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Abstract

The term “alternatives” is used to describe any method resulting in the replace-
ment of animals or reduction in the numbers used in that procedure or refinement
of techniques that may minimize pain and suffering in the animals. Every year,
we use millions of experimental animals of various species in biomedical research
and in testing to assess the safety and effectiveness of drugs, cosmetics, and
chemicals. The pain and suffering that these animals experience during these
scientific experiments have always been an issue of serious debate. Several
scientists, organizations, and institutes across the globe are working for develop-
ing and validating alternative methods, and progress has certainly been made in
replacing methods using animals that have been in use for several years now with
alternate methods. Some of these alternate methods have become a standard
practice due to being more ethical, safe, cost-effective, quick, and accurate.
However, it is certainly time now that the scientific communities consider using
the available alternative methods like computer models, cell and tissue cultures,
microorganisms, invertebrates, lower vertebrates, human tissues, and volunteers
wherever possible and prioritize the replacement of animals over the refinement
and reduction strategies. One of the most effective ways to advance this vision
would be by increasing awareness in the scientific community about the available
alternative methods and by sharing knowledge through education and training.
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The purpose of this chapter is to make the readers aware of the available
alternative methods that they may use to replace, reduce, or refine the use of
animals and to provide guidance on some of the available resources where they
can look for these methods. We can certainly be hopeful that with the new, stricter
regulations and smarter and scientifically validated alternatives being developed
by scientists, the number of animals that are currently being used in research,
testing, and education will continue to decline in the future.
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7.1 Introduction

The term “alternatives” is used to describe any method which results in the replace-
ment of animals or reduction in the numbers used in that procedure or refinement of
techniques that may minimize pain and suffering in the animals. This term was first
introduced by David Henry Smyth in his book Alternatives to Animal Experiments in
1978, and it can be seen that Smyth’s term “alternatives” is synonymous with the
term “three Rs,” i.e., replacement, reduction, and refinement which was given by
W.M.S. Russell and R.L. Burch in their book The Principles of Humane Experi-
mental Technique in 1959. Every year, we use millions of experimental animals of
various species like mice, rats, hamsters, rabbits, guinea pigs, birds, dogs, nonhuman
primates, etc., in biomedical research and in testing to assess the safety and effec-
tiveness of drugs, cosmetics, and chemicals. The use of these laboratory animals in
biomedical and behavioral research has helped to significantly increase our scientific
knowledge and has contributed enormously to the betterment of human health by
helping prevent, cure, and treat a large number of diseases. The laboratory animals
also help us as tools in understanding the effects of several medical procedures and
surgical experiments. However, the pain and suffering experienced by these animals
during these experiments have always been an issue of serious debate. Animal rights
activists and anti-vivisectionist groups find animal experimentation to be very cruel
and unnecessary and call for the total abolition of all animal research regardless of its
purpose or benefit to mankind. This approach too would certainly have some very
severe consequences on the advancement of scientific research. And, it is equally
important to mention here that scientists themselves do not want to use or cause
unnecessary pain and suffering to the animals and that is why they readily accept all
the regulatory and ethical controls over the use of animals in education, research, and
testing. The scientific community is striving continuously to develop suitable
alternatives. It includes “absolute replacement,” where animals are not required at
all, or “relative replacement,” where a less sentient animal species is used. The
purpose of this chapter is also to make the readers aware of the available alternative
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methods that they may use to replace, reduce, or refine the use of animals and to
provide guidance on some of the available resources where they can look for these
methods. In the last few decades, a large number of promising non-animal methods
have been developed such as complex cell cultures, computational models, organ-
on-a-chip, etc., but they have not been very successful in replacing the animals
completely. This is because they have not been able to mimic the diversity of
different cell types and tissues present in a living organism; the complex interactions
that occur between various cells, tissues, and organs in various locations in the body;
and the influence of the tissue organization on the cellular environment. Although
cell culture and tissue culture models may answer many questions about the molec-
ular, cellular, tissue, and even organ functions, animal models are certainly required
to investigate how the tissues and organ systems interact with each other.

7.2 3Rs: Centers, Institutes, and Databases

Although researchers are constantly working on ways to develop alternatives, it may
not be possible to eliminate animal experiments in the near future. The actual shift
from animal models to alternatives would depend on how well they reflect the
complex human biology. But presently, it is certainly important for scientists to
seriously consider using the available validated alternative methods and start
prioritizing replacement over the refinement and reduction strategies. One of the
most effective ways to advance this vision would be by increasing awareness among
the scientific community about the available alternative methods and by sharing
knowledge through education and training.

