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Abstract

The coexistence of humans and animals has existed for centuries. Over the past decade, animal research has played a
critical role in drug development and discovery. More and more diverse animals, including transgenic animals, are used
in basic research than in applied research. Transgenic animals are generated using molecular genetic techniques to add
functional genes, alter gene products, delete genes, insert reporter genes into regulatory sequences, replace or repair
genes, and make changes in gene expression. These genetically engineered animals are unique tools for studying a wide
range of biomedical issues, allowing the exhibition of specific genetic alterations in various biological systems. Over the
past two decades, transgenic animal models have played a critical role in improving our understanding of gene regulation
and function in biological systems and human disease. This review article aims to highlight the role of transgenic animals in
pharmacological, toxicological, and environmental research. The review accounts for various types of transgenic animals and
their appropriateness in multiple types of studies.
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Introduction

The coexistence of humans and animals has existed for
centuries. The use of animals in research goes hand in hand
with the development of medicine and modern biological
science. Animals are used in scientific research to help us
understand human bodies and how they work. Animals are
also used to test the toxic effects of chemicals. The anatomical
and physiological resemblance between humans and animals,
primarily mammals, has led researchers to study various
mechanisms and test new therapies in animal models before
applying their discoveries to humans. Over the past decade,
animal research has played a critical role in nearly all medical
breakthroughs. Almost every Nobel Prize winner in
physiology or medicine since the beginning of the nineteenth
century has based their research on animal data. Animal
models have been used to address a wide range of queries,
from basic research to developing and evaluating novel
biologicals or drugs.!2

The difference between man and animals is that man has a
mind, a requirement for consciousness, and, thus, the ability

to feel pain. The use of animals is not only based on the
remarkable similarities in the biology of most mammals but
also on the fact that human diseases often affect other animal
species. This is especially true for most infectious diseases
and also widespread diseases such as type | diabetes,
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hypertension, allergies, cancer, epilepsy, myopathies, and so
on. These diseases have similarities, but the mechanisms are
often so similar that 90% of veterinary drugs used to treat
animals are identical or similar to those used to treat humans.>*

Each year, approximately 50—100 million animals, ranging
from zebrafish (Danio rerio) to non-human primates, are
used in experiments. While experiments on vertebrate animals
are regulated in most countries, this is not true for experiments
on invertebrate animals, so there are no accurate statistics on
their use. The total number of animals used in the United
States in 2010 was nearly 1.37 million. This number does not
include small animals such as rats, mice (account for about
90% of experimental animals), birds, or fish. Most procedures
were performed on mice and rats (96%). Other commonly
used animals include guinea pigs (19%), rabbits (18%), and
hamsters (13%). Over three million animals were used in the
United Kingdom in 2011, primarily including mice (71%),
fish (15%), rats (7%), and birds (4%). In 2004, nearly 200,000
fish and 20,000 amphibians were used in the United Kingdom,
primarily zebrafish and the African clawed frog (Xenopus
laevis). More than 20,000 rabbits were used in animal
experiments for eye irritation tests (Draize test) in the United
Kingdom in 2004. The animal use statistics in other countries
like India and Brazil also show a similar pattern.*>

More and more diverse animals are used in basic research
than in applied research. These are usually studies of
embryogenesis, developmental biology, behavior, and
reproduction in fruit flies, nematodes, mice, and rats. Applied
research aimed at answering specific questions is usually
conducted in the pharmaceutical industry or by universities.
Applied research uses animal models of diseases discovered or
generated in pure research programs. Preclinical toxicological
tests use one million animals yearly in Europe or about 10% of
all procedures. About 5,000 animals are used for each chemical
test. The most rigorous tests are reserved for pharmaceuticals
and food. A series of tests are performed that last from less than
a month to years to test general toxicity, eye and skin irritation,
mutagenicity, carcinogenicity, and teratogenicity. Rodents such
as rats and mice and non-rodents like rabbits are typically used
for these types of studies.*3

Transgenic animals are generated using molecular genetic
techniques to add functional genes, alter gene products, delete
genes, insert reporter genes into regulatory sequences, replace
or repair genes, and make changes in gene expression. These
genetically engineered animals are unique tools for studying
a wide range of biomedical issues, allowing the exhibition of
specific genetic alterations in various biological systems.

