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ABSTRACT
PURPOSE: To develop a mouse model to study the influence of hypoxia in breast cancer progression and metastasis. 
METHODS: The 4T1 cell line was used to engraft the kidneys of female BALB/c mice. Placing an aneurysm clip on the kidney hilum, 
hypoxia can be directed to tumor site. Histological evaluation was used to analyze the morphological changes induced by ischemia in 
kidney cortex, and to verify the metastatic potential. 
RESULTS: 4T1 cells can be engrafted into the renal cortex and the renal ischemia caused by using a clip to clamp the renal hilum 
induces hypoxia at the tumor site. This procedure maintains the ability of 4T1 cells to metastasize. In fact, our preliminary results 
showed that tumor hypoxia precipitates the metastatic dissemination of tumor cells. After 14 days of engraftment, lung metastases were 
observed only in mice that were subjected to tumor hypoxia. 
CONCLUSION: This model can help us to understand how low oxygen tension mediates hypoxia-induced proteomic and genomic 
changes in breast cancer.
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Introduction

Cancer progression associated with abnormal vasculature 
and attenuated blood flow leads to tumor hypoxia. Low levels of 
oxygen within cells are characteristic of many solid malignant 
tumors1. This phenomenon has been described as an important 
trigger of tumor invasion, growth, and development of metastasis2,3. 
Clinical evidence has demonstrated that hypoxia is associated 
with a poor prognosis in several cancer types, including breast 
cancer2,4-6. Despite the importance of this association between 
hypoxia and more aggressive cancer phenotypes, experimental 
models to study the influence of hypoxia in cancer development 
and progression have been limited to in vitro models and in vivo 
models based on mice being subject to a systemic hypoxic state or 
drug-induced hypoxia. These models have provided inconclusive 
and controversial data7,8. 

While in vitro models and drug-induced hypoxia in 
vivo rely on the observation that tumor hypoxia works as an 
adverse prognostic factor8-10, some in vivo models have reported 
no influence on or the repression of tumor progression7,11. It has 
been hypothesized that a systemic hypoxic state is not able to 
reproduce the clinical significance of tumor hypoxia and that the 
subcutaneous xenograft model may significantly overestimate 
the degree of hypoxia12. Thus, the development of an in vivo 
model is proposed, whereby a controlled hypoxic state is directed 
specifically to the primary tumor site. It is hypothesized that this 
model more accurately reflects the manner in which low oxygen 
tension in tumor cells can modulate tumor phenotypes, cancer 
invasion and dissemination. The objective of this study was to 
develop a more representative and accurate in vivo model of tumor 
hypoxia in mice.

Methods

The study was approved by the CETEA-USP Animal 
Ethics Committee (USP, Ribeirao Preto-SP, Brazil). BALB/c mice 
were housed in groups of 4 in 32cm x 20cm x 21cm polycarbonate 
microisolator cages (Alesco® - ALE.MIL.01, Brazil). Mice were 
maintained at room temperature (22°C) and relative humidity 
at 60% with cages changed twice a week. Mice were fed with 
Nuvilab CR-1 (Nuvital, Brazil). Food and tap water were available 
ad libitum. 

Cell culture

The 4T1 cell line was cultured in RPMI medium with 
5% FBS until achieving 80% confluence in a 75 cm2 culture flask. 
After trypsinization, cells were harvested, and the number of live 
cells was estimated using a Neubauer chamber and the trypan blue 
exclusion assay. 

Establishment of a breast cancer allograft into the kidney

Eight mice, at 5-6 weeks of age, were used for the renal 
allograft transplantation of 4T1 cells. A total of 5 x 104 or 105 4T1 
live cells suspended in 30 µl of RPMI medium were injected into 
the left kidney of the recipient mouse. After anesthetic induction 
with intraperitoneal (i.p.) ketamine (60 mg/kg) and xylazine (8 
mg/kg), a dorsal para-median incision was made, and the left 
kidney was identified. Using a 29G needle, cells were injected 
into the kidney parenchyma. The organ was replaced into the 
abdominal cavity, and an interrupted suture was performed to 
close the incision. Morphine Sulfate (Dimorf®) 0.98 mg/kg was 
injected subcutaneously for postoperative analgesia. Mice were 
monitored by palpation every two days. After 14 days, the mice 
were sacrificed, and the kidneys were removed, fixed in 10% 
formaldehyde and processed in paraffin blocks.

