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and metastasis to bone, lung and liver, while treatment 
with CS or ZOL alone significantly protected the bone 
from cancer-induced osteolysis. In vitro, the combined 
use of CS +  ZOL significantly inhibited MDA-MB-231-
TXSA cell migration and invasion. Mechanistic zymogra-
phy studies showed that the enzyme activities of MMP-9 
and MMP-2 were significantly suppressed by CS and 
CS + ZOL.
Conclusions  The combination of CS plus metronomic 
ZOL demonstrated potent anti-tumor, anti-metastasis and 
anti-osteolysis effects against breast cancer, suggesting the 
potential clinical application against breast cancer patients.

Keywords  Zoledronic acid · Camellia sinensis · 
Metronomic dose · Breast cancer · Osteolysis · Metastasis

Introduction

Zoledronic acid (ZOL), the potent third-generation nitro-
gen-containing bisphosphonate, is commonly used for the 

Abstract 
Purpose  In previous studies, we demonstrated that green 
tea (Camellia sinensis, CS) water extract had potent anti-
tumor and anti-metastasis effects in the 4T1 mouse breast 
cancer xenograft model, and the metronomic regimen 
(0.0125  mg/kg twice a week for 4  weeks) of zoledronic 
acid (ZOL) was also effective in decreasing tumor bur-
den and metastasis when compared with the conventional 
regimen. This study aimed to investigate the combined use 
of CS water extract and metronomic ZOL against tumor 
metastasis and bone destruction in MDA-MB-231-TXSA 
human breast cancer.
Methods  Female nude mice were injected with MDA-
MB-231-TXSA cells into the marrow space of tibia and 
were treated with CS water extract and/or metronomic 
ZOL for 4 weeks. Tumor growth and metastasis to lungs 
and livers were assessed by in vivo bioluminescence imag-
ing. Abilities of migration and invasion of MDA-MB-231-
TXSA cells were also evaluated in vitro.
Results  Our results demonstrated that combination of 
CS and ZOL had the most potent effects on tumor burden 
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prevention and treatment of various bone diseases char-
acterized by increased bone resorption, which was also 
effective in treatment of bone destruction caused by bone 
metastases (Labrinidis et al. 2010). Besides, ZOL exhibited 
direct and indirect anti-tumor effects in both in vitro and 
in vivo models (Labrinidis et al. 2010). ZOL dose-depend-
ently inhibited proliferation of breast cancer, prostate 
cancer and osteosarcoma cells in vitro and induced apop-
tosis in these tumor cells (Evdokiou et  al. 2003; Ottewell 
et al. 2009). ZOL also inhibited the proliferation of human 
endothelial cells and modulated endothelial cell adhe-
sion and invasion (Wood et al. 2002). The combination of 
ZOL and meloxicam reduced bone loss and tumor growth 
in an orthotopic mouse model of bone-invasive oral squa-
mous cell carcinoma (Martin et al. 2013). Zoledronic acid 
also produced combinatory anti-tumor effects with cispl-
atin on mesothelioma by increasing p53 expression levels 
(Okamoto et al. 2013). Recently, some reports showed that 
ZOL administrated at a metronomic way could potentiate 
its anti-tumor effects. Metronomic way means lower doses 
given more frequently on a prolonged schedule (Pasquier 
et  al. 2011). Clinical studies showed that the metronomic 
use of ZOL appeared to be more effective in the reduction 
of biomarkers of VEGF and NTx in breast cancer patients 
as compared to conventional regimen (Zhao et  al. 2010). 
The metronomic regimen of ZOL also exhibited greater 
anti-tumor effects in a breast cancer mouse model than the 
conventional regimen (Facchini et  al. 2010). In addition, 
a recent study demonstrated that metronomic administra-
tion of ZOL and taxotere combination showed promising 
anti-tumor activity in castration-resistant prostate cancer 
patients (Facchini et al. 2010). In our previous studies, we 
have demonstrated that metronomic ZOL (0.0125  mg/kg 
i.p. injected twice a week for 4 weeks) was more effective 
than the conventional regimen (0.1 mg/kg i.p. injected once 
only) in reducing breast cancer tumor burden and decreas-
ing lung and liver metastasis in both primary and meta-
static breast cancer (Luo et al. 2013). However, few stud-
ies reported on the drug–herb interaction between ZOL and 
Chinese herbal extract on breast cancer.

