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ABSTRACT
Over the past three decades, the data derived from animal models has been the basis of every Nobel Prize awarded in medicine. Since the program’s inception in 1901—more than a century ago—83% of the Nobel Prizes given for extraordinary contributions to medicine have incorporated animal research. For every prescription drug available today, there was a need for animal testing and research. In order to guarantee the safety of a wide variety of drugs and devices, the United States FDA mandates that animal testing be conducted. Animal studies are essential in every step of the current research process, from disease modeling to the identification of a cure, in both academia and industry. With advances in genetic engineering, animals that are very similar to humans are being created at a fast pace. However, the lack of repeatability, translation issues in clinical practice and the increasing disapproval of the ethical implications of the use of animals in research have led to the emergence of alternative sources. With advances in computer science and simulation research, scientists are trying to replace animal models with things like organ-on-chip, organoid, and tissue-based models. While the majority of these technologies are in their early stages, it appears that there is still a long way to go before animal studies are completely replaced by these technologies. Until then, the prudent and ethical utilization of animals in biomedical studies appears to be an integral part of cutting-edge biomedical research.
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I. INTRODUCTION
Biomedical research is the process of transforming discoveries and observations made in a laboratory or clinical setting into new therapies. There are a variety of biomedical research approaches, ranging from predictive to whole living systems. The fields of study may include: (1) individual human subjects; (2) gross populations; (3) in vitro techniques utilizing plant, human, or animal cells and tissues; (4) microorganisms, including yeast, bacteria, or viruses; (5) molecular analysis of proteins, genes, or other biomolecules; and (6) nonhuman animals [1].
In addition to providing knowledge, fundamental biological and medical research is essential for the development of novel diagnostic and therapeutic approaches. For instance, there would not have been a coronavirus vaccine based on mRNA if basic mouse studies dating back several decades had not shown that injected mRNA could be read and absorbed by the body’s own cells. Further basic work, including animal experiments, was then used to demonstrate how this process can be improved by making chemical changes in the mRNA and using lipid nanoparticles [2].
Many experiment processes are also conducted in reaction vessels (the modern equivalent of the test tube) or with techniques that involve growing cells or simulating organs. However, these techniques alone are not enough to answer essential questions. For instance, how different immune cell types interact with each other in response to an infection, or how factors affect blood pressure, can only be studied in living organisms (usually through animal research) [3].
Therefore, scientists investigate the interactions of molecules, cells, and organs in purpose bred specialized laboratory animals when they are unable to study the same processes directly in humans due to ethical considerations. This is possible due to the fact that humans and animals have a high degree of biological similarity; their genetic material, cells and organs often share the same or similar functions. Animals are also susceptible to a variety of human diseases, such as diabetes in dogs; hypertension, cancer, and infections in mice and rats. Even though humans and animals differ in many ways, fundamental research can lead to novel therapies - even for animals. The vast majority of drugs used in both humans and animals are virtually interchangeable. Biomedical research including animal experiment is often thought of as the starting point for clinical research and the development of new life-saving drugs [4].
II.ROLE OF ANIMAL EXPERIMENTATION IN MEDICAL ADVANCES
The history of animal testing in medicine can be traced back to the exploratory surgeries performed on animals by Alcmaeon (4th century BC) and Aristotle (5th century BC) [5].Despite the fact that it was considered unethical at the time, numerous prominent figures such as Eressistratus, Herophilus, and others conducted dissections on death row prisoners, thus opening the door for Roman and ancient Greek medical practitioners to utilize live animals in a variety of medical procedures. The scenario developed during the beginning of the Renaissance, when advances in knowledge were made through the examination of human corpses; however, this was met with strong resistance from the influential Catholic Church. Rene Descartes conducted extensive experiments on animals in the 15th century, which may seem macabre in retrospect due to the lack of animal or human anesthesia at the time. A remarkable finding happened in 15th century which marked the development in the field of science when William Harvey discovered heart and blood circulation by experimenting on animals [6].Harvey was one of the pioneers in the field of comparative anatomy, which enabled the comparison of the anatomy of animals from various taxonomic groups, such as fish, amphibian, insect, and reptile [7].