Induction of renal ischemia

A total of eight BALBc mice were anesthetized using 
the same protocol described above and an abdominal para-median 
longitudinal incision was made. Using a surgical microscope 
DFV (DF Vasconcelos, Brazil), the left kidney and its hilum were 
identified, and a suture knot (n= ) or an aneurysm clip (n=4) was 
placed in order to completely obstruct renal blood flow. The renal 
hilum was clamped to induce a state of renal ischemia. The clip was 
applied for 40 minutes, at which point renal ischemia was detected, 
and then removed. Renal re-perfusion was evident after removing 
the clip (Figure 1, A-C). The abdominal wall was closed with an 
interrupted suture. After 24 hours, the mice were sacrificed, and 
both kidneys were surgically removed for histological assessment.
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FIGURE 1 - Transitory renal ischemia resulting from the use of an 
aneurysm clip. A) Note the bright reddish color of the left kidney before 
clamping the renal hilum. B) After 40 minutes of renal ischemia, the 
kidney becomes dark. C) The re-perfusion is evident just after removing 
the clip.

Induction of tumor ischemia in the allograft model

Twenty BALBc mice bearing 4T1 allografts were 
subjected to surgery after seven days to induce tumor ischemia. 
Four animals were subjected to a surgical procedure where a 
suture knot was placed around the renal hilum, and the animals 
were sacrificed 24 hours after renal ischemia to analyze renal 
and tumor viability. The remaining animals were divided into 
the hypoxia group (n=8), where the same protocol to create renal 
ischemia was performed as described above, and the control group 
(n=8) was subjected to a sham surgery where the abdominal cavity 
was opened, the renal hilum identified, and then the abdominal 
wall was closed with a permanent suture 40 minutes later. Mice 
were sacrificed 7 or 14 days after the ischemic or sham procedures. 
The kidneys, lungs and liver were collected, weighed and fixed in 
10% neutral formaldehyde. All tissues were processed in paraffin 
blocks. 

Histological assessment

The kidneys and the lungs were cut longitudinally in 
half, and the livers were cut to a thickness of 5 mm. All of the 
tissues were processed in paraffin blocks, and two 5µm slices from 
each block were mounted on one slide. The slides were stained 
with H&E and were analyzed via light microscopy. The presence 
of renal ischemic injury was confirmed by the histological 
identification of ATN characterized by degeneration of tubular 
architecture, loss of brush borders, sloughing tubular epithelial 
cells from the basement membrane, tubular cell necrosis and 
intratubular cast formation. 

All slides of the lungs and livers were carefully analyzed, 
and the number of metastases was recorded. A high definition 
picture (100x) from each metastatic site was captured with an 
Olympus DP71 digital camera (Center Valley, PA, USA) built into 

the Olympus BX50 light microscope (Center Valley, PA, USA) 
using the software DP Controller version 2.3.1.231. The images 
were analyzed using the software Image J 1.46r (National Institute 
of Health, VA, USA) to estimate the area of each metastatic site. 
Figure 2 shows an example of how the metastatic lesion in the 
lung was measured.

FIGURE 2 - 4T1 metastasis in the lung parenchyma. Quantification of 
the metastatic site was estimated using ImageJ software. 

Results

Tumor engraftment
To study the feasibility of engrafting 4T1 cells into 

the renal parenchyma, we injected 5 x 104 or 105 live 4T1 cells 
into the renal cortex of BALBc mice. According to palpation of 
the abdomen, the presence of a tumor was evident in all of the 
mice after 10 days of engraftment. The histological evaluation 
confirmed that the injection of 5 x 104 or 105 4T1 live cells into the 
renal cortex had a 100% engraftment success rate. 

