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ABSTRACT

The use of the tracer ®F-fluoro-3'-deoxy-3'-L-fluorothymidine ([‘®F]FLT) in positron emission tomography
(PET) has been shown to be an effective tool for assessing tumor aggressiveness and early response to therapy. In
this study, we investigated the applicability of [*F]FLT/PET to study the antitumor and anti-lung metastatic
effects of rosmarinic acid (RA) in highly invasive breast cancer. 4T1 mammary carcinoma cells were injected
into the flank of female Balb/c mice. The animals were treated daily with RA until day 21 after the inoculation of
tumor cells. [*®F]FLT/PET imaging was used to evaluate the response of primary tumors and lung metastases to
RA treatment. PET Images showed a decreased [*®F]FLT uptake in the lungs of mice after RA treatment. The
antitumor effect of RA appears to be related to the inhibition of cell migration, cell proliferation, and blood
vessel formation in the primary tumor. Furthermore, the inflammatory response was modulated by RA, which
reduced the accumulation of mast cells and neutrophils in the primary tumor and of macrophages in the lungs.
In conclusion, [*®F]FLT/PET demonstrates the antitumor and antimetastatic effects of RA in a 4T1 breast tumor
model. Furthermore, the findings suggest that RA modulates tumor angiogenesis and inflammation, resulting in
antitumor and antimetastatic effects in a 4T1 breast carcinoma model.
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1. INTRODUCTION

Breast cancer is highly prevalent and is the main cause cancer-related mortality among women
worldwide [1]. Approximately 2.26 million cases of breast cancer were recorded in 2020, of which
685,000 deaths were noted, with almost two-thirds recorded in underdeveloped regions [2].

Breast cancer survival varies according to the stage at diagnosis. Metastasis, an advanced stage
of cancer progression, is associated with increased morbidity and mortality [3]. For instance, in the
United States, more than 18 million individuals are estimated to have a history of cancer [4], with
an overall 5-year relative survival rate of 99% for local-stage disease, 85% for regional-stage
disease, and 27% for distant-stage disease [5]. This indicates that the current treatment for
metastatic breast cancer remains unsatisfactory. Therefore, the discovery of new therapies and
antineoplastic drugs aimed at preventing tumor progression and metastasis is paramount in breast
cancer therapy.

Positron emission tomography (PET) is an important tool for cancer detection and management.
In breast cancer, this technique is used to detect metastases and monitor the treatment response [6].
Several types of tracers and radioisotopes have been developed to understand the tumor biology and
its progression [7]. [*®F] fluorodeoxyglucose ([*®F]FDG) is currently the most widely used PET
radiopharmaceutical in clinical oncology; however, its uptake is also detected in inflammatory cells
and, hence, is not specific to tumor cells [7,8]. Studies have reported others radiopharmaceuticals
that are more specific for clinical and preclinical applications, especially for cancer diagnosis, such
as [‘®F]-fluoro-3'-deoxy-3'- L-fluorothymidine ([*F]FLT) [9,10].

[*®F]FLT is taken up by the cell via passive diffusion and Na’-dependent carriers and is
phosphorylated by thymidine kinase 1 (TK1) into [*®F]FLT-monophosphate, which is then trapped
in the cells. TK1 is the principal enzyme involved in the salvage pathway of DNA synthesis [11],
and its enzymatic activity is virtually absent in quiescent cells. However, in proliferating cells, it
reaches a maximum during the late G1 and S phases of the cell cycle. Previous studies reported that
TK1 activity is three to four times higher in malignant cells than in benign cells [12]. Thus, the
radiopharmaceutical [*®F]JFLT has been developed as a proliferation tracer. [**F]JFLT/PET imaging
plays an important role in evaluating the response to cancer treatment and offers the possibility of
differentiating between benign and malignant tissues as well as assessing the tumor aggressiveness

and early response to therapy [13].
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Rosmarinic acid (RA) is a natural phenolic ester compound found in plants of the Lamiaceae
and Boraginaceae families, such as Rosmarinus officinalis [14]. This compound has been shown to
exert antioxidant, anti-inflammatory, and antitumorigenic effects [15-17]. The anti-inflammatory
activity of RA has been reported in both local and systemic inflammation models [18]. In addition,
RA has been shown to exert antimetastatic effects in some cancer cell lineages, including colon,
lung, and breast cancers [19]. However, the effect of RA treatment on 4T1 primary breast tumor
evolution is unknown, and the mechanism by which RA inhibits the metastasis remains poorly
elucidated. Thus, a more extensive investigation is crucial to determine the therapeutic efficacy of
this compound.