Since about 1850, biological science has been advancing at a rapid rate, with much of the progress coming from animal testing. In his research, Helmholtz focused on the physiological and chemical processes involved in the transmission of nerve impulses; Virchow coined the term “cellular pathology”, which paved the way for a more scientific understanding of disease processes; Pasteur initiated the research that resulted in the development of immunizations against anthrax and rabies; Koch launched a long line of research that would lay the groundwork for the germline theory of disease; first antiseptic surgery was performed by Lister in 1878; antibacterial action of WBCs was discovered in 1884; first hormone was extracted in 1902; Syphilis treatment was developed by Ehrlich in 1909; insulin was isolated by Banting and Best in 1920 paving the way for diabetes treatment. After 1920, the development of scientific biological research and its subsequent medical applications progressed at a rapid rate [8].
By the sixteenth century, Western and Chinese medicine was using animals extensively in order to gain a better understanding of animal biology, thus leading to evidence-based medicine. However, the ethics of the utilization of animals for scientific purposes began to be questioned in the latter part of the 17th and beginning of the 18th century, and has been the subject of ongoing debate to this day[9, 10]. In fact, almost every major medical development in the past 100 years has been based on animal studies. Animals have been used as substitutes in human disease research and have provided valuable information in the search for novel treatments, cures or preventative measures. From vaccines to cancer treatment, our animal health management capabilities have improved as a result of animal science and the application of medical advances in veterinary medicine. Animal testing is essential in order to ensure the safety and appropriate dosage of novel medications and therapies.
Animal research has been the subject of numerous Nobel Prizes, and the proliferation of animal models in various nations further emphasizes the significance of these studies for scientific progress [11]. At the same time, however, their use also raises ethical issues that necessitate oversight through legislation, standards, guidelines, and rigorous bioethics committees to oversee the use and treatment of laboratory animals in accordance with the 3Rs [12]. In this context, for the past half-century, the NC3R has supported Russell and Burch's initiative of the 3Rs, which is aimed at reducing, replacing, and refining procedures to enhance the welfare of animals used in experimental protocols [13].
III. NEED FOR ANIMAL TESTING
The use of animals enables us to investigate the mechanisms that play a role in the induction, progression, and systemic manifestation of diseases. It also provides an understanding of the genetic basis of the disease and the genetic makeup of the condition. It would be technically impossible to obtain such a large amount of data on the vast array of diseases that threaten human life from human subjects, raising serious ethical and equality issues. Therefore, the use of warm-blooded mammals appears to be a more uncomplicated approach. Rodents are the primary source of biomedical research, and through rodent-based studies, we have access to drugs and treatments for a variety of diseases that would otherwise have the potential to exterminate the human race. Whilst there may be a strong moral case for challenging the practice of animal testing in biomedical research, it is important to bear in mind that alternative approaches to animal testing are far from replicable in comparison to the data obtained from animal studies [14, 15].
With the development of alternative sources, such as computer simulations and mathematical modeling, as well as large databases of disease and treatment data, cell and organoid based research, biosimulation, labs-on-chip, etc., considerable progress has been made in reducing the use of animals in research, however, the underlying question remains: are these tools an effective substitute for in vivo studies? If this is the case, then why is the utilization of animals still prevalent, even in countries that profess to uphold ethical standards, whether it be for the development of vaccines or the development of the most advanced medications [16]. The reality is that as scientists, it is challenging to replicate the complexities associated with living organisms with the resources available to us. Therefore, there is a need for more thorough research in this area in order to achieve a day when no animals will be sacrificed for any scientific purpose. Until then, the emphasis remains on developing improved protocols for animal handling and testing and minimising the use of animals at least during the trial and error phase. Till then, there seems to be no other way to prevent more of what was once known as “the Elixir of Sulfanilamide” or “the Thalidomide Crisis,” which led to terrible human losses [14].
IV. BIOMEDICAL EXPERIMENTS PERFORMED ON ANIMALS
The history of biomedical research goes back many centuries. In the early days, animal experiments included transfusing blood, performing surgery on live animals (vivisection), and dissecting monkeys, dogs, pigs. Nowadays, it's mandatory to test on non-human animals according to the ethical guidelines for biomedical research. Nuremberg Code (1947) stipulates that any experiments conducted on human subjects must be “designed and based on the results of animal research” [17]. The Helsinki Declaration, which was adopted by the Thirteenth World Medical Assembly in 1964, stipulates that medical research conducted on human subjects “should be based on laboratory and animal experiments or other scientifically established facts” [18].