Green tea (Camellia sinensis, CS), a kind of Chinese 
tea commonly consumed as a healthy beverage, was dem-
onstrated to have various biological activities, including 
anti-oxidation, anti-obesity and anticancer (Forester and 
Lambert 2011; Chacko et al. 2010; Bettuzzi et al. 2006). 
Green tea extract may act as an antioxidant reagent by up-
regulating phase II antioxidant enzymes indirectly (For-
ester and Lambert 2011). Epidemiological studies have 
shown that the ingestion of green tea and tea polyphe-
nols leads to a reduction in body fat (Chacko et al. 2010). 
Besides, there are also a number of reports demonstrating 
the anti-tumor effects of CS and its polyphenolic com-
ponents. CS extract or tea polyphenol induces apoptosis 

and results in significant inhibition of tumor growth in 
a variety of cancer types including prostate (Bettuzzi 
et  al. 2006) and breast cancer (Gu et  al. 2013). In addi-
tion, tea polyphenol EGCG from CS was used as adjuvant 
therapy in combination with other chemotherapies. For 
example, EGCG induced chemosensitization of cancer 
cells through additive or synergistic effects with antican-
cer drugs evidenced in a number of in vitro and in vivo 
studies. The effect of chemotherapeutic drugs including 
5-fluorouracil (Qiao et al. 2011), doxorubicin (Liang et al. 
2010), or tamoxifen (Farabegoli et  al. 2011) is signifi-
cantly increased when combined with EGCG, in a vari-
ety of cancer types. In our previous studies, we demon-
strated that CS water extract inhibited 4T1 mouse breast 
cancer cell proliferation and induced apoptosis in 4T1 
cells which was concomitant with activation of caspase-8, 
caspase-3 and PARP cleavage, while also inhibited 4T1 
cell migration and invasion (Luo et  al. 2014). In animal 
studies, CS water extract was effective in decreasing the 
tumor burden, lung and liver metastasis in mice-bearing 
4T1 tumors, and inhibited breast cancer-induced bone 
destruction significantly (Luo et al. 2014). However, few 
reports investigated the combination between CS extract 
and conventional anticancer agents.

More recently, patients with cancer frequently use herbal 
medicine along with the conventional medical treatment, 
hoping to enhance the efficacy of drugs, ameliorate the 
unwanted side effects and obtain some additional protec-
tions. For example, patients with breast cancer treated 
with chemotherapy, in combination with Chinese medici-
nal mushroom, Coriolus versicolor (Yun Zhi) preparation, 
showed a significant survival advantage compared with the 
standard conventional anticancer treatment alone (Eliza 
et  al. 2012). There is an increasing trend in cancer treat-
ment and research adopting combination therapy approach 
for advanced cancers (Eliza et al. 2012; Lam et al. 2009). 
It was reported that over half (53.9 %) of cancer patients in 
Hong Kong took Chinese herbal medicines together with 
chemotherapeutic agents (Lam et al. 2009).

ZOL is a potent clinical drug in prevention and treat-
ment of bone destruction as well as tumor metastasis to 
bone. However, some reports showed that long term use 
of ZOL could lead to osteonecrosis of jaw and femoral 
insufficiency fracture (Ryan et al. 2009; Sellmeyer 2010). 
Hence, the present study aimed to investigate the combined 
use of metronomic ZOL and Chinese herbal medicine CS 
against tumor growth, metastasis and bone destruction. We 
hypothesize that the herbal extract CS can cooperate syner-
gistically with the metronomic regimen of ZOL in inhibit-
ing the growth and metastasis of breast tumor. The metro-
nomic dose of ZOL used in this study was 0.0125 mg/kg, 
intraperitoneally injected 8 times in 4 weeks, and the total 
amount was the same as the single conventional treatment 
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of 0.1 mg/kg, but the metronomic way decreased the dose 
and increased the frequency. In this study, we assessed the 
anti-tumor, anti-metastasis and anti-osteolysis effects of the 
combination of CS and metronomic ZOL in the intratibial 
breast cancer-induced osteolysis model. Furthermore, the 
anti-migration and anti-invasion abilities of the combined 
use of CS and ZOL on MDA-MB-231-TXSA cells were 
also assessed in vitro. Gelatin zymography analysis was 
employed to determine the underlying mechanism of anti-
metastasis activities of CS + ZOL.

Materials and methods

Aqueous extract preparation and its chemical analysis

The dried leaves of C. sinensis (CS) were purchased from 
the herbal supplier of Hong Kong, and the sources of ori-
gin were from Hainan province in China, and a voucher 
specimen was kept in the museum of the Institute of Chi-
nese Medicine. The voucher specimen was numbered as 
2011–3336. One kilogram dried leaves of CS was soaked 
in boiled water for 15 min each for two times. Following 
the filtration, the water extracts were combined and evapo-
rated under reduced pressure at 60 °C to dryness.

The chemical composition of CS extract was analyzed 
by HPLC (Agilent, USA) as described (Peng et al. 2008). 
Two-gradient elution system including mobile phase A 
(85  % ortho-phosphoric acid and water (0.05:99.95, v:v)) 
and mobile phase B (acetonitrile) was introduced. The gra-
dient was running as: 0–4  min, 2  % B; 4–21  min, linear 
gradient from 2 to 9 % B; 21–32 min, linear gradient from 
9 to 23 % B; and 32–45 min, 23 % B. The concentration of 
catechins in CS extract was determined by HPLC.