Therefore, in this study, we aimed to evaluate the applicability of [*®F]JFLT/PET for assessing
the effects of RA on 4T1 mammary tumors, an animal model that closely mimics stage IV human

breast cancer [20], by focusing on primary tumor evolution and lung metastatic commitment.

2. MATERIALS AND METHODS

2.1 Animals

All experiments were performed on adult female Balb/c mice aged 6-9 weeks and weighed 20—
30 g. The mice were provided by the Animal Facility Center of the Federal University of Minas
Gerais, Belo Horizonte, Brazil. The animals were kept in a temperature-controlled environment
with 12/12-h dark-light cycles and had free access to water and food. Animal care protocols were
performed in accordance with the guidelines of the National Council for the Control of Experiments
on Animals (CONCEA). This study was approved by the CDTN Committee on Animal
Experimentation (Protocol 01/2016).

2.2 4T1 murine mammary carcinoma murine model

The 4T1 murine mammary tumor cells (ATCC® CRL-2539™) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Switzerland), supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich, Switzerland) and 1% penicillin/streptomycin (Gibco by Life
Technologies), in an incubator at 37 °C and 5% CO, humidified atmosphere. An inoculum of 100 pl
of DMEM containing 1x10° 4T1 murine mammary carcinoma cells was injected into the left flank

of Balb/c mice. The tumor diameter was measured twice per week up to day 21 following cell
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inoculation, and the tumor volume was estimated using the following formula: tumor volume (mm?2)
= (length x width?)/2. We considered the length as the largest tumor diameter and the width as the

perpendicular tumor diameter. The animals were sacrificed if ulcerations or discomfort occurred.

2.3 Rosmarinic acid treatment

The animals were randomly divided into two experimental groups: vehicle- and RA-treated. RA
was dissolved in saline and administered orally (20 mg/kg/day). Saline was administered in the
vehicle-treated group. RA was administered daily from day 5 after inoculating the tumor cells until
the end of the experiment on day 21. The animals were weighed weekly to correct for the
administered doses.

2.4 Evaluation of lung metastasis using MicroPET scan

The tracers [*8F]FLT and [*®F]FDG were obtained from the Nuclear Technology Development
Center (CDTN, Belo Horizonte, Brazil). Quality control of [*®F]FLT included pH, chemical purity,
radiochemical identity and purity, residual solvents, radionuclide identity and purity, bacterial
endotoxins, and sterility tests, as previously reported [21].

Images of animals that received treatments 7, 14, and 21 days after 4T1 cell inoculation were
acquired. Before the evaluation, the animals were fasted for a minimum of 4 h. For the analysis,
10.0-14.0 MBq of [*®*F]FLT with a maximum volume of 100 pL were intravenously injected
through the tail vein of the mice. After 60 min, the animals were anesthetized with 3.0-4.0%
isoflurane in 100% oxygen and placed in a PET scanner (MicroPET - LabPET4 Solo, GE
Healthcare Technologies). The same protocol was used for [*®F]FDG. The acquisition was
performed for 15 min, corresponding to 5-bed positions. Radioactive decay of 18F was
automatically corrected during the procedure. An image of the phantom was acquired and used to
obtain a more precise factor for calibration purposes during the quantitative analysis performed in
the next step. Radiopharmaceutical uptake in the lungs was assessed by calculating the maximum
standard uptake value (SUVmax) in a given region of interest around the lungs. SUVmax is the
most commonly used parameter for the highest uptake within a region of interest in the lungs.