Since 1940, “laboratory animal science” has become a distinct field of study in veterinary medicine [19], demonstrating the fundamental importance of animal use in research to the extent that it has become a true paradigm. Biomedical research involves the utilization and euthanization of animals for a variety of purposes, including:
A. Study of Diseases
A variety of techniques are utilized to investigate the pathophysiology of various diseases. This is achieved by intentionally infecting animals with the studied disease in order to gain insight into how the disease and associated therapies may interact with humans. This method is used to investigate a broad variety of diseases, including gastrointestinal, neurological and genetic disorders [4].Animals have also been utilized for research purposes in the fields of neurological disorders, including brain and spinal cord injury; Parkinson's disease; AIDS; cancer; obesity; and a variety of other illnesses. In order to conduct these experiments, animals are subjected to a variety of adverse conditions, including severe illness, traumatic harm, oral feeding, burns, isolation, and toxic exposure.
B. New Drug Development
Animal testing is essential for determining the safety and dosage of new medications and therapies. Once a drug has been tested on animals and found to be safe and effective, researchers can start testing it on small groups of people, and then larger groups [14]. Testing on humans and animals is a legal requirement for the approval of a drug. However, the Food and Drug Administration (FDA) requires animal testing for safety reasons before clinical drug trials can be conducted in humans. It would be unsafe and unethical for researchers to experiment with drugs on humans before determining their safety. This is why animal testing and research is such an important first step. The process of developing new medicinal products typically consists of four primary steps:
1. Identifying the potential drug: The first step involves the identification of novel chemicals that may be beneficial in the formulation of medicinal products. Animals used in experiments at this stage account for approximately 10% of all animals used in the development of new medicinal products.
2. Testing the new substance: The promising substances are then subject to further testing. It is only during this stage majority of animal experiments (80%) are conducted in the context of the development of new medicinal products.
3. Safety testing: Substances chosen from the preceding phase are then evaluated for their safety. Typically, more than 10% of the animals tested are utilized in this stage. Toxicological research is an important part of drug development, as it is widely used to screen for adverse reactions in preclinical drugs. The role of toxicology in clinical trials of drugs is essential in order to determine whether the chosen drug causes more harm than its intended benefit [20].
4. Refining the final product: Studies on human subjects are the last stage in the development of novel medicinal products. Non-human animals are not usually used in experiments at this stage [21].
IV. ANIMAL MODELS USED FOR EXPERIMENTATION
An animal model can be any non-human species that aids in the study of the appearance, pathophysiology, and symptoms of the disease as in humans. In some cases, human diseases, either at a genetic level or at a subsequent level, can be artificially reproduced in animals [22]. These animal disease models can also be called xenograft models. Animal models are really important for predicting how rare diseases will develop and how to treat them, and they are the only way we know how to study complex diseases right now. These rare disorders or disease variations would otherwise be almost impossible to study because they rarely occur in humans and due to the high standards of ethics associated with human experimentation. Research involves the utilization of a broad range of animals, including:
A. Mice and Rats
Rodent models such as mice and rats are widely used for a wide range of research applications. The majority of rodent models have yielded groundbreaking discoveries in the fields of cancer, diabetes and wound healing, as well as Alzheimer’s and other neurodegenerative and behavioral disorders. The prevalence of rodent models in biomedical research is due to their similar disease manifestation to humans, cost-effectiveness, relatively liberal animal ethics regulations, ease of accommodation and handling, rapid reproduction rate, etc [23]. In addition, their shortened lifespan facilitates the investigation of disease inheritance and developmental biology, as well as the implications of genetic engineering. Rodents are frequently tested to study the mammals’ susceptibility to attack, intoxications, or experimental infections (parasites, bacteria, or viruses) and immunologically, oncologically, teratologically and embryologically related reactions and disorders. Mice are the most commonly used species for genetic analysis of human diseases. Rats are commonly used in nutrition, behavior, and endocrinology research. Mice and rats have been used in research on a variety of topics, including cancer, nutrition, kidney health, cholesterol, skin transplants, and more.
B. Dogs and Cats
Dogs are frequently utilized for cardiovascular research, cardiac resuscitation (CPR) techniques, anemia research, cardiac disease research, and a variety of other topics. The canine model was the first animal model employed in metabolic studies related to gastric excretion [24] and the discovery of insulin [25]. Canines are used as good models for studying chronic diseases like diabetes, obesity, arthritis, and hypothyroidism [26]. Cats are frequently used in research projects to investigate neurological disorders, cancer, genetic disorders, and immune system disorders, among other topics.