Several organizations and institutes across the globe are working dedicatedly for
the effective implementation of the 3Rs, specifically for developing and validating
alternative methods that can replace the use of animals in education, research, and
regulatory testing. They also provide a lot of useful information about the 3Rs and
available alternatives on their websites. Information on these institutes and their aims
and missions are provided in Table 7.1, which may be helpful to the readers to obtain
appropriate and updated information about the available alternatives as well as about
the ones which are under the process of validation.

7.3 Alternative Methods: Historical Perspective

Continuous efforts are being made by the scientific community to replace animal
tests since the 1960s. Earlier, to confirm pregnancy in a woman, her urine was
injected into immature rabbits, and the human chorionic gonadotropin (hCG) in the
sample of pregnant women would induce ovulation, which was detected only after
the rabbit was killed. This test was replaced as gonadotropin could be detected
directly using chemical tests to confirm pregnancy. Polio vaccine was used to be
produced in primary monkey kidney cells for which a large number of monkeys
were killed every year. By the 1970s, use of long-lived human or monkey cell
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Table 7.1 Organizations working for alternatives to animal experiments

Organization Main objectives and activities

Fund for the Replacement of Animals in
Medical Experiments (FRAME)
(established in London in 1969)
https://frame.org.uk/

Promotes 3Rs and in particular “replacement”
by validated reliable and reproducible
alternative methods
Works for eliminating the need to use
laboratory animals in any kind of medical or
scientific procedures

The Johns Hopkins Center for Alternatives to
Animal Testing (CAAT)
(established in the USA in 1981)
https://caat.jhsph.edu/about/index.html

Promotes development of in vitro and other
alternative techniques
Facilitates acceptance and implementation of
alternative methods
Provides reliable information on alternatives to
academia, government, industry, and the
general public
Educates and trains in the application of
alternatives
Website “Altweb” devoted to 3Rs and
alternatives news and information
Publishes open-access articles on alternatives
to animal experimentation through ALTEX
journal

European Centre for the Validation of
Alternative Methods (ECVAM)
(established in EU in 1991) https://ec.europa.
eu/jrc/en/eurl/ecvam

Works for development, validation, and
acceptance of methods to replace, reduce, or
refine the use of animals in laboratories
Developed publicly accessible Database on
Alternative Methods to Animal
Experimentation (DB-ALM) that provides
summaries and protocols on alternative
methods
Developed Tracking System for Alternative
Methods toward Regulatory Acceptance
(TSAR) which tracks the progress of
alternative methods for testing chemicals or
biologicals like vaccines from time of
submission to validation and final regulatory
acceptance as a recognized test method. https://
tsar.jrc.ec.europa.eu/test-methods?

The Interagency Coordinating Committee on
the Validation Of Alternative Methods
(ICCVAM)
(established in the USA in 2000) https://ntp.
niehs.nih.gov

Facilitates collaborations to promote
development, regulatory acceptance, and use
of alternative test methods
Provides guidance to scientists developing
alternative test methods
Evaluates recommendations from expert peer
reviews of alternative toxicological test
methods and makes recommendations to
federal agencies on their use
The website provides details of alternative
methods for chemical safety testing that have
been accepted by the US and international
regulatory authorities

(continued)
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Table 7.1 (continued)

Organization Main objectives and activities

Japanese Centre for the Validation of
Alternative Methods (JaCVAM)
(established in Japan in 2005)
https://www.jacvam.jp/en/index.html

Promotes the 3Rs in animal experiments for
the evaluation of chemical substance safety in
Japan
Collaborates internationally to establish
guidelines for new alternative methods

Norwegian Reference Centre for Laboratory
Animal Science and Alternatives
(NORECOPA)
(established in Norway in 2007)
https://norecopa.no/alternatives/alternatives-
to-animal-research-and-testing

National Consensus Platform of Norway for
the advancement of “the 3Rs” in animal
experiments
Maintains databases like the following:
Text Base that provides information on
textbooks available in the field of laboratory
animal science https://norecopa.no/textbase-
database
3R Guide that contains 3R resources for those
planning or conducting animal experiments
https://norecopa.no/3r-guide-database
NORINA database having information on
more than 3000 audiovisual aids which can be
used as alternatives in education and training
https://norecopa.no/norina-database
Inventory of 3Rs, Education and Training
Courses and Resources that was produced by
EU https://norecopa.no/european-commission-
inventory-of-3rs-education-training-resources

Korean Centre for the Validation of
Alternative Methods (KoCVAM)
(established in Korea in 2009)
http://www.nifds.go.kr/kocvamen/

Formulates and promotes policies concerning
the development and approval of alternatives
to animal testing
Provides information regarding alternative test
methods and educational programs for
industry, academia, and research institutions
Coordinates the process of validating and peer-
reviewing alternative test methods and
proposing validated test methods to the OECD
for guidelines