PMOD® software (version 3.3) was used for quantitative analysis.
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2.5 Histological analysis

The mice were anesthetized and sacrificed through cervical dislocation 21 days after 4T1 cell
inoculation. Samples of the primary tumor and lungs embedded in paraffin were sliced (5-pm
thick), stained with hematoxylin and eosin, and examined using bright-field microscopy (Olympus
BX41). Tumor angiogenesis was analyzed by counting the number of blood vessels in 10 fields
(40x magnification) of the tumor, and the values were expressed as the number of vessels per field
in each group. The metastatic commitment was analyzed by measuring the total metastatic area and
calculating the percentage based on the total area of the lung sample. Analyses were performed
using ImageJ software, version 1.48 (National Institutes of Health, USA).

To evaluate the presence of mast cells in the primary tumor and lungs, 5-pum thick slices of the
samples were stained with toluidine blue (Neon Comercial, Brazil). Cell events were counted in five
fields per slice (40x magnification), and the values were expressed as the mean of cell events per

field in each group.

2.6 N-Acetyl-p-D-glucosaminidase and myeloperoxidase activity measurement

The effects of RA treatment on macrophage and neutrophil accumulation in the primary tumor
and lungs were estimated by measuring myeloperoxidase (MPO) and N-Acetyl-p-D-
glucosaminidase (NAG) enzyme activities as previously described [22]. Tumor and lung samples
were collected on day 21 post-inoculation of 4T1 tumor cells and stored at -80 °C until the assays

were performed.

2.7 Cell viability evaluation using trypan blue staining

To estimate the percentage of dead cells treated with different doses of RA, cell viability was
evaluated using trypan blue staining as previously described [23,24]. Briefly, 3.5x10* 4T1 cells
were plated per well in a 24-well plate and cultured overnight. Next, the cells were treated with
different concentrations of RA (50, 100, 200, and 400 pg/mL) diluted in DMEM with 0.5% FBS for
48 h. The control group was treated with the vehicle only. Finally, the floating and adhered cells
(detached with trypsin solution) in each well were mixed and added to a solution containing 0.4%
trypan blue (Sigma-Aldrich, Switzerland) at a concentration of 1:1. The number of trypan blue—
positive dead cells and trypan blue—negative live cells were counted using a Neubauer chamber,

visualized using an inverted phase contrast microscope (Zeiss Telaval 31) at 40x magnification.
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The experiment was repeated three times with triplicates for each group per experiment. In all
subsequent in vitro experiments, one nontoxic (viability similar to that of the vehicle control group)

and one toxic concentration of RA were used.

2.8 Migration analysis using the gap closure assay

The migration capacity of 4T1 cells was evaluated using a scratch gap closure assay. First,
3x10° 4T1 cells were plated per well in 24-well plates and cultured overnight to form monolayers.
On the next day, a gap was made in the middle of the well using a sterile yellow tip and RA was
added in desired concentrations (100 pg/mL and 200 pg/mL), diluted in DMEM supplemented with
0.5% FBS and hydroxyurea (Sigma-Aldrich, Switzerland) at 2 mM concentration to inhibit cell
proliferation. Control groups were treated with the vehicle or DMEM supplemented with 10% FBS
plus hydroxyurea at 2 mM concentration (positive control). Photographs of the gap areas were
captured at 0 and 16 h after treatment. Areas without the cells were measured using Image Pro-Plus
software (Media Cybernetics, USA). The percentage of gap closure was calculated as follows: Gap
closure (%) = (Area without cells at 0 h - area without cells at 16 h)/ (Area without cells at 0 h)

x100. The experiment was repeated three times in duplicates for each group per experiment.

2.9 Evaluation of 4T1 tumor cell proliferation by analyzing 5-bromo-2’-deoxyuridine cell
incorporation

The effect of RA on 4T1 tumor cell proliferation was evaluated by analyzing 5-bromo-2’-
deoxyuridine cell incorporation (BrdU assay). Briefly, 3.5 x10% 4T1 cells were plated per well in a
96 wells plate and treated with 50 or 100 g/mL of RA diluted in DMEM with 0.5% FBS for 24h.
The control group was treated with the vehicle only. The assay was performed using the Cell
Proliferation ELISA BrdU Colorimetric kit (Roche Applied Science, Switzerland) following the

manufacturer’s instructions.