C. Rabbits

Rabbits are utilized for drug and vaccine safety testing, as well as for transplantation studies, cholesterol testing, product safety testing, and a variety of other purposes that are primarily related to the production of anti-toxins, pharmacological, toxicological, teratogenic, and reproductive research. The most popular strain of rabbit in research is the New Zealand white rabbit which is followed by the Watanabe heritable hyperlipidemic and its myocardial infarction prone rabbit. Rabbits are commonly used in research to study immunology, osteoporosis, ocular diseases, atherosclerosis and reproduction [27, 28]. Rabbits are commonly used to raise polyclonal antibodies.
D. Guinea Pigs
Guinea pigs are generally used as animal models in pharmacological, immunological, and nutritional (especially Vitamin C) studies.
E. Hamsters
Hamsters are commonly used for research purposes, involving cytogenesis, reproduction, and immunology.
F. Zebrafish
Zebrafish has a wide range of applications in the fields of bioinformatics, developmental biology, and molecular biology [29]. Zebrafish have become increasingly popular as animal models over the years due to their possession of orthologous human genes, rapid growth rate, large numbers of egg-bearing capacity, and shortened life span. This species shares the same genetic makeup as humans, allowing it to be utilized in the investigation of hyperglycaemia, obesity, type 2 diabetes, and hypoglycemia through the use of genetic mutation, pharmacological induction, and dietary modifications [30, 31].
G. Birds, Reptiles and Frogs
Birds, reptiles, and even frogs are used in trials related to diabetes, liver cancer studies, neurobiological problems, and a lot more. The study of evolution and ecology often involves the utilization of reptiles and amphibians [32].
H. Cows

Cows are employed in a variety of medical procedures, including those related to organ transplantation, and research involving diabetes and heart disease.
I. Pigs
Organ transplant medicine and immune therapy studies use domestic pigs as models [33].
J. Primates
Primates are utilized in the investigation of a variety of diseases, including AIDS, Parkinson’s disease, anaesthesia, measles, etc. Non-human primate models have made a significant contribution to our knowledge on COVID-19 pathogenicity and the physiological basis for prevention, diagnosis and treatment [34, 35, 36].
New animal models from invertebrates such as fruit flies (Drosophila melanogaster) are used to study neurological impairments like epilepsy [37] and nematodes like Caenorhabditis elegans are used to study obesity [38]. The majority of animals used for research purposes have been specially bred for the purpose of experimentation.
V. EXAMPLES OF TESTS DONE ON ANIMALS
The following is a brief overview of the experimental procedures and settings [39-44], in which animals are employed:
A. Skin sensitization Test: Guinea pigs are commonly used for skin sensitization test [45]. The guinea pig is exposed to multiple doses of the chemical to determine whether a subsequent application elicits a more intense immune response than a non-exposed guinea pig.
B. Carcinogenicity test: Animals like rats are exposed to carcinogenic chemicals for a period of up to two years, and the growth of tumors is then evaluated. In other studies, pregnant rabbits are exposed to a chemical throughout their gestation period and their uterine contents are examined to determine whether fetal death or alterations in growth (teratogen) were induced by these chemicals [46].
C. Tests for assessing heart condition: Disease conditions like heart attack and stroke are artificially induced in dogs for research purposes.
D. Paralysis tests: Weights are dropped onto rodents to create spinal cord injuries and paralysis to study those conditions.
E. Nausea Test: This involves implanting electrodes in dog’s intestine to induce vomiting and then research is undertaken [47].
F. Headache tests: Specific chemicals are used to create migraine-like symptoms artificially in primates to study them.
G. Toxicity tests: These tests, as the name indicates, measure the toxicity of specific substances. Some of these tests may cause cracking and peeling of the skin, vomiting, internal bleeding, convulsions, and even coma in the test animals.
H. Metabolic studies: In these studies, animals have tubes implanted in their bile ducts.
I. Histocompatibility tests: Histocompatibility testing in the past focused on testing novel materials on human subjects to determine their biocompatibility. This practice ceased to be acceptable some time ago. Now, in order for a material to meet the criteria for biocompatibility, it must undergo one or more of the following: in vitro testing, in vivo testing (using animals rather than humans), and in-use testing.
