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ABSTRACT

Introduction: Animal models play a crucial role in breast cancer research, in particular mice and rats,
who develop mammary tumors that closely resemble their human counterparts. These models allow
the study of mechanisms behind breast carcinogenesis, as well as the efficacy and safety of new, and
potentially more effective and advantageous therapeutic approaches. Understanding the advantages
and disadvantages of each model is crucial to select the most appropriate one for the research purpose.
Area covered: This review provides a concise overview of the animal models available for breast cancer
research, discussing the advantages and disadvantages of each one for searching new and more
effective approaches to treatments for this type of cancer.

Expert opinion: Rodent models provide valuable information on the genetic alterations of the disease,
the tumor microenvironment, and allow the evaluation of the efficacy of chemotherapeutic agents.
However, in vivo models have limitations, and one of them is the fact that they do not fully mimic
human diseases. Choosing the most suitable model for the study purpose is crucial for the development
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of new therapeutic agents that provide better care for breast cancer patients.

1. Breast cancer

Breast cancer is one of the most commonly occurring cancers
worldwide, affecting about 10% of women during their lifetime
[1]. Although it can affect anyone, regardless of age, sex, race or
ethnicity, some groups experience higher incidence and mortal-
ity rates than others, especially African American and Hispanic
female population [2]. The main risk factors for breast cancer
include older age and being a woman [3], a family history of
breast cancer, genetic mutations in high penetrance genes, hor-
mone exposure, lifestyle (alcohol consumption, obesity, seden-
tarism, not breastfeeding, menopause), and reproductive history
(early menarche and nulliparous women) [4,5].

Breast cancer is a highly heterogeneous disease [6], occur-
ring more commonly in the terminal duct-lobular unit [7], and
exhibits both intra- and inter-tumor heterogeneity [8]. Breast
tumors can be classified into subtypes based on characteristics
such as histopathology [9], molecular subtype [10], tumor
grade [11], and tumor, node, and distant metastasis (TNM)
stage [12]. More than 40 different histological subtypes are
recognized by the World Health Organization for the classifi-
cation of breast tumors, based on cell morphology, growth,
and architectural patterns, with the most common being the
invasive ductal breast carcinoma of no special type [13,14].

Regarding molecular subtypes, breast cancer is classified
according to the expression of specific genes, proteins, and
cell receptors [15,16]. The key molecular subtyping focuses on
Estrogen Receptor (ER), Progesterone Receptor (PR), and
Human Epidermal Growth Factor Receptor 2 (HER2). The com-
monly recognized molecular subtypes of breast cancer based
on the immunohistochemical expression of ER, PR and HER2
receptors status, include Luminal A (ER*, PR*, HER2"), Luminal
B (ER*, PR™, HER2*), HER2 enriched (ER", PR, HER2") and
Triple-negative (ER™, PR™, HER2") [17].

The understanding of the molecular pathways behind the
onset and progression of breast cancer has been constantly
evolving due to continued research [18]. Experimental models
for studying breast cancer and assessing prospective treat-
ments are generally conducted in vitro and in vivo [15]. The
use of cell lines offers a simpler and more practical method of
analyzing the specific effect of a substance on various para-
meters, including cell viability, cell proliferation, colony forma-
tion, cytotoxicity, cytostasis, induction of apoptosis, and cell
cycle arrest [19], and is in compliance with the 3 R’s principle
(reducement, refinement and replacement) that intend to
reduce the use of in vivo models as much as possible.
However, in vitro models are not able to preserve original
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Article highlights

¢ Animal models, particularly mice and rats, are vital for breast cancer
research as they closely resemble human mammary tumors, enabling
the study of carcinogenesis mechanisms and the evaluation of new
therapeutic approaches.

e Despite the similarities in tumor development and response to treat-
ment, there are inherent biological and physiological differences
between rodents and humans.

¢ Understanding the advantages and disadvantages of different animal
models is crucial for selecting the most appropriate one for breast
cancer research.

o The chemical carcinogen that is most used for inducing mammary
cancer in animal models is 7,12-dimethylbenz[a]anthracene (DMBA).

o The use of patient-derived xenograft (PDX) models is a valuable
approach for studying molecular subtypes of breast cancer.

cells’ phenotype, cell-cell and cell-material interactions, which
significantly contributes to an ineffective pre-clinical to clinical
translation [20].

Animal models have been crucial to gain new knowledge
about breast cancer [21]. The ongoing research into breast
cancer aims to provide new and better therapies, improve
early diagnosis, and ultimately find a cure for this condition.
Animal models make possible to explore not only carcinogen-
esis mechanisms, but also to conduct preclinical research on
new therapeutic approaches. The purpose of this paper is to
review the animal models more frequently used to find new
drugs for breast cancer treatment.

2. Animal models

The history and development of basic and translational breast
cancer research in humans have been significantly influenced
by animal models [22]. It was recognized, more than 2,400
years ago, that we could learn much about ourselves by
studying animals. The concept of animal model was first
defined in 1976 by Stanford Wessler as a ‘living organism
with an inherited, naturally acquired, or induced pathological
process that in one or more respects closely resembles the
same phenomenon occurring in Man’ [23]. The use of animal
models enables the study of physiological and pathological
processes in a controlled environment [24], seeing as they
share many biological similarities with humans [25].

Many non-mammalian species are utilized in breast cancer
research to mimic the development, migration, and metastasis
of breast cancer cell lines, including Caenorhabditis elegans,
Drosophila spp. and Danio rerio (commonly known as zebrafish)
[22]. Even though the quick reproductive cycles of these species
make them useful for experimentation, they differ substantially
from humans and lack many homologous genes, which consti-
tute a huge limitation on their use [22]. Among mammalians,
rodents, dogs, cats, pigs, treeshrews, and non-human primates
are commonly used for breast cancer research [21]. However,
owing to their small size, low cost of acquisition and mainte-
nance, short generation time, and mature gene editing technol-
ogies, rodents, mice and rats are the most preferred species [25].
It is also worth to note that the use of mice and rats is less
complex when compared to larger animals, like dogs, cats, and

non-human primates, because there are less ethical, economic,
and practical issues at stake [21].

Mice and rats share many similarities with humans in terms
of anatomy, biochemistry, physiology, and genetics, and in
this way, the mammary tumors developed by these animals
exhibit similar characteristics with those of humans, including
their morphology, histopathology and molecular signatures
[26,27]. Various strains of mice and rats are available for
research, including both inbred and outbred strains, each
one with advantages and disadvantages. Inbred individuals
are genetically identical with stable phenotypes, developing
the same type of tumors at the same stage, while outbred
animals have nonuniform genetic backgrounds, and develop
different types of tumors at different ages [28]. It is worth to
note that inbred strains provide a more controlled and repro-
ducible research environment, leading to improved statistical
power, while outbred strains better simulate the genetic diver-
sity of human populations, potentially yielding interesting
results [29]. Despite their genetical background, the models
of mammary cancer may be categorized according to the way
of induction, including: spontaneous, induced, transplanted
and genetically engineered models [30], which are described
below (Figure 1). The advantages (strengths) and disadvan-
tages (limitations) of each model are summarized in Table 1.

2.1. Spontaneous models

Mammary tumors are the second most common type of
spontaneous neoplasm in rats, after pituitary gland tumors
[33]. Like in humans, this oncological condition is rare in
male rodents and more frequent in intact females [34].
Several rat strains including August, Albany-Hooded,
Copenhagen, Fisher, Lewis, Osborne-Mendel, Sprague-
Dawley, Wistar and Wistar/Furth have been reported to spon-
taneously develop mammary tumors [35]. A study observed
a range of incidence of spontaneous mammary tumors from
30 to 67% in Sprague-Dawley female rats [36]. Another factor
influencing the development of spontaneous mammary
tumors is the age. Older animals present a higher incidence
when compared to younger animals, with the development of
mammary tumors being rare before 18 months of age [37].

The literature regarding the development of spontaneous
mammary tumors in mice is scarce and often controversial.
The spontaneous mammary tumors of mice are associated
with the mouse mammary tumor virus (MMTV) and their
incidence is much lower than in rats [38].

Although spontaneous models are very interesting and
useful, incidence rates are low, and the time required to
obtain tumors, i.e. the latency period, is too long. To fulfil
this gap, several rodent models of mammary carcinogenesis
with decreased latency period and increased incidence have
been developed.

2.2. Induced models

Chemically-induced models are the most commonly used
rodent models for the study of mammary carcinogenesis.
From an experimental point of view, chemical compounds
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Figure 1. An overview of murine models of breast cancer used in cancer research.
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Table 1. Advantages (strengths) and disadvantages (limitations) of spontaneous, induced, transplanted, and genetically engineered models of breast cancer

[15,18,22,30-32].

Models Advantages/Strengths Disadvantages/Limitations
Spontaneous Human-like tumorigenesis Low incidence, long latency, extensive experimental protocols
Induced High incidence rates and short latency Lower induction rates, long development time and different

More accurate predictions

Possibility of analyzing the stages of carcinogenesis and how

they relate to environmental factors

Transplanted Allografts ~ Multiple characterized cell lines

Rapid growth and metastasis

Immune-component microenvironment

Can show primary tumor growth

Relatively homogeneous histological features

Can analyze all steps of the metastatic cascade
Study of pharmacokinetics and distribution of drugs
Ability to serially expand therapy resistance tumors
Can analyze all steps of the metastatic cascade

Xenografts
DX

Xenografts
PDX

Genetically engineered
Human-like genetic alterations

Model the entire metastatic cascade and exert genetic control

over metastasis

Study mechanisms and pathways of diseases in a complex

organism enabling drug testing and development

Intact immune function with a complete microenvironment

incidence times

Heterogeneous pathological characteristics

Some biological characteristics can have an impact on the number
of tumors, latency duration, and histological type

Limited metastatic potential

Transplanted cells not from human origin

Expensive, time consuming and multidisciplinary expertise needed
Inability to carry out preventive studies

Expensive, time consuming and multidisciplinary expertise needed

Inability to carry out preventive studies

Cannot mimic immune system and tumor-host interaction

Expensive, time consuming and the histology features differ from
human breast tumors

Sometimes long period of tumorigenesis

Genetic breeding colony is necessary

Gene edition occurs in almost all mammary ductal epithelial cells

Different inflammatory and desmoplastic response

CDX: cell line-derived xenograft; PDX: patient-derived xenograft.

are considered carcinogens when their administration induces
a statistically significant increase in tumor incidence when
compared with the control group [39]. N-methyl-
N-nitrosourea (MNU) and 7,12-dimethylbenz[alanthracene
(DMBA) are the two carcinogens more commonly used to
induce mammary carcinogenesis in rodents [35].

In 1961, Charles Brenton Huggins developed the first rat
model of mammary cancer DMBA-induced [40]. Since then,
models of mammary cancer chemically-induced have been
widely used for breast cancer research [35,41]. MNU and
DMBA may be administered intravenously, subcutaneously,
intraperitoneally or intragastrically, and a single administra-
tion of these compounds leads to the development of
mammary tumors in the span of a few weeks [42]. Both

carcinogens promote the development of hormone recep-
tor-positive tumors and the spectrum of induced lesions
varies from adenomas, adenocarcinomas, tubular, papillary,
cribriform or comedo carcinomas [35,43]. Despite this, look-
ing to the previous studies performed by our research team
in this field, we observed that MNU leads to the develop-
ment of more aggressive mammary tumors when compared
with those induced by DMBA [44]; and a higher number of
mammary tumors were observed in the glands of the thor-
acic region and those of the right mammary chain, for both
carcinogens [45,46].

The Sprague-Dawley and Wistar rat strains and the BALB/
¢ and C57BL/6 mice strains are widely used as models of
mammary cancer chemically-induced, as they are more
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susceptible to carcinogens when compared with other
strains. This susceptibility is particularly pronounced when
these agents are administered around 50 days of age, coin-
ciding with the animals’ puberty and a heightened rate of
cell division within the mammary gland [47]. The vulnerabil-
ity of the rat mammary gland to carcinogens declines with
age due to a decrease in the quantity of undifferentiated
structures [48]. Due to similar reasons, when chemical carci-
nogens are administered after pregnancy or breastfeeding,
tumor incidence is lower [48]. Although both carcinogens
are effective for mammary cancer induction, the latency
period is lower in the MNU-induced model when compared
with the DMBA-induced model, because MNU is a direct
alkylating agent, while DMBA is an indirect carcinogen
[44,49].

Although mice are used for genetic analysis, rats have been
used more frequently in toxicological research. This is partly
because rats live longer than mice and develop a wider range
of cancers that are morphologically comparable to those
found in humans [50]. In addition, rats are free of MMTV and
are more sensitive to chemical carcinogens and radiation than
mice [51]. Although mice are less used as chemically induced
models than rats, mammary carcinomas have been developed
in mice using carcinogenic agents such as 3,4-benzopyrene,
3-methylcholanthrene, 1,2,5,6-dibenzanthracene, DMBA, and
urethane. Chemically-induced mammary tumors in mice
develop over a large latency period, and the induction
requires several administrations [35]. Most mammary tumors
chemically-induced in mice were classified as adenoacantho-
mas and type B adenocarcinomas [35].

In addition, mammary tumors can also be induced using
hormones by introducing them in implants subcutaneously
into animals or through the use of hormone injections
[52,53]. Some hormones that are used include 17f3-
estradiol and medroxyprogesterone acetate [52,54]. This
induction method requires specific strains, because not all
strains will develop tumors, with the AC1 strain being the
most often found in studies using this model [52,55,56].

Chemically-induced models can also be co-administered
with hormones, such as estrogen and progesterone, to
accelerate the progression of mammary tumors [57].