Over the past two decades, transgenic animal models have
played a critical role in improving our understanding of gene
regulation and function in biological systems and human
disease. The study of human diseases is greatly facilitated by
the generation of transgenic animals that mimic health
disorders or enable the evaluation of new drugs. The
establishment of stable transgenic animals requires the
foreign deoxyribonucleic acid (DNA) to be present in gametes

or unicellular embryos to enable its transfer to progeny. To
achieve this objective, the foreign gene can be introduced
into cells by different methods depending on the species,
namely, DNA microinjection, DNA transfer into gametes, the
use of transposons, the use of retroviral vectors, gene transfer
using embryonic cells, and gene transfer by nuclear transfer.>’
Pharmacology studies rely mainly on animal systems, and
several subjects have been hindered for decades because of
the lack of suitable animal models. The established transgenic
techniques undoubtedly have facilitated the progress of
animal experimentation for some pharmacological questions
where potential target molecules have been characterized.
Because this technology is evolving rapidly, it is foreseeable
that future development of this technology will allow
researchers to address some problematic pharmacological
questions where no specific targets are identified. However,
one should not ignore the complexity of mammalian organ
systems in interpreting data collected from these animals
because animals do not passively receive the experimenter’s
manipulation, and endogenous gene activities may be altered
in response to the introduction of exogenous DNA sequences.
Therefore, in addition to technical advancement, more basic
information about the control of specific gene expression in
animals is required to achieve the highest level of specificity
and precision in transgenic animal experiments.%?
Pharmacology research depends significantly on animal
models, and several topics have been unexplored for decades
by the lack of appropriate animal models. Validated transgenic
techniques have certainly enabled the advance of animal
studies for some pharmacological questions in which possible
targets have been characterized. As this technology rapidly
evolves, researchers can answer some pharmacological issues
for which specific targets have not been identified. However,
the researchers must consider the complexity of animal organ
systems, and they resist experimental manipulations, and
endogenous gene activities can be altered in response to the
introduction of exogenous DNA sequences. Therefore, in
addition to technical advances, more basic information on the
control of specific gene expression in animals is needed to
achieve the highest level of specificity and precision in
transgenic animal experiments.®!? In this review, the authors
highlight the role of animals, especially transgenic ones, in
pharmacological, toxicological, and environmental research.
The review accounts for various types of transgenic animals
and their appropriateness in various types of studies. This
article explains different transgenic animal models used for
pharmacological, toxicological, and environmental studies.

Transgenic Animals in Research

Transgenic animals (predominantly mice or rats) are animals
whose genomes have been intentionally modified by the
irreversible insertion of recombinant or synthetic nucleic
acid molecules, or nucleic acids synthesized from them, into
the germline.!" Genetically modified animals have gained
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prominence as research subjects since 1981 when J.W.
Gordon and F.H. Ruddle coined the term “transgenic.”
Recently, the widespread use of transgenic animals as
human models for various studies in basic biological
systems, gene regulation, medical research, toxicology,
biotechnology, agriculture, and aquaculture has given us
novel insight and enhanced our understanding in these
diverse fields. Given the enormous need for studies using
human models, the use of transgenic animals is expected to
increase in the future. However, parallel to the development
of transgenic technology, ethical concerns about its use have
arisen. These concerns are diverse, encompassing animal
welfare, human health, and environmental issues. They
include animal suffering caused by the expression of
transgenes that cause tumors or neurodegenerative diseases,
as well as the possibility of transgenic animals escaping into
the environment, not to mention the possibility of altering
the human genome.!2

Transgenic animals are created using three methods,
namely DNA microinjection, retrovirus-mediated gene
transfer, and embryonic stem (ES) cell-mediated gene
transfer.!3 The first method developed is DNA microinjection,
the basis for the other two methods. The introduced DNA
may cause over- or under-expression of specific genes and
the expression of novel genes. Integration of the introduced
gene into the host DNA is a random process achieved by the
microinjection of DNA into the pronucleus of a fertilized
ovum. The introduced gene will not always insert itself into a
site that will allow its expression. As a result, other methods,
such as vector-mediated gene transfer and homologous
recombination, have increased the likelihood of expression.

Table I. Type of Transgenic Animals.

Types of Transgenic Animals Example

Mice!6.17.18
Rats!9202!

Rabbits?223

Sheep2*25

Pigs2627.28

Cattle?30
Goats3'3233

Dogs3*3
Marmosets3637
Rhesus monkey?383940

Chicken#!42
QuailB:4

Frogs*s46

Zebra fish#7:4849
Altlantic salmon305!
Channel catfish5253
Goldfish>*

Nile thilapia®>>¢

Silkworms>7:58
Nematode>?

Mammals

Birds

Amphibians
Fish

Invertebrates

Retroviruses are frequently used as vectors to deliver genetic
material into cells.!* The third method employs homologous
DNA recombination to precisely target DNA sites in ES cells.
If the homologous sequence to be introduced into the cell
contains a mutation or a gene from another species, the new
sequence will replace the targeted gene. This procedure,
known as the “knock-out” method, is the method of choice
for gene inactivation and is especially important for studying
the genetic control of developmental processes.!?