Cells and reagents

The bioluminescent human breast cancer cell line MDA-
MB-231-TXSA was kindly provided by Prof. Andreas 
Evdokiou (Basil Hetzel Institute, The Queen Elizabeth 
Hospital, Adelaide, Australia) and was cultured in RPMI-
1640 medium containing 10  % (v/v) fetal bovine serum 
(FBS) and 1  % (v/v) penicillin–streptomycin (Life Tech-
nologies, USA) at 37 °C in 5 % CO2 humidified incubator.

Zoledronic acid (ZOL) was purchased from Novartis 
Pharma Stein, Switzerland. Transwell plates for transwell 
migration assay were purchased from Corning Incorpo-
rated, USA. Creatine kinase (CK), alanine transaminase 
(ALT), aspartate transaminase (AST) and alkaline phos-
phatase (ALP) kits were purchased from Stanbio, USA. 
Gelatin and 3-(4,5-dimethylthiazol-z-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) were obtained from Sigma, USA. 
D-luciferin was purchased from Biosynth, Switzerland.

Intratibial breast cancer‑induced osteolysis model

Female BALB/c nude mice (4 weeks of age) were provided 
by Laboratory Animal Services Center, The Chinese Uni-
versity of Hong Kong, and were housed under pathogen-
free conditions. The experiments were approved by the 
Animal Experimentation Ethics Committee of The Chinese 
University of Hong Kong. After the mice were anaesthe-
tized, MDA-MB-231-TXSA cells (1 ×  106) resuspended 
in 10 μl PBS, were injected into the marrow space of the 
proximal tibia with a 27-gauge needle coupled to a Ham-
ilton syringe. After cancer cell implantation, mice were 
divided randomly into four groups (n  =  10): untreated 
control group (orally fed with distilled water daily), CS 
group (0.6  g/kg CS extract, orally fed daily), ZOL group 
(0.0125 mg/kg ZOL, i.p. injected twice a week), CS + ZOL 
group (0.6 g/kg CS, orally fed daily + 0.0125 mg/kg ZOL, 
i.p. injected twice a week). Naive mice without tumor and 
treatment were set as normal standard. During treatment, 
body weight and bioluminescence measurement were per-
formed once a week. After 4-week treatment, mice were 
killed, lungs and livers were removed for bioluminescence 
imaging and quantification of tumor burden. Both the tibias 
of each animal were removed for X-ray and μ-CT analysis 
as previously described (Luo et al. 2013).

In vivo bioluminescence imaging

Bioluminescence measurement of mice was determined 
using in vivo imaging system (IVIS) 200 bioluminescence 
system (Xenogen, USA), and tumor growth in live animals 
was assessed. Bioluminescence images were taken 30 min 
after the D-luciferin injection, acquired for 1–30 s and the 
photon emission was quantified using the software, Living 
image 3.2 (Xenogen, USA), and graphed according to the 
average radiance (photons/s/cm2/sr). The lungs and livers 
were removed for IVIS imaging to assess the tumor metas-
tasis. Images were acquired for less than 3 min, and the sig-
nal emission was quantified using the Living image 3.2 and 
graphed according to the average radiance.

X‑ray and μ‑CT analysis

Tibias removed from tumor-bearing mice were scanned 
with X-ray (MX-20, Faxitron X-ray, WI, USA) and a high-
resolution microtomographic system, μ-CT 40 (Scanco 
Medical, Switzerland). The tibia specimens were measured 
at room temperature and placed inside the X-ray cham-
ber of the X-ray machine. The voltage and exposure time 
of the X-ray were 32 kV and 10 s, respectively. Then, the 
samples were exposed to the μ-CT. Each three-dimensional 
image data were consisted of approximately 500 μ-CT slide 
image (8 μm/slide) starting from the growth plate of tibial 
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interface and moving down the tibia. The bone density was 
expressed as percentage of bone volume (BV)/tissue volume 
(TV), which was generated and compared with each group 
using the formula: (BV/TV) × 100 % (Daubine et al. 2007).

Histological analysis

Lungs and livers of tumor-bearing mice were fixed in 10 % 
buffered formalin for 7 days at room temperature. For each 
tissue sample embedded in the parafilm block, sections at 
5 μm from three levels (slice intervals spaced 500 microns 
apart) were collected and stained with hematoxylin and 
eosin (H&E). Then, the stained slides were photographed 
using Olympus IX71 microscope (Japan) and SPOT 
advanced software (version 3.5.6). The ImageJ software 
(NIH, USA) was used to measure the tumor area and the 
organ area in each slide. Then, the tumor area and the organ 
area on one slide were added together and the % tumor area 
to lung or liver was generated as tumor area divided by the 
lung or liver area. The position and direction of the organs 
in the parafilm block during the embedding process have 
been ensured, and the distance of each sectioning levels 
has been standardized. The tumor burden in lung or liver 
was calculated from the average percentage of tumor area 
to lung or liver area from three levels of each slide of a 
total of 10 animals (i.e., 30 tissue sections for each group). 
These data should be representative for the actual tumor 
growth in animals under different treatments.