2.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0 (Graphpad Software Inc., USA).
Results are expressed as means + standard deviation. Student’s t-tests were used to compare the two
groups. In vitro results were subjected to one-way analysis of variance followed by Dunnett’s post-

hoc test. Statistical significance was set at P <0.05.
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3. RESULTS AND DISCUSSION

3.1 Use of [®F]JFLT and [®¥F]FDG to assess tumor evolution in mouse 4T1 mammary
tumor models and prediction of 4T1 breast cancer therapy response and lung metastasis

The tumor volume was evaluated weekly to track the tumor size, and the tumor volume curve
was found to increase over time each week, as expected, in the [**F]FLT and [*®F]FDG groups
(Figures 1A and 1B). All PET image analyses were performed on the primary tumor and the lung,
which is the first site of metastasis of 4T1 tumors and human breast cancer. The primary tumor
showed a higher uptake of radiopharmaceuticals than the right hind limb muscle (Figures 1E and F).
In addition, the graph shows an increase in [**F]JFDG uptake in the tumor on day 21 compared with
that on day 14 (P<0.05). This increase in tumor uptake after 21 days could be attributed to a larger
tumor volume and/or inflammation, as [1®F]FDG is taken up by both tumor and inflammatory cells
[25]. The lungs also showed a higher uptake of [*®F]JFDG than the right hind limb muscle on all
three experimental days 7, 14, and 21 (P<0.01, P<0.01, and P<0.05, respectively). When the uptake
of [*8F]FDG in the lungs was compared between the three experimental days, no statistically
significant difference was observed (Figure 1C), indicating a similar uptake on days 7, 14, and 21.

Similar to the uptake of [*®F]FDG by the primary tumor cells, [*®F]FLT uptake in the animals
increased compared with that at baseline (Figure 1F) on days 7, 14, and 21 (P<0.01, P<0.05, and
P<0.01, respectively). These data demonstrate that [*®F]FLT, similar to [*®F]FDG, can be used to
identify the primary tumor. However, [*®F]FLT uptake in the primary tumor decreased with time on
day 14 compared with that on day 7 (P<0.05). This result reflects the specificity of [*3F]FLT, which
was only detected at sites with a high cell proliferation index. According to Filho [26], most cells
proliferate in the early phase of neoplasia development; however, as the tumor develops, the
proportion of proliferative cells decreases. In addition, as the 4T1 tumor progressed, there was an
influx of inflammatory cells and an increase in the number of necrotic cells [27]; these cell
populations were not in the G1 or S phase of the cell cycle. The uptake of [*F]FLT was lower after
21 days, but the difference was not statistically significant.

Interestingly, [*8F]FLT uptake was equivalent to the basal uptake in the lungs on day 7. This
was not observed on later days (14 and 21), which presented a higher uptake in the lung than in the
right lower limb muscle (P<0.01 and P<0.05, respectively; Figure 1D). In conclusion, these results

indicate that basal [*®F]JFLT uptake was observed in the lungs after 7 days, and, in the following
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days after 14 and 21 days, this higher uptake could be associated with the development of lung
metastases. Therefore, [*3F]FLT could be used to detect lung metastases. In addition, we observed a
higher uptake of [*®F]JFLT in the lungs on day 14 than on day 7 (P<0.05), supporting the idea that

this uptake may be related to the development of metastases.