Types of Transgenic Animals Used in the
Research

The creation of genetically modified animals is aimed at a
wide range of species (Table 1).!63% Cows, pigs, chickens,
goats, sheep, dogs, cats, rabbits, fish, rats, and mice are
among the safest genetically modified animals.®® This has
shown great importance in assessing therapeutic approaches
in human disease models and studying disease progression.
As transgenic vertebrae are known to help understand and
treat diseases, transgenic invertebrates have proven their
value in the agricultural field. In the near future, transgenic
animals will greatly impact human life.

Transgenic mammals such as cows, sheep, goats, pigs,
rabbits, and monkeys are preferred in research studies because
they phylogenetically mimic the human biological and
homeostatic systems. They do, however, necessitate a
significant investment of money, time, and resources. The
choice of use for these animals has not been encouraging
among researchers, owing to the ethical issues that have
arisen as a result.%!

Mice and rats have long served as the preferred species for
research purposes as animal models due to their anatomical,
physiological, and genetic similarity to humans. The
significant advantages of mice include their small size, ease
of maintenance, short life cycle, fast breeding, and abundant
genetic resources.®”> However, the average rate has only
limited scope for human study. On the other hand, transgenic
mice can be engineered to specifically focus on essential
aspects of the disease.®” The first transgenic mice were created
by microinjecting Simian virus 40 into explanted mouse
blastocysts and exposing early embryonic cells to retroviruses.
As a result, other methods for producing transgenic animals
have evolved.®

Transgenic Rodents in Research

Transgenic rodents are predominantly mice, and they were
used to produce human antibodies for therapeutic purposes.
In 1992, United States Food and Drug Administration
(US-FDA) approved the first therapeutic monoclonal
antibody (mAb) (muromonab-CD3) an immunosuppressant.
As of December 31, 2018, US-FDA has approved 90
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therapeutic mAbs, including two diagnostic mAb.%* Recently
(December 24, 2021) US-FDA approved mAb
(EVUSHELD™ [tixagevimab co-packaged with cilgavimab])
for preexposure prophylaxis (prevention) of COVID-19.6
Mouse monoclonal antibodies can neutralize coronavirus and
have been produced in mouse milk at a concentration of up to
several grams per liter.%

Transgenic Rodents in Toxicological
Studies

Toxicological data are essential for any pharmaceutical and
investigational drugs to understand the effects on the
biological system. Also, these data will help to titrate the dose
for further experimental and clinical pharmacological studies.
The currently available toxicological assay methods (in vivo)
are designed using healthy rodent/non-rodent species. But
most pharmaceutical formulations are indented for therapeutic
purposes. If, further toxicological studies are extended to
explore the effect on the diseased animal model, it may be
helpful to understand the interaction between the
investigational drugs and disease. Developing animal models
with the desired pathological conditions is a complex process,
and sometimes it would not mimic human disease conditions.
Also, maintaining the animals with the desired pathological
conditions is a tedious process and requires additional care to
minimize the experimental hazards. On the other hand,
developing animal models with the desired pathological
conditions using genetic engineering techniques will help
fulfill the experimental requirement effectively.

The severity of the toxicity of drugs mainly depends on
physiological, disease, and genetic factors. In the last few
decades, more attention has been given to genetic factors that
play a major role in drug metabolism. The drugs are chemical
in nature, and they may cause at least oxidative changes that
influence other messengers’ activities if it does not follow the
biotransformation process. The biotransformation process or
metabolic activity occupies a critical role in the toxicity of
many drugs.®” Cytochrome P450 enzymes are key enzymes
and are responsible for drug metabolism. This class has more
than 50 enzymes, and six (CYP1A42, CYP2CY9, CYP2CI9,
CYP2D6, CYP3A44, and CYP3A5) of them metabolize 90% of
the drugs.®® Any mutations in this/these metabolizing
enzyme(s) alter the severity of the toxicity of drugs. In recent
years, studies identified polymorphisms in human genes that
alter the drug metabolism and severity of the toxicity. Using
genetically engineered rodent models influence of
polymorphisms on drug metabolism and toxicity can be
explored. The transgenic animal models are best suited for
these purposes.

In the last few decades, transgenic animal models have
been widely used in biomedical research. These animals play
an important role in understanding gene regulation and
functions in the biological system and human disease.