Cells viability assay

MDA-MB-231-TXSA cells (1 × 104/well) in 100 µl medium 
were seeded in 96-well plates (Corning, USA) and incubated 
with CS (0, 0.05, 0.1, 0.2 and 0.4  mg/ml) and/or ZOL (0, 
20, 40 and 60 µM) at various concentrations for 48 h. Fol-
lowing incubation, 30 µl of MTT solution (5 mg/ml in PBS) 
was added to each well and the plate was incubated at 37 °C 
for another 4 h. Then, the medium was discarded and 150 µl 
of DMSO was added to dissolve the formazan crystals. The 
absorbance of each sample was read at 540 nm using a micro-
plate reader (Biotek μ-Quant, USA). Results were expressed 
as percentage of cell viability with respect to untreated con-
trol cells (as 100 %). Only the most effective dose of ZOL 
would be chosen in further studies when combined with CS 
at various concentrations (0, 0.1 and 0.2 mg/ml).

Scratch wound healing assay

MDA-MB-231-TXSA cells (1 × 105/well) in 1 ml culture 
medium were seeded in 24-well plates and incubated at 
37 °C for 24 h. After starved in medium without FBS for 
24 h, cells were scraped with crosses using 200-µl pipette 
tips. The medium was then replaced with fresh medium 

with CS (0, 0.05 and 0.1 mg/ml) and ZOL (40 µM). Cells 
were incubated for 9  h, and each well was photographed 
under a microscope (Nikon Eclipse TS100). The percent-
ages of open wound area were measured and calculated 
using the TScratch software. Motility was determined by 
the decrease in open wound area (Luo et al. 2013).

Transwell migration assay

MDA-MB-231-TXSA cells (5  ×  104 in 100  μl) were 
added into each transwell filter chamber with 1  % v/v 
FBS. At the same time, 100 μl of medium containing CS 
(0, 0.1 and 0.2  mg/ml) and ZOL (40  µM) (with 1  % v/v 
FBS) was added to the upper chamber. Then, 500 μl com-
plete medium (with 10  % v/v FBS), served as chemoat-
tractant medium, was added into the lower chamber. The 
cells were allowed to migrate through the Boyden chamber 
membrane to the lower chamber for 6 h at 37 °C, 5 % CO2. 
After incubation, cells were fixed with methanol, stained 
with hematoxylin and photographed under microscope 
(Nikon Eclipse TS100). The non-migrated cells on the top 
surface of the filter membrane were scraped with cotton 
swab. Stained filters were photographed under microscope 
(Nikon Eclipse TS100). The migrated cells were quanti-
fied by manual counting in blinded manner. Changes in cell 
numbers were represented as a percentage of control values 
(as 100 %) (Luo et al. 2013).

Gelatin zymography

MDA-MB-231-TXSA cells (1 × 105/well) in 1 ml medium 
were seeded in 24-well plate and incubated with CS (0, 
0.1 and 0.2  mg/ml) and ZOL (40  µM) at 37  °C for 24  h. 
The supernatant was collected and stored at −80 °C. Pro-
tein sample (20 μg) from the supernatant was fractionated 
in 10 % SDS–polyacrylamide gel with 0.1 % gelatin sub-
strate. Following electrophoresis, the gels were washed 
three times in 2.5  % Triton X-100 in PBS for 30  min at 
room temperature. The gels were then incubated overnight 
at room temperature in developing buffer (50 mM Tris base, 
200 mM NaCl, 0.005 mM ZnCl2, 5 mM CaCl2·2H2O, and 
0.02 % NaN3, pH 7.5) and then stained with 0.125 % (w/v) 
Coomassie brilliant blue for 20–30  min and destained in 
destain buffer (10 % acetic acid and 5 % ethanol in distilled 
water) for 1–2 days. Visualization of bands was performed 
on a Bio-RAD, XBS+ imaging system (Bio-Rad, USA).

Statistical analysis

All data were expressed as mean ± SD for in vitro studies, 
or mean ± SEM for in vivo studies. Statistical analysis was 
performed using one-way ANOVA, with p value (p) < 0.05 
as considered statistically significant.
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Results

HPLC analysis of polyphenols of CS aqueous extract

The chemical composition of tea polyphenols in CS extract 
was analyzed by HPLC. CS water extract contained large 
amount (around 25  %) of tea polyphenol, with EGCG as 
the most abundant, followed by EGC, ECG and EC (Luo 
et al. 2014).