Brazilian Centre for the Validation of
Alternative Methods (BraCVAM)
(established in Brazil in 2013)

Plays an important role in the development and
validation of alternative methods, through the
active participation of the National Network on
Alternative Methods (ReNaMA)
Prepares final recommendations on the
validated test method and sends to the National
Council for the Control of Animal
Experimentation (CONCEA) which then is in
charge of the regulatory adoption of all
validated test methods in Brazil

Canadian Centre for the Validation of
Alternative Methods (CaCVAM)
(established in Canada in 2017)
https://www.uwindsor.ca/ccaam/

Works with the Canadian regulators to
expedite the development, validation, and
regulatory acceptance of the new alternative
methods

AltTox (http://alttox.org/) A comprehensive resource for scientists and
policymakers to promote the use of alternatives

(continued)
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cultures not only resulted in saving monkeys but also made the vaccine safer by
eliminating the risk of contamination with animal viruses [1]. In the same year, the
potency test of the yellow fever vaccine that was used to be performed on animals in
lethal dose tests was replaced by the cell culture-based plaque reduction neutraliza-
tion test [2]. Insulin that is used in diabetic patients was earlier extracted from the
pancreas of cows and pigs, but obtained from bacterial cultures by using recombi-
nant DNA technology. The mouse convulsion test that was used to test insulin
required 600 mice per batch. The number of animals going into convulsions after
the injection was used to measure the strength of insulin. However, as science
progressed and the analytical techniques improved, animals were no longer used,
and insulin was directly assayed by chromatographic techniques [3]. Earlier, all the
new cosmetics were tested on animals such as rabbits to test their potential for skin
irritation. However, in the past two decades, multilayered human epidermal cell
culture models like EpiDerm™ by Mattec Corporation and EpiSkin™ by SkinEthic
have been shown to provide accurate results for the irritation potential of any product
that is to be used on human skin and have completely replaced the need for testing in
animals. It is realized that in the near future, it might not be possible to replace the
in vivo Draize eye test in rabbits with any one single in vitro eye irritation test which
would predict the full range of irritation for all the classes of chemicals. However,
careful combinations of several alternative test methods in a tiered testing strategy
have been able to replace this in vivo test to some extent. The Bovine Corneal

Table 7.1 (continued)

Organization Main objectives and activities

primarily for animal-based toxicity testing
Its website AltTox.org is focused on providing
information on the development, validation,
and international acceptance of nonanimal
toxicity test methods and by the national and
regional regulatory authorities as replacements
for many of the animal toxicity test methods
which are currently required for regulatory
submissions
A section on toxicity testing, i.e., Methods,
Approaches, Programs & Policies (MAPP),
provides information on alternative methods
for toxicity testing including the in vitro,
ex vivo, in chemico, and in silico methods
along with those in vivo methods which may
still help in reducing or refining the animal use
Provides details of agencies that have endorsed
the scientific validity of these methods and the
status of the regulatory acceptance at
international (OECD) or at national or regional
level (European Pharmacopeia, FDA,
REACH, etc.)
http://alttox.org/mapp/table-of-validated-and-
accepted-alternative-methods/

142 S. Yadav and V. P. Singh

http://alttox.org/mapp/table-of-validated-and-accepted-alternative-methods/
http://alttox.org/mapp/table-of-validated-and-accepted-alternative-methods/


Opacity and Permeability (BCOP) test method is an organotypic model that enables
scientists to maintain the normal physiological and biochemical functions of the
bovine cornea obtained from freshly slaughtered animals in vitro and has been
adopted by OECD in July 2013 (TG 437) for identifying chemicals inducing serious
eye damage and for chemicals not requiring classification for eye irritation or serious
eye damage, thus resulting in a considerable reduction in the number of animals
being used in Draize test. Regulations also make it mandatory to ensure that each
batch of drug products that are intended for parenteral administration is free from
pyrogens, and historically, the rabbit pyrogen test (RPT) was the required test.
However, with the advancement in technologies, this animal-based test has gradu-
ally been replaced by alternative tests like bacterial endotoxin test (BET), monocyte
activation test (MAT), and recombinant factor C (rFC) test in most of the cases,
although the suitability of these alternatives has to be demonstrated in a product-
specific validation to ensure quality control of parenteral drugs. Therefore, it can be
seen that significant progress has been made in replacing animals completely or in
reducing their use considerably, and these alternative methods that have been in use
for several years now have become a standard practice and proved to be more ethical,
cost-effective, quick, and accurate.