Transgenic animal models are the tool to examine the role of
individual genes in various toxicological outcomes.®
Transgenic animals have extra or exogenous fragments of
DNA in their genome by inserting the gene of interest into ES
cells or into a zygote.”® This DNA is randomly incorporated
into the mouse genome by homologous or by non-homologous
recombination. This endogenous process allows the
integration of foreign DNA into the host genome. The ES
cells technique is preferred over zygotic injection because
controlling the integration of foreign DNA into the host
genome is difficult in zygotic injection.®® These genetically
modified rodents/transgenic rodents are most commonly
utilized in cancer studies and carcinogenicity and mutagenicity
tastings. Before the discovery of transgenic animals, comet
assay and unscheduled DNA synthesis assays are frequently
used to detect premutagenic lesions of investigational
compounds.”! OECD TG 488 is recommending lacZ
bacteriophage mouse, /acZ plasmid mouse, gpt delta mouse,
and rat and /acl mouse and rats for the mutation assay.”! In
COVID-19 research, both transgenic Z4CE2 mice and
nongenetically engineered mouse models (GEMMs) are
used.” Genetically modified rodents are largely used in
genotoxicity and carcinogenicity tests. The available public
repository systems for mutant rodents are listed in Table 2.
The animal strains such as Big blue mice/rats, gpt delta rats,
Human c-Ha-ras  proto-oncogene transgenic  rats,
Probasin-SV40 T antigen transgenic rats, and Connexin 32
dominant-negative transgenic rats are used in the toxicological
research, and their importance is summarized in Table 3.737°

Transgenic Rodents in Environmental
Research

Environmental mutagens and carcinogens such as cigarette
smoke play a vital role in the development of many diseases,
including cancer. International Agency for Research on
Cancer (IARC) categorized more than 100 chemicals,
including biological agents, as carcinogenic to humans.3
Transgenic rodents are a unique tool for understanding how
individual genes and the environment affect human health.

Table 2. Available Public Repository Systems for Mutant Rodents.

Organization Webpage

Mutant Mouse Resource &
Research Centers (MMRRC)

European Mouse Mutant
Archive (EMMA)

https://www.mmrrc.org/

https://www.infrafrontier.eu/
infrafrontier-research-infra-
structure/organisation/euro-
pean-mouse-mutant-archive-
%E2%80%93-emma

https://services-web.research.
uci.edu/facilities-services/tmf/
online-resources.html

UCI office of Research
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Table 3. Importance of a Few Transgenic Strains in Preclinical Research.

Strain

Highlights

Use

MutaMouse’3

The mice were developed from the bacterial lac operon that regulates lactose
metabolism through the regulated expression of (3-galactosidase.

Mutagenicity testing

Big blue mice

The mice were developed from the bacterial lac operon that regulates lactose
metabolism through the regulated expression of (3-galactosidase.

Mutagenicity testing

Big blue rats’

Its carrying lacl and cll transgenes provided information on the target organ speci-
ficity and mutation spectrum characteristics of carcinogenic heterocyclic amines,
including 2-amino-3,8-dimethylimidazo [4,5-f]quinoxaline (MelQx), 2-amino-
|-methyl-6-phenylimidazo [4,5-b]pyridine (PhIP) and 2-amino-3-methylimidazo
[4,5-f] quinoline (IQ).

Genotoxicity testing

gpt delta mouse and
rat?s76

It is established by integrating the AEG10 vector carrying the gpt gene and the
red/gam genes into the genome of C57BL/6) mice or Sprague—Dawley rats.These
rodent models are used to study the genotoxic effects of radiation and chemical
exposure or radiation with chemical exposure.

Genotoxicity testing,
gene mutation assays

Human c-Ha-ras proto-
oncogene transgenic
rodents/rats”’

rasH2 mouse mode carries human c-Ha-ras oncogene and endogenous murine
Ha-ras oncogene.This model is a rapid, sensitive, and cost-effective model for
regulatory carcinogenicity testing. This model is also an alternative to a traditional
2-year mouse carcinogenicity study.

Carcinogenesis study

Probasin-SV40 T antigen
transgenic rats’®

Probasin-SV40 T antigen transgenic rats are generated by injecting recombinant
DNA of the probasin gene promoter, fused to the SV 40 T antigen, into the
pronuclei of Sprague Dawley rat embryos.This model is used to understand the
mechanisms of relapsing androgen-independent tumors.

Carcinogenicity

Connexin 32 dominant-
negative transgenic
rats’®

Connexin 32 is a major gap junction protein in the liver,and mutation in the con-
nexin 32 gene has disturbed gap junctional intercellular communication. Disruption
of the connexin 32 gene in mice is associated with the enhanced occurrence of

Carcinogenicity

both spontaneous and chemically induced liver tumors.