Effects of combined use of CS and ZOL 
on MDA‑MB‑231‑TXSA tumor growth

To evaluate the efficacy of CS and/or metronomic ZOL 
against tumor growth within the bone, breast cancer-
induced osteolysis and tumor metastasis, MDA-MB-231-
TXSA cells were injected directly into the tibial marrow 
cavity of nude mice. After treatment for 4 weeks, no sig-
nificant body weight loss was found in all treatment groups 
(data not shown). As shown in Fig.  1a, the signal emis-
sion (expressed as average radiance) increased from day 7 
onwards and associated with an increase in tumor burden 
in bone. Treatment with CS or ZOL as single agents or in 
combination resulted in no obvious effect in tumor growth 

in bone before day 21. While a slight inhibition of tumor 
growth was noted in CS or ZOL treatment groups from day 
21 to day 28, indicating the suppression of tumor growth 
in bone, this was not statistically significant. However, the 
combined use of CS and ZOL inhibited the tumor growth 
significantly at day 28, and a significant difference was 
shown when compared with control (p  <  0.05) (Fig.  1b). 
The combination therapy showed the most potent anti-
tumor result among the three treatment groups.

Effects of combined use of CS and ZOL on breast 
cancer‑induced osteolysis

To assess the effect of the combined use of CS and met-
ronomic ZOL on breast cancer-induced osteolysis, the 
tibiae of mice were resected for X-ray and μ-CT analysis. 
The X-ray and μ-CT images showed that by day 28 which 
coincided with the end of the experiment, the tumor-bear-
ing tibiae from the control group had extensive osteolysis 
with only 6.9  % of the bone volume (%BV/TV), when 
compared with the non-tumor-bearing tibiae which were 
intact (Fig. 2a, b). Treatment with CS, ZOL and CS + ZOL 
resulted in a significant protection against breast cancer-
induced osteolysis with the bone volume density increased 

Fig. 1   Tumor burden change during CS and/or metronomic ZOL 
treatment in intratibial breast cancer-induced osteolysis model. a 
Representative images of tumor burden obtained from each group at 
different time points as assessed by IVIS system. b Graph showed 
the bioluminescence measurements according to the average radi-
ance. Data were expressed as mean ± SEM, n =  15. *p < 0.05, as 
compared with control. “Ctl” means control group; “CS” means CS 

water extract treatment group in which mice were treated with 0.6 g/
kg CS extract, orally fed daily; “ZOL” means metronomic ZOL treat-
ment group in which mice were treated with 0.0125 mg/kg ZOL, i.p. 
injected twice a week for 4 weeks; “CS + ZOL” means the combina-
tion treatment group in which mice were treated with CS plus ZOL, 
and the dose was the same as the individual treatment of CS or ZOL
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to 16.2, 24 and 32.5  %, respectively (Fig.  2d). Consist-
ent with the known anabolic effects of ZOL treatment, 
our results showed that there was a significant increase in 
bone volume density in the contralateral non-tumor-bearing 
tibiae  in ZOL and CS + ZOL treatment groups (Fig. 2c). 
Therefore, the combination of CS plus ZOL showed supe-
rior anti-osteolysis effect in the tumor-bearing tibiae, when 
compared to individual treatment of CS or ZOL.

Effects of combined use of CS and ZOL on lung and liver 
metastasis

At the end of experiment, lung and liver metastasis were 
evaluated by bioluminescence imaging and histological 

analysis. As shown in Fig. 3a, the signal emission of lungs 
in control group was very strong, and the frequency of lung 
metastasis in this group was 14/15, showing the highest 
incidence of lung metastasis among the four groups. Treat-
ment with CS, ZOL and CS + ZOL decreased the signal 
emission (expressed as average radiance) of biolumines-
cent MDA-MB-231-TXSA tumor cells in lung. The com-
bination of CS  +  ZOL decreased the frequency of lung 
metastasis and also showed the lowest signal emission 
from MDA-MB-231-TXSA cells among the three treat-
ment groups. A significant difference was shown between 
the untreated control and CS  +  ZOL groups (p  <  0.05) 
(Fig. 3b. Similar results were found in histological analy-
sis (Fig. 3c, d). Tumor burden in lung decrease by 52.3 % 

Fig. 2   Qualitative and quantitative assessment of bone structure in 
both tibias after administration of CS and/or metronomic ZOL. a, b 
Representative X-ray, μ-CT 3D images, section cut and growth plate 
of a non-tumor-bearing and b tumor-bearing tibias obtained from dif-
ferent groups. c, d Graphs showed the percentage of bone volume to 

tissue volume (% BV/TV) of c non-tumor-bearing and d tumor-bear-
ing tibias. Data were expressed as mean + SEM, n = 10. **p < 0.01 
and ***p < 0.001, as compared with control; ###p < 0.001, as com-
pared between groups indicated
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(lung metastasis decreased from 3.2 to 1.5 %) and 70.6 % 
(lung metastasis decreased from 3.2 to 0.9 %) in CS- and 
(CS  +  ZOL)-treated groups, respectively. The combined 
use of CS + ZOL showed the best result in decreasing lung 
metastasis among the three treatment groups.

