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Abstract: Oleanolic acid (AO) and maslinic acid (MA) are constituents of the skins of 

different fruits, including olives and white or red grapes. Although both compounds are 

known to have beneficial properties against different types of cancers, thus far, there are  

no studies about their chemopreventive effects in human breast cancer. Thus, we sought  

to elucidate whether both compounds possess chemopreventive activity. Two cell lines of 

human breast cancer cells and one noncancerous human mammary epithelial cells were used 

to determine the effects of OA and MA. The results showed that OA inhibited the proliferation 

and increased the oxidative stress of highly invasive cells. Additionally, OA decreased 

oxidative stress and oxidative damage to the DNA in human mammary epithelial cells. These 

results suggest that OA could act as a chemopreventive agent in human breast cancer and 

could inhibit the proliferation of highly invasive breast cancer cells. 

Keywords: virgin olive oil; wine; maslinic acid; MCF7; MDA-MB-231; MCF10A; 
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1. Introduction 

The triterpenoids are natural compounds that are widely distributed in the skin and seeds of different 

edible fruits, such as olives and grapes from Vitis vinifera. Oleanolic acid (OA) and maslinic acid (MA) 

are two of the main triterpenes found in these fruits; in addition, they are also present in both virgin olive 

oils and wine, especially red wine [1–7]. 

The traditional Mediterranean diet, characterized by the consumption of foods such as grapes, wine, 

must, raisins, olives and virgin olive oil, has been associated with a low incidence of breast cancer [8]. 

Current knowledge highlights the role of triterpenes in the prevention of certain cancers, including  

breast cancer [9–13]. Previously, it has been described that oleanolic acid and maslinic acid possess 

cardioprotective effects [14,15], anti-inflammatory effects [16,17], and antitumor properties in human 

prostate cancer cells [18], hepatocellular carcinoma cells [19], human pancreatic cells [20], and colon 

cancer cells, among others [21,22]. However, there are no studies about the potential chemopreventive 

effects of oleanolic and maslinic acids in human breast cells. We hypothesized that the chemopreventive 

effects of Mediterranean diet consumption against breast cancer may be due, at least in part, to the 

biological actions exerted by these compounds. To demonstrate this hypothesis, we have used the 

following well-characterized human breast cell lines: MCF10A human mammary epithelial cells, highly 

invasive MDA-MB-231 human breast cancer cells, and finally, minimally invasive MCF7 human breast 

cancer cells. 

2. Results 

2.1. Cytotoxicity Effects 

The results are expressed as the percentage of cell survival with respect to the untreated control, which 

was set as 100%. For MCF10A cells, both OA and MA at 10 and 100 µM promoted cell death (cell 

survival was 83% and 13% for OA and 9% and 13% for MA, respectively) (Figure 1a). For MCF7 cells, 

MA induced a strong cytotoxic effect at 100 µM (8% survival) (Figure 1b). MDA-MB-231 cells treated 

with the two acids showed a marked cytotoxic effect for OA or MA at 100 µM (68% and 17% survival, 

respectively). MA concentrations between 0.01 µM and 10 µM appeared to promote cell survival  

(Figure 1c). 

 

Figure 1. Cont. 
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Figure 1. Cytotoxicity of OA and MA from 0.001 µM to 100 µM in MCF10A cells (a), 

MCF7 cells (b) and MDA-MB-231 cells (c) at 24 h. Values represent the mean ± SEM of 

three independent experiments. Statistically significant differences are represented by (*) for 

OA and (†) for MA at p < 0.05 compared to the untreated control. 

In the human mammary epithelial cells, both compounds were cytotoxic at the highest concentrations. 

However, for MCF7, which is a multi-drug-resistant cancer cell line, only MA was capable of promoting 

cell death. OA did not significantly promote cytotoxicity in MCF7 cells, according to our previous  

study [10]. Our results agree with Shan et al., who showed that OA did not strongly inhibit the growth of 

MCF7 cells [23]. In MDA-MB-231 cells, other studies of different plant extracts (which contain OA) have 

described antiproliferative effects [24,25]. Ponou et al. showed that isolated OA did not promote 

cytotoxicity at a maximum concentration of 200 µM [26], while we observed cytotoxicity at 100 µM. 

2.2. Effects on Proliferation  

The results are expressed as the percentage of cell survival with respect to the untreated control, which 

was set as 100%. MA at 10 and 100 µM had antiproliferative effects for MCF10A cells at 24, 48, and 

72 h (10%, 38% and 11% cell survival for 10 µM and 9%, 10% and 11% for 100 µM, respectively) 

(Figure 2). 

 

Figure 2. Cont. 
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Figure 2. Percentage of cell proliferation in MCF10A cells after treatment with 0.01 µM to 

100 µM OA or MA at 24 (a); 48 (b) and 72 h (c). Values represent the mean ± SEM of three 

independent experiments. Statistically significant differences are represented by (*) for OA 

and (†) for MA at p < 0.05 with respect to the untreated control. 

In MCF10A cells, OA inhibited proliferation at 10 and 100 µM after 48 and 72 h of treatment  

(~65% and 9% cell survival, respectively, at both time points) (Figure 2b,c). For MCF7 cells, MA was 

antiproliferative only at 100 µM (Figure 3). In MDA-MB-231 cells, OA inhibited proliferation in a  

dose-dependent manner at all treatment exposure times (Figure 4). Similarly, OA and MA at 10 and  

100 µM inhibited proliferation in human mammary epithelial cells. However, at low concentrations, OA 

and MA appeared to increase the proliferation of the human mammary epithelial cells over time. 