2.3. Transplanted models

Transplantation models are obtained by transplanting cancer cell
lines or solid tumors from a donor. The first xenograft breast
cancer model was described in 1962, when human breast cancer
was heterotransplanted into an immunodeficient mouse [58].

Based on the source of the transplant, these models can be
divided into cell-derived xenografts (CDX), patient-derived xeno-
grafts (PDX), or syngeneic models (also known as allograft mod-
els) [59]. When the tumor donor and host are from different
species, they are classified as xenograft models. On the other
hand, when the tumor donor and host are from the same spe-
cies, they are classified as syngeneic models [60,61]. Both models
can be classified as orthotopic or heterotopic, considering the
implantation sites. Orthotopic models involve transplanting the
tumor in its original site, whereas heterotopic (also known as
ectopic) models consist of transplanting tumor material to
a location other than their original site [62]. The immune state
is a major issue in the development of transplanted models
because the host animals must have a low immune system to
ensure that they do not reject the implanted cells or tumor.
Despite the disadvantages, these animal models are important
tools for studying the behavior and growth of human cancer cell
lines and tumors in vivo [33,63,64]. Animals can be classified
according to their immune status as immunocompetent or
immunocompromised [65]. Immunocompetent hosts have
a complete immune system; i.e., they can produce a normal
immune response upon exposure to an antigen. In contrast,
immunodeficient animals refer to those that have defects in
one or more immune components (such as T, B, NK cells) in the
immune system. Examples of immunodeficient strains used and
their immunological characteristics are shown in Table 2. There
are also animals whose murine hematopoietic system has been
replaced by human hematopoietic stem cells in the bone mar-
row to reconstitute the human immune system, avoiding the
rejection of human-derived tumor by animals [65,66].

In these models, the time required for the appearance of
tumors in animals varies according to the injection/transplan-
tation protocols used, considering the strain, cell line, concen-
tration tested and site of transplantation. The models
commonly employed for breast cancer research are nude
(athymic), severe combined immunodeficient (SCID), non-
obese diabetic-severe combined immunodeficient (NOD-
SCID), Rag-deficient (RAG), NOD/Shi-scid/yc-/- null (NOG), and
NOD/SCID/yc-/- (NSG) mice strains [67]. Nude mice are the
most commonly used to perform xenograft models. These
animals received this name because they have a mutation
on chromosome 11 called ‘nude’ that causes phenotypic and
functional changes. They lack a functional thymus and, as
a result, have a low number of mature T lymphocytes, which
is critical to prevent cell or tissue rejection [68].

Although the mice are more frequently used than rats as
transplanted models, there is also a nude rat strain (rnu/rnu),
which possesses an autosomal recessive mutation known as rnu.
It was backcrossed with several strains, and as a result, produced

Table 2. Immunodeficient mouse strains used in breast cancer research [67,71].

Mouse strain

Immunological features

Athymic Nude Functional T-cell deficiency

Absence of functional T-cells and B cells deficiency; Absence of C5 complement; residual NK activity
Absence of functional T-cells and B cells deficiency; Absence of C5 complement; extremely low NK activity

RAG Absence of functional T-cells and B cells deficiency
SCID Absence of functional T-cells and B cells deficiency
NOD-SCID

NOG

NSG

Absence of functional T-cells and B cells deficiency; Absence of C5 complement; extremely low NK activity

Nk: natural killer; NOD-SCID: non-obese diabetic-severe combined immunodeficient; NOG: NOD/Shi-scid/yc-/- null; NSG: NOD/SCID/yc-/-; RAG:

Rag-deficient; SCID: Severe combined immunodeficient.



many congenic strains characterized by congenital thymus
absence and hairlessness [69]. MCF-7, MDA-MB-231 and 4T1
are the most used breast cancer cells lines. The number of cells
injected in rodent models for breast cancer can vary widely from
thousands to millions of cells depending on the study [22].
Phosphate-Buffered Saline (PBS) and Matrigel are the most com-
mon choices of solvent or vehicle for injecting cells into animals
in research experiments [70].

In orthotopic model of breast cancer, breast cancer cells are
transplanted into the mammary fat pad or mammary duct,
while in heterotopic model breast cancer cells implantation
occurs in another site such as subcutaneous, tail vein and left
ventricular injection [67,71].

2.3.1. Syngeneic models

Syngeneic approaches use cells obtained from tumors devel-
oped in spontaneous or induced rodent models and insert
them into host mice from the same inbred genetic background
to avoid the need for immunocompromised host animals. The
fact that tumor cells, microenvironment and host are from the
same species is the main advantage of this model. Furthermore,
because these models are immunocompetent, they may be
utilized to investigate how the immune system is involved in
tumor initiation, promotion, progression, and metastasis. The
lack of heterogeneity and mutations that characterize human
tumors is the main limitation of this model [72].

Several syngeneic models have been established using dif-
ferent mammary cancer cell lines obtained from mice, such as
4T1, EMT6, TM40, and D2A1 from BALB/c mice, E0771 from
C57BL/6 mice and MVT1, 6DT1, and M6 from FVB mice. The
BALB/c-derived 4T1 is a triple-negative cell line and the most
common murine mammary cell line used in research as an
orthotopic model. This model has the high metastatic capacity
to lungs and lymph nodes, and well-vascularized nature of
tumors as main advantageous characteristics [73-76].

2.3.2. Cell-derived xenograft

In this cancer model, cell lines are injected into immune-
deficient mice. The cell-derived xenograft (CDX) model
derived from different tumor cell lines, which confers
unique characteristics to each model, such as histological
features, molecular subtype and metastatic potential [77].
This model is commonly used to better understand cancer
genetics and drug resistance mechanisms. Different breast
cancer cell lines can be transplanted into mice to establish
a CDX model, allowing the validation of target genes of
interest as well as the metastasis process and therapeutic
response. Inversely to the breast tumors’ heterogeneity, this
model develops relatively homogeneous tumors with loss
of original cellular characteristics which constitutes
a limitation. Due to selective pressure on cell culture
in vitro, cancer cell lines tend to lose the heterogeneous
features of the original tumor. These models are also unable
to simulate the tumor microenvironment, because it cannot
replicate the immune system’s response, since this techni-
que is usually performed in nude mice, which lack T-cell
function, or other immunocompromised mice strains
[78,79]. However, this model presents several advantages,
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namely its low cost when compared to PDX, high availabil-
ity, high reproducibility and short establishment time [80].

As mentioned above, the most used cell lines in CDX
models are MCF-7 (estrogen receptor-positive) and MDA-MB
-231 (triple-negative). The transplantation of MDA-MB-231
cells results in a more invasive, metastatic, and experimentally
reproducible model than MCF-7 cells [81,82]. Furthermore,
using estrogen-dependent breast cancer cells (such as MCF-
7) requires the introduction of additional supplements like
estradiol [67,83]. In addition, cancer cell lines such as MDA-
MB-231 and SUM149 can be injected into the tail vein of the
mice to establish metastatic CDX models [59]. The direct
implantation of human breast cancer cell lines into the
mouse mammary fat pad results in a simulation of human
breast cancer [84].

2.3.3. Patient-derived xenograft
The PDX model is obtained by transplanting the human
patient tumor materials into immunocompromised mice.
Tumor materials from patients might be either minced tissue
or single-cell suspensions [85,86].

These models are of great interest as they are derived
directly from tumor samples and have never been cultured
in vitro. They are very close to patients in terms of biological
behavior, such as gene expression profiles, intrinsic pheno-
types, genomic alteration, metastatic potential, and drug
response [87]. In addition, the PDX model and its correspond-
ing patients showed similar responses to certain therapeutic
treatments [86]. In contrast to CDX models, this model is more
costly, has low take rates and requires more time to be estab-
lished. Other limitations include the lack of an immune system
and the impediment of studying the disease in its early stages.
In return, it allows the mimicking of tumor microenvironment,
maintaining histologic and genetic features, and using it as
a metastatic model [80,88].

There are several studies using PDX models, however, not all
specify the molecular tumor type. PDX models for the triple
negative are the most used since it is the subtype with the
greatest urgency for effective therapies. In addition, by being
very aggressive, it shows high growth rates in animals [80,88].
Recently, there has been a preference for using tumor organoid
lines in an attempt to overcome the challenge of studying
tumor heterogeneity, the tumor microenvironment and drug
screening within a clinically relevant context. These organoids,
especially patient-derived organoids xenograft (PDOX), have
gained prominence due to their ability to better recapitulate
theses aspects. PDOX models have been established, and they
have been demonstrated to mimic parental tumor features.
PDOX can be derived directly by introducing patient-derived
organoids into immunodeficient mice. They successfully pre-
serve many key characteristics from the original tumor, includ-
ing histopathological features, drug sensitivity and tumor
invasiveness [86,89].

2.4. Genetically-modified animals

Genetically-modified models or genetically engineered models
(GEMs) are organisms which genetic material have been altered
by adding (transgenic), changing/modifying (knock-in), or
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removing (knock-out) DNA sequences in a manner that does not
ordinarily exist [33,90,91]. There are many benefits of using these
animals, namely: the creation of recombinant products such as
therapeutic antibodies and anticoagulants; a better understand-
ing of the mechanisms underlying the human disease will enable
the creation of effective and targeted treatments; production
and analysis of safe and effective products for use on humans;
method for researching diseases mechanisms in a complex
organism [58,90]. GEMs can model several subtypes of breast
cancer (e.g. luminal A/B, HER2-overexpressed and triple-
negative) and are frequently used to investigate the effects of
genetic alteration on mammary tumorigenesis, development,
and metastatic progression [64,92-94].

First transgenic mice generated using MMTV was in 1984 by
Philip Leder [95,96]. Nowadays, the most common transgenic
animal model used in breast cancer research is the MMTV and
the polyomavirus middle T-antigen (MMTV-PyMT) mouse model
[97]. These genetic modifications cause the mouse to develop
mammary tumors that closely resemble human breast tumors [59].

The ability to create genetically modified animals set new
standards for the scientific community and allowed researchers
to explore novel approaches to treat diseases, understand mole-
cular mechanisms and create new drugs [33]. Despite this, there
are several concerns about the welfare and health of this animal
model, since we know that when genes are inserted or deleted,
they could bring undesirable side effects caused by integration
and expression of recombinant genes [98].

2.4.1. Humanized models

Humanized animal models are animals that have been geneti-
cally changed or designed to have certain human genes, tis-
sues, or cells in order to replicate human illness situations more
effectively [22]. In breast cancer research, humanized animal
models are used to research many key features of human breast
cancer development and progression [18]. They can help
researchers to better understand disease development, pro-
gression, and find new and more effective therapeutic strate-
gies [99]. In oncology, these models enable scientists to
investigate a wide array of aspects, including tumor growth,
invasion, metastasis and the interaction between cancer cells
and the immune system [100]. Humanized animal models have
various benefits for the study of breast cancer, namely the
ability to test new drugs, elucidate tumor biology, and explore
the significance of specific genes in cancer progression [18].
Nevertheless, it is crucial to emphasize that while these models
provide valuable insights, none can precisely replicate the intri-
cacy of clinical tumors [100]. To get a full understanding of
breast cancer biology and prospective treatment methods,
researchers often use a combination of various models and
in vitro experiments [99].

3. Selecting the most suitable rodent model of
breast cancer

Selecting the most suitable rodent model for breast cancer
research can be a challenge, as there are various research
scenarios and objectives to consider. It is important to con-
sider the characteristics of the animal models available, the
type of research carried out and the mechanisms of action of

the therapies tested. Here, we provide a guidance for selecting
the most adequate model for breast cancer research under
various research scenarios/aims (Tables 3 and 4).

In tandem with the intricacies of selecting an appropriate
rodent model for breast cancer research, it is also important to
emphasize the integration of considerations for statistical
power into this decision-making process. According to the 3
R’s principle, particularly the reducement, experimental design
should aim to minimize the number of animals used for ethical
reasons [102]. However, it is equally ethically important to
rigorously test experimental hypotheses, ensuring that an
experiment uses a sufficient sample size to ensure reproduci-
bility - a critical aspect of experimental design [103]. The
calculation of sample size holds significance in animal studies.
Opting for a smaller number of animals may result in over-
looking significant differences present in the population, while
selecting an excessive number may entail unnecessary costs,
time, effort, resource use and ethical concerns [104,105].
Power analysis is a method used to calculate sample size
and allows estimation based on the significance level and
statistical power. This calculation should consider several vari-
ables, such as mortality rates, the number of groups, the
standard deviation, the type 1 error, the power, the direction
of the effect and the statistical test. This analysis can be
performed using different available tools, such as various
websites and software, facilitating researchers in conducting
robust power analysis to estimate the minimum sample size
required for an experiment, ensuring a reasonable likelihood
of detecting an effect of a given size.

4. New trends in breast cancer research

Recent advances in breast cancer research have ushered in
a new era of understanding this complex disease. As such,
new cutting-edge approaches, including precise gene editing
in rodent models using CRISPR/Cas9 [106], offer new insights
into genetic alterations [107] and targeted therapies [107].

Alternative models have also been developed, like organ-
on-a-chip systems. These microfluidic devices replicate the
architecture and function of human organs and offer
a unique approach for breast cancer research. They can be
used to study tumor development, drug response, and the
interactions between cancer cells and the microenvironment
in a controlled and highly customizable setting [108].

Advanced imaging techniques, such as multiphoton micro-
scopy [109], optical coherence tomography [110], and positron
emission tomography [111], provide high-resolution images
for noninvasive monitoring of tumor morphology, metabo-
lism, and response to treatment. These techniques also com-
plement animal experimentation and can be used for
preclinical research to evaluate the efficacy and safety of the
treatments in study [112].