7.4 Available Alternative Methods and Recent Developments

7.4.1 Computer Models

Several in silico computer simulation software are available that help predict the
various possible biological or toxic effects of a potential drug/chemical without the
use of animals so that only the most promising molecules are then taken for in vivo
experimentation, thus helping reduce the number of animals enormously. These
software are available in the public domain and can be accessed either free of cost or
on a fee-based service.

7.4.2 Prediction of Toxicity

Computer-aided drug design (CADD) software helps to screen the chemicals for
potential biological activity in animals, by identifying the receptor binding site for
the new potential drug candidate. Such software programs also help to tailor-make
new drug molecules for specific binding sites, thus requiring testing in animals only
in the final stage to confirm the results [4], thus helping in an enormous reduction in
the total number of animals used in such studies.

Several software related to structure-activity relationship (SAR) such as Deduc-
tive Estimation of Risk-based on Existing Knowledge (DEREK), Toxtree, Ecostar,
and OECD QSAR Toolbox have been developed that help predict multiple toxicity
endpoints and species for new drug candidates. SAR programs are also available that
help to predict the biological activity of potential drug molecules based on the
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presence of certain chemical moieties found attached to the parent compounds.
Quantitative structure-activity relationship (QSAR) mathematically describes the
relationship between physicochemical properties and biological activity of the
drug molecules. When compared to animal testing, this software is a faster and
inexpensive way to predict several activities like carcinogenicity and mutagenicity
of potential drug candidates [5]. The QSAR Toolbox developed by OECD [6] is a
free software application used for filling gaps of (eco) toxicity data needed to assess
the potential hazards of substances. It helps in providing reproducible and transpar-
ent chemical hazard assessment. Some of the other online toxicity prediction tools
available are as follows:

(a) Toxtree—free stand-alone software that applies a decision tree approach to
estimate toxic hazards.

(b) PredSkin—helps to predict the skin sensitivity potential of a chemical.
(c) Endocrine Disruptome—helps to predict the endocrine action of any molecule

against 18 structures belonging to 14 nuclear receptors.
(d) ProTox-II—a web server which is used for the prediction of toxicity of

chemicals.
(e) eMolTox—another webserver useful for toxicity prediction and drug safety

analysis.

Besides, several in silico methods have been developed that are in use in the
pharmaceutical industry to study and predict the physicochemical, pharmacokinetic,
and pharmacodynamic parameters of drugs.

Pharmacodynamics/Target Prediction

(a) iDrug-Target—helps to predict drug-target interaction.
(b) SEA-2D—is used for similarity-based approach.
(c) SwissTarget—helps to predict drug-target based on 2D and 3D similarity

approach.
(d) PASS Online—helps to predict over 4000 different kinds of biological

activities like the mechanisms of action, pharmacological as well as toxic
effects, interaction with metabolic enzymes and transporters, influence on
gene expression, etc.

Pharmacokinetics (ADME)

(a) SwissADME—is used for computation of both physiochemical properties and
pharmacokinetic parameters.

(b) SOM Prediction—helps to predict the potential metabolic sites of a molecule
and its metabolic products.

(c) admetSAR 2.0—a free comprehensive tool for evaluating chemical ADMET
properties,

(d) pkCSM—predicts small-molecule PK properties using graph-based signatures.
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7.4.3 Adverse Drug Reactions

Owing to the huge global health burden and failure of drugs, predicting adverse drug
reactions (ADRs) in the preclinical stages has become very important to reduce drug
failures as well as the time and cost of development and also to provide efficient and
safe therapeutic to the patients. In recent years, many computational methods for in
silico ADR prediction [7] have been put forward, but it remains a challenge for the
drug developers, as many deaths still occur every year due to ADRs that are not
apparent until the particular drug has been marketed and used by the patients.
Though computer models for identification of ADRs have limitations mainly
owing to lack of complete human metabolomics data, they certainly can be a
valuable tool in drug development as the early detection of ADRs would not only
help to reduce costs but also help to considerably reduce the number of animals used
in preclinical trials.

In the recent years, the use of these in silico methods is on the rise mainly due to
the requirements for reducing animal testing according to the REACH (Registration,
Evaluation, Authorization and Restriction of Chemicals) legislation of the European
Union and the implementation of similar laws and regulations globally, rapid
technological progress leading to the development of new reliable alternative
methods, and also the economic incentives on using alternatives [6]. In recent
years, there has been a rapid evolution in the implementation of these in silico
methods into regulatory use, and these may gradually replace many of the classical
in vivo tests.