Renal hypoxia

To create hypoxia directed to the tumor site, we first 
confirmed that kidney hypoxia leads to a histological acute tubular 
necrosis (ATN). We analyzed the kidney histology of mice that 
were subjected to permanent or transitory renal hilum ligation. 
After 24 hours of renal hilum ligation with a permanent suture 
knot, histological ATN was evident in all of the mice. A transitory 
hypoxic state was induced for 40 minutes by clamping the renal 
hilum and was associated with a similar pattern in all of the mice. 
Figure 3A and B show the renal cortex from a normal and an 
ischemic kidney, respectively.
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FIGURE 3 - Acute tubular necrosis (ATN) induced by permanent renal 
ischemia. A) Histology of a normal kidney in which the renal tubules and 
the glomerulus are observed. B) Histology of the renal cortex after renal 
ischemia. Note the degeneration of tubular architecture, loss of brush 
borders, sloughing tubular epithelial cells from the basement membrane, 
tubular cell necrosis and intratubular cast formation.

Tumor hypoxia

We analyzed the histology of four kidneys from mice 
bearing 4T1 allografts that were subjected to permanent renal 
and tumor ischemia for 24 hours. We observed that after this 
period, there was an evident and diffuse ATN. However, the tumor 
remained histologically intact demonstrating that cancer cells can 
tolerate a long period of hypoxia. Note that in Figure 4, intact tumor 
cells surround the renal cortex with a histological ATN. These first 
assays demonstrated that is possible to engraft tumor cells into the 
renal parenchyma it is possible to induce ischemia directed to the 
tumor site and confirm its efficacy using histological analysis.

FIGURE 4 - The left kidney of a mouse was engrafted with 4T1 cells into 
the renal cortex, and after seven days a permanent ischemia was induced 
using a suture knot around the renal hilum. The slides show the renal 
cortex and the engrafted tumor after 24 hours of permanent ischemia. 
A) Note that the tumor is engrafted into the renal cortex (40x). B) The 
renal cortex displays evident ATN. However, most tumor cells are still 
histologically viable (200x).

We analyzed the macroscopic and microscopic pattern 
of tumor growth after seven and 14 days in two groups of mice 
bearing 4T1 allografts; one group was subjected to renal ischemia, 

and the other served as a control. The tumor was macroscopically 
evident in all mice. After 14 days of engraftment, only one animal 
presented with macroscopic tumor growth beyond the renal 
capsule in the control group (n=4). In the hypoxia group, all of 
the tumors were evident beyond the renal capsule. The median 
kidney weight after 14 days of engraftment was 0.32 ± 0.15g 
and 0.45 ± 0.07g in the control and hypoxia groups, respectively. 
After 21 days of engraftment, all of the mice presented with tumor 
growth beyond the renal capsule. The mean kidney weight was 
0.75 ± 0.16g and 0.89 ± 0.37g in the control and hypoxia groups, 
respectively. Figure 5A and B show the kidneys engrafted with 
4T1 cells in the control and hypoxia groups after seven and 14 
days of engraftment, respectively. 

FIGURE 5 - Engraftment of 4T1 cells into the renal parenchyma of 
BALBc mice. A) In the control group, the tumor is growing into the 
normal renal cortex. B) In the hypoxia group, a viable tumor is growing 
into the renal cortex with evident ATN. An area of tumor necrosis is 
evident.

The engraftment of 4T1 cells into the kidney maintains 
the ability of the cells to metastasize. After 14 days of engraftment, 
we observed the presence of lung metastases in two out of three 
mice in the hypoxia group. No lung metastases were observed 
in the control group during this time period. After 21 days of 
engraftment, all of the mice presented with lung metastases in both 
groups. Mice did not develop liver metastases during the study 
follow-up. Table 1 quantifies the histological analysis of the lung 
metastases in both the control and hypoxia groups. 
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TABLE 1 - Presence of lung metastases in a BALBc 
allograft model at 14 and 21 days after engraftment with 105 4T1 
cells into the renal cortex (C, control group; H, hypoxia group). 
Tumor hypoxia was induced seven days after engraftment by 
clamping the renal hilum for 40 minutes.