Figure 1: Use of [*8F]FLT and [®F]FDG PET tracer to access the tumor evolution in 4T1
murine mammary carcinoma models on days 7, 14, and 21 after the tumor inoculum. (A) Growth
curve of 4T1 after the tumor inoculum in the [*®F]JFDG and (B) [*®F]FLT groups (n=5 animals in

each group). (C) Uptake of [}8F]FDG and (D) [*F]FLT in the lung. (E) Uptake of [*3F]FDG and (F)
[*8F]FLT in the primary tumor (n=4 animals in each group). The right hind limb muscle is used as
the control. Representative images obtained using microPET. The results are presented as means +

standard deviation *P<0.05 and **P<0.01, ***P<0.001 (Student’s t-test). [**F]FLT, [*®F]-fluoro-3'-
deoxy-3'- L-fluorothymidine; [‘®F] FDG, [*8F] fluorodeoxyglucose; PET, positron emission

tomography.
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The effect of RA on metastasis in the lung was investigated using microPET, and the PET
images showed a lower [*®F]JFLT uptake in the lungs (Figure 2B) and primary tumor in the RA-
treated group (Figure 2D). The lower uptake in the lungs on day 7 suggested a reduction in the

metastasis in the first week after cell inoculation. By comparing the radiopharmaceuticals [*®F]FDG
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and [*F]JFLT with respect to the antimetastatic effect of RA, we found that both tracers
demonstrated a lower uptake in the lungs after treatment (Figures 3A and 3B). However, when only
the uptake on day 21 was evaluated, we observed that only [*®F]FLT demonstrated a lower uptake

in the lungs in the RA-treated group compared with that in the control group (Figure 3C).

Figure 2: MicroPET of [*®F]FLT after RA treatment. (A) Representative [*®F]FLT/PET images
of saline- and (B) RA-treated mice. (C) [*®F]FLT uptake in the 4T1 primary mammary tumors of
RA-treated mice (n=5) versus saline-treated mice (n=4). (D) [*®F]FLT uptake in the lungs of RA-

treated mice (n=5) versus saline-treated mice (n=4). White arrows indicate the lung region and
yellow arrows indicate the 4T1 primary mammary tumor on the left flank of the mice. The right
hind limb muscle is used as the control. Representative images are obtained using microPET. The
results are presented as means + sem; *P<0.05 (Student’s t-test). [**F]FLT, [*®F]-fluoro-3’-deoxy-3'-

L-fluorothymidine; [*8F] FDG, [*®F] fluorodeoxyglucose; PET, positron emission tomography; RA
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Figure 3: Comparison between [*8F]FLT and [*®F]FDG uptake after RA treatment. (A) Linear
graph of [*®F]FDG and [*8F]FLT uptake in the lungs of treated and nontreated groups. (B)
Quantification of the area under the curve of radiotracer uptake is shown in the line graph. (C)
[*®F]FDG uptake in RA-treated mice versus saline-treated mice (n=4 animals per group) and
[8F]FLT uptake in RA-treated mice (n=5) versus saline-treated mice (n=4) on day 21. (D)
Representative [*®F]FDG/PET images and (E) representative [\®F]FLT/PET images. The results are
presented as means + sem; * P<0.05 (Student’s t-test). [*®F]FLT, [‘®F]-fluoro-3'-deoxy-3'- L-
fluorothymidine; [*®F] FDG, [*®F] fluorodeoxyglucose; PET, positron emission tomography; RA,

rosmarinic acid.
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Although few studies have evaluated the use of [*F]FLT in the diagnosis of breast tumors, there
is still no consensus in the literature on the efficacy of this radiopharmaceutical. A few clinical trials
have compared [*®F]FLT/PET and [*®F]JFDG/PET uptake in patients with untreated breast cancer,
and other studies have investigated the early responses to hormonal therapy, chemotherapy, and
long-term survival in patients with breast cancer treated with neoadjuvant chemotherapy [10,28].
Mori et al. observed a strong correlation between [*®F]JFLT/PET and [*®F]JFDG/PET uptake in
primary breast tumors and axillary lymph nodes [28]. Wesolowski et al. noted that a decrease in

SUVmax on [*®F]JFLT/PET scans during the first cycle of therapy can identify patients who are
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likely to respond [29]. By contrast, Su et al. showed that the metabolic response assessed using
preliminary [*®F]FLT/PET scans was not predictive of survival, whereas [*®F]FDG/PET scans
provided better results in metastatic breast cancer [30]. Given the paucity of published studies and
the conflicting data, the present study demonstrates the potential of [*3F]FLT/PET as a useful and
effective tool for evaluating the presence of lung metastases and demonstrating the tumor-inhibitory
effects of RA.