Rodent models remain the gold standard for examining
new therapeutic targets. More recently, mouse models with
humanized hematopoietic systems have been used as valu-
able tools for preclinical research to evaluate the efficacy and
safety of immunotherapies, as monotherapy or combination
therapy, for triple-negative breast cancer [113,114]. Another
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Table 3. Scenarios and recommendations, in the view of the authors, for choosing the most suitable animal model for various

types of breast cancer research.

Scenarios/Aims

Recommendation(s)

Study genetic modifications
Role of carcinogens

Microenvironment or interactions between tumor cells and stromal components

Role of immune system

Metastasis study

Study subtypes

Research focuses on testing novel breast cancer treatments or assessing treatment responses

A limited research budget
Explore the genetic drivers of breast cancer subtypes
Carcinogenesis mechanism

GEM
Chemically-induced
CDX*
PDX*
GEM
Syngeneic model
PDX*
Humanized model*
Syngeneic model
GEM
CDX*
Syngeneic model
CDX*
PDX*
GEM*
PDX*
AVATAR*
CDX
Chemically-induced
Chemically-induced
GEM
Chemically-induced

* represents the most recommended model(s). CDX: cell line-derived xenograft; GEM: genetically engineered models; PDX: patient-

derived xenograft.

Table 4. Animal model for different types of drugs. Adapted from [101] with
permission of Elsevier.

Drug type Animal model

Cytotoxic chemotherapy Chemically-induced model
Syngeneic model

CDX

PDX

GEM

Chemically-induced model
Syngeneic model

CDX

PDX

GEM

Syngeneic model

GEM (Humanized)

CDX: cell line-derived xenograft; GEM: genetically engineered models; PDX:
patient-derived xenograft.

Molecular-targeted agents

Immunotherapy

option may be to develop mouse models using both human
tumor xenograft models and genetic modifications to better
understand the molecular mechanisms under breast cancer
progression and metastasis [115]. Another intriguing break-
through in rodent model research involves the concept of
‘mouse avatars’ [100]. In this approach, a segment of
a patient’s tumor is transplanted into immunodeficient mice,
and subsequent generations of mice are used for drug testing,
with the ultimate goal of developing a personalized patient
therapy. The use of avatar models aligns with the principles of
personalized medicine and has garnered considerable atten-
tion due to its potential to foster the development of perso-
nalized and successful cancer therapies [116]. Furthermore, it
offers a valuable tool for evaluating drug responses, enabling
the prediction of chemoresistance [117].

5. In vivo studies performed to assess the efficacy of
antineoplastic drugs for breast cancer treatment

The contribution of animal models for scientific progress is
incontestable. The use of rodents for modeling breast cancer

is a feasible approach to determine the most sensitive stage of
tumor development for the use of chemopreventive and/or
therapeutic agents. Many animal models have been used in
experimental works to address the prophylactic or therapeutic
effects of several compounds in this oncological disease.

In Table 5 is displayed several studies on antineoplastic
drugs, other pharmacological groups (nonsteroidal anti-
inflammatory drugs and antibiotics), and natural compounds
tested in the rodent models of mammary carcinogenesis,
using different models. An electronic literature search was
performed in the following scientific databases PubMed,
ScienceDirect and Google Scholar, on 11 April 2023. Only full
text articles published in English, in open access and indexed
journals, between 2013 and 2023 were included. After reading
the articles retrieved, we found thatmost studies used the
Sprague-Dawley strain for rats and BALB/c strain for mice
(Figure 2A,B). Transplanted models are the researchers’ models
of choice, with the xenograft models being the most used,
whereas the chemically-induced models are the most used in
the induced models with DMBA being the carcinogen of
choice (Figure 2C). The combination of compounds, mainly
an anti-neoplastic drug with a natural product, are the most
investigated substances in current studies (Figure 2D). Looking
to Table 5, we observed that tumor volume, latency and
multiplicity and mortality rates as well as biochemical analyses
to assess hepato- and nephrotoxicity are some parameters
evaluated in rodent models to determine the efficacy and
safety of drugs. For histological samples, the assessment of
morphology, and histological grade as well as the determina-
tion of some biomarkers (e.g. VEGF, ki-67 and COX-2) are also
key points used to evaluate the drugs. In addition, we
observed that not all compounds have inhibitory effects on
mammary tumors. We also concluded that doxorubicin is the
most frequently found drug in the literature, possibly because
it is already applied in clinical practice with good indicators,
but still with high rates of cardiotoxicity. Studies have
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advanced in this direction, to reduce the side effects caused
by doxorubicin without losing its efficacy [145,175]. This drug
is also studied with different forms of delivery to increase its
efficacy and targeting [128,165,166]. After doxorubicin, pacli-
taxel and curcumin are the most widely used compounds.

6. Expert opinion

Breast cancer is a highly heterogeneous disease with vary-
ing etiology and pathology. Over the last decades, its inci-
dence has been increasing, which may be attributed to
a change in lifestyles that includes well-known risk factors,
such as smoking, alcohol consumption and obesity. Several
research teams have addressed the effects of westernization
of lifestyle in breast cancer development and progression.
For this, the researchers have evaluated the effects of exer-
cise training on breast cancer by submitting animals to
different types of exercise, with different durations and
intensities. They have also addressed the effects of lifestyle
by feeding animals with western diets. Our research team is
one of those that has employed their efforts in this field
and performed an experiment addressing the effects of
lifelong moderate exercise training on BC development in
which the animals were training on a treadmill 1h per day,
at a velocity of 20 m/min, 5 days/week, for 35 consecutive
weeks. After this, we observed that an active lifestyle
reduced the number and malignancy of mammary tumors
[206]. More recently, we developed a new protocol addres-
sing the interplay between diet and exercise on mammary
cancer development. In this experiment, the animals were
trained in a ladder and fed with a western diet with 60% of
total calories coming from fat. The animals were trained 3

1 m-high homemade ladder. For each session of exercise,
the animals made 4-8 climbs and 8-12 dynamic movements
for each climb. The results of this protocol are still under
analysis.

The promotion of screening initiatives has contributed
for an earlier detection and, consequently, an improved
prognosis, but mortality rates remain high and there is no
effective therapy to increase the survival rate. Surgery, sys-
temic chemotherapy, and radiotherapy are established as
commonly used practices in the treatment of breast cancer,
but these have several serious side effects and are not
always successful. Therefore, research should continue to
focus on increasing the effectiveness of treatments, while
lowering their negative effects on the patient’s quality of
life. Understanding the molecular mechanisms of breast
cancer and drug interactions has been made possible
using models that resemble their human counterparts,
namely cell culture and animal experimentation.

The use of in vivo models plays a crucial role in breast
cancer drug discovery and the development of novel
approaches. Compared to cell culture, animal models contri-
bute for a better understanding of the complex interactions
between cancer cells and their surroundings, namely the
tumor microenvironment. Rodent models are widely used in
breast cancer research because they are easy to manipulate
and provide a controlled environment for studying this dis-
ease, being less restrained by ethical issues when compared to
other animals, like dogs, cats, pigs, and non-human primates.
Researchers have a wide range of breast cancer in vivo rodent
models available for use, including spontaneous, chemically
induced, transplanted and GEMs. Each model has its own
advantages and disadvantages, and should be chosen accord-
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Figure 2. Schematic representation of the data from Table 1: [a] rat and [b] mice strains used in breast cancer research, [c] methods of induction and [d] compounds

used in the studies.



Spontaneous models can provide insights into the role of
specific genetic alterations in breast cancer development and
progression. Chemically induced models provide information
about the mechanisms of carcinogenesis and can be useful for
the evaluation of chemopreventive agents’ efficacy, being
considered a less expensive alternative. Transplanted models
can be used to study tumor growth, metastasis, and the
effects of various treatments on tumor progression. GEMs
involve the manipulation of specific genes in mice to induce
the development of tumors, enabling researchers to study the
role of specific genetic alterations, providing valuable insights
into the molecular mechanisms underlying the disease.

Despite their advantages, in vivo models also have some
limitations. For instance, patient-derived xenograft models
may not fully recapitulate the human immune system’s
response to the cancer cells, and GEMs may not always
accurately represent the genetic complexity of human breast
cancer. Even though no model, either in vivo or in vitro can
fully replicate the human disease and that no tumor is the
same, these models are nonetheless able to provide the
necessary information for drug screening, increasing the like-
lihood of successful translation of preclinical findings to clin-
ical trials.

Due to the broader knowledge of the various molecular
subtypes of breast cancer (luminal A and B, HER2 enriched
and triple-negative), research and therapeutic approaches
have focused on this direction. Endocrine therapy and HER2-
targeted therapy, as well as immunotherapies, are emerging
therapies that have been widely investigated. Giving that these
therapies are designed to target specific molecular subtypes,
researchers often select transplant models to ensure the precise
subtypes in the study. Furthermore, PDX models may be used
to test the efficacy of specific drugs on patients’ tumors before
treatment. In this way, PDX models are increasingly sought
after, but the choice of recipient rodent strains, the use of
hormonal supplements and the implantation site are factors
that can introduce variability in experimental outcomes.

The establishment of standardized protocols plays a pivotal
role in enabling high reproducibility when using these models,
while transparency in published research is equally indispen-
sable. Beyond the above-mentioned factors (strain, hormonal
supplements, and implantation site), it is crucial to provide
information on the culture method, number of passages of the
cell line, concentration, vehicle used, monoculture or co-
culture, 2D or 3D cultures (including spheroids or organoids).
Furthermore, the disclosure of reagents and equipment used
is essential, as these elements can be a factor contributing to
protocol variations. Embracing dissemination and transpar-
ency in published research not only benefits the scientific
community, ultimately reducing variations among research
teams and enhancing the robustness of research outcomes.
While chemically-induced models may seem outdated, their
continued prevalence can be attributed to well-established
protocols (specifying factors like dosage, administration route
and age). Furthermore, they are easy to implement, and there
are several carcinogens available on the market. These proto-
cols ensure a high induction rate and mammary tumors clo-
sely resemble those found in humans in terms of histology,
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hormone dependence, expression of estrogen receptors and
genetic alterations. As a result, researchers can effectively
study the different stages of breast carcinogenesis, encom-
passing benign, pre-neoplastic and neoplastic lesions [33].

Recent discussions in Europe regarding the potential ban
on animal experimentation for research purposes have
prompted questions about the future of using animal models
in breast cancer research, impacting both the pharmaceutical
industry and academia. Traditionally, academia has relied on
rodent models for fundamental research, while the pharma-
ceutical industry employs these models for drug development
and testing purposes. Consequently, a ban would impact
these sectors differently. Academics might face challenges in
conducting fundamental research, potentially hindering dis-
coveries. Conversely, the pharmaceutical industry, focused on
drug development, may need to adapt by investing more in
alternative approaches such as in vitro or computational mod-
eling. These alternatives, though less complex than living
organisms, may require additional refinement. These potential
changes underscore the need for ongoing efforts to improve
animal experimentation, with careful consideration of animal
welfare. This concerted effort is not only pivotal for the refine-
ment of scientific practices but also serves to reshape societal
perceptions. The establishment of humane endpoints is essen-
tial to minimize animal suffering and ensure a responsible use
of these animals.

Overall, rodent models of breast cancer have been invalu-
able tools in advancing our understanding of this disease,
along with many others. They allow the development of
novel therapeutic agents used as monotherapies or in combi-
nation with conventional chemotherapeutic agents. In addi-
tion, the use of genome editing tools, as well as advanced
imaging techniques that allow for more refined protocols,
could improve the accuracy of the collected data. The future
of breast cancer research seems to be shifting toward more
personalized approaches, which will lead to more targeted
therapies, adapted to specific breast cancer subtypes and
genetic profiles. To this end, researchers have tended to
make greater use of PDXs and GEMs that closely mimic the
tumors of individual patients. It is essential to recognize their
limitations and continue to refine and improve these models
to ensure their relevance and applicability in the ongoing fight
against breast cancer, without compromising the ethical con-
cerns and animal welfare.

Funding

This work was supported by National Funds from the FCT - Portuguese
Foundation for Science and Technology, under the projects UIDB/04033/
2020 (CITAB) and LA/P/0126/2020 (INOV4AGRO) and via Doctoral Grants
(2020. 04789.BD awarded to T Ferreira] and 2020. 07999.BD awarded to
J Silva).

Declaration of interest

The authors have no other relevant affiliations or financial involvement
with any organization or entity with a financial interest in or financial
conflict with the subject matter or materials discussed in the manuscript
apart from those disclosed.



14 e T. FERREIRA ET AL.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

ORCID

Tiago Ferreira
Tiago Azevedo
Jessica Silva
Ana |. Faustino-Rocha
Paula A. Oliveira

http://orcid.org/0000-0002-6652-9770
http://orcid.org/0000-0002-3030-4510
http://orcid.org/0000-0001-7698-1595
http://orcid.org/0000-0001-5572-6317
http://orcid.org/0000-0001-9519-4044

References

Papers of special note have been highlighted as either of interest ()
or of considerable interest (s¢) to readers.

1.

10.

11.

12.

13.

14.

15.

16.

Zhang S, Miyakawa A, Wickstrom M, et al. GIT1 protects against
breast cancer growth through negative regulation of notch. Nat
Commun. 2022;13(1):1537. doi: 10.1038/s41467-022-28631-y

. Yedjou CG, Sims JN, Miele L, et al. Health and racial disparity in

breast cancer. In: Ahmad Aeditor. Breast cancer metastasis and drug
resistance. Cham: Springer International Publishing; 2019. p. 31-49.