7.5 Cell and Tissue Cultures

Scientists have been growing different types of animal and human cells in
laboratories. The traditional two-dimensional (2D) cell cultures have been crucial
in improving our understanding of cell biology and mechanisms of several diseases
and also in the drug discovery and development process. They have successfully
provided an alternative to the animal model in several types of studies like preclini-
cal research of drugs, cancer research, studies on gene function, etc., thus
contributing greatly to reducing the use of animals. These 2D cell cultures have
the advantage of being simple and having a low maintenance cost. However, they
have certain limitations also as the adherent cultures growing as monolayers on flat
flasks do not mimic the natural structures and microenvironments of the cells and
tissues or tumors, thus affecting the cell-cell and cell-extracellular environment
interactions which in turn might affect several cellular functions. Moreover, the
adherent cultures allow the researchers to study only one type of cell at a time.
Therefore, scientists had been making efforts to develop better in vitro cell culture
models that closely resemble the in vivo conditions.

Of late, three-dimensional (3D) cultures have been developed that provide a more
realistic way to study diseases and test new therapies. The organ-on-chip models
utilize a dynamic 3D environment very similar to the human body, providing good
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opportunities for understanding the pathogenesis of several human diseases and also
providing a better model to screen novel drug molecules. These models have been
developed for all the major organs of the body including the heart, lung, and kidney
to test the effect of any new drug candidate on these individual organs on a small,
microfluidic scale simulating the biology as well as the physiology of the human
organs. These miniature 3D cell culture-based “organ-on-chip” models have been
designed to mimic all the processes of their regular-sized counterparts including
electrophysiological responses, exchange of gases, and fluid filtration. This also
allows the researchers to use a variety of imaging techniques to study the processes
in the organs, which is a major advantage over the typical 2D and 3D cell cultures.
Scientists can arrange single types of cells opposite to one another along a porous
membrane, thus enabling the exchange of the cellular products as well [8]. The use
of microfluidics technology offers the advantage of performing tissue culture in
controlled environments and adjusted to optimize the pH, temperature, supply of
nutrients, and disposal of waste [9]. Researchers have also integrated these organ-on-
chip systems with various sensors and actuators so that the key parameters in the
human body can be monitored and controlled more accurately [10]. These chips can
contribute extensively to the discovery and development of new drugs as they can
model the complex and dynamic processes of absorption, distribution, metabolism,
and excretion (ADME) of drugs, which form an efficacy benchmark for any new
drug molecule. These chips can be used to study various disease states, particularly
those diseases that are specific to humans where the animal models are not able to
provide answers such as those involving the brain or immune system. They are also
useful for testing the efficacy of various drugs and vaccines to know how they may
function when administered in vivo. In recent years, scientists have been attempting
to develop innovative microfluidic designs so that these chips can closely simulate
the actual organs. A group of scientists has developed a biomimetic microsystem that
not only mimics the functional alveolar-capillary interface of the human lung but
also reproduces the complex integrated organ-level responses, on the introduction of
bacteria and inflammatory cytokines into the alveolar space [11]. In 2012, an organ-
on-a-chip was developed to model pulmonary edema of humans which mimics the
lung function in response to mechanical strain and cytokine IL-2 and also accurately
predicted the activity of new drug candidates [12]. In 2015, a heart-on-chip system
using microfluidics was developed to assess the effects of the cardiovascular drug
which had the advantage of precisely regulating some conditions like flow rate,
pulsatile flow, and shear stress in addition to having high-throughput capabilities
[13]. A disease model of cardiomyopathy of BTHS based on heart-on-chip technol-
ogy and iPSC-derived cardiomyocytes (CMs) from iPSCs of Barth syndrome
(BTHS) patients was developed [14]. This model has been used successfully to
test new treatment options involving pharmacology and genetic modification and
also for identifying new potential therapeutic targets for BTHS [15, 16]. The two
main factors that influence the time for which the drugs stay on the cornea are
blinking and tear flow, and based on this, a corneal epithelium-on-a-chip model has
been developed which mimics the cellular environment and the tear flow associated
with the eye-blinking mechanism [17]. Drug transport and their permeability across
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the rate-limiting barrier can also be analyzed. As the biology of the corneal epithe-
lium on the chip is quite similar to that of humans, it can be used for understanding
ocular pharmacokinetics and physiology and thus can also support the ophthalmic
drug test method. A 3D tissue microfabrication construct has been developed
comprising heart, lung, and liver cells in separate but interconnected chambers
which has demonstrated the highly critical interorgan response to drug administra-
tion [18]. Bleomycin was shown to be cardiotoxic as determined by altered kinetics
of heart cell beat followed by a complete cessation in this multi-organ system, while
it was not cardiotoxic in the “heart-only” construct. This could be attributed to
bleomycin-induced secretion of IL-1β in the lung tissue which is known to be
cardiotoxic [19]. Thus, the multi-organ system paves way for analysis much closer
to the “in vivo” techniques.