3.2 In vivo treatment with rosmarinic acid

The tumor volume and body weight of the animals were evaluated weekly to assess the
evolution of the tumor and response to RA treatment, as shown in the representative image (Figure
4A). As expected, the tumor volume curve increased each week in all groups (Figure 4B). We
observed that, 21 days after tumor inoculation, an RA dose of 20 mg/kg was effective in reducing
tumor growth evolution. Measurement of the area under the curve (Figure 4C) showed a lower
tumor growth rate in the RA-treated group (P<0.03).

Tumor angiogenesis was assessed by the histological analysis of primary tumor sections. The
RA-treated group had a lower blood vessel density (P=0.039; Figure 4E), as shown in the
representative images of each group in Figure 4D. In addition, histological analysis showed a
significant reduction in the metastatic area only in the lungs of animals treated with 20 mg/kg of RA

(P=0.029; Figure 4F), as illustrated in the representative images of each group in Figure 4G.

Figure 4: Inhibition 4T1 tumor growth, angiogenesis, and lung metastasis by RA. (A) Female
Balb/c mouse on day 21 following 4T1 cell inoculation into the left flank. (B) Tumor volume is
measured weekly following 4T1 cell inoculation. (C) Area under the curve of tumor volume
kinetics. (D) Representative images of the histological analysis of the number of blood vessels in
4T1 mammary primary tumors after RA treatment. (E) Number of blood vessels per field in the
histological sections in the RA-treated mice (n=5) versus saline-treated mice (n=4) on day 21. (F)
Histological analysis of the lung metastasis area (% of the total area) in RA-treated mice (n=5)
versus saline-treated mice (n=4) on day 21. (G) Representative images of lung metastases following
RA treatment. Values are expressed as means = sem; *P<0.05 and **P<0.01 compared with the
control group. AU: arbitrary unit; RA, rosmarinic acid.
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3.3 Rosmarinic acid effects on 4T1 tumor cell viability, cell proliferation, and cell
migration in vitro

The effect of RA on the viability of 4T1 breast carcinoma cells was evaluated to exclude the
possibility that the inhibitory effect of RA on these cells was caused by cytotoxicity in vitro. The
viability of cells treated with 50 and 100 pg/ml of RA was similar to that of untreated cells, with a
mortality rate of 25% after 48 h (Figure 5A), and the mortality rate of cells treated with 200 and 400
pg/mL reached 45% (P=0.08 and P=0.04, respectively). In subsequent in vitro experiments, RA
doses of 100 and 200 pg/mL were used.

The 4T1 tumor cells treated with RA exhibited significantly lower BrdU incorporation than
those treated with saline, indicating that RA at concentrations of 100 and 200 pg/mL significantly
inhibited the proliferation of 4T1 cells (P=0.026 and P=0.0006, respectively; Figure 5B). Similarly,
the migration capacity of 4T1 tumor cells was strongly inhibited by RA at concentrations of 100
and 200 pg/mL (P=0,04 and P= 0,012 respectively), as shown in Figures 5C and 5D.
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Figure 5: Impaired 4T1 mammary tumor cell viability, proliferation, and migration functions in
vitro after RA treatment. (A) Percentage of dead 4T1 tumor cells after 48 h of treatment with
different doses of RA. Viability is analyzed by counting the number of cells in a Neubauer chamber
after staining with trypan blue at 40x magnification. (B) Absorbance of BrdU incorporated into 4T1
tumor cells after 24 h of treatment with different doses of RA. The values derived from the three
experiments are expressed as means = sem, with duplicates in each group. (C) Representative
images of the gap closure capacity of 4T1 cells after 24 h of treatment with different doses of RA.
(D) Percentage of closure from the initial gap area. All values derived from the three experiments

are expressed as means = sem, with duplicates of each group. *P<0.05 and *P<0.01 compared with

the control group. AU: arbitrary unit; RA, rosmarinic acid; BrdU, 5-bromo-2’-deoxyuridine.
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3.4 Modulation of inflammatory response by rosmarinic acid
MPO activity, but not NAG activity, was reduced in the primary tumors of RA-treated mice,
indicating reduced local accumulation of neutrophils (P=0.029 and A, respectively; Figure 6C). In

the lungs, NAG activity was reduced in RA-treated mice (P=0.033; Figure 6B), indicating a lower
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number of macrophages in the lung tissue. However, MPO activity increased in mice treated with
RA in the lungs (P=0.008; Figure 6D), indicating increased neutrophil accumulation in the lungs of
these animals.