. tukasiewicz S, Czeczelewski M, Forma A, et al. Breast cancer—

Epidemiology, risk factors, classification, prognostic markers, and
current treatment strategies—an updated review. Cancers (Basel).
2021;13(17):4287. doi: 10.3390/cancers13174287

Momenimovahed Z, Salehiniya H. Epidemiological characteristics of
and risk factors for breast cancer in the world. BCTT.
2019;11:151-164. doi: 10.2147/BCTT.S176070

. Bani Hashemi SH, Karimi S, Mahboobi H. Lifestyle changes for

prevention of breast cancer. Electron 2014;6

(3):894-905. doi: 10.14661/2014.894-905

Physician.

. Polyak K. Heterogeneity in breast cancer. J Clin Invest. 2011;121

(10):3786-3788. doi: 10.1172/JCl60534

. Weigelt B, Geyer FC, Reis-Filho JS. Histological types of breast

cancer: how special are they? Mol Oncol. 2010;4(3):192-208. doi:
10.1016/j.molonc.2010.04.004

. Roelofs C, Hollande F, Redvers R, et al. Breast tumour organoids:

promising models for the genomic and functional characterisation
of breast cancer. Biochem Soc Trans. 2019;47(1):109-117. doi: 10.
1042/BST20180375

. Ellis 10, Galea M, Broughton N, et al. Pathological prognostic factors

in breast cancer. Il. Histological type. Relationship with survival in
a large study with long-term follow-up. Histopathology. 2007;20
(6):479-489. doi: 10.1111/j.1365-2559.1992.tb01032.x

Hon JDC, Singh B, Sahin A, et al. Breast cancer molecular subtypes:
from TNBC to QNBC. Am J Cancer Res. 2016;6(9):1864-1872.
Elston CW, Ellis 10. Pathological prognostic factors in breast cancer.
I. The value of histological grade in breast cancer: experience from
a large study with long-term follow-up. Histopathology. 1991;19
(5):403-410. doi: 10.1111/j.1365-2559.1991.tb00229.x

Mook S, Schmidt MK, Rutgers EJ, et al. Calibration and discrimina-
tory accuracy of prognosis calculation for breast cancer with the
online adjuvant! program: a hospital-based retrospective cohort
study. Lancet Oncol. 2009;10(11):1070-1076. doi: 10.1016/51470-
2045(09)70254-2

WHO Classification of Tumours [Editorial Board]. Organisation mon-
diale de la santé. Breast Tumours. 5th ed. Geneva: OMS; 2019.
Cserni G. Histological type and typing of breast carcinomas and the
WHO classification changes over time. Pathologica. 2020;112
(1):25-41. doi: 10.32074/1591-951X-1-20

Costa E, Ferreira-Gongalves T, Chasqueira G, et al. Experimental
models as refined translational tools for breast cancer research.
Sci Pharm. 2020;88(3):32. doi: 10.3390/scipharm88030032

Britt KL, Cuzick J, Phillips K-A. Key steps for effective breast cancer
prevention. Nat Rev Cancer. 2020;20(8):417-436. doi: 10.1038/
541568-020-0266-x

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Johnson KS, Conant EF, Soo MS. Molecular subtypes of breast

cancer: a review for breast radiologists. J Of Breast Imaging.
2021;3(1):12-24. doi: 10.1093/jbi/wbaa110

. Holen |, Speirs V, Morrissey B, et al. In vivo models in breast

cancer research: progress, challenges and future directions. Dis
Models Mech. 2017;10(4):359-371. doi: 10.1242/dmm.028274

. Gordon J, Brown M, Reynolds M. Cell-based methods for determi-

nation of efficacy for candidate therapeutics in the clinical manage-
ment of cancer. Diseases. 2018;6(4):85. doi: 10.3390/
diseases6040085

Bahcecioglu G, Basara G, Ellis BW, et al. Breast cancer models:
engineering the tumor microenvironment. Acta Biomaterialia.
2020;106:1-21. doi: 10.1016/j.actbio.2020.02.006

Mondal P, Bailey KL, Cartwright SB, et al. Large animal models of
breast cancer. Front Oncol. 2022;12:788038. doi: 10.3389/fonc.2022.
788038

Zeng L, Li W, Chen C-S. Breast cancer animal models and
applications. zoological Research zoological Res. 2020;41
(5):477-494. doi: 10.24272/j.issn.2095-8137.2020.095

Recent review about other breast cancer animal models other
than rodents, namely non-mammals and mammals.

Wessler S. Introduction: what is a model?. In: Animal models of
thrombosis and hemorrhagic disease. Bethesda: Institute of
Laboratory Animal Resources and National Academy of
Sciences; National Heart and Lung Institute; 1976. p. 11-16.
Dominguez-Oliva A, Hernandez-Avalos |, Martinez-Burnes J, et al.
The importance of animal models in biomedical research: current
insights and applications. Animals. 2023;13(7):1223. doi: 10.3390/
ani13071223

Bryda EC. The mighty mouse: the impact of rodents on advances in
biomedical research. Mo Med. 2013;110(3):207-211.
Boix-Montesinos P, Soriano-Teruel M, Armifan A, et al. The past,
present, and future of breast cancer models for nanomedicine
development. Adv Drug Delivery Rev. 2021;173:306-330. doi: 10.
1016/j.addr.2021.03.018

Ferreira T, Gama A, Seixas F, et al. Mammary Glands of women.
Female Dogs And Female Rats: Similarities And Differences To Be
Considered. In Breast Cancer Research. Veterinary Sciences. 2023;10
(6):379. doi: 10.3390/vetsci10060379

Devlin R, Roberts E. Building a healthy mouse model ecosystem to
interrogate cancer biology. Dis Models Mech. 2022;15(9):
dmm049795. doi: 10.1242/dmm.049795

Iglesias-Carres L, Neilson AP. Utilizing preclinical models of genetic
diversity to improve translation of phytochemical activities from
rodents to humans and inform personalized nutrition. Food Funct.
2021;12(22):11077-11105. doi: 10.1039/D1FO02782D

Liu C, Wu P, Zhang A, et al. Advances in rodent models for
breast cancer formation, progression, and therapeutic testing.
Front Oncol. 2021;11:593337. doi: 10.3389/fonc.2021.593337
Welsh J. Animal models for studying prevention and treatment of
breast cancer. In: Conn PM, editor. Animal models for the study of
human disease. Oxford, UK: Elsevier; 2013. p. 997-1018.

Roarty K, Echeverria GV. Laboratory models for Investigating
breast cancer therapy resistance and metastasis. Front Oncol.
2021;11:645698. doi: 10.3389/fonc.2021.645698

Alvarado A, Faustino-Rocha Al, Colaco B, et al. Experimental mam-
mary carcinogenesis - Rat models. Life Sci. 2017;173:116-134. doi:
10.1016/j.1fs.2017.02.004

Oglesbee BL, editor. Blackwell’s five-minute veterinary consult: Small
mammal. 2nd ed. Chichester, West Sussex: Wiley-Blackwell; 2011.
Russo IH, Russo J. Mammary gland neoplasia in long-term rodent
studies. Environ Health Perspect. 1996;104(9):938-967. doi: 10.
1289/ehp.96104938

Dinse GE, Peddada SD, Harris SF, et al. Comparison of NTP
historical control tumor incidence rates in female harlan
Sprague Dawley and fischer 344/N rats. Toxicol Pathol. 2010;38
(5):765-775. doi: 10.1177/0192623310373777

Suckow MA, Weisbroth SH, Franklin CL, eds. The Laboratory Rat,
American College of Laboratory animal medicine seriesElsevier.
2nd ed. Amsterdam, Boston: Elsevier Inc; 2006.


https://doi.org/10.1038/s41467-022-28631-y
https://doi.org/10.3390/cancers13174287
https://doi.org/10.2147/BCTT.S176070
https://doi.org/10.14661/2014.894-905
https://doi.org/10.1172/JCI60534
https://doi.org/10.1016/j.molonc.2010.04.004
https://doi.org/10.1016/j.molonc.2010.04.004
https://doi.org/10.1042/BST20180375
https://doi.org/10.1042/BST20180375
https://doi.org/10.1111/j.1365-2559.1992.tb01032.x
https://doi.org/10.1111/j.1365-2559.1991.tb00229.x
https://doi.org/10.1016/S1470-2045(09)70254-2
https://doi.org/10.1016/S1470-2045(09)70254-2
https://doi.org/10.32074/1591-951X-1-20
https://doi.org/10.3390/scipharm88030032
https://doi.org/10.1038/s41568-020-0266-x
https://doi.org/10.1038/s41568-020-0266-x
https://doi.org/10.1093/jbi/wbaa110
https://doi.org/10.1242/dmm.028274
https://doi.org/10.3390/diseases6040085
https://doi.org/10.3390/diseases6040085
https://doi.org/10.1016/j.actbio.2020.02.006
https://doi.org/10.3389/fonc.2022.788038
https://doi.org/10.3389/fonc.2022.788038
https://doi.org/10.24272/j.issn.2095-8137.2020.095
https://doi.org/10.3390/ani13071223
https://doi.org/10.3390/ani13071223
https://doi.org/10.1016/j.addr.2021.03.018
https://doi.org/10.1016/j.addr.2021.03.018
https://doi.org/10.3390/vetsci10060379
https://doi.org/10.1242/dmm.049795
https://doi.org/10.1039/D1FO02782D
https://doi.org/10.3389/fonc.2021.593337
https://doi.org/10.3389/fonc.2021.645698
https://doi.org/10.1016/j.lfs.2017.02.004
https://doi.org/10.1016/j.lfs.2017.02.004
https://doi.org/10.1289/ehp.96104938
https://doi.org/10.1289/ehp.96104938
https://doi.org/10.1177/0192623310373777

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Son W-C, Gopinath C. Early occurrence of spontaneous tumors in
CD-1 mice and Sprague—Dawley rats. Toxicol Pathol. 2004;32
(4):371-374. doi: 10.1080/01926230490440871

Oliveira PA, Colago A, Chaves R, et al. Chemical carcinogenesis.
An Acad Bras Ciénc. 2007;79(4):593-616. doi: 10.1590/50001-
37652007000400004

Huggins C, Morii S, Grand LC. Mammary cancer induced by a single
dose of polynuclear hydrocarbons: routes of administration. Ann Surg.
1961;154(6):315-318. doi: 10.1097/00000658-196112000-00042

First rat model of mammary cancer induced by a single dose of
DMBA.

Silva J, Duarte JA, Oliveira PA. Realistic aspects behind the applica-
tion of the rat model of chemically-induced mammary cancer:
practical guidelines to obtain the best results. Vet World.
2023;1222-1230. doi: 10.14202/vetworld.2023.1222-1230

Azevedo T, Silva J, Faustino-Rocha Al, et al. Uloga prirodnih spojeva
kod raka mlijec¢nih Zlijezda u Stakora; blagotvorni ucinci vodenog
ekstrakta Santolina chamaecyparissus L. Vet stn (Online). 2023;55
(1):45-61. doi: 10.46419/vs.55.1.3

Russo J, Russo IH. Atlas and histologic classification of tumors of
the rat mammary gland. J Mammary Gland Biol Neoplasia. 2000;5
(2):187-200. doi: 10.1023/A:1026443305758

This paper established a histological classification for chemi-
cally-induced rat mammary tumors.

Alvarado A, Lopes AC, Faustino-Rocha Al, et al. Prognostic factors in
MNU and DMBA-induced mammary tumors in female rats. Pathol
Res Pract. 2017;213(5):441-446. doi: 10.1016/j.prp.2017.02.014
Perse M, Cerar A, Injac R, et al. N-methylnitrosourea induced breast
cancer in rat, the histopathology of the resulting tumours and its
drawbacks as a model. Pathol Oncol Res. 2009;15(1):115-121. doi:
10.1007/5s12253-008-9117-x

Faustino-Rocha A, Oliveira PA, Pinho-Oliveira J, et al. Estimation of rat
mammary tumor volume using caliper and ultrasonography
measurements. Lab Anim. 2013;42(6):217-224. doi: 10.1038/laban.254
Eighmy JJ, Sharma AK, Blackshear PE. Mammary gland. In: Suttie
AW, editor. Boorman'’s pathology of the rat. Oxford, UK: Elsevier;
2018. p. 369-388.

Russo J. Significance of rat mammary tumors for human risk
assessment. Toxicol Pathol. 2015;43(2):145-170. doi: 10.1177/
0192623314532036

Faustino-Rocha Al, Ferreira R, Oliveira PA, et al. N-Methyl-
N-nitrosourea as a mammary carcinogenic agent. Tumor Biol.
2015;36(12):9095-9117. doi: 10.1007/s13277-015-3973-2

Nohmi T, Masumura K, Toyoda-Hokaiwado N. Transgenic rat mod-
els for mutagenesis and carcinogenesis. Genes And Environ.
2017;39(1):11. doi: 10.1186/s41021-016-0072-6

Tsubura A, Lai Y-C, Miki H, et al. Review: animal models of N-Methyl-
N-nitrosourea-induced mammary cancer and retinal degeneration with
special emphasis on therapeutic trials. In Vivo. 2011;25(1):11-22.