Models of human-on-a-chip are also being developed that would move closer to
mimicking the whole human response and enable scientists to study the systemic
effect of drugs on the human body. This includes individual vital organs on chips
that are further connected by a microfluid circulation system in a microfabrication
bioreactor. These models closely mimic the interactions between multiple tissues,
realistic size ratios, and physiological fluid flow conditions of a human body
[20]. They also enable the scientists to study the effects of various drugs on
human cells that are organized in a similar anatomical way, which certainly offers
a distinct advantage over the animal models, as these human cells in culture behave
in almost the same way as they would behave in the body, thus reducing or replacing
the need for animal testing.

Although these organ-on-a-chip and human-on-a-chip models have some
limitations, the new emerging technologies have certainly improved their capability
for translational research, high-throughput analysis, and precision medicine and thus
can contribute enormously as alternative methods in the preclinical drug develop-
ment studies and in estimating the toxicity of environmental contaminants.

7.6 Microorganisms

7.6.1 Saccharomyces cerevisiae

Saccharomyces cerevisiae (brewing yeast) is one of the most common eukaryotic
microorganisms used for biological studies. Its cellular architecture is similar to
multicellular eukaryotes, and the genome is very well characterized and studied.
Besides, rapid growth, short generation time, ease of replica plating, and mutant
isolation with a highly versatile DNA transformation system provide distinct
advantages. The various membrane-bound organelles present in the yeast-like
nucleus, peroxisome, mitochondria, and organelles of the secretory pathway are
similar to the functions of mammalian cells [21]. S. cerevisiae has also been studied
as a model to replace the traditional LD50 test invertebrates, and the LD50 tests in
yeast model were found to correlate well with the customary LD50 test in mice, rats,
and other laboratory animals for nearly 160 common drugs and other chemicals

7 Alternatives to Animal Experiments in Research and Regulatory Testing 147



[22]. It is also used as a model to study programmed cell death and cancer [23]. Its
utility in studying the mechanisms of aging and longevity of multicellular
organisms, however, has been limited [24]. Engineered yeast models have been
developed to study the endogenous or heterologous proteins that lie at the root of
complex human diseases and have proven to be powerful tools for understanding the
molecular mechanisms of neurodegenerative diseases such as Parkinson’s,
Alzheimer’s, and Huntington’s disease [25, 26]. The yeast screening assays have
also been greatly useful in the first-line high-throughput screening of potentially
active compounds and help to greatly reduce the number of animals used in the
discovery of new therapeutic agents.

7.6.2 Salmonella Species

The Salmonella assay also known as the Ames test has played an invaluable role in
identifying rodent and human carcinogens [27, 28]. Over the years, this assay has
undergone several modifications which have enabled the use of the very minute
number of samples in semi-throughput modes [29] and testing of body fluids like
urine [30], feces [31], cervical mucus [32], breast milk [33], and breast nipple
aspirates [34]. Approximately 30,000 chemicals that are produced in an amount
exceeding 1 ton/year are required to be tested by the Salmonella assay under the
European Union’s REACH legislation [35]. The flexibility of this assay has made it
useful for almost every type of environmental and molecular epidemiology study,
and the experience of the scientists with the Salmonella assay can be used for
developing new approaches for predicting and understanding the toxicology of
substances [36].

Several other prokaryotes, protists, and fungi can also be used as alternatives.
Bacillus subtilis is a bacterial model that has been used for studying cellular
differentiation. Escherichia coli, Dictyostelium discoideum, and
Schizosaccharomyces pombe have been used as a model for molecular and genetic
studies and Neurospora crassa as a model for genetics as well as for circadian
rhythm and metabolic regulation studies [37].

7.7 Invertebrates

Invertebrates have been used as models in teaching and research since the eighteenth
century. Due to the public and ethical concerns about the use of vertebrate animals in
research, interest in establishing and using invertebrate models like nematodes,
insects, crustaceans, mollusks, etc., has increased considerably in the last few
decades. The most commonly used invertebrate models are Drosophila
melanogaster and Caenorhabditis elegans.
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7.7.1 Drosophila melanogaster