Histological analysis after toluidine blue staining showed a lower density of mast cells in the
tumors of treated mice than in those in the control group (P=0.005; Figure 6E and G); however, no
significant differences were observed in the lungs (P=0.06; Figures 5F and H).

Figure 6: RA modulates inflammatory cell infiltration in the primary tumor and lungs. (A)
NAG and (C) MPO levels in the primary tumor of mice in the saline- and RA-treated groups. (B)
NAG and (D) MPO levels in the lungs of mice in the saline- and RA-treated groups, expressed as
optical density (OD) per 100 mg of tissue. (E) Mean number of mast cells per field in the tumor and
(F) lung tissue slices. (G) Representative images of the primary tumor and (H) lungs collected 21
days following 4T1 cell inoculation from animals in the saline- and RA-treated groups. The scale
bar corresponds to 50 um. The values are presented as means + sem. *P<0.05 and **P<0.01
compared with the control group. RA, rosmarinic acid; NAG, N-Acetyl-B-D-glucosaminidase;

MPO, myeloperoxidase.
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Several anticancer agents have been discovered by screening natural products or plants. RA, a
polyphenol found in plants, such as Rosmarinus officinalis, has shown potent and effective
antitumor effects against various cancers [16,31,32]. In the present study, we demonstrated that RA
exerts antitumor and antimetastatic effects in the 4T1 breast carcinoma model and elucidated the
mechanism of these effects.

In clinical trials, changes in the tumor volume after treatment is often used as an alternative
marker of survival, and tumor size reduction is associated with a good response to cancer treatment
[33]. Interestingly, a previous study by our group showed that RA treatment reduced the volume of
4T1 breast tumors [34]. In the present study, we confirmed this finding and showed that RA
effectively inhibited tumor development. Furthermore, the body weight of the animals in this study
was lower, probably because of the observed reduction in the tumor volume.

It is well-known that the formation of new blood vessels is crucial for tumor growth [35]. In this
study, we observed a reduced number of blood vessels in the primary tumor of animals treated with
RA, concomitant with slower tumor growth. This finding suggests that the antitumor effect of RA is
partly attributed to the inhibition of tumor angiogenesis. Moreover, increased density of mast cells
has previously been associated with increased angiogenesis in canine mammary tumors [36].
Remarkably, we found a lower number of mast cells in 4T1 primary tumors of RA-treated mice,
suggesting an association. In addition, we observed a trend toward lower mast-cell density in the
lungs of these animals.

Breast cancer cells are capable of colonizing several different organs, with the lungs, bone,
liver, and pleura being the most common [37]. The mouse 4T1 breast tumor model closely
resembles human stage IV breast cancer and is capable of metastasizing from the primary tumor to
the liver, lungs, bone, and brain via a hematogenous pathway [20]. Xu et al. [31] previously showed
that RA can inhibit bone metastasis in bone-seeking breast cancer cells. In the present study, we
investigated the effects of RA on the development of lung metastases. Breast cancer has previously
been associated with increased glucose consumption and can, therefore, be visualized using the
glucose analog [*®F]FDG through PET imaging [38]. Interestingly, we observed a lower [*®F]-FDG
uptake in the lungs of RA-treated mice, suggesting a lower number of 4T1 metastatic cells in the
organ. Consistent with this finding, histological analysis showed that RA treatment reduced the area

of metastatic involvement in the lungs.
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Previous studies have shown that rosemary extract reduces breast cancer cell proliferation [39]
and decreases cell viability when treated with conventional chemotherapeutic agents [40].
Similarly, treatment with RA resulted in decreased cell viability of breast cancer lines MCF -7 and
MDA-MB -231BO [31,41] and sensitization of a resistant cell line to the chemotherapeutic agent
[42]. In the present study, we found that RA decreased the viability of 4T1 cells in vitro and
inhibited their proliferation and migration. These functions are essential for tumor development and
metastasis. Therefore, we hypothesized that RA treatment may reduce tumor growth and lung
metastasis in vivo by directly inhibiting 4T1 cell survival, proliferation, and motility.