Shull JD, Dennison KL, Chack AC, et al. Rat models of 17B-estradiol-
induced mammary cancer reveal novel insights into breast cancer
etiology and prevention. Physiol Genomics. 2018;50(3):215-234.
doi: 10.1152/physiolgenomics.00105.2017

Ravoori S, Vadhanam M, Sahoo S, et al. Mammary tumor induction
in ACl rats exposed to low levels of 173-estradiol. Int J Oncol. 2007.
doi:10.3892/ij0.31.1.113

Kordon EC, Molinolo AA, Pasqualini CD, et al. Progesterone induc-
tion of mammary carcinomas in BALB/c female mice: correlation
between progestin dependence and morphology. Breast Cancer
Res Tr. 1993;28(1):29-39. doi: 10.1007/BF00666353

Singh B, Shoulson R, Chatterjee A, et al. Resveratrol inhibits
estrogen-induced breast carcinogenesis through induction of
NRF2-mediated protective pathways. Carcinogenesis. 2014;35
(8):1872-1880. doi: 10.1093/carcin/bgu120

Das Gupta S, So JY, Wall B, et al. Tocopherols inhibit oxidative and
nitrosative stress in estrogen-induced early mammary hyperplasia in
ACl rats: INHIBITION of OXIDATIVE and NITROSATIVE STRESS by
TOCOPHEROLS. Mol Carcinog. 2015;54(9):916-925. doi: 10.1002/mc.
22164

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73

74.

75.

77.

78.

EXPERT OPINION ON DRUG DISCOVERY 15

Russo IH, Russo J. Role of hormones in mammary cancer initiation
and progression. J Mammary Gland Biol Neoplasia. 1998;3(1):49-61.
doi: 10.1023/A:1018770218022

Kim JB, O'Hare MJ, Stein R. Models of breast cancer: is merging
human and animal models the future? Breast Cancer Res. 2003;6
(1):22. doi: 10.1186/bcr645

First xenograft breast cancer mice generated.

Park MK, Lee CH, Lee H. Mouse models of breast cancer in preclinical
research. Lab Anim Res. 2018;34(4):160. doi: 10.5625/lar.2018.34.4.160
Ni Y, Wang H, Chen F, et al. Tumor models and specific contrast
agents for small animal imaging in oncology. Methods. 2009;48
(2):125-138. doi: 10.1016/j.ymeth.2009.03.014

Liu Y, Yin T, Feng Y, et al. Mammalian models of chemically
induced primary malignancies exploitable for imaging-based pre-
clinical theragnostic research. Quant Imaging Med Surg. 2015;5
(5):708-729. doi: 10.3978/j.issn.2223-4292.2015.06.01

Okano M, Oshi M, Butash A, et al. Orthotopic implantation achieves
better engraftment and faster growth than subcutaneous implantation
in breast cancer patient-derived xenografts. J Mammary Gland Biol
Neoplasia. 2020;25(1):27-36. doi: 10.1007/5s10911-020-09442-7

Sano D, Myers JN. Xenograft models of head and neck cancers.
Head Neck Oncol. 2009;1(1):32. doi: 10.1186/1758-3284-1-32
Vargo-Gogola T, Rosen JM. Modelling breast cancer: one size does
not fit all. Nat Rev Cancer. 2007;7(9):659-672. doi: 10.1038/nrc2193
Chulpanova DS, Kitaeva KV, Rutland CS, et al. Mouse tumor models
for Advanced cancer immunotherapy. IJMS. 2020;21(11):4118. doi:
10.3390/ijms21114118

Tang Y, Lei Z, Wang S, et al. Inmunocompromised and immuno-
competent mouse models for head and neck squamous cell
carcinoma. OTT. 2016;545. doi: 10.2147/0TT.595633

Puchalapalli M, Zeng X, Mu L, et al. NSG mice provide a better
spontaneous model of breast cancer metastasis than athymic
(nude) mice. PLoS One. 2016;11(9):e0163521. doi: 10.1371/journal.
pone.0163521

Oliveira PA, Arantes-Rodrigues R, Vasconcelos-Nébrega C. Animal
models of urinary bladder cancer and their application to novel
drug discovery. Expert Opin Drug Discov. 2014;9(5):485-503. doi:
10.1517/17460441.2014.902930

Schuurman H-J, Hougen HP, van Loveren H. The rnu (Rowett Nude)
and rnuN (nznu, New Zealand Nude) Rat: An Update. ILAR J.
1992;34(1-2):3-12. doi: 10.1093/ilar.34.1-2.3

Passaniti A, Kleinman HK, Martin GR. Matrigel: history/background,
uses, and future applications. J Cell Commun Signal. 2022;16
(4):621-626. doi: 10.1007/s12079-021-00643-1

Gong W. Rodent transplantation medicine. In: Gong W, editor
Rodent transplant medicine. Singapore: Springer Nature
Singapore; 2022. p. 1-10.

Conn PM, ed. Animal models for the study of human disease.
London Waltham MA: Elsevier; 2013.

. Arroyo-Crespo JJ, Armifidn A, Charbonnier D, et al. Characterization

of triple-negative breast cancer preclinical models provides func-
tional evidence of metastatic progression. Int J Cancer. 2019;145
(8):2267-2281. doi: 10.1002/ijc.32270

Mei K-C, Bai J, Lorrio S, et al. Investigating the effect of tumor
vascularization on magnetic targeting in vivo using retrospective
design of experiment. Biomaterials. 2016;106:276-285. doi: 10.
1016/j.biomaterials.2016.08.030

Liu T, Romanova S, Wang S, et al. Alendronate-modified polymeric
micelles for the treatment of breast cancer bone metastasis. Mol
Pharm. 2019;16(7):2872-2883. doi: 10.1021/acs.molpharmaceut.
8b01343

. Pulaski BA, Ostrand-Rosenberg S. Mouse 4T1 breast tumor model. Curr

Protoc Immunol. 2000;39(1). doi: 10.1002/0471142735.im2002s39
Zeng M, Pi C, Li K, et al. Patient-derived xenograft: amore standard
“Avatar” model in preclinical studies of gastric cancer. Front Oncol.
2022;12:898563. doi: 10.3389/fonc.2022.898563

Tao K, Fang M, Alroy J, et al. Imagable 4T1 model for the study of
late stage breast cancer. BMC Cancer. 2008;8(1):228. doi: 10.1186/
1471-2407-8-228


https://doi.org/10.1080/01926230490440871
https://doi.org/10.1590/S0001-37652007000400004
https://doi.org/10.1590/S0001-37652007000400004
https://doi.org/10.1097/00000658-196112000-00042
https://doi.org/10.14202/vetworld.2023.1222-1230
https://doi.org/10.46419/vs.55.1.3
https://doi.org/10.1023/A:1026443305758
https://doi.org/10.1016/j.prp.2017.02.014
https://doi.org/10.1007/s12253-008-9117-x
https://doi.org/10.1007/s12253-008-9117-x
https://doi.org/10.1038/laban.254
https://doi.org/10.1177/0192623314532036
https://doi.org/10.1177/0192623314532036
https://doi.org/10.1007/s13277-015-3973-2
https://doi.org/10.1186/s41021-016-0072-6
https://doi.org/10.1152/physiolgenomics.00105.2017
https://doi.org/10.3892/ijo.31.1.113
https://doi.org/10.1007/BF00666353
https://doi.org/10.1093/carcin/bgu120
https://doi.org/10.1002/mc.22164
https://doi.org/10.1002/mc.22164
https://doi.org/10.1023/A:1018770218022
https://doi.org/10.1186/bcr645
https://doi.org/10.5625/lar.2018.34.4.160
https://doi.org/10.1016/j.ymeth.2009.03.014
https://doi.org/10.3978/j.issn.2223-4292.2015.06.01
https://doi.org/10.1007/s10911-020-09442-7
https://doi.org/10.1186/1758-3284-1-32
https://doi.org/10.1038/nrc2193
https://doi.org/10.3390/ijms21114118
https://doi.org/10.3390/ijms21114118
https://doi.org/10.2147/OTT.S95633
https://doi.org/10.1371/journal.pone.0163521
https://doi.org/10.1371/journal.pone.0163521
https://doi.org/10.1517/17460441.2014.902930
https://doi.org/10.1517/17460441.2014.902930
https://doi.org/10.1093/ilar.34.1-2.3
https://doi.org/10.1007/s12079-021-00643-1
https://doi.org/10.1002/ijc.32270
https://doi.org/10.1016/j.biomaterials.2016.08.030
https://doi.org/10.1016/j.biomaterials.2016.08.030
https://doi.org/10.1021/acs.molpharmaceut.8b01343
https://doi.org/10.1021/acs.molpharmaceut.8b01343
https://doi.org/10.1002/0471142735.im2002s39
https://doi.org/10.3389/fonc.2022.898563
https://doi.org/10.1186/1471-2407-8-228
https://doi.org/10.1186/1471-2407-8-228

16 e T. FERREIRA ET AL.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Paschall AV, Liu K. An orthotopic mouse model of spontaneous breast
cancer metastasis. JoVe. 2016;114:54040. doi: 10.3791/54040-v
Murayama T, Gotoh N. Patient-derived xenograft models of breast
cancer and their application. Cells. 2019;8(6):621. doi: 10.3390/
cells8060621

Liu Y-L, Chou C-K, Kim M, et al. Assessing metastatic potential of
breast cancer cells based on EGFR dynamics. Sci Rep. 2019;9
(1):3395. doi: 10.1038/541598-018-37625-0

Mu Q, Wang H, Zhang M. Nanoparticles for imaging and treatment
of metastatic breast cancer. Expert Opin Drug Delivery. 2017;14
(1):123-136. doi: 10.1080/17425247.2016.1208650

Gottardis MM, Robinson SP, Jordan VC. Estradiol-stimulated growth
of MCF-7 tumors implanted in athymic mice: a model to study the
tumoristatic action of tamoxifen. J Steroid Biochem. 1988;30(1-
6):311-314. doi: 10.1016/0022-4731(88)90113-6

DeRose YS, Wang G, Lin Y-C, et al. Tumor grafts derived from
women with breast cancer authentically reflect tumor pathology,
growth, metastasis and disease outcomes. Nat Med. 2011;17
(11):1514-1520. doi: 10.1038/nm.2454

Okada S, Vaeteewoottacharn K, Kariya R. Establishment of a
patient-derived tumor xenograft model and application for preci-
sion cancer medicine. Chem Pharm Bull. 2018;66(3):225-230. doi:
10.1248/cpb.c17-00789

Wang E, Xiang K, Zhang Y, et al. Patient-derived organoids
(PDOs) and PDO-derived xenografts (PDOXs): new opportunities
in establishing faithful pre-clinical cancer models. J Natl Cancer
Inst. 2022;2(4):263-276. doi: 10.1016/j.jncc.2022.10.001

Cho S-Y, Kang W, Han JY, et al. An Integrative approach to preci-
sion cancer medicine using patient-derived xenografts. Mol Cells.
2016;39:77-86.

Evans KW, Yuca E, Akcakanat A, et al. A population of hetero-
geneous breast cancer patient-derived xenografts demonstrate
broad activity of PARP inhibitor in BRCA1/2 wild-type tumors.
Clin Cancer Res. 2017;23(21):6468-6477. doi: 10.1158/1078-0432.
CCR-17-0615

Sachs N, De Ligt J, Kopper O, et al. A living biobank of breast cancer
organoids captures disease heterogeneity. Cell. 2018;172(1-2):373-
386.e10. doi: 10.1016/j.cell.2017.11.010

Vandamme T. Use of rodents as models of human diseases.
J Pharm Bioall Sci. 2014;6(1):2. doi: 10.4103/0975-7406.124301
Doyle A, McGarry MP, Lee NA, et al. The construction of transgenic
and gene knockout/knockin mouse models of human disease.
Transgenic Res. 2012;21(2):327-349. doi: 10.1007/s11248-011-
9537-3

Regua AT, Arrigo A, Doheny D, et al. Transgenic mouse models of
breast cancer. Cancer Lett. 2021;516:73-83. doi: 10.1016/j.canlet.
2021.05.027

Usary J, Darr DB, Pfefferle AD, et al. Overview of genetically
engineered mouse models of distinct breast cancer subtypes.
CP  Pharmacology. 2016;72(1). doi: 10.1002/0471141755.
ph1438s72

Dias K, Dvorkin-Gheva A, Hallett RM, et al. Claudin-low breast
cancer. Clinical & Pathological Characteristics, PLoS ONE. 2017;12
(1):e0168669. doi: 10.1371/journal.pone.0168669

Sakamoto K, Schmidt JW, Wagner K-U. Mouse models of breast
cancer. In: Eferl R Casanova E, editors Mouse Models of Cancer. (NY)
NY: Springer; 2015. p. 47-71.

Stewart TA, Pattengale PK, Leder P. Spontaneous mammary adeno-
carcinomas in transgenic mice that carry and express MTV/myc fusion
genes. Cell. 1984;38(3):627-637. doi: 10.1016/0092-8674(84)90257-5
First transgenic mice generated mouse mammary tumor
virus.

Attalla S, Taifour T, Bui T, et al. Insights from transgenic mouse
models of PyMT-induced breast cancer: recapitulating human
breast cancer progression in vivo. Oncogene. 2021;40(3):475-491.
doi: 10.1038/541388-020-01560-0

Forabosco F, Léhmus M, Rydhmer L, et al. Genetically modified
farm animals and fish in agriculture: areview. Livestock Science.
2013;153(1-3):1-9. doi: 10.1016/j.livsci.2013.01.002

929

100.

101.

102

103.

104.

105.

106.

107.

108.

109.

110.

112

113.

114.

115.

116.

117.

118.

119.

