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Abstract

:

Osteoporosis (OP) is a degenerative disease characterized by reduced bone strength and increased fracture risk. As the global population continues to age, the prevalence and economic burden of osteoporosis can be expected to rise substantially, but there remain various gaps in the field of OP care. For instance, there is a lack of anti-fracture drugs with proven long-term efficacy. Likewise, though exercise remains widely recommended in OP prevention and management, data regarding the safety and efficacy for patients after vertebral fracture remain limited. This lack of evidence may be due to the cost and inherent difficulties associated with exercise-based OP research. Thus, the current research landscape highlights the need for novel research strategies that accelerate OP drug discovery and allow for the low-cost study of exercise interventions. Here, we outline an example of one strategy, the use of zebrafish, which has emerged as a potential model for the discovery of anti-osteoporosis therapeutics and study of exercise interventions. The strengths, limitations, and potential applications of zebrafish in OP research will be outlined.






Keywords:


zebrafish; osteoporosis; animal model; bone; exercise; drug discovery












Osteoporosis (OP) is a metabolic bone disease characterized by reduced bone strength, increased fracture risk [1,2], and fracture-associated increased mortality among patients [1]. With an estimated global prevalence of 18.3% [3], OP is not only a condition of significant public health concern, but one that produces a substantial economic burden [4]. As it is anticipated that the global population will continue to age [5], the prevalence, economic, and physiological impact of OP can be expected to rise substantially. OP management includes the use of pharmacotherapy (e.g., bisphosphonates), exercise prescription (e.g., resistance training), and/or dietary considerations (e.g., vitamin D3 and calcium supplementation) [6,7,8,9]. However, there are key gaps in the field of OP care that must be addressed to best respond to the needs of an aging global population. For instance, despite bisphosphonates being the primary drugs administered in OP treatment [6,7,8,10], there is limited evidence regarding their long-term efficacy [11], and their long-term use has been associated with certain rare adverse events (e.g., osteonecrosis of the jaw). While some encourage the use of ‘drug holidays’ or the temporary cessation of bisphosphonate therapy [12,13], a recent review suggests cessation of bisphosphonate therapy is associated with a 20–40% increase in the risk of new clinical fractures and a doubling of vertebral fracture risk [14]. There is currently a need for novel pharmaceuticals with proven anti-fracture efficacy after 5 years [15], and therapeutics that lack the rare adverse events associated with bisphosphonate use [15].



Exercise is widely recommended in the prevention and management of OP [6,7,8,16,17], but there are still gaps in our understanding of the impact of exercise in OP patients. Despite vertebral fractures being considered a hallmark of OP, there is insufficient evidence regarding the safety and efficacy of exercise interventions following such fractures in patients [18,19]. To address these gaps, randomized controlled exercise studies are needed [18,19]. One potential driver of the lack of data in this area may be the challenges and costs associated with conducting exercise-based OP research. As exercise both increases fracture risk (by potentially exposing bone to trauma when completed incorrectly) and reduces fracture risk (by improving bone quantity/quality), randomized controlled trials must be used to concretely establish the effects of exercise on bone [20]. Likewise, when assessing fracture risk as an endpoint in randomized controlled trials, far greater numbers of participants are required than for other endpoints [21], thereby raising the cost and complexity of such studies. One approach to address these research challenges is the development of robust, reliable animal models that allow for the translational study of interventions. As interventions based on such robust data are likely to find far greater success during randomized trials, such models may help spur a greater desire among researchers to undertake clinical OP studies. In the current commentary, we discuss one excellent strategy, the use of Danio rerio (zebrafish), which has emerged as a potential effective and low-cost model organism for the study of both drug- and exercise-based OP treatments [22,23,24,25].



There are numerous characteristics of the zebrafish that make this organism attractive for use in research. Zebrafish exhibit a short generation time of 2 to 4 months [26], which allows research to progress at a rapid pace and enables greater numbers of experiments to be conducted within a given timeframe [27,28]. Their high fecundity, with a single zebrafish female being capable of producing 200–300 eggs per week [29], can decrease the cost per assay [27]. Zebrafish can be maintained in a laboratory setting with relatively low running costs [30], and year-round breeding [31] ensures that zebrafish-based studies can proceed continuously rather than being limited to a set annual timeframe [27]. An additional strength of zebrafish as a model organism is that the zebrafish genome can be manipulated with ease. As zebrafish eggs are externally fertilized, embryos can be easily accessed at the one-cell stage for microinjection with gene-altering agents. Mutant zebrafish lines whose characteristics mimic human skeletal pathologies can be developed using currently available gene modification tools such as zinc-finger nucleases or the CRISPR/Cas9 system [32,33,34,35,36]. For instance, CRISPR/Cas9-mediated disruption of itga10 or itgbl1 has been shown to induce an osteoporosis-like phenotype in zebrafish [37].



Not only is zebrafish a convenient animal model to work with, another important and useful feature is the large amount of conservation of genetic sequences between humans and zebrafish: 71.4% of human protein-coding genes have a zebrafish orthologue [38]. This is accompanied by numerous similarities in bone physiology between zebrafish and humans, including similarities in bone cell types and ossification mechanisms [39]. Thus, in addition to genomic conservation, the parallels in physiology between zebrafish and humans further enhance the potential that results generated from zebrafish models are of translational value. Zebrafish also readily absorb compounds from their aquatic environment, therefore dissolved chemical agents can be used to induce abnormal phenotypes [40,41,42,43] as outlined in Figure 1. This approach has been employed to develop osteoporosis-like phenotypes in zebrafish, using chemicals such as glucocorticoids (e.g., prednisolone or dexamethasone) or ferric ammonium citrate [40,44,45,46]. Zebrafish are also well suited for use in high-throughput, whole-organism, phenotypic drug screens, designed to discover novel therapeutics [42,47]. Once developed, a key application of such models is that they can be used to screen for potential anti-osteoporotic drugs [44]. In a recent study, resveratrol, a plant polyphenol, was shown to significantly improve a glucocorticoid-induced osteoporosis-like phenotype in zebrafish, which suggests a potential for resveratrol to be used in OP prevention [48]. Screening candidate therapeutic molecules in zebrafish models for OP may be one effective strategy to accelerate progress in OP therapeutics research.