Drosophila melanogaster, commonly known as fruit fly, is one of the most widely
used invertebrate models in research because of the various advantages that it offers
over the other vertebrate models, especially mammals. It is easy to grow in
laboratories and has an extremely low maintenance cost. It has a very short life
cycle consisting of four stages, i.e., embryo, larva, pupa and adult, each of which is
used to study various scientific concepts. The embryo is used as a model to study
organogenesis and neuronal development, while the larva is useful for studying the
physiological and developmental processes. In an adult fly, functions of various
organs like the heart, lungs, gut, reproductive tract, and kidney are found to be
similar to that in mammals [38]. Drosophila genome is 60% homologous to that of
humans, its complete genome has been sequenced, and almost 75% of the genes that
are found to be involved in human diseases have a functional homolog in this fly
[39, 40]. The heart of the fly is an ideal model for studying cardiac development and
cardiac diseases and also for understanding the underlying cellular and molecular
mechanisms in morphogenesis because of the conservation of key genes and close
similarity with the vertebrate cardiogenesis [41]. Drosophila is also used for study-
ing the blood cell development of vertebrates because of having similarities with the
mammalian mechanisms of hematopoiesis [42]. Researchers have developed dia-
betic, obese, genetically “lean,” as well as hypoglycemic phenotypes of these flies
which are excellent models to study the pathogenesis of important metabolic
diseases like obesity and diabetes [43]. The insulin signaling in these flies is very
similar to that in humans, making it a very good model to study the mechanisms by
which insulin regulates metabolism [44].

Drosophila is a good model for studying human genetics due to several
similarities in their development and behavior [45] and has also been used to
study human diseases for comparing the resulting pathologic conditions by
expressing the specific protein products found in human disease. It is also an
excellent model to investigate neurodegenerative diseases like Parkinson’s,
Alzheimer’s, and Huntington’s diseases [46, 47]. The molecular mechanisms
driving wound healing in Drosophila was found to resemble those involved in the
tissue fusion events during animal development making it a good model for studying
wound healing [48]. The excretory system of the fly has been very useful in
understanding the development and differentiation of the renal system across species
[49]. This fly has been used extensively to understand the molecular mechanisms
regulating stem cell activity in all animals. This model was used to demonstrate
apoptosis in response to damage or stress and the molecular signals that initiate
tissue regeneration by activating the proliferation of the stem cells [50, 51].Drosoph-
ila can also be used as a tool in the clinical drug discovery process as an initial, fast,
and high-throughput screening alternative. An added advantage is that the genetic
background of this fly can be manipulated very easily to mimic a diseased state
which can then be used as a model to test the efficacy of potential drugs for that
particular disease.
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7.7.2 Caenorhabditis elegans

Caenorhabditis elegans is a eukaryotic, multicellular, transparent nematode with a
length of 1 mm, which is a highly prolific breeder having a very short generation
time. It has a 2–3-week-long life cycle in which embryogenesis takes place in
12 hours and an adult develops within 2.5 days. It can be easily grown in laboratories
and is relatively inexpensive to maintain. C. elegans has almost the same number of
genes as humans and has several similarities at genetic and molecular levels. It has
been used as a model to understand the molecular mechanisms involved in many
human diseases such as Parkinson’s disease, Alzheimer’s disease, cancer, diabetes,
and some immune disorders [52–54]. It has also been used in the development and
testing of new drug molecules for the treatment of these diseases [55]. C. elegans can
be used as a model for forward and reverse genetics as their transgenic, mutant, and
knockouts can be developed very easily and those expressing the green fluorescent
protein (GFP) offer an added advantage of allowing the scientists to observe the
cellular and metabolic processes in vivo [56, 57].

7.8 Lower Vertebrates

In cases where complete replacement of animals is not possible, efforts can be made
to see if at least the higher animals can be “replaced” with lower vertebrates or
invertebrates. The zebrafish is one such alternative that has become quite popular in
recent years.

7.8.1 Danio rerio (Zebrafish)

Zebrafish is an important vertebrate model that offers several advantages over the
other vertebrate models. They require a simple habitat and can be easily cost-
effectively maintained in a laboratory. The short generation time of 3–5 months
and large clutch size of around 250–300 help in providing sufficient animals for
research. Another unique advantage of the zebrafish is that they have external
fertilization which in turn facilitates observation of the development pattern as
well as an experimental manipulation of the embryos. Moreover, the transparent
embryos also allow the use of noninvasive imaging techniques for visualization of
fluorescently labeled individual genes throughout the developmental process
[58, 59]. Scientists have constructed 3D imaging in live zebrafish by using fluores-
cent probes, thus enabling high-throughput imaging with good reproducibility of
results [60]. This model can also be used to study the pathogenesis of several human
diseases [61]. The zebrafish embryos have been shown to exhibit similar responses
as other mammals to drugs for cardiovascular diseases, cancer [62], and neurological
drug discovery [63, 64]. The zebrafish possesses a molecular, structural, and func-
tional similarity of the blood-brain barrier (BBB) with those of the higher vertebrates
[65]. The small size and optical clarity of the embryos and larvae enable the use of
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this model in high-throughput drug discovery programs [66]. Zebrafish is a powerful
and validated vertebrate model for studying human neurodegenerative diseases like
Alzheimer’s disease [67] because of the close resemblance in the neuroanatomic and
neurochemical pathways of zebrafish and the human brain. Emotional, physiologi-
cal, and social-behavioral pattern similarities with that of higher animals have also
been observed in zebrafish. Zebrafish age gradually like humans and also show
similar aging-related changes across both cognitive and neurobiological spectra
making it a good model to study the neurobiological mechanisms that underlie
aging-related cognitive decline [68].