. Li Z, Zheng W, Wang H, et al. Application of animal models in
cancer research: recent progress and future prospects. CMAR.
2021;13:2455-2475. doi: 10.2147/CMAR.S302565

Onaciu A, Munteanu R, Munteanu VC, et al. Spontaneous and

induced animal models for cancer research. Diagnostics. 2020;10

(9):660. doi: 10.3390/diagnostics10090660

Sobczuk P, Brodziak A, Khan MI, et al. Choosing the right animal

model for renal cancer research. Transl Oncol. 2020;13(3):100745.

doi: 10.1016/j.tranon.2020.100745

. Eggel M, Wiirbel H. Internal consistency and compatibility of the

3Rs and 3Vs principles for project evaluation of animal research.

Lab Anim. 2021;55(3):233-243. doi: 10.1177/0023677220968583

Ledolter J, Kardon RH. Focus on data: statistical design of experi-

ments and sample size selection using power analysis. Invest

Ophthalmol Vis Sci. 2020;61(8):11. doi: 10.1167/iovs.61.8.11

Charan J, Kantharia ND. How to calculate sample size in animal

studies? J Pharmacol Pharmacother. 2013;4(4):303-306. doi: 10.

4103/0976-500X.119726

Zhang X, Hartmann P. How to calculate sample size in animal and

human studies. Front Med. 2023;10:1215927. doi: 10.3389/fmed.

2023.1215927

Katti A, Diaz BJ, Caragine CM, et al. CRISPR in cancer biology and

therapy. Nat Rev Cancer. 2022;22(5):259-279. doi: 10.1038/541568-

022-00441-w

Karn V, Sandhya S, Hsu W, et al. CRISPR/Cas9 system in breast

cancer therapy: advancement, limitations and future scope.

Cancer Cell Int. 2022;22(1):234. doi: 10.1186/512935-022-02654-3

Regmi S, Poudel C, Adhikari R, et al. Applications of microfluidics

and organ-on-a-chip in cancer research. Biosensors (Basel). 2022;12

(7):459. doi: 10.3390/bios12070459

Pinker K. Advanced imaging for precision medicine in breast can-

cer: from morphology to function. Breast Care. 2017;12(4):208-210.

doi: 10.1159/000480397

Jochelson M. Advanced imaging techniques for the detection of

breast cancer. Alexandria, VA: American Society of Clinical

Oncology Educational Book; 2012. p. 65-69.

. Specht JM, Mankoff DA. Advances in molecular imaging for breast
cancer detection and characterization. Breast Cancer Res. 2012;14
(2):206. doi: 10.1186/bcr3094

. Scarfe L, Brillant N, Kumar JD, et al. Preclinical imaging methods for

assessing the safety and efficacy of regenerative medicine therapies.

NPJ Regen Med. 2017;2(1):28. doi: 10.1038/s41536-017-0029-9

Rosato RR, Davila-Gonzalez D, Choi DS, et al. Evaluation of anti-PD-

1-based therapy against triple-negative  breast cancer

patient-derived xenograft tumors engrafted in humanized mouse
models. Breast Cancer Res. 2018;20(1):108. doi: 10.1186/s13058-

018-1037-4

Karnik I, Her Z, Neo SH, et al. Emerging preclinical applications of

Humanized mouse models in the discovery and validation of novel

immunotherapeutics and their mechanisms of action for improved

cancer treatment. Pharmaceutics. 2023;15(6):1600. doi: 10.3390/

pharmaceutics15061600

Rampetsreiter P, Casanova E, Eferl R. Genetically modified mouse

models of cancer invasion and metastasis. Drug Discov Today Dis

Models. 2011;8(2-3):67-74. doi: 10.1016/j.ddmod.2011.05.003

Malaney P, Nicosia SV, Davé V. One mouse, one patient paradigm:

new avatars of personalized cancer therapy. Cancer Lett. 2014;344

(1):1-12. doi: 10.1016/j.canlet.2013.10.010

Cekanova M, Rathore K. Animal models and therapeutic molecular

targets of cancer: utility and limitations. DDDT. 2014;1911. doi: 10.

2147/DDDT.S49584

Linjawi SAA, Khalil WKB, Hassanane M, et al. Evaluation of the protec-

tive effect of Nigella sativa extract and its primary active component

thymogquinone against DMBA-induced breast cancer in female rats.

Aoms. 2015;1:220-229. doi: 10.5114/aoms.2013.33329

Arroyo-Acevedo J, Chavez-Asmat RJ, Anampa-Guzman A, et al.

Protective Effect of Piper aduncum Capsule on DMBA-induced

Breast Cancer in Rats. Breast Cancer. 2015;9:24420. BCBCR.S. doi:

10.4137/BCBCR.S24420


https://doi.org/10.3791/54040-v
https://doi.org/10.3390/cells8060621
https://doi.org/10.3390/cells8060621
https://doi.org/10.1038/s41598-018-37625-0
https://doi.org/10.1080/17425247.2016.1208650
https://doi.org/10.1016/0022-4731(88)90113-6
https://doi.org/10.1038/nm.2454
https://doi.org/10.1248/cpb.c17-00789
https://doi.org/10.1248/cpb.c17-00789
https://doi.org/10.1016/j.jncc.2022.10.001
https://doi.org/10.1158/1078-0432.CCR-17-0615
https://doi.org/10.1158/1078-0432.CCR-17-0615
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.4103/0975-7406.124301
https://doi.org/10.1007/s11248-011-9537-3
https://doi.org/10.1007/s11248-011-9537-3
https://doi.org/10.1016/j.canlet.2021.05.027
https://doi.org/10.1016/j.canlet.2021.05.027
https://doi.org/10.1002/0471141755.ph1438s72
https://doi.org/10.1002/0471141755.ph1438s72
https://doi.org/10.1371/journal.pone.0168669
https://doi.org/10.1016/0092-8674(84)90257-5
https://doi.org/10.1038/s41388-020-01560-0
https://doi.org/10.1016/j.livsci.2013.01.002
https://doi.org/10.2147/CMAR.S302565
https://doi.org/10.3390/diagnostics10090660
https://doi.org/10.1016/j.tranon.2020.100745
https://doi.org/10.1177/0023677220968583
https://doi.org/10.1167/iovs.61.8.11
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.3389/fmed.2023.1215927
https://doi.org/10.3389/fmed.2023.1215927
https://doi.org/10.1038/s41568-022-00441-w
https://doi.org/10.1038/s41568-022-00441-w
https://doi.org/10.1186/s12935-022-02654-3
https://doi.org/10.3390/bios12070459
https://doi.org/10.1159/000480397
https://doi.org/10.1186/bcr3094
https://doi.org/10.1038/s41536-017-0029-9
https://doi.org/10.1186/s13058-018-1037-4
https://doi.org/10.1186/s13058-018-1037-4
https://doi.org/10.3390/pharmaceutics15061600
https://doi.org/10.3390/pharmaceutics15061600
https://doi.org/10.1016/j.ddmod.2011.05.003
https://doi.org/10.1016/j.canlet.2013.10.010
https://doi.org/10.2147/DDDT.S49584
https://doi.org/10.2147/DDDT.S49584
https://doi.org/10.5114/aoms.2013.33329
https://doi.org/10.4137/BCBCR.S24420
https://doi.org/10.4137/BCBCR.S24420

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Bhowmik A, Das N, Pal U, et al. 2,2"-Diphenyl-3,3"-diindolylmethane:
a potent compound induces apoptosis in breast cancer cells by
inhibiting EGFR pathway. PLoS One. 2013;8(3):259798. doi: 10.1371/
journal.pone.0059798

Tabaczar S, Domeradzka K, Czepas J, et al. Anti-tumor potential of
nitroxyl derivative Pirolin in the DMBA-induced rat mammary car-
cinoma model: A comparison with quercetin. Pharmacol Rep.
2015;67(3):527-534. doi: 10.1016/j.pharep.2014.12.010

Rajakumar T, Pugalendhi P, Thilagavathi S. Dose response chemo-
preventive  potential of allyl isothiocyanate  against
7,12-dimethylbenz(a)anthracene induced mammary carcinogenesis
in female Sprague-Dawley rats. Chem Biol Interact. 2015;231:35-43.
doi: 10.1016/j.cbi.2015.02.015

Al-Saeedi FJ. Study of the cytotoxicity of asiaticoside on rats and tumour
cells. BMC Cancer. 2014;14(1):220. doi: 10.1186/1471-2407-14-220
Karnam KC, Ellutla M, Bodduluru LN, et al. Preventive effect of
berberine against DMBA-induced breast cancer in female Sprague
Dawley rats. Biomed Pharmacother. 2017;92:207-214. doi: 10.1016/
j.biopha.2017.05.069

Kubatka P, Kapinova A, Kruzliak P, et al. Antineoplastic effects of
chlorella pyrenoidosa in the breast cancer model. Nutrition.
2015;31(4):560-569. doi: 10.1016/j.nut.2014.08.010

Mundhe NA, Kumar P, Ahmed S, et al. Nordihydroguaiaretic acid
ameliorates cisplatin induced nephrotoxicity and potentiates its
anti-tumor activity in DMBA induced breast cancer in female
Sprague-Dawley rats. Int Immunopharmacol. 2015;28(1):634-642.
doi: 10.1016/j.intimp.2015.07.016

Szaefer H, Krajka-Kuzniak V, Ignatowicz E, et al. The effect of cloudy
apple juice on hepatic and mammary gland phase | and Il enzymes
induced by DMBA in female Sprague-Dawley rats. Drug Chem
Toxicol. 2014;37(4):472-479. doi: 10.3109/01480545.2014.893442
Pourradi NMA, Babaei H, Hamishehkar H, et al. Targeted delivery of
doxorubicin by Thermo/pH-responsive magnetic nanoparticles in
a rat model of breast cancer. Toxicol Appl Pharmacol.
2022;446:116036. doi: 10.1016/j.taap.2022.116036

Deghan Manshadi S, Ishiguro L, Sohn K-J, et al. Folic acid supple-
mentation promotes mammary tumor progression in a rat model.
PLoS One. 2014;9(1):e84635. doi: 10.1371/journal.pone.0084635
Mirunalini S, Deepalakshmi K. Modulatory effect of Ganoderma
lucidum on expression of xenobiotic enzymes,
oxidant-antioxidant and hormonal status in 7,12-dimethylbenz(a)
anthracene-induced mammary carcinoma in rats. Phcog Mag.
2013;9(34):167. doi: 10.4103/0973-1296.111286

Ma D, Zhang Y, Yang T, et al. Isoflavone intake inhibits the devel-
opment of 7,12-dimethylbenz(a)anthracene(DMBA)-induced mam-
mary tumors in normal and ovariectomized rats. J Clin Biochem
Nutr. 2014;54(1):31-38. doi: 10.3164/jcbn.13-33

Mandal A, Bhatia D, Bishayee A. Simultaneous disruption of estro-
gen receptor and Wnt/B-catenin signaling is involved in methyl
amooranin-mediated chemoprevention of mammary gland carci-
nogenesis in rats. Mol Cell Biochem. 2013;384(1-2):239-250. doi:
10.1007/s11010-013-1803-7

Shaban N, Abdel-Rahman S, Haggag A, et al. Combination between
taxol-encapsulated liposomes and eruca sativa seed extract sup-
presses mammary tumors in female rats induced by 7,12
Dimethylbenz(a)anthracene. Asian Pac J Cancer Prev. 2016;17
(1):117-123. doi: 10.7314/APJCP.2016.17.1.117

Skrajnowska D, Bobrowska-Korczak B, Tokarz A, et al. Copper and
Resveratrol attenuates serum catalase, glutathione peroxidase, and
element values in rats with DMBA-Induced mammary
carcinogenesis. Biol Trace Elem Res. 2013;156(1-3):271-278. doi:
10.1007/512011-013-9854-x

Purushothaman A, Nandhakumar E, Sachdanandam P.
Phytochemical analysis and anticancer capacity of Shemamruthaa,
a herbal formulation against DMBA- induced mammary carcinoma
in rats. Asian Pac J Trop Med. 2013;6(12):925-933. doi: 10.1016/
$1995-7645(13)60166-2

Rennd AL, Alves-Junior MJ, Rocha RM, et al. Decreased expression
of stem cell markers by Simvastatin in 7,12-dimethylbenz(a)

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

EXPERT OPINION ON DRUG DISCOVERY 17

anthracene (DMBA)-induced breast cancer. Toxicol Pathol.
2015;43(3):400-410. doi: 10.1177/0192623314544707

Ouhtit A, Ismail MF, Othman A, et al. Chemoprevention of rat
mammary carcinogenesis by Spirulina. Am J Pathol. 2014;184
(1):296-303. doi: 10.1016/j.ajpath.2013.10.025

Jain AK, Thanki K, Jain S. Co-encapsulation of tamoxifen and quer-
cetin in polymeric nanoparticles: implications on oral bioavailabil-
ity, antitumor efficacy, and drug-induced toxicity. Mol Pharm.
2013;10(9):3459-3474. doi: 10.1021/mp400311j

Periyasamy K, Baskaran K, llakkia A, et al. Antitumor efficacy of
tangeretin by targeting the oxidative stress mediated on 7,12-
dimethylbenz(a) anthracene-induced proliferative breast cancer in
Sprague-Dawley rats. Cancer Chemother Pharmacol. 2015;75
(2):263-272. doi: 10.1007/500280-014-2629-z

Vanitha MK, Priya KD, Baskaran K, et al. Taurine Regulates
Mitochondrial Function During 7,12-Dimethyl Benz[a]anthracene
Induced Experimental Mammary Carcinogenesis. J Pharmacopunct.
2015;18(3):68-74. doi: 10.3831/KP1.2015.18.027

He YU, Li QQ, Guo SC. Taurine attenuates dimethylbenz[alanthra-
cene-induced breast tumorigenesis in rats: a plasma metabolomic
study. Anticancer Res. 2016;36(2):533-543.

