the pathological paths,
both early and late phases, stil represent an
unmet need.

The estabiishment of reliable preclinical models
mimicking urothelial toxicity is fundamental for
testing more “tailored” novel therapies.

Very different experimental settings have been used:
a*standard” universally recognized RC model is
til missing.

Even though a single dose of 40 Gy is well above
the dose delivered in a clinical setting, the use of
high dose can be useful for a better understanding
of the underlying biological mechanisms.

Cystometry is the “state-of-the- art" objective tool in
evaluating the in vivo response to radiation
damage, in terms of reservoir function and/or
micturition frequency.

IHC is the gold standard for the tracking of disease
progression in preciinical models.

There are limitations in the application of this
knowledge to humans that must be considered
‘when planning clinical trials and

experimental therapies.

RAs improve the range of clinical options for the
management of the RT-induced toxicity in
combined therapies.

Future perspectives

Given the current interest in hypo-fractionation
and ablative therapies, investigations mimicking
extreme hypo-fractionation (e.g., radical doses
delivered in 1-5 fractions) should help in better
understanding the partially unknown mechanisms
of bladder radiation response in these extreme
situations.

Experiments set to identify the mechanisms
underlying “spatial effects” would be of
paramount importance in possibly guiding plan
optimization to selectively reduce the dose to these
sub-structures.

Despite the availabiity of micro-iradiators with
theoretically significant potentials for high-precision
experiments, animal studies focused on gaining a
better understancing of dose, fractionation and
volume effects are largely lacking.

Reliable and reproducible methods to quantify
the severity of RC in animal models should be
realized.

High-quality pre-clinical imaging platforms are
expected to extend the potential of non-invasive
assessment of RC severity.

The interaction between radiation induced
reactions, damage repair and the immune system in
the case of combined immune-radiotherapy is
an extremely promising field of investigation,
possibly involving several pelvic tumors.

We must expect the translation of pre-clinical
results into clinical trials testing the protective
effects of RAs, especialy in situations where high
doses need to be delivered (e.g., prostate cancer)
and for patients at higher risk of toxicity due
to genetic. predisposition or clinical factors (€.,
the impaired baseline urinary function of patients
irradiated after prostatectomy).

Future goals will be the identification of novel
molecules and strategies to pursue either alone
orin combination in order to guarantee a broader
efficacy at a cellulr, tissue, organ and whole
organism level.

NF-xB, nuclear factor-kappa B; COX2, cyclooxygenase; ICAM-1, intercelluler achesion molecule 1; UP-II, uroplakin 3; TGF-1, transforming growth factor beta-1; EDS0, radiation dose
producing the damege in 50% of animals; RC, rediation cystits; reservoir function, recuction in the bledder capacity by >50% at a fixed intravesical pressure; H&E, hematoxylin and
eosin; IHC, immunohistochemistry; RA, radioprotective agent; TCDO, Tetrachlorodecaoxygen; SPP. sodium pentosan polysulphate.
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Search and exclusion strategy

Search step 1

Multiple search in titles, abstracts and keywords of the following subjects:
3. Pre-ciical small animal research

4. External radiotherapy (X-rays therapeutic beam)

5. Urinary tract
6. Models of radio-induced toxicity

Exclusion step 1

Restriction to the only medical subject area
Exclusion step 2

Limitation to works published in english
Exclusion step 3

Reinforcement of the exclusion criteria for subjects outside the scope of the current
review:

7. Bladder cancer

8. Clinical studies

9. Invitro experiments

10. Internal radiotherapy
11. Pharmaceutical studies
12. Non-ionizing radiation

Input in the research platform Scopus

TITLE-ABS-KEY(

“preciinical” OR *rat” OR “mice”

“radiotherapy” OR *radiation injuries” OR *radiation dose” OR
“radiation-protective agents” OR *ionizing radiation”
“bladder” OR “urethra”

“model” OR “tolerance” OR “toxicity” OR “controlled study” OR
“dose response’)

SUBJAREA (med)

LIMIT-TO (LANGUAGE, “English”)

AND NOT(

“bladder cancer” OR *bladder carcinoma”

OR “clinical trials” OR “case report”

OR “in vitro"

OR *radionuclide” OR *radioactivity” OR *PET" OR “intracperative”
OR *radiopharmaceutical” OR *pharmacodynarmics”

OR "electromagnetic’)

At the end of the first examination through the evaluation of 78 abstracts, 30 papers were excluded based on the established criteria, resulting in 48 full papers (4 of which are reviews)

published in the period 1985-20189.
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