J. Medications: Bioavailability studies involve the use of animals to investigate the rate and extent of absorption or release of a medicinal product or drug into tissues or organs following administration.
K. Pathogenesis research: Transgenic animal models are utilized in the investigation of the pathogenic factors of diseases as a means of screening for potential therapeutic compounds, as well as in vivo validation of potential therapeutic candidates.
L. Neurobiology: Animals, particularly rats, are utilized to investigate the impact of surgical and dietary interventions on the brain.
VI. THE DEBATE ON ANIMAL EXPERIMENTATION
Supporters of animal experimentation argue that though non-invasive techniques may have been developed, there are numerous instances in which drugs or procedures must be tested on live animals. This has been challenged by opposers of animal experimentation who claim that animal studies may not accurately represent the potential effects of these drugs on human beings. Depending on the type and breed of animals used, the results may not accurately predict the drug effect in people. Other issues may arise due to the fact that the animal population used in experiments is relatively homogeneous, whereas the human population is relatively heterogeneous. The inaccuracy of the experimental results may also be attributed to the differences between the way the drug is administered and tested in the laboratory animals and the way the dug is given for human ingestion in clinical cases [48, 49, 50].
They also claim that although humans and non-human animals often experience similar health issues, the underlying physiological mechanisms are not the same. This would be one of the reasons why, according to them, extrapolating results from animal studies is problematic from an epistemic point of view [51]. In addition to these arguments, and whether or not they are correct, there is a fundamental difference in the way humans and non-human animals are treated in biomedical research, which we will explore in the sections below.
A. Lack of suitable animal model for specific human disease
Even though science has developed animal models for the most unusual of creatures, reproducing some of the human symptoms that are so difficult to detect or comprehend in animals is still challenging. Due to the wide range of mental states or emotions experienced by humans during a wide range of physical or psychological conditions, animal models are often limited in their ability to illustrate the same with precision. For example, it may be challenging to create models of infections or rare human genetic diseases in animals. Ebola virus, for example, can only be transmitted to laboratory animals after several passages and may not necessarily be regarded as a homologous virus that actually infects humans. Regular passaging in animals increases the likelihood of genetic drift in microorganisms, resulting in a genetic makeup that is almost indistinguishable from that of the human disease-causing counterpart [52]. In addition, there are internal factors that influence the relationship between the agent that causes the disease and the host, as well as external factors that further influence these interactions, which can significantly alter the pathophysiology of the disease. The lack of consistent knowledge of these elements among researchers and the substantial variations between or within species may result in inaccurate observations and discrepancies in opinion between research subgroups.
B. Difference in human and animal genetics
Regardless of the degree of similarity between the human genome and the genome of the laboratory animals, most laboratory animals are not susceptible to human genetic diseases. The genome size of rodents is typically less than that of humans. The human chromosome number is 23 pairs, while the mouse and rat chromosome number is 20 and 21 pairs, respectively. In addition, rodent genomes display a significantly higher rate of divergence and rearrangement than primate genomes. Due to the intrinsic differences in genetic structure and expression of disease state, various techniques have been employed to generate disease-promoting mutations, or mutations that predispose animals to human diseases. To achieve these mutations, the most common methods employed in the field of genetics include: gene knockouts; transgenesis; knock-ins; conditional gene modifications; chromosomal rearrangements; and so on [53].
C. Failure of animal data in clinical trials
One of the reasons why data from animal models cannot be used in clinical settings is that the time course of drug administration is typically different in both settings. The administration of drugs to laboratory animals is typically done either in a prophylactic manner or at the initial stage of disease expression. The majority of clinical studies involve human participants with varying stages of disease, thus the outcome of the treatment may vary significantly [54].The majority of drug failures in clinical trials have been attributed to human toxicity, which was not correctly predicted in animal studies. In fact, a lot of drugs that were thought to be safe in animal tests and even clinical trials had to be taken off the market years after they were released. In the past, this has resulted in significant losses of life and resources. It has also been observed that the opposite is also true. Many drugs that were discarded because they were thought to be toxic to animals might have been lost to patients [55, 56].