Mandal A, Bishayee A. Trianthema portulacastrum Linn. Displays
anti-inflammatory responses during chemically induced rat
mammary tumorigenesis through simultaneous and differential
regulation of NF-kB and Nrf2 signaling pathways. IJMS. 2015;16
(2):2426-2445. doi: 10.3390/ijms16022426

Kadir EA, Sulaiman SA, Yahya NK, et al. Inhibitory effects of Tualang
honey on experimental breast cancer in rats: a preliminary study.
Asian Pac J Cancer Prev. 2013;14(4):2249-2254. doi: 10.7314/APJCP.
2013.14.4.2249

Kiskova T, Jendzelovsky R, Rentsen E, et al. Resveratrol enhances
the chemopreventive effect of celecoxib in chemically induced
breast cancer in rats. Eur J Cancer Prev. 2014;23(6):506-513. doi:
10.1097/CEJ.0000000000000083

Alfaro Y, Delgado G, Cérabez A, et al. lodine and doxorubicin,
a good combination for mammary cancer treatment: antineoplastic
adjuvancy, chemoresistance inhibition, and cardioprotection. Mol
Cancer. 2013;12(1):45. doi: 10.1186/1476-4598-12-45

Vakilinezhad MA, Amini A, Dara T, et al. Methotrexate and
Curcumin co-encapsulated PLGA nanoparticles as a potential
breast cancer therapeutic system: In vitro and in vivo evaluation.
Colloids Surf B Biointerfaces. 2019;184:110515. doi: 10.1016/j.col
surfb.2019.110515

Verma R, Singh V, Koch B, et al. Evaluation of methotrexate
encapsulated polymeric  nanocarrier for breast cancer
treatment. Colloids Surf B Biointerfaces. 2023;226:113308. doi:
10.1016/j.colsurfb.2023.113308

Kubatka P, Bojkova B, Kassayovd M, et al. Combination of
Pitavastatin and melatonin shows partial antineoplastic effects in
a rat breast carcinoma model. Acta Histochem. 2014;116
(8):1454-1461. doi: 10.1016/j.acthis.2014.09.010

Jena SK, Samal SK, Kaur S, et al. Potential of amphiphilic graft
copolymer a-tocopherol succinate-g-carboxymethyl chitosan in
modulating the permeability and anticancer efficacy of tamox-
ifen. Eur J Pharmaceut Sci. 2017;101:149-159. doi: 10.1016/j.ejps.
2017.02.023

Mafuvadze B, Cook M, Xu Z, et al. Effects of dietary apigenin on
tumor latency, incidence and multiplicity in
a medroxyprogesterone acetate- accelerated 7,12-dimethylbenz(a)
anthracene- induced breast cancer model. Nutr Cancer. 2013;65
(8):1184-1191. doi: 10.1080/01635581.2013.833637

Negi AK, Renuka AB, Agnihotri N. Celecoxib and fish oil: a combination
strategy for decreased inflammatory mediators in early stages of experi-
mental mammary cancer. Inflammopharmacol. 2016;24(1):11-22. doi:
10.1007/510787-015-0259-7

Zingue S, Cisilotto J, Tueche AB, et al. Crateva adansonii DC, an African
ethnomedicinal plant, exerts cytotoxicity in vitro and prevents experi-
mental mammary tumorigenesis in vivo. J Ethnopharmacol.
2016;190:183-199. doi: 10.1016/j.,jep.2016.06.004


https://doi.org/10.1371/journal.pone.0059798
https://doi.org/10.1371/journal.pone.0059798
https://doi.org/10.1016/j.pharep.2014.12.010
https://doi.org/10.1016/j.cbi.2015.02.015
https://doi.org/10.1186/1471-2407-14-220
https://doi.org/10.1016/j.biopha.2017.05.069
https://doi.org/10.1016/j.biopha.2017.05.069
https://doi.org/10.1016/j.nut.2014.08.010
https://doi.org/10.1016/j.intimp.2015.07.016
https://doi.org/10.3109/01480545.2014.893442
https://doi.org/10.1016/j.taap.2022.116036
https://doi.org/10.1371/journal.pone.0084635
https://doi.org/10.4103/0973-1296.111286
https://doi.org/10.3164/jcbn.13-33
https://doi.org/10.1007/s11010-013-1803-7
https://doi.org/10.1007/s11010-013-1803-7
https://doi.org/10.7314/APJCP.2016.17.1.117
https://doi.org/10.1007/s12011-013-9854-x
https://doi.org/10.1007/s12011-013-9854-x
https://doi.org/10.1016/S1995-7645(13)60166-2
https://doi.org/10.1016/S1995-7645(13)60166-2
https://doi.org/10.1177/0192623314544707
https://doi.org/10.1016/j.ajpath.2013.10.025
https://doi.org/10.1021/mp400311j
https://doi.org/10.1007/s00280-014-2629-z
https://doi.org/10.3831/KPI.2015.18.027
https://doi.org/10.3390/ijms16022426
https://doi.org/10.7314/APJCP.2013.14.4.2249
https://doi.org/10.7314/APJCP.2013.14.4.2249
https://doi.org/10.1097/CEJ.0000000000000083
https://doi.org/10.1097/CEJ.0000000000000083
https://doi.org/10.1186/1476-4598-12-45
https://doi.org/10.1016/j.colsurfb.2019.110515
https://doi.org/10.1016/j.colsurfb.2019.110515
https://doi.org/10.1016/j.colsurfb.2023.113308
https://doi.org/10.1016/j.colsurfb.2023.113308
https://doi.org/10.1016/j.acthis.2014.09.010
https://doi.org/10.1016/j.ejps.2017.02.023
https://doi.org/10.1016/j.ejps.2017.02.023
https://doi.org/10.1080/01635581.2013.833637
https://doi.org/10.1007/s10787-015-0259-7
https://doi.org/10.1007/s10787-015-0259-7
https://doi.org/10.1016/j.jep.2016.06.004

18 e T. FERREIRA ET AL.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Avtandilyan N, Javrushyan H, Ginovyan M, et al. Anti-cancer effect
of in vivo inhibition of nitric oxide synthase in a rat model of breast
cancer. Mol Cell Biochem. 2023;478(2):261-275. doi: 10.1007/
s11010-022-04489-y

Jayakumar JK, Nirmala P, Kumar BAP, et al. Evaluation of protective
effect of myricetin, a bioflavonoid in dimethyl
benzanthracene-induced breast cancer in female Wistar rats. South
Asian J Cancer. 2014;3(2):107-111. doi: 10.4103/2278-330X.130443

Li Y, Meeran SM, Patel SN, et al. Epigenetic reactivation of
estrogen receptor-a (ERa) by genistein enhances hormonal ther-
apy sensitivity in ERa-negative breast cancer. Mol Cancer.
2013;12(1):9. doi: 10.1186/1476-4598-12-9

El-Ashmawy NE, Khedr EG, Ebeid E-ZM, et al. Enhanced antic-
ancer effect and reduced toxicity of doxorubicin in combina-
tion with thymoquinone released from poly- N -acetyl
glucosamine nanomatrix in mice bearing solid Ehrlish
carcinoma. Eur J Pharmaceut Sci. 2017;109:525-532. doi: 10.
1016/j.ejps.2017.09.012

Oliveira NMT, Dos Santos AE, Corso CR, et al. Chemical character-
ization and antineoplastic effect of oligosaccharides from cabernet
franc red wine in mammary tumor model in mice. J Nutr Biochem.
2023;113:109253. doi: 10.1016/j.jnutbio.2022.109253
Gnanaprakasam JNR, Lopez-Bafuelos L, Vega L. Anacardic
6-pentadecyl salicylic acid induces apoptosis in breast cancer
tumor cells, immunostimulation in the host and decreases blood
toxic effects of taxol in an animal model. Toxicol Appl Pharmacol.
2021;410:115359. doi: 10.1016/j.taap.2020.115359

Souza CMD, Gamba CDO, Campos CBD, et al. Carboplatin delays
mammary cancer 4T1 growth in mice. Pathol Res Pract. 2013;209
(1):24-29. doi: 10.1016/j.prp.2012.10.003

Kaushik S, Shyam H, Agarwal S, et al. Genistein potentiates cen-
tchroman induced antineoplasticity in breast cancer via PI3K/Akt
deactivation and ROS dependent induction of apoptosis. Life Sci.
2019;239:117073. doi: 10.1016/j.1fs.2019.117073

Zhou F, Feng B, Yu H, et al. Cisplatin prodrug-conjugated gold
nanocluster for fluorescence imaging and targeted therapy of the
breast cancer. Theranostics. 2016;6(5):679-687. doi: 10.7150/thno.
14556

Li J, Cai H, Sun H, et al. Extracts of cordyceps sinensis inhibit breast
cancer growth through promoting M1 macrophage polarization via
NF-kB pathway activation. J Ethnopharmacol. 2020;260:112969. doi:
10.1016/j.jep.2020.112969

Zhang T, Li M, Yang R, et al. Therapeutic efficacy of lipid emulsions
of docetaxel-linoleic acid conjugate in breast cancer.
Int J Pharmaceut. 2018;546(1-2):61-69. doi: 10.1016/j.ijpharm.
2018.05.032

Jamshidi Z, Sadat Zavvar T, Ramezani M, et al. Dual-targeted and
controlled release delivery of doxorubicin to breast adenocarci-
noma: In vitro and in vivo studies. Int J Pharmaceut.
2022;623:121892. doi: 10.1016/j.ijpharm.2022.121892

Berry JTL, Mufoz LE, Rodriguez Stewart RM, et al. Doxorubicin
Conjugation to Reovirus Improves Oncolytic Efficacy in
Triple-Negative Breast Cancer. Molecular Therapy - Oncolytics.
2020;18:556-572. doi: 10.1016/j.omt0.2020.08.008

Cagel M, Moretton MA, Bernabeu E, et al. Antitumor efficacy and
cardiotoxic effect of doxorubicin-loaded mixed micelles in 4T1
murine breast cancer model. Comparative studies using Doxil®
and free doxorubicin. J Drug Delivery Sci Technol. 2020;56:101506.
doi: 10.1016/j.jddst.2020.101506

Razali FN, Sinniah SK, Hussin H, et al. Tumor suppression effect of
solanum nigrum polysaccharide fraction on breast cancer via
immunomodulation. Int j biol macromol. 2016;92:185-193. doi:
10.1016/j.ijbiomac.2016.06.079

Bitonto V, Alberti D, Ruiu R, et al. L-ferritin: a theranostic agent of natural
origin for MRI visualization and treatment of breast cancer. JControlled
Release. 2020;319:300-310. doi: 10.1016/j.jconrel.2019.12.051

De Souza CM, Aratjo E Silva AC, De Jesus Ferraciolli C, et al.
Combination therapy with carboplatin and thalidomide sup-
presses tumor growth and metastasis in 4T1 murine breast

170.

171.

172

173.

174.

175.

176.

177.

178.

179.

180.

181

182.

183.

184.

cancer model. Biomed Pharmacother. 2014;68(1):51-57. doi: 10.
1016/j.biopha.2013.08.004

Zafar S, Akhter S, Garg N, et al. Co-encapsulation of docetaxel and
thymoquinone in mPEG-DSPE-vitamin E TPGS-lipid nanocapsules
for breast cancer therapy: formulation optimization and implica-
tions on cellular and in vivo toxicity. Eur J Pharm Biopharm.
2020;148:10-26. doi: 10.1016/j.ejpb.2019.12.016

Xiang L, Fang C, Feng J, et al. Palmitic acid-modified human serum
albumin paclitaxel nanoparticles targeting tumor and macro-
phages against breast cancer. Eur J Pharm Biopharm.
2023;183:132-141. doi: 10.1016/j.ejpb.2022.12.016

. Cabeza L, Ortiz R, Prados J, et al. Improved antitumor activity and

reduced toxicity of doxorubicin encapsulated in poly(e-
caprolactone) nanoparticles in lung and breast cancer treatment:
An in vitro and in vivo study. Eur J Pharmaceut Sci. 2017;102:24-34.
doi: 10.1016/j.ejps.2017.02.026

Gambini V, Tilio M, Maina EW, et al. In vitro and in vivo studies of
gold(l) azolate/phosphane complexes for the treatment of basal
like breast cancer. Eur J Med Chem. 2018;155:418-427. doi: 10.
1016/j.ejmech.2018.06.002

Montani M, Pazmay GVB, Hysi A, et al. The water soluble ruthenium(ll)
organometallic compound [Ru(p -cymene)(bis(3,5
dimethylpyrazol-1-yl)methane)CI]Cl suppresses triple negative breast
cancer growth by inhibiting tumor infiltration of regulatory T cells.
Pharmacol Res. 2016;107:282-290. doi: 10.1016/j.phrs.2016.03.032
Dickey JS, Gonzalez Y, Aryal B, et al. Mito-tempol and dexrazox-
ane exhibit cardioprotective and chemotherapeutic effects
through specific protein oxidation and autophagy in
a Syngeneic breast tumor preclinical model. PLoS One. 2013;8
(8):e70575. doi: 10.1371/journal.pone.0070575

Adami ER, Corso CR, Turin-Oliveira NM, et al. Antineoplastic effect of
pectic polysaccharides from green sweet pepper (capsicum
annuum) on mammary tumor cells in vivo and in vitro. Carbohydr
Polym. 2018;201:280-292. doi: 10.1016/j.carbpol.2018.08.071
Chequin A, Costa LE, De Campos FF, et al. Antitumoral activity of
liraglutide, a new DNMT inhibitor in breast cancer cells in vitro and
in vivo. Chem Biol Interact. 2021;349:109641. doi: 10.1016/j.cbi.
2021.109641