7.9 Human Tissues and Volunteers

Animals used in research have undoubtedly played a vital role in scientific and
medical advances and have enhanced the lives of millions of people. With advances
in technology and scientific processes, now it is certainly possible to use human
tissues to replace some use of animals in research. All the tissues and organs donated
by human donors or those collected at the time of surgeries or autopsy are useful for
biomedical research and contribute to advancing the fundamental understanding of
human biology, improve our knowledge of disease pathways and mechanisms, and
help in developing better diagnostic techniques and in the discovery of better cures
and treatments for all the diseases that occur in humans. By creating greater
awareness about donating samples, it is possible to increase the availability of
human tissues and organs for research, which not only allows the scientists to
study diseases in tissues that are infected but also helps to reduce the number of
animals used in scientific and medical testing.

Another way to prevent the use of animals is by safely using available human
volunteers. Micro dosing is one method that utilizes the technological advances in
analytical techniques and helps to assess the basic behavior of a new drug by
injecting the novel molecule in human volunteers at doses which are much lesser
than those that are expected to produce whole-body effects so that even the poten-
tially harmful substances do not pose a threat [69]. It is also possible for the scientists
to use sophisticated scanning technologies like CT, PET, and MRI to see
abnormalities and track the progress of the treatment in the brains of the patients
suffering from Alzheimer’s disease, Parkinson’s diseases, schizophrenia, epilepsy,
and brain injury. Similarly, the recent advancements in brain imaging technologies
have enabled the researchers to measure the human brain activity noninvasively and
with high precision, thus creating hope of soon replacing the highly invasive and
painful procedures that are presently done in monkeys [70].
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7.10 Barriers to the Implementation of Alternatives
and the Way Forward

The efforts made toward the use of alternatives have certainly helped in reducing the
numbers of animals that are being used and in refining the experimental procedures
to minimize their pain and suffering. Despite all these efforts, the actual success in
eliminating the use of animals in research and regulatory testing has been minimal.
Some of the factors that contribute to the delay in the acceptance and implementation
of alternative are as below:

• The possibility of replacing animals with alternatives depends on the nature and
requirements of each experiment. While isolated cell and tissue cultures are not
able to mimic a complicated living system, it is not possible to use human
volunteers in potentially harmful experiments. Therefore, it is very important to
understand the scientific barriers to replacement in specific types of experiments
so that scientists can focus on overcoming these barriers.

• The medical and veterinary colleges and some specific areas of biological
research continue to depend on the use of animals.

• Often scientists have their preferred ways of performing experiments, and a lot of
persuasion and training in alternative methods would be required to convince
them to shift to the alternatives.

• Developing countries are not able to prioritize developing or implementing
alternative methods due to a lack of funding and resources.

• Over the years, the increasing standard of ethical approval and control has
certainly improved the implementation of 3Rs. However, the members of ethical
committees need to be trained and sensitized about the available validated
alternatives and then encouraged to perform very critical ethical review so that
animal use could be avoided wherever possible.

• Developing alternative methods in product safety testing of medicines or
chemicals is very challenging and time-consuming because of the existing laws
and regulations in several countries. The period between the successful validation
of the alternative methods and their regulatory acceptance and actual implemen-
tation is long. The processes of multinational agreements required for revision of
the pharmacopoeial monographs and regulatory guidelines delays the process.
The production of the new reference material for the new test systems in sufficient
quantities is time-consuming and expensive.

• Although there are many successful alternative methods available in basic
research, their use is mostly limited to the laboratories where they are developed.
Publications with detailed methodologies, commercialization, and technology
transfer of these methods are required to bring about their widespread use in the
scientific community. Stricter enforcement of regulations to ensure the use of the
alternatives where available would expedite the replacement of animals that are
being used in research.
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7.11 Conclusion

The scientific community certainly wants to replace all experiments that cause
suffering in animals with humane alternatives. While several options are already
available and can be used, some are not sophisticated enough to eradicate animal
testing. However, it is certainly time now that the scientific community considers
using the available validated alternative methods and prioritizes the replacement of
animals, over the refinement and reduction strategies. With new, stricter regulations
and smarter and scientifically validated alternatives being developed by scientists,
we can certainly be hopeful that the number of animals used in research, testing, and
education will continue to decline in the future.
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