These animal models help to identify and characterize dietary,
occupational, environmental, genetic, and other factors that
induce the neoplastic process.?! The use of transgenic fish in
ecotoxicology is a relatively recent development. It has the
potential to provide advanced and integrated systems for
assessing risks of waterborne and sediment-associated
contaminants.3> This transgenic fish may contribute to
emerging issues concerning environmentally induced,
reproductive, developmental, and heritable diseases.?®?

Future Perspective

“Gain of function [Knock-in’s, altered regulation, new
expression, over-expression, antisense Ribonucleic acid
(RNA), Insertional mutations]” or “loss of function [Knock-
out’s, altered regulation, lost expression, over-expression,
antisense RNA, Insertional mutations]” is the two main
strategies used in producing transgenic animal. These
transgenic animals can be used to study the

basic mechanisms of genetics,

role of genes in the progression of tumor (oncogenes),
interaction between cells and immune system,

health and genetic disease model, and

mechanism of growth control.34

Many monoclonal antibodies, which are now derived
from transgenic mice, are commonly indicated for the
treatment of cancer and immunological disorder. Cancer is a
multifactorial disease influenced by genetic and
environmental factors. Developing such disease models in
normal animals is the default. Hence using modern
technologies to establish disease models in animals that
mimic the human physiological condition may help to
develop a drug for rare diseases/disorders. Still, we are
fighting old enemies such as tuberculosis. Every year, we
are added with new health care tasks (e.g., developing drugs
for RNA viruses), which increases the health care burden.
The major reason for the delay in the drug development
process is limitations in the availability of preclinical
models. The available disease models are used to develop a
model with similar clinical symptoms, but these models are
not genetically identical to human diseases. Hence
developing transgenic animal models with genetic
similarities may help reduce the gap between drug
development and clinical utilities.

Conclusion

Transgenic animal and animal models have large applications
in biomedical research. Currently, these animals are largely
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used in the production of monoclonal antibodies and
genotoxicity testings. Further exploration may lead to the
development of new models for rare genetic disorders that
may be used in pharmacological assays and toxicological
studies.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Ethical Statement
Not applicable

Funding

The authors received no financial support for the research,
authorship, and/or publication of this article.

Informed Consent

Not applicable

ORCID iD

Subramani Parasuraman (2} https://orcid.org/0000-0003-3655-8375

References

1. Taylor K and Alvarez LR. An estimate of the number of ani-
mals used for scientific purposes worldwide in 2015. Altern Lab
Anim 2019; 47: 196-213.

2. Leader RW and Stark D. The importance of animals in biomedi-
cal research. Perspect Biol Med 1987; 30: 470—485.

3. Barré-Sinoussi F and Montagutelli X. Animal models are essen-
tial to biological research: issues and perspectives. Future Sci
04 2015; 1(4).

4. Badyal DK and Desai C. Animal use in pharmacology educa-
tion and research: the changing scenario. Indian J Pharmacol
2014; 46: 257-265.

5. Ormandy EH, Schuppli CA, and Weary DM. Worldwide trends
in the use of animals in research: the contribution of genet-
ically-modified animal models. Altern Lab Anim 2009; 37:
63-68.

6. Houdebine LM. The methods to generate transgenic animals
and to control transgene expression. J Biotechnol 2002; 98:
145-160.

7. Shuldiner AR. Transgenic animals. N Engl J Med 1996; 334:
653-654.

8. Petters RM and Sommer JR. Transgenic animals as models for
human disease. Transgenic Res 2000; 9: 347-351.

9. Wei LN. Transgenic animals as new approaches in pharma-
cological studies. Annu Rev Pharmacol Toxicol 1997; 37:
119-141.

10. Houdebine LM. Transgenic animal models in biomedical
research. Methods Mol Biol 2007; 360: 163-202.

11. Transgenic Rodent Guidelines, https://www.bu.edu/research-
support/compliance/ibc/policies/transgenic-rodent-guidelines/
(assessed June 12, 2022].

12.

13.

14.

15.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pawlik W.W. Znaczenie zwierzat w badaniach biomedycznych
(Polish). [The significance of animals in biomedical research].
Folia Med Cracov 1998; 39: 175-182.

Pinkert C. Transgenic Animal Technology (A Laboratory
Handbook). Orlando, FL: Academic, 2002.

Lois C, Hong EJ, Pease S, et al. Germline transmission and
tissue-specific expression of transgenes delivered by lentiviral
vectors. Science 2002; 295: 868-872.

Capecchi MR. Altering the genome by homologous recombina-
tion. Science 1989; 244: 1288-1292.