Dey SK, Pradhan A, Roy T, et al. Biogenic polymer-encapsulated
diosgenin nanoparticles: biodistribution, pharmacokinetics, cellular
internalization, and anticancer potential in breast cancer cells and
tumor xenograft. J Drug Delivery Sci Technol. 2022;76:103743. doi:
10.1016/j.jddst.2022.103743

Torres-Garcia D, Pérez-Torres A, Manoutcharian K, et al. GK-1 pep-
tide reduces tumor growth, decreases metastatic burden, and
increases survival in a murine breast cancer model. Vaccine.
2017;35(42):5653-5661. doi: 10.1016/j.vaccine.2017.08.060
Daaboul HE, Dagher C, Taleb R, et al. f-2-Himachalen-6-ol inhibits
4T1 cells-induced metastatic triple negative breast carcinoma in
murine model. Chem Biol Interact. 2019;309:108703. doi: 10.1016/j.
cbi.2019.06.016

. Alibolandi M, Abnous K, Hadizadeh F, et al. Dextran-poly lactide- co

-glycolide polymersomes decorated with folate-antennae for tar-
geted delivery of docetaxel to breast adenocarcinima in vitro and
in vivo. JControlled Release. 2016;241:45-56. doi: 10.1016/j.jconrel.
2016.09.012

Manhas D, Mir KB, Tripathi N, et al. Rottlerin promotes
anti-metastatic events by ameliorating pharmacological para-
meters of paclitaxel: an in-vivo investigation in the orthotopic
mouse model of breast cancer. Chem Biol Interact.
2022;366:110109. doi: 10.1016/j.cbi.2022.110109

Thiele W, Rothley M, Teller N, et al. Delphinidin is a novel inhibitor
of lymphangiogenesis but promotes mammary tumor growth and
metastasis  formation in  syngeneic  experimental rats.
Carcinogenesis. 2013;34(12):2804-2813. doi: 10.1093/carcin/bgt291
Pefia M, Delgado-Gonzalez E, Lépez-Marin LM, et al. Shock wave
application increases the antineoplastic effect of molecular iodine
supplement in breast cancer xenografts. Ultrasound Med Biol.
2020;46(3):649-659. doi: 10.1016/j.ultrasmedbio.2019.11.015


https://doi.org/10.1007/s11010-022-04489-y
https://doi.org/10.1007/s11010-022-04489-y
https://doi.org/10.4103/2278-330X.130443
https://doi.org/10.1186/1476-4598-12-9
https://doi.org/10.1016/j.ejps.2017.09.012
https://doi.org/10.1016/j.ejps.2017.09.012
https://doi.org/10.1016/j.jnutbio.2022.109253
https://doi.org/10.1016/j.taap.2020.115359
https://doi.org/10.1016/j.prp.2012.10.003
https://doi.org/10.1016/j.lfs.2019.117073
https://doi.org/10.7150/thno.14556
https://doi.org/10.7150/thno.14556
https://doi.org/10.1016/j.jep.2020.112969
https://doi.org/10.1016/j.jep.2020.112969
https://doi.org/10.1016/j.ijpharm.2018.05.032
https://doi.org/10.1016/j.ijpharm.2018.05.032
https://doi.org/10.1016/j.ijpharm.2022.121892
https://doi.org/10.1016/j.omto.2020.08.008
https://doi.org/10.1016/j.jddst.2020.101506
https://doi.org/10.1016/j.ijbiomac.2016.06.079
https://doi.org/10.1016/j.ijbiomac.2016.06.079
https://doi.org/10.1016/j.jconrel.2019.12.051
https://doi.org/10.1016/j.biopha.2013.08.004
https://doi.org/10.1016/j.biopha.2013.08.004
https://doi.org/10.1016/j.ejpb.2019.12.016
https://doi.org/10.1016/j.ejpb.2022.12.016
https://doi.org/10.1016/j.ejps.2017.02.026
https://doi.org/10.1016/j.ejmech.2018.06.002
https://doi.org/10.1016/j.ejmech.2018.06.002
https://doi.org/10.1016/j.phrs.2016.03.032
https://doi.org/10.1371/journal.pone.0070575
https://doi.org/10.1016/j.carbpol.2018.08.071
https://doi.org/10.1016/j.cbi.2021.109641
https://doi.org/10.1016/j.cbi.2021.109641
https://doi.org/10.1016/j.jddst.2022.103743
https://doi.org/10.1016/j.jddst.2022.103743
https://doi.org/10.1016/j.vaccine.2017.08.060
https://doi.org/10.1016/j.cbi.2019.06.016
https://doi.org/10.1016/j.cbi.2019.06.016
https://doi.org/10.1016/j.jconrel.2016.09.012
https://doi.org/10.1016/j.jconrel.2016.09.012
https://doi.org/10.1016/j.cbi.2022.110109
https://doi.org/10.1093/carcin/bgt291
https://doi.org/10.1016/j.ultrasmedbio.2019.11.015

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Frattaruolo L, Malivindi R, Brindisi M, et al. Thioalbamide inhibits
FoF1-ATPase in breast cancer cells and reduces tumor proliferation
and invasiveness in breast cancer in vivo models. Mol Metabol.
2023;68:101674. doi: 10.1016/j.molmet.2023.101674

Jin H, Pi J, Yang F, et al. Folate-chitosan nanoparticles loaded with
ursolic acid confer anti-breast cancer activities in vitro and in vivo.
Sci Rep. 2016;6(1):30782. doi: 10.1038/srep30782

Prabhu S, Ananthanarayanan P, Aziz SK, et al. Enhanced effect of
geldanamycin nanocomposite against breast cancer cells growing
in vitro and as xenograft with vanquished normal cell toxicity.
Toxicol Appl Pharmacol. 2017;320:60-72. doi: 10.1016/j.taap.2017.
02.012

Lv Z-D, Liu X-P, Zhao W-J, et al. Curcumin induces apoptosis in
breast cancer cells and inhibits tumor growth in vitro and in vivo.
Int J Clin Exp Pathol. 2014;7(6):2818-2824.

Jadon RS, Sharma M. Docetaxel-loaded lipid-polymer hybrid nano-
particles for breast cancer therapeutics. J Drug Delivery Sci
Technol. 2019;51:475-484. doi: 10.1016/j.jddst.2019.03.039

Woo CC, Hsu A, Kumar AP, et al. Thymoquinone inhibits tumor
growth and induces apoptosis in a breast cancer xenograft mouse
model: the role of p38 MAPK and ROS. PLoS One. 2013;8(10):
e75356. doi: 10.1371/journal.pone.0075356

Lin X, Wang Q, Du S, et al. Nanoparticles for co-delivery of pacli-
taxel and curcumin to overcome chemoresistance against breast
cancer. J Drug Delivery Sci Technol. 2023;79:104050. doi: 10.1016/j.
jddst.2022.104050

Ma L, Chen Z, Feng M, et al. A diverse treatment with the extract of
Euphorbia fischeriana Steud. And Ziziphus jujuba Mill. For breast
cancer nude mice of MCF-7 (ER+) cells or MDA-MB-453 (ER-) cells
via modulation of the PI3k/Akt signalling pathway. Pharmacol Res
Mod Chin Med. 2022;5:100198. doi: 10.1016/j.prmcm.2022.100198
Chen Y, Liu H, Zheng Q, et al. Promotion of tumor progression
induced by continuous low-dose administration of antineoplastic
agent gemcitabine or gemcitabine combined with cisplatin. Life
Sci. 2022;306:120826. doi: 10.1016/j.1fs.2022.120826

Xu S, Li X, Li W, et al. Sufentanil combined with parecoxib sodium
inhibits proliferation and metastasis of HER2-positive breast cancer
cells and regulates epithelial-mesenchymal transition. Clin Exp
Metastasis. 2023;40(2):149-160. doi: 10.1007/s10585-023-10199-6
Newell M, Goruk S, Schueler J, et al. Docosahexaenoic acid enrich-
ment of tumor phospholipid membranes increases tumor necrop-
tosis in mice bearing triple negative breast cancer patient-derived
xenografts. J Nutr Biochem. 2022;107:109018. doi: 10.1016/j.jnut
bi0.2022.109018

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

EXPERT OPINION ON DRUG DISCOVERY 19

Huang C, Chen Y, Liu H, et al. Celecoxib targets breast cancer stem
cells by inhibiting the synthesis of prostaglandin E2 and
down-regulating the wnt pathway activity. Oncotarget. 2017;8
(70):115254-115269. doi: 10.18632/oncotarget.23250

Fu Y, Chang H, Peng X, et al. Resveratrol inhibits breast cancer
stem-like cells and induces autophagy via suppressing Wnt/(3-
catenin signaling pathway. PLoS One. 2014;9(7):e102535. doi: 10.
1371/journal.pone.0102535

Blasco-Benito S, Seijo-Vila M, Caro-Villalobos M, et al. Appraising
the “entourage effect”: antitumor action of a pure cannabinoid
versus a botanical drug preparation in preclinical models of breast
cancer. Biochem Pharmacol. 2018;157:285-293. doi: 10.1016/j.bcp.
2018.06.025

Granados-Principal S, Liu Y, Guevara ML, et al. Inhibition of iNOS as
a novel effective targeted therapy against triple-negative breast
cancer. Breast Cancer Res. 2015;17(1):25. doi: 10.1186/513058-015-
0527-x

Suarez-Arroyo |J, Rosario-Acevedo R, Aguilar-Perez A, et al. Anti-
Tumor Effects of Ganoderma lucidum (Reishi. Inflammatory Breast
Cancer in in Vivo And In Vitro. Models. PLoS ONE. 2013;8(2):e57431.
doi: 10.1371/journal.pone.0057431

Garcia-Quiroz J, Cérdenas-Ochoa N, Garcia-Becerra R, et al.
Antitumoral effects of dovitinib in triple-negative breast cancer
are synergized by calcitriol in vivo and in vitro. J Steroid Biochem
Mol Biol. 2021;214:105979. doi: 10.1016/j.jsbmb.2021.105979
Swaminathan SK, Roger E, Toti U, et al. CD133-targeted paclitaxel
delivery inhibits local tumor recurrence in a mouse model of breast
cancer. JControlled Release. 2013;171(3):280-287. doi: 10.1016/j.
jconrel.2013.07.014

Zhang T, Luo J, Fu Y, et al. Novel oral administrated paclitaxel
micelles with enhanced bioavailability and antitumor efficacy for
resistant breast cancer. Colloids Surf B Biointerfaces.
2017;150:89-97. doi: 10.1016/j.colsurfb.2016.11.024

Yu P, Yu H, Guo C, et al. Reversal of doxorubicin resistance in breast
cancer by mitochondria-targeted pH-responsive micelles. Acta
Biomaterialia. 2015;14:115-124. doi: 10.1016/j.actbio.2014.12.001
Carroll CE, Liang Y, Benakanakere |, et al. The anticancer agent YC-1
suppresses progestin-stimulated VEGF in breast cancer cells and
arrests breast tumor development. Int J Oncol. 2013;42(1):179-187.
doi: 10.3892/ij0.2012.1675

Faustino-Rocha Al, Gama A, Oliveira PA, et al. Effects of lifelong
exercise training on mammary tumorigenesis induced by MNU in
female Sprague-Dawley rats. Clin Exp Med. 2017;17(2):151-160.
doi: 10.1007/510238-016-0419-0


https://doi.org/10.1016/j.molmet.2023.101674
https://doi.org/10.1038/srep30782
https://doi.org/10.1016/j.taap.2017.02.012
https://doi.org/10.1016/j.taap.2017.02.012
https://doi.org/10.1016/j.jddst.2019.03.039
https://doi.org/10.1371/journal.pone.0075356
https://doi.org/10.1016/j.jddst.2022.104050
https://doi.org/10.1016/j.jddst.2022.104050
https://doi.org/10.1016/j.prmcm.2022.100198
https://doi.org/10.1016/j.lfs.2022.120826
https://doi.org/10.1007/s10585-023-10199-6
https://doi.org/10.1016/j.jnutbio.2022.109018
https://doi.org/10.1016/j.jnutbio.2022.109018
https://doi.org/10.18632/oncotarget.23250
https://doi.org/10.1371/journal.pone.0102535
https://doi.org/10.1371/journal.pone.0102535
https://doi.org/10.1016/j.bcp.2018.06.025
https://doi.org/10.1016/j.bcp.2018.06.025
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1371/journal.pone.0057431
https://doi.org/10.1016/j.jsbmb.2021.105979
https://doi.org/10.1016/j.jconrel.2013.07.014
https://doi.org/10.1016/j.jconrel.2013.07.014
https://doi.org/10.1016/j.colsurfb.2016.11.024
https://doi.org/10.1016/j.actbio.2014.12.001
https://doi.org/10.3892/ijo.2012.1675
https://doi.org/10.1007/s10238-016-0419-0

	Abstract
	1.  Breast cancer
	2.  Animal models
	2.1.  Spontaneous models
	2.2.  Induced models
	2.3.  Transplanted models
	2.3.1.  Syngeneic models
	2.3.2.  Cell-derived xenograft
	2.3.3.  Patient-derived xenograft

	2.4.  Genetically-modified animals
	2.4.1.  Humanized models


	3.  Selecting the most suitable rodent model of breast cancer
	4.  New trends in breast cancer research
	5.  In vivo studies performed to assess the efficacy of antineoplastic drugs for breast cancer treatment
	6.  Expert opinion
	Funding
	Declaration of interest
	Reviewer disclosures
	References