The tumor burden in liver was also assessed, and similar 
results were found. Bioluminescence measurement showed 
that the livers in control group had the strongest signal 
emission from tumor cells, with the highest frequency of 
liver metastasis among the four groups (Fig. 4a). Treatment 
with CS, ZOL and CS + ZOL decreased the liver metasta-
sis, and the combination of CS and ZOL showed the best 
result in decreasing liver metastasis and frequency among 
the three groups, and significant difference was shown 
(p  <  0.05) (Fig.  4b). The result was further confirmed by 
histological analysis. As shown in Fig.  4c, d, treatment 
with CS +  ZOL decreased the tumor burden in liver by 

89.5 % (liver metastasis decreased from 0.22 to 0.023 %), 
and significant difference against control group was shown 
(p < 0.01).

Effects of the combined use of CS and ZOL 
on MDA‑MB‑231‑TXSA cell viability

MTT assay was performed to assess the effect of ZOL as a 
single agent and in combination with CS at different con-
centrations on cell viability of MDA-MB-231-TXSA cells, 
and then, the most effective dose of combination would be 
chosen for further studies. As shown in Fig. 5, the combi-
nation of CS and ZOL inhibited cell viability significantly. 
The combination of ZOL and CS at various concentrations 
was lower than CS alone. The combination of ZOL and CS 
demonstrated additive cytotoxic effects, especially at the 
doses of 40 μM ZOL plus 0.1 mg/ml CS, which produced 

Fig. 3   Effects of CS and/or metronomic ZOL treatment on lung 
metastasis in intratibial breast cancer-induced osteolysis model. a 
Representative images of lungs obtained from different groups at end 
point of IVIS scan, and the fractional number revealed the frequency 
of lung metastasis. b Graph showed the bioluminescence measure-
ments (expressed as average radiance) in lungs. c Photographs were 
the representative H&E-stained sections of lungs from different 

groups with arrows showing the MDA-MB-231-TXSA tumor nod-
ules. d Graph showed the tumor burden in lungs as assessed by histo-
logical analysis and expressed as an average percentage of tumor area 
to lung area per group. Data were expressed as mean + SEM, n = 15; 
*p < 0.05, **p < 0.01 and ***p < 0.001, as compared with control. 
“Ctl” means control group; “Naive” means normal mice without 
tumor and treatment
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an inhibition of 26.6  % cell viability, while ZOL and CS 
added alone caused inhibition rates of 12.9 and 4.2  %, 
respectively. The IC50 values of CS, ZOL and CS + ZOL 
treatments in MDA-MB-231-TXSA cells are listed in 
Table 1. Besides, the combined use of ZOL (20 μM) and 
CS (0.1 mg/ml) on MDA-MB-231-TXSA cells also dem-
onstrated additive cytotoxic effects. Since the combination 
of ZOL (40 μM) and CS (0.1 mg/ml) has the best additive 
inhibition capacity of cell viability, such dose of combina-
tion was selected in further studies.

Effects of combined use of CS and ZOL 
on MDA‑MB‑231‑TXSA cell migration and invasion

Treatment with CS alone resulted in no obvious effect in 
inhibition of MDA-MB-231-TXSA cell migration, and 
ZOL (40 μM) alone induced no significant change in the 

Fig. 4   Effects of CS and/or ZOL treatment on liver metastasis in 
intratibial breast cancer-induced osteolysis model. a Representative 
images of livers obtained from different groups at end point of IVIS 
scan, and the fractional number in each group revealed the frequency 
of metastasis. b Graph represented the bioluminescence measure-
ments (expressed as average radiance) in livers. c Photographs were 

the representative H&E-stained sections of mouse livers with arrows 
showing the tumor nodules. d Graph represented the tumor burden 
in livers as assessed by histological analysis. Data were expressed 
as mean +  SEM, n =  15. *p  <  0.05 and **p  <  0.01, as compared 
with control. “Ctl” means control group; “Naive” means normal mice 
without tumor and treatment

Fig. 5   The effects of ZOL in combination of various doses of CS on 
MDA-MB-231-TXSA cells viability. Cells were incubated with ZOL 
(0, 20, 40 and 60 μM) in the presence of various concentrations of 
CS after 48 h treatment. Data were expressed as mean ± SD (n = 3)
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open wound area. However, ZOL enhanced the inhibitory 
effect of CS on MDA-MB-231-TXSA cell migration, and 
significant difference was shown in the combination of 
ZOL (40 μM) and CS (0.2 mg/ml) (p < 0.05) (Fig. 6a, b).

In order to determine the efficacy of CS and ZOL against 
cancer cell invasion in vitro, the transwell migration assay 
was included. As shown in Fig.  6c, d, treatment with CS 
(0.2 mg/ml) resulted in inhibition of cell invasion in MDA-
MB-231-TXSA cells. ZOL (40  μM) alone also induced 
significant suppression of MDA-MB-231-TXSA cell inva-
sion. Besides, the combination of ZOL (40 μM) and CS 

(0.1 or 0.2  mg/ml) showed significant inhibitory effect 
against MDA-MB-231-TXSA cell invasion. However, no 
significant difference was shown between the combination 
and individual treatments.