The inflammatory response plays a critical role in tumor growth and metastasis. Inflammation
influences every step in tumor development, including tumorigenesis, angiogenesis, invasion, and
metastasis [43]. Interestingly, some of the anticarcinogenic effects of RA were shown to be because
of the suppression of the secretion of angiogenic and inflammatory factors [16]. In the present
study, we demonstrated that RA can modulate the accumulation of inflammatory cells in 4T1
primary tumors and the lungs of mice. Macrophages and neutrophils have been shown to play
important roles in the development of breast tumors. Macrophages contribute to breast
tumorigenesis through the secretion of growth factors, such as tumor cell proliferation,
invasiveness, angiogenesis, and metastasis [44]. Indeed, a higher density of macrophages with
proangiogenic and protumorigenic phenotypes in the tumor stroma has been shown to correlate with
a poor prognosis in breast cancer [45]. Similarly, neutrophils in primary tumors can stimulate tumor
angiogenesis, suppress the immune response, and release protumorigenic factors [46]. Moreover,
neutrophils have been shown to play an important role in promoting metastasis in various breast
tumor models [47]. Interestingly, the data of the present study suggest a lower accumulation of
neutrophils in the 4T1 primary tumors of mice treated with RA, although no difference in the
presence of macrophages was detected between the groups. However, in the lungs, treatment with
RA decreased NAG activity, indicating reduced accumulation of macrophages in the tissue,
consistent with the reduced metastasis observed in the histological analysis.

Interestingly, RA treatment increased the accumulation of neutrophils in the lungs of mice in the
present study. Previous studies have described the accumulation of neutrophils in premetastatic
lungs in various breast cancer models, and their numbers have been shown to increase during
metastatic progression [47]. Therefore, RA may exacerbate this response. However, as previous

studies have shown that neutrophils support metastasis, and, in the present study, RA reduced the
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metastatic growth, we hypothesized that RA has a greater effect on the survival, proliferation, and
migratory capacity of 4T1 tumor cells, which affect the development of lung metastases. However,
further studies are needed to confirm these hypotheses.

This study demonstrates that RA inhibits the development of 4T1 mouse breast tumors and the
formation of lung metastases by inhibiting tumor angiogenesis. Moreover, the results strongly
suggest an important role for the anti-inflammatory effect of RA in inhibiting the growth of 4T1
mammary tumors and lung metastases. In addition, RA has an inhibitory effect on the proliferation
and migration of 4T1 tumor cells. These results provide new insights into the antitumor
mechanisms of RA and suggest that RA is a potential therapeutic agent for the development of
drugs against highly invasive stage IV breast cancer.

4. CONCLUSION

In conclusion, the overall results indicate that the radiopharmaceuticals [*®F]FDG and [*®F]FLT
are useful for monitoring the development of primary breast tumors. In addition, [*®F]FLT appears
to be more specific than [*8F]FDG in identifying lung metastases. These data suggest that [*®F]JFLT
is more efficient for assessing tumor development and identifying metastases in mouse models of
AT1 breast cancer. Interestingly, [*®F]JFLT/PET demonstrated the antitumor effect of RA after
treatment. In vivo and in vitro experiments demonstrated that RA inhibited the development of 4T1
mouse breast tumors and the formation of lung metastases by inhibiting tumor angiogenesis. These
results strongly suggest an important role of the anti-inflammatory effect of RA in the growth
inhibition of 4T1 mammary tumors and lung metastases. Moreover, RA inhibited the proliferation
and migration of 4T1 tumor cells. We conclude that [*®F]FLT/PET is a useful tool for the early
prediction of metastasis and the treatment effect of RA.
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