C 14 
days

H 14 
days

C 21 
days

H 21 
days

Presence of lung 
metastases (n) 0/4 2/4 4/4 4/4

Number of 
metastases

Mouse 1 0 4 4 14

Mouse 2 0 0 3 1

Mouse 3 0 0 6 2

Mouse 4 0 1 1 15

Total area of lung 
metastases (mm2)

Mouse 1 0 0.55 0.13 1.75

Mouse 2 0 0 0.12 0.005

Mouse 3 0 0 1.83 0.59

Mouse 4 0 0.004 0.006 2.7

Mean area of lung 
metastases (mm2) 0 0.13 ± 0.27 0.52 ± 0.87 1.26 ± 1.2

Discussion

Breast cancer is the leading cause of malignancy among 
women worldwide. Although novel therapeutic strategies have 
been developed during the past decades, the mechanisms and 
the reasons involved in why cancer cells metastasize are not well 
understood, and millions of women die every year due to breast 
cancer cell metastasis. The current predictive factors for cancer 
recurrence are based on the expression of tumor markers in a single 
tumor sampling. Considering that cancer progression is a multistep 
and dynamic event, developing models that enable the study of 
cancer progression and metastasis in vivo is essential.  These 
models enable better understanding of how the microenvironment 
modulates or influences the tumor phenotypes, creating specific 
conditions for cancer cells to survive in an adverse setting and 
continue to harm the host.

We demonstrated here that is possible to induce hypoxia 
directed to the tumor site in an allograft mouse model without 
creating a complete state of tumor necrosis. Tumor hypoxia is 
one of the most important hostile factors that cancer cells have 
to undergo in order to create a tumor. The cellular response to 
tissue hypoxia triggers a cascade of phenomena that include the 

induction of the epithelial to mesenchymal transition, degradation 
of the basement membrane and extracellular matrix, increased cell 
motility, and tumor-stroma interactions that facilitate intravasation, 
extravasation and angiogenesis13. These biological processes are 
modulated by different pathways and promote tumor progression 
and dissemination14.

Many studies have reported that cancer cell adaptation 
to a hostile environment is responsible for clonal selection and 
expression of more aggressive phenotypes2-4. There are two 4T1 
sibling cell lines with different metastatic properties (64NR and 
168FARN). These lines were isolated from the same spontaneous 
arising BALB/c mammary tumor15,16, and inherit divergent 
pathways with distinct ability for acquisition of their metastatic 
phenotypes17. Significant gene expression profile has been 
reported between 4T1 and 67NR cell lines. 4T1 cell line displays 
elevated levels of some genes known to be regulated by hypoxia 
and glucose deprivation (Gadd45, Pfkfb3, Vegfc, Flt1) suggesting 
that 4T1 cells are in a stress-related state, with high metabolic 
requirements that are inadequately supplied by the vasculature18. 
Those observations open an opportunity to use the renal allograft 
model to study the influence of hypoxia over 67NR cell line. 

Additionally, some modifications in this model can be 
performed to enhance the monitoring of tumor progression and 
dissemination. An alternative is to use the 4T1-luc2 cell line 
which was transfected with firefly luciferase gene (luc2). Thus, 
allograft tumors generated from 4T1-luc2 cells can be monitored 
using in vivo imaging systems19. The maintenance of metastatic 
ability allows the study of the influence of hypoxia in tumor 
dissemination. In fact, our preliminary results showed that mice 
underwent to tumor hypoxia are more likely to develop lung 
metastases. Another alternative is to develop xenograft models 
based on renal engraftment. We chose to use the allograft because 
the immune and inflammatory responses are closely linked to 
the tumor microenvironment modification18,20 and this allograft 
model permits to study the integration between tumor hypoxia and 
immune response.

Conclusion

This model can help us to understand how low oxygen 
tension mediates hypoxia-induced proteomic and genomic 
changes in breast cancer.
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