. Gordon JW, Scangos GA, Plotkin DJ, et al. Genetic transfor-

mation of mouse embryos by microinjection of purified DNA.
Proc Natl Acad Sci 1980; 77: 7380-7384.

Guo R, Tian Y, Jin X, et al. Generation of a novel HBeAg trans-
genic mice using CRISPR/Cas9 technique. Nan Fang Yi Ke Da
Xue Xue Bao 2019; 39: 1017-1022.

. El-Marjou F, Jouhanneau C, and Krndija D. Targeted trans-

genic mice using CRISPR/Cas9 technology. Methods Mol Biol
2021; 2214: 125-141.

Hamra FK, Gatlin J, Chapman KM, et al. Production of trans-
genic rats by lentiviral transduction of male germline stem cells.
Proc Natl Acad Sci 2002; 99: 14931-14936.

Kobayashi T, Namba M, Koyano T, et al. Successful produc-
tion of genome-edited rats by the rGONAD method. BMC
Biotechnol 2018; 18: 1-8.

Filipiak WE, Hughes ED, Gavrilina GB, et al. Next genera-
tion transgenic rat model production. In: Hayman G, Smith J,
Dwinell M, and Shimoyama M (eds) Rat Genomics. Methods in
Molecular Biology. Vol 2018. New York, NY: Humana, 2019,
pp. 97-114.

Hammer RE, Pursel VG, Rexroad CE Jr, et al. Production of
transgenic rabbits, sheep and pigs by microinjection. Nature
1985; 315: 680—683.

Fan J and Watanabe T. Transgenic rabbits expressing human
apolipoprotein (a). J Atheroscler Thromb 2000; 7: 8—13.
McCreath KJ, Howcroft J, Campbell KHS, et al. Production of
gene-targeted sheep by nuclear transfer from cultured somatic
cells. Nature 2000; 405: 1066—1069.

LiH, Chen S, Piao S, et al. Production of artificial synthetic spi-
droin gene 4S-transgenic cloned sheep embryos using somatic
cell nuclear transfer. Anim Biotechnol 2021; 32: 616—626.
Kwon DJ, Kim DH, Hwang IS, et al. Generation of a-1,3-
galactosyltransferase knocked-out transgenic cloned pigs with
knocked-in five human genes. Transgenic Res 2017; 26: 153—
163.

Lee SC, Lee H, Oh KB, et al. Production and breeding of trans-
genic cloned pigs expressing human CD73. Dev Reprod 2017,
21: 157-165.

XuK, ZhouY,MuY, etal. CD163 and pAPN double-knockout
pigs are resistant to PRRSV and TGEV and exhibit decreased
susceptibility to PDCoV while maintaining normal production
performance. eLife 2020; 9: e57132.

Moore SG and Hasler JF. A 100-Year Review: Reproductive
technologies in dairy science. J Dairy Sci 2017; 100: 10314—
10331.

Carvalho BP, Cunha A, Silva B, et al. Production of transgenic
cattle by somatic cell nuclear transfer (SCNT) with the human
granulocyte colony-stimulation factor (hG-CSF). J Anim Sci
Technol 2019; 61: 61-68.



264

Journal of Pharmacology and Pharmacotherapeutics 13(3)

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Amiri Yekta A, Dalman A, Eftekhari-Yazdi P, et al. Production
of transgenic goats expressing human coagulation factor IX in
the mammary glands after nuclear transfer using transfected
fetal fibroblast cells. Transgenic Res 2013; 22: 131-142.

Vats P, Kaushik R, Rawat N, et al. Production of transgenic
handmade cloned goat (Capra hircus) embryos by targeted
integration into Rosa 26 locus using transcription activator-like
effector nucleases. Cell Reprogram 2021; 23: 250-262.
Skrzyszowska M and Samiec M. Generating cloned goats by
somatic cell nuclear transfer-molecular determinants and appli-
cation to transgenics and biomedicine. /nt J Mol Sci 2021; 22:
7490.

Hong SG, Kim MK, Jang G, et al. Generation of red fluorescent
protein transgenic dogs. Genesis 2009; 47: 314-322.

Zou Q, Wang X, Liu Y, et al. Generation of gene-target dogs
using CRISPR/Cas9 system. J Mol Cell Biol 2015; 7: 580-583.
Sasaki E, Suemizu H, Shimada A, et al. Generation of trans-
genic non-human primates with germline transmission. Nature
2009; 459: 523-527.

Drummer C, Vogt EJ, Heistermann M, et al. Generation and
breeding of EGFP-transgenic marmoset monkeys: Cell chime-
rism and implications for disease modeling. Cells 2021; 10(3):
505.