Effect of the combined use of CS and ZOL on MMP‑9, 
MMP‑2 activities

MMP-2 and MMP-9 play important roles in extracellular 
matrix and basement membrane degradation, which are 
critical for cancer cell metastasis (Terranova et  al. 1986). 
As shown in Fig.  7a, MMP-9 and MMP-2 in MDA-MB-
231-TXSA cell culture supernatant were detected in the 
gel at molecular weight of 92 and 72  kDa, respectively. 
The MMP-9 and MMP-2 digested the gelatin substrate 
significantly, and clear bands were presented in control. 
Treatments with CS or CS +  ZOL resulted in the reduc-
tion of the bands, indicating the suppression of the enzyme 
activities of MMP-9 or MMP-2. The activities of MMP-9 
and MMP-2 were significantly suppressed by CS and 
CS + ZOL. However, no significant difference was shown 
between the combination of CS + ZOL and the individual 
treatment of CS alone (Fig. 7b, c).

Table 1   IC50 values of CS, ZOL and CS + ZOL treatments in MDA-
MB-231-TXSA cells

Treatments IC50 values after 48 h 
treatment (μM)

CS (0–0.4 mg/ml) 0.284

ZOL (0–200 μM) >200 (94 μM after 72 h)

CS (0–0.4 mg/ml) + ZOL 20 μM 0.261

CS (0–0.4 mg/ml) + ZOL 40 μM 0.248

CS (0–0.4 mg/ml) + ZOL 60 μM 0.240

Fig. 6   Effect of CS or CS + ZOL on the MDA-MB-231-TXSA cell 
migration and invasion. a Representative images of the wounded 
cell monolayers of MDA-MB-231-TXSA cells after incubated with 
various concentrations of CS and fixed amount of ZOL (40 μM). b 
Quantitative analysis of the migration activity of cells after 9 h treat-

ment of CS or CS +  ZOL. c Representative images of the stained 
MDA-MB-231-TXSA cells. d Quantitative analysis of the inva-
sion activity of cells after treated with CS or CS + ZOL. Data were 
expressed as mean +  SD (n =  3). *p  <  0.05 and ***p  <  0.001, as 
compared with corresponding untreated control
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Discussion

This study investigated the combined use of CS water 
extract and metronomic ZOL on anti-tumor, anti-metastasis 
and anti-osteolysis activities using an intratibial breast can-
cer-induced osteolysis mouse model. A limitation in meas-
uring tumor burden in bone is that it is impossible to evalu-
ate the progression of tumor growth in bone accurately 
by caliper measurements, especially before the soft tissue 
tumors break through the cortical bone. The noninvasive 
and sensitive bioluminescence imaging approach we have 
adopted here using the IVIS 200 enabled in vivo tracking 
of tumor growth in bone and its metastatic spread to lungs 
and livers in live animals.

The intratibial breast cancer-induced osteolysis model 
closely mimics breast cancer cells metastasized to bone and 
developed severe bone destruction (Zinonos et  al. 2009), 
so the bone architecture was assessed using X-ray and μ-
CT analysis. The bone volume density (% BV/TV) in both 
of the tibias was assessed. Our results demonstrated that 
treatment with ZOL and CS  +  ZOL resulted in signifi-
cant increase of percentage of bone volume density in both 
tumor-bearing and contralateral non-tumor-bearing tibiae, 
and the bone structure was protected, indicating the com-
bination therapy had both direct anti-osteoclast and anti-
tumor effect. Since the bone protection effect of treatments 
may arise from either direct anti-osteolysis effect by sup-
pressing osteoclast, or from the indirect anti-tumor effect 
and then decreased the cancer cell metastasis to bone, the 
increase of bone volume density in the former one was 

reflected in both tibiae, while in the latter one was reflected 
only in tumor-bearing tibia. The remarkable anti-osteolysis 
effect of the combined use of CS and metronomic ZOL 
may mainly due to ZOL. Previous report showed that ZOL 
is a potent clinical drug for prevention and treatment of var-
ious bone diseases by preventing prenylation of GTPases 
and thus inhibiting osteoclastic bone resorption (Zhang and 
Casey 1996). On the other hand, CS may also have partly 
contributed to the anti-osteolysis of the combination ther-
apy. Previous reports have demonstrated that tea polyphe-
nol EGCG in CS had significant effect in inhibiting oste-
oclasts formation and differentiation both in vitro and in 
vivo (Lee et al. 2010, 2012). Our previous report also dem-
onstrated that CS water extract suppressed the bone struc-
ture from breast cancer-induced osteolysis in 4T1 mouse 
mammary tumor model (Luo et al. 2014).