Another strength of the zebrafish model system is the ability to characterize skeletal phenotypes in vivo. As zebrafish embryos and larvae are optically transparent, fluorescent reporter lines (such as the Tg(ola.sp7:nlsGFP) mutant line) [49] can be used to visualize the zebrafish skeleton in real time. Fluorescent vital stains (such as calcein) [41,50] also provide the ability to conduct skeletal imaging in live zebrafish, and the use of transparent zebrafish of the casper strain enables such fluorescent imaging to be conducted in adult fish [51]. In the context of drug discovery, fluorescent imaging provides the ability to more rapidly and efficiently screen candidate molecules for their skeletal impacts and thus their potential as human anti-OP therapeutics [41,44]. Zebrafish bones can also be directly analyzed using various techniques such as whole-mount bone staining [52] and micro-computed tomography [53].



In addition to drug therapeutic studies, zebrafish may also be used to study the impact of exercise on bone [54], similar to zebrafish-based research on the pathways underlying vertebrate muscle hypertrophy and remodeling [25,55,56,57]. To assess bone quality, zebrafish may be euthanized, and their bones removed for external analysis [52]. Like humans, zebrafish exhibit age-associated declines in exercise performance and trainability [24]. Such a characteristic is highly advantageous, providing the potential for exercise interventions studied in aged zebrafish to be of translational value when developing programs for aging humans. Various cost-effective, benchtop apparatuses to study exercise in zebrafish have been developed [58,59,60]. Such systems include the ‘French press’, a high-throughput approach that entails the use of a coffee plunger and magnetic stirrer to produce water currents, enabling zebrafish to be exercised and trained [58]. Exercise-induced changes to bone can also be studied using a controlled swimming program such as the one developed by Suniaga et al. Zebrafish were placed to swim against laminar currents in swimming chambers, and zebrafish displayed bone adaptation in response to musculoskeletal exercise [54]. While exercise interventions for OP have yet to be studied in zebrafish [54], research conducted in a zebrafish model for Duchenne muscular dystrophy indicates that certain forms of exercise may be beneficial to patients with this condition [61]. Thus, the study of exercise-based interventions for OP in zebrafish models for OP is a promising area for future research [54].



Like all model organisms and research modalities, zebrafish-based research has various challenges. While institutions such as the Zebrafish International Resource Center (ZIRC) [62] can provide a host of mutant zebrafish lines to researchers, in Canada it can be difficult to import zebrafish lines [63]. Studies of zebrafish proteins may be limited by a current lack of reliable zebrafish-specific antibodies. Moreover, numerous physiological differences do exist between humans and zebrafish [39] which may complicate the translation of the findings of certain studies in zebrafish to humans. For instance, zebrafish (unlike humans) do not possess bone marrow, with definitive hematopoiesis occurring instead in the kidney marrow [39,64]. In addition, zebrafish have undergone genome-wide duplication [65] (such as with insulin-like growth factor) [66], which potentially limits applicability of this model’s results to other vertebrates. In addition, while research has supported the successful use of zebrafish as an exercise model [25], there are certainly exercise-associated research limitations that exist. For example, there is an inability to examine different types of exercise (such as weight-bearing activity, or resistance training) in addition to sedentary behaviour, which may independently impact outcomes in chronic diseases such as bone health in OP. Moreover, it is clear that the aquatic environment of the zebrafish is fundamentally different from that of humans [54]; another limiting consideration. Despite these limitations, based on our discussion above, we still suggest that zebrafish is an important model for scientists who are interested in advancing the area of OP intervention research.



In summary, OP remains a condition of substantial public health concern and there is a need for novel therapeutics. Research approaches that facilitate anti-osteoporosis drug discovery and the study of exercise interventions are therefore needed. In the current commentary, we outline an example of one excellent animal model, zebrafish, that can be used to accelerate research on OP pharmacotherapy and exercise-based treatment. Additionally, in the current research environment (i.e., the continued COVID-19 era), challenges with implementing clinical research in human participants beyond those discussed in the above commentary exist (such as physical distancing requirements, willingness of participants, etc.). This further supports the need for development of a robust clinical research program that uses effective non-human models to help inform clinical outcomes. In conclusion, the use of zebrafish as a model for OP is one example of a strategy that may aid in accelerating progress in OP care, thereby meeting the needs of an aging global population.
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Figure 1. Schematic representation of a protocol to develop a zebrafish model for secondary OP using chemical treatments. Zebrafish larvae are placed in multiwell plates containing a dissolved chemical agent (e.g., glucocorticoids). The phenotype of the chemically-treated zebrafish is then characterized using a variety of approaches, including genetic analysis (e.g., via quantitative reverse transcription-polymerase chain reaction), skeletal imaging and drug treatments. Treatment of a candidate disease model with a drug designed to treat said condition in humans allows for the clinical relevance of the model to be evaluated. Information obtained from Barrett et al. (2006) [40], Huang et al. (2018) [44] and Zhang et al. (2018) [46]. Created with BioRender.com. 
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