Chan AW, Chong KY, Martinovich C, et al. Transgenic mon-
keys produced by retroviral gene transfer into mature oocytes.
Science 2001; 291: 309-312.

Niu'Y, Yu Y, Bernat A, et al. Transgenic rhesus monkeys pro-
duced by gene transfer into early-cleavage-stage embryos using
a simian immunodeficiency virus-based vector. Proc Natl Acad
Sci USA. 20105 107: 17663-17667.

Shi L, Luo X, Jiang J, et al. Transgenic rhesus monkeys carry-
ing the human MCPH1 gene copies show human-like neoteny
of brain development. Nat! Sci Rev 2019; 6: 480—493.

Collarini EJ, Leighton PA, and Van de Lavoir MC. Production
of transgenic chickens using cultured primordial germ cells and
gonocytes. In: Microinjection. New York, NY: Humana Press,
2019, pp. 403-430.

Bahrami S, Amiri-Yekta A, Daneshipour A, et al. Designing a
transgenic chicken: applying new approaches toward a promis-
ing bioreactor. Cell J2020; 22: 133-139.

HanJY, Cho HY, Kim YM, et al. Production of quail (Coturnix
Jjaponica) germline chimeras by transfer of Ficoll-enriched sper-
matogonial stem cells. Theriogenology 2020; 154: 223-231.
Sun P, Zhang Z, Wu G, et al. Transgenic chimera quail produc-
tion by microinjecting lentiviral vector into the blood vessel of
the early embryo. Anim Sci J2012; 83: 291-298.

Ishibashi S, Kroll KL, and Amaya E. A method for generating
transgenic frog embryos. Methods Mol Biol 2008; 461: 447—
466.

Chesneau A, Sachs LM, Chai N, et al. Transgenesis procedures
in Xenopus. Biol Cell 2008; 100: 503-521.

Huang WT, Hsieh JC, Chiou MJ, et al. Application of RNAi
technology to the inhibition of zebrafish GtHo, FSHf, and LHf
expression and to functional analyses. Zool Sci 2008; 25: 614—
621.

Wong TT and Zohar Y. Production of reproductively sterile fish
by a non-transgenic gene silencing technology. Sci Rep 2015; 5:
15822.

Kimura Y, Hisano Y, Kawahara A, et al. Efficient generation of
knock-in transgenic zebrafish carrying reporter/driver genes by

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

CRISPR/Cas9-mediated genome engineering. Sci Rep 2014; 4:
6545.

Wargelius A. Application of genome editing in aquatic farm
animals: Atlantic salmon. Transgenic Res 2019; 28: 101-105.
Nepal A, Wolfson D L, Ahluwalia BS, et al. Intracellular distri-
bution and transcriptional regulation of Atlantic salmon (Salmo
salar) Rab5c, 7a and 27a homologs by immune stimuli. Fish
Shellfish Immunol 2020; 99: 119-129.

Dunham RA, Warr GW, Nichols A, et al. Enhanced bacterial dis-
case resistance of transgenic channel catfish Ictalurus punctatus
possessing cecropin genes. Mar Biotechnol 2002; 4: 338-344.
Simora R, Xing D, Bangs MR, et al. CRISPR/Cas9-mediated
knock-in of alligator cathelicidin gene in a non-coding region
of channel catfish genome. Scientific Rep 2020; 10: 22271.
Wang R, Zhang P, Gong Z, et al. Expression of the antifreeze
protein gene in transgenic goldfish (Carassius auratus) and its
implication in cold adaptation. Mol Mar Biol Biotechnol 1995;
4:20-26.

Fujimura K and Kocher TD. Tol2-mediated transgenesis in tila-
pia (Oreochromis niloticus). Aquaculture 2011; 319: 342-346.
Tonelli FMP, Lacerda SMDSN, Procopio MS, et al. Gene deliv-
ery to Nile tilapia cells for transgenesis and the role of PI3K-
c2a in angiogenesis. Sci Rep 2017; 7: 44317.

Zabelina V, Yonemura N, Uchino K, et al. Production of cloned
transgenic silkworms by breeding non-diapausing parthenoge-
netic strains. J Insect Physiol 2021; 132: 104265.

Sun Q, Jiang L, Guo H, et al. Increased antiviral capacity of
transgenic silkworm via knockdown of multiple genes on
Bombyx mori bidensovirus. Dev Comp Immunol 2018; 87:
188-192.

Mello CC, Kramer JM, Stinchcomb D, et al. Efficient gene trans-
fer in C. elegans: extrachromosomal maintenance and integration
of transforming sequences. EMBO J 1991; 10: 3959-3970.
Mbah DA, Tawah CL, and Guewo-Fokeng M. Genetic modifi-
cation of animals: potential benefits and concerns. J Cameroon
Acad Sci 2020; 15: 163-174.

