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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 
of new therapeutic agents that provide better care for breast cancer patients.
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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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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 

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.

● 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.

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

● The use of patient-derived xenograft (PDX) models is a valuable 
approach for studying molecular subtypes of breast cancer.
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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[a]anthracene 
(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/ 
c and C57BL/6 mice strains are widely used as models of 
mammary cancer chemically-induced, as they are more 

Figure 1. An overview of murine models of breast cancer used in cancer research. The figure was partly generated using Servier Medical Art, provided by Servier, 
licensed under a creative commons attribution 3.0 unported license.

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 

More accurate predictions 
Possibility of analyzing the stages of carcinogenesis and how 

they relate to environmental factors

Lower induction rates, long development time and different 
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 Allografts Multiple characterized cell lines 
Rapid growth and metastasis 
Immune-component microenvironment

Transplanted cells not from human origin

Xenografts 
CDX

Can show primary tumor growth 
Relatively homogeneous histological features 
Can analyze all steps of the metastatic cascade

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

Xenografts 
PDX

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

Expensive, time consuming and multidisciplinary expertise needed 
Inability to carry out preventive studies 
Cannot mimic immune system and tumor-host interaction

Genetically engineered Intact immune function with a complete microenvironment 
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

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. 
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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 17β- 
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/γc-/- null (NOG), and 
NOD/SCID/γc-/- (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
RAG Absence of functional T-cells and B cells deficiency
SCID Absence of functional T-cells and B cells deficiency
NOD-SCID Absence of functional T-cells and B cells deficiency; Absence of C5 complement; residual NK activity
NOG Absence of functional T-cells and B cells deficiency; Absence of C5 complement; extremely low NK activity
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/γc-/- null; NSG: NOD/SCID/γc-/-; RAG: 
Rag-deficient; SCID: Severe combined immunodeficient. 
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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, 

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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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 

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 GEM
Role of carcinogens Chemically-induced
Microenvironment or interactions between tumor cells and stromal components CDX* 

PDX* 
GEM 
Syngeneic model

Role of immune system PDX* 
Humanized model* 
Syngeneic model 

GEM
Metastasis study CDX* 

Syngeneic model
Study subtypes CDX* 

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

PDX* 
AVATAR* 
CDX 
Chemically-induced

A limited research budget Chemically-induced
Explore the genetic drivers of breast cancer subtypes GEM
Carcinogenesis mechanism 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

Molecular-targeted agents Chemically-induced model
Syngeneic model
CDX
PDX
GEM

Immunotherapy Syngeneic model
GEM (Humanized)

CDX: cell line-derived xenograft; GEM: genetically engineered models; PDX: 
patient-derived xenograft. 
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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  
days/week for 18 consecutive weeks, by climbing a 

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
ing to the work plan, purpose, budget and equipment. 

[a] [b]

[c] [d] 

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.
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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, 

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.
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