The metronomic dose of ZOL used in this study was 
0.0125 mg/kg, administered intraperitoneally 8 times over 
4  weeks, where the cumulative total dose was the same 
as the single conventional dose of 0.1  mg/kg. Our previ-
ous study demonstrated that metronomic dose of ZOL was 
more effective than the single conventional dose in reduc-
ing breast cancer tumor burden and decreasing lung and 
liver metastasis in the same model mentioned above (Luo 
et al. 2013). In the present study, the signal emission from 
bioluminescent cells in lungs and livers was found to be 
the lowest in the combination CS + ZOL treatment group, 
suggesting the combination treatment was more effective 
in decreasing the level of lung and liver metastasis. The 
individual treatment of metronomic ZOL was effective in 

Fig. 7   Effect of CS and/or ZOL 
on MMP-9 and MMP-2 activi-
ties. Representative zymograms 
were shown on MDA-MB-
231-TXSA cells after treated 
with CS and/or ZOL for 24 h 
(n = 3). *p < 0.05, **p < 0.01 
and ***p < 0.001, as compared 
with control
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bone protection, while CS alone was effective in decreasing 
lung and liver metastasis, and the combined use of CS and 
metronomic ZOL worked additively and exerted the advan-
tages of the two and showed significant anti-tumor, anti-
metastasis and anti-osteolysis effects. Combination therapy, 
in which one or more medication or therapies are used 
at the same time, is the proven cure for cancer treatment 
(Fitzgerald et  al. 2006). An optimal combination therapy 
of anti-tumor agents is expected to produce some synergis-
tic or additive therapeutic efficacies, including increased 
therapeutic efficacy, decreased side effects and minimal or 
delayed drug resistance (Yeh and Kishony 2007). Previous 
report demonstrated that green tea polyphenol EGCG acted 
synergistically in combination with clinical anticancer 
drugs cisplatin and designed trans-palladiums in ovarian 
cancer cells (Mazumder et al. 2012). Our results presented 
the first evidence on the anti-tumor, anti-metastasis and 
anti-osteolytic effects of the combined use of herbal medi-
cine CS and metronomic ZOL in mouse model.

Apart from the in vivo studies, the in vitro studies on 
MDA-MB-231-TXSA cell migration and invasion were 
also assessed. Greater level of inhibition on cell migra-
tion was observed when the cells were incubated with 
CS  +  ZOL, indicating that ZOL could potentiate the 
inhibitory effect of CS on cell migration of MDA-MB-
231-TXSA cells. Previous reports showed that ZOL and 
CS water extract could significantly prevent cell migration 
in breast cancer cells MDA-MB-231 cells (Rachner et  al. 
2010) and colon cancer SW620 cells (Zhou et  al. 2012), 
respectively. Our results showed that the combination 
of CS and ZOL had greater level of inhibition on MDA-
MB-231-TXSA cell migration than the individual treat-
ment of CS or ZOL. In addition, the enzymes activities of 
MMP-9 and MMP-2 were significantly suppressed by CS 
and CS + ZOL, indicating the anti-metastasis effect of the 
combined use of CS and ZOL. However, in invasion assay, 
no additive effect was shown in the combined use of CS 
and ZOL on cell invasion. The possible reason for the simi-
larity between CS and CS + ZOL groups was that the dose 
of CS used in transwell migration and zymography assay 
might be a bit high. Treatment of CS alone (0.2  mg/ml) 
resulted in significant decrease in transwell migration as 
well as MMP-9 and MMP-2 activities, and therefore, the 
combined use of CS + ZOL had similar data as CS alone. 
Nevertheless, we found that ZOL strengthened the effect 
of CS when CS was used at a relative low dose of 0.1 mg/
ml. Individual treatment of CS (0.1 mg/ml) had no signifi-
cant effect on transwell migration and MMP-9 activities, 
while the combination of CS +  ZOL resulted in signifi-
cant decrease on both. Similar results were also found in 
MMP-2 activities, CS + ZOL showed better effect than CS 
treatment alone at the dose of 0.1 mg/ml. The underlying 
mechanism of the anti-tumor and anti-metastasis effects of 

the combined use of CS +  ZOL was not included in our 
study, and there are accumulated reports demonstrated the 
apoptosis induction and anti-metastasis effects of CS or 
ZOL. Green tea extract was shown to induce apoptosis in 
human breast cancer MDA-MB-231 and MCF-7 cells by 
increasing the ratio of Bax-to-Bcl-2 (Thangapazham et al. 
2007; Hsuuw and Chan 2007). Besides, ZOL was shown 
to induce apoptosis in MDA-MB-231 cells via activation 
of caspase-3 and caspase-7 and enhance the TNF-related 
apoptosis-inducing ligand (TRAIL) to osteoprotegerin 
(OPG) ratio in this cell line (Rachner et al. 2010).

In conclusion, our results present the first evidence of 
combined use of a standard chemotherapy (ZOL) plus a 
herbal extract (CS) against tumor growth, metastasis and 
bone destruction in a breast cancer-induced osteolysis 
mouse model. The synergistic and/or additive effects were 
further elucidated in our in vitro cell model. The present 
findings could play roles in the future production of CS as a 
supplement in breast cancer treatment, and the combination 
of CS and metronomic ZOL suggested promising applica-
tion in breast cancer patients clinically.
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