Kind A and Schnieke A. Animal pharming, two decades on.
Transgenic Res 2008; 17: 1025-1033.

Bryda EC. The mighty mouse: the impact of rodents on
advances in biomedical research. Mo Med 2013; 110: 207-211.
Boverhof DR, Chamberlain MP, Elcombe CR, et al. Transgenic
animal models in toxicology: historical perspectives and future
outlook. Toxicol Sci 2011; 121:207-233.

Cai HH and Kivel N. Therapeutic monoclonal antibodies
approved by food and drug administration in 2018. Clin Res
Immunol 2019; 2: 1-3.

Coronavirus (COVID-19) Update: FDA Authorizes New Long-
Acting Monoclonal Antibodies for Pre-exposure Prevention
of COVID-19 in Certain Individuals. https:/www.fda.gov/
news-events/press-announcements/coronavirus-covid-19-up-
date-fda-authorizes-new-long-acting-monoclonal-antibodies-
pre-exposure (assessed February 2, 2022].

Houdebine LM. Antibody manufacture in transgenic animals
and comparisons with other systems. Curr Opin Biotechnol
2002; 13: 625-629.

Mabhler JF. The use of genetically altered animals in toxicology.
Toxicol Pathol 2000; 28: 447-449.

Lynch T and Price A. The effect of cytochrome P450 metabo-
lism on drug response, interactions, and adverse effects. Am
Fam Physician 2007; 76: 391-396.



Christapher et al.

265

69.

70.

71.

72.

73.

74.

75.

76.

71.

Goldsworthy TL, Reico L, Brown K, et al. Purchase I.
Transgenic animals in toxicology. Toxicol Sci 1994; 22: 8-19.
Wang B, Li K, Wang A, et al. Highly efficient CRISPR/HDR-
mediated knock-in for mouse embryonic stem cells and zygotes.
Biotechniques 2015; 59: 201-208.

OECD. Test No. 488: Transgenic rodent somatic and germ cell
gene mutation assays. In: OECD Guidelines for the Testing of
Chemicals, Section 4. 2020.

Gurumurthy CB, Quadros RM, Richardson GP, et al. Genetically
modified mouse models to help fight COVID-19. Nat Protoc
2020; 15:3777-3787.

Floyd E. New animal models in toxicology. In: Handbook of
Toxicologic Pathology. Academic Press Amsterdam, 2002,
pp. 269-306.

McDaniel LP, Ding W, Dobrovolsky VN, et al. Genotoxicity of
furan in Big Blue rats. Mutat Res 2012; 742: 72-78.

White PA, Luijten M, Mishima M, et al. /n vitro mammalian
cell mutation assays based on transgenic reporters: a report of
the International Workshop on Genotoxicity Testing (IWGT).
Mutat Res Genet Toxicol Environ Mutagen 2019; 8§47: 403039.
Nohmi T. Past, present and future directions of gpt delta rodent
gene mutation assays. Food Saf (Tokyo) 2016; 4: 1-13.
Bogdanffy MS, Lesniak J, Mangipudy R, et al. Tg.rasH2 mouse
model for assessing carcinogenic potential of pharmaceuticals:

78.

79.

80.

81.

82.

83.

84.

industry survey of current practices. Int J Toxicol 2020; 39:
198-206.

Asamoto M, Hokaiwado N, Cho YM, et al. Prostate carcinomas
developing in transgenic rats with SV40 T antigen expression
under probasin promoter control are strictly androgen depen-
dent. Cancer Res 2001; 61: 4693-4700.

Hokaiwado N, Asamoto M, Ogawa K, et al. Transgenic dis-
ruption of gap junctional intercellular communication enhances
early but not late stage hepatocarcinogenesis in the rat. Toxicol
Pathol 2005; 33: 695-701.

Cogliano VJ, Baan R, Straif K, et al. Preventable exposures
associated with human cancers. J Natl Cancer Inst 2011; 103:
1827-1839.

Eddy M. The use of transgenic mice for environmental health
research. Environ Health Perspect 1993; 101(4): 298-300.

Lee O, Green JM, and Tyler CR. Transgenic fish systems and
their application in ecotoxicology. Crit Rev Toxicol 2015;
45(2): 124-141.

Winn RN. Transgenic fish as models in environmental toxicol-
ogy. ILAR J2001; 42(4): 322-329.

Wheeler MB, Walters EM, and Clark SG. Transgenic animals
in biomedicine and agriculture: outlook for the future. Anim
Reprod Sci 2003; 79: 265-289.