Due to the fact that the majority of animal studies are considered to be error prone, the likelihood of such events occurring appears to be acceptable, if not high. The source of these issues lies in the fact that animal studies, even when conducted in the same species and in controlled environments, are not reproducible. It has been suggested that the results of animal tests may vary due to a variety of variables such as sensitivity, specificity, and positive or negative predictive value. Preclinical animal studies have been subject to criticism in the past due to inadequate methodological quality, data presentation standards, and selection of appropriate sample sizes for both control and test populations. These issues remain a major concern in both academia and industry [57]. Nowadays international guidelines such as ARRIVE [58] and PREPARE [59] are available to plan and execute animal experiments to improve their quality and reproducibility.
VII. ANIMAL RESEARCH ALTERNATIVES
The growing understanding of its inability to replicate human conditions at a cellular and molecular level and a growing resistance to the unethical use of animals in research has stimulated the development of alternative methods of testing. In 2006, researchers revolutionized stem cell research by finding out the technique of reprogramming mature somatic cells into pluripotent stem cells [60]. These induced pluripotent stem cells (iPS cells) can be seen as replacement for embryonic stem cells. These iPS cells can be used to create patient specific cell lines that can be used as disease models for which animal models are not available, such as Parkinson’s disease.
The iPS cell technology can now be used to create 3D organ-like tissue (organoids), such as for Parkinson’s disease research. This makes organoid research a viable alternative to animal research, as it can substitute for some animal experiments and, in some cases, generate results that are more pertinent to patients due to the use of human cells as opposed to animal cells. In addition, human cell organoids can also be used directly to test potential drugs or treat a disease. Organoids fill the gap between traditional 2D cell culture and in vivo mouse models due to their physiological relevance compared to 2D cultures and their greater availability for cellular signaling pathway studies.
Organoids are similar to a 3D culture system and they are complex with better resemblance to the physiological properties of tissue. The iPS or tissue-specific progenitor cells self-organize and grow and mature into a tissue aggregate as they would in a human body. Organoids, although they are not a substitute for animal research, possess considerable potential beyond the scope of basic biological and medical research. They will also contribute to the reduction of animal testing in the fields of drug efficacy, drug safety and toxicological testing.
With the emergence of human-targeted therapeutic interventions such as CRISPR ribonucleoprotein particles (RNPS) and vaccine reactions, the need for human organ-on-chip or organoid-based models and laboratory-cultured model organ/tissue models in bioreactor is rising [61]. In addition, the use of in-silica platforms and computer models has already started to substitute live animal studies at universities and colleges. In vitro models combined with in-silico models aid in the prediction of toxicity and have the potential to substitute animal studies. In reality, drug studies on organ-on-chip have several shortcomings, such as a lack of metabolic or biodistribution data, which are critical in determining dose and side effects [62, 63].
VIII. RECENT ADVANCES IN ANIMAL TESTING
Over the years, animal models have undergone considerable changes.CRISPRCas9and other breeding technologies can be utilized to create disease-specific models as well as humanoid models. In Phase 0 trials, the humanoid strategy is employed to minimize medication failure rates by assessing candidates in multi-dimensional human organoid-derived disease models [64]. In addition to having human mutations, these models are housed and fed in a way that mimics human conditions. The use of technologies to investigate the activity of neurons also allows for the investigation of animal behavior and psychology, thus allowing for the acquisition of additional information on the physical and psychological condition of animals as required. In addition, the utilization of sequencing and entire organ analysis techniques enables a large amount of data to be extracted from an individual animal, thus decreasing the number of additional animals needed [62, 65]. Nowadays, for any protocol that necessitates the use of animals, proposals like “Animal Study Registry” exist to facilitate the careful preparation of study design, techniques, and statistical analysis to guarantee the integrity and the reproducibility of the results [66].
IX. CONCLUSION
For centuries, animal studies have been an integral part of biomedical research and have been instrumental in the development of the majority of life-saving medications and treatments for diseases that have threatened human life. Animal research has come a long way from being just an exploratory research to now being able to create human-like models that can replicate almost every major illness that affects us today. However, increasing worries about indiscriminate animal use without proper planning or reporting, as well as a lack of translational and reproducibility issues, have significantly reduced the reliance on animal studies by the scientific community. In addition, the use of high-performance computing tools, simulation-based research, organ-on-chip, and 3D printing  of living organs and tissues have also contributed to a decrease in the dependency mentioned above. For the time being, animal studies and research into its suggested alternatives will be conducted concurrently in order to achieve both the improvement of procedures and the presentation of data in both areas. In addition to the development of alternatives, animal studies will remain an essential component of biomedical research as long as appropriate regulations are in place and efforts are made to minimize the use of animals.
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