Notably, OA and MA were able to inhibit proliferation in a dose-dependent manner at all of the time 

exposures assayed in highly invasive breast cancer cells (MDA-MB-231) (Figure 4). 

 

Figure 3. Cont. 
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Figure 3. Percentage of cell proliferation in MCF7 cells after treatment with 0.01 µM to  

100 µM MA at 24 (a); 48 (b) and 72 h (c). Values represent the mean ± SEM of three 

independent experiments. Statistically significant differences are represented by (†) for MA 

at p < 0.05 with respect to the untreated control. 

 

Figure 4. Percentage of cell proliferation in MDA-MB-231 cells after treatment with 0.01 µM 

to 100 µM OA or MA for 24 (a); 48 (b) and 72 h (c). Values represent the mean ± SEM of 

three independent experiments. Statistically significant differences are represented by (*) for 

OA and (†) for MA at p < 0.05 with respect to the untreated control. 
  



Molecules 2015, 20 13675 

 

 

2.3. Effects on the Cell Cycle  

The results are expressed as the percentage of cells in the different phases of the cell cycle. For MCF10A 

cells, OA treatment resulted in an increase in cells in the G0/G1 phase at 10 µM with respect to the control 

and a decrease in the G2/M phase. MA treatment resulted in a dramatic increase in the sub-G0/G1 phase 

at 10 µM (65%) with respect to the control (0.4%), and consequently resulted in a decrease in the other 

phases. At 10 µM, both compounds affected the cell cycle of MCF10A cells (Table 1). 

Table 1. Distribution of cells in phases of the cell cycle for MDA-MB-231 and MCF10A 

cells treated with OA and MA at 0.1 µM, 1 µM, and 10 µM at 24 h. Values represent the 

mean ± SEM of three independent experiments. Statistically significant differences are 

represented by (*) at p < 0.05 with respect to the untreated control. 

 Percentage of Cells 

 MDA-MB-231 MCF10A 

 Sub-G0/G1 G0/G1 S G2/M Sub-G0/G1 G0/G1 S G2/M 

Control 0.84 ± 0.16 65.38 ± 1.25 16.18 ± 1.08 16.44 ± 2.05 0.39 ± 0.15 58.22 ± 2.93 15.90 ± 1.43 24.54 ± 1.51 

OA 0.1 µM 0.75 ± 0.25 59.04 ± 2.99 * 17.31 ± 1.58 21.89 ± 2.09 * 0.54 ± 0.27 56.86 ± 4.60 16.54 ± 2.83 24. 27 ± 1.18 

OA 1 µM 0.78 ± 0.25 59.73 ± 1.98 17.60 ± 1.66 20.76 ± 1.54 0.37 ± 0.15 58.23 ± 3.63 15.68 ± 1.86 25.08 ± 1.23 

OA 10 µM 0.76 ± 0.37 61.06 ± 1.85 15.04 ± 1.46 21.36 ± 0.91 * 0.84 ± 0. 25 71.45 ± 6.63 * 11.58 ± 2.54 15.14 ± 4.22 * 

MA 0.1 µM 1.42 ± 0.49 61.88 ± 0.73 16.86 ± 2.25 19.28 ± 1.61 0.37 ± 0.13 58.77 ± 1.75 15.17 ± 0.20 24.43 ± 2.26 

MA 1 µM 0.72 ± 0.49 61.90 ± 0.52 16.66 ± 1.13 19.59 ± 0.84 0.59 ± 0.16 58.81 ± 3.82 16.58 ± 2.65 22.92 ± 1.88 

MA 10 µM 0.72 ± 0.01 62.36 ± 0.65 16.56 ± 1.12 19.75 ± 1.64 64.68 ± 1.92 * 21.96 ± 1.82 * 8.01 ± 1.15* 4.56 ± 1.24 * 

We have discussed the importance of the different concentrations of treatments used in experiments [27], 

and our results show that high concentrations of these compounds could promote cell death in human 

mammary epithelial cells. For MDA-MB-231 cells, OA treatment resulted in a decrease in the number 

of cells in G0/G1 and an increase in G2/M at 0.1 µM with respect to the control. At 10 µM, OA increased 

the number of cells in the G2/M phase with respect to the control. MA treatment did not result in a 

significant difference in MDA-MB-231 (Table 1) or MCF7 cells (data not shown). These results suggest 

that MA affects the cell cycle of MCF10A cells, increasing the Sub-G0/G1 ratio. This increase could be 

due to pro-apoptotic effects. To assess this apoptotic effect, our group studied the apoptosis-promoting 

effects of these compounds in the three breast cell lines. 

2.4. Analysis of Apoptosis 

The percentages of living, apoptotic, and necrotic cells are represented with respect to the total, which 

was set as 100% (Table 2). 

For MCF10A cells, 10 µM OA resulted in a high percentage of apoptotic cells with respect to the 

control. MA at 10 µM increased the rate of apoptotic cells. For MDA-MB-231 cells, statistically significant 

differences were not found, but 1 µM OA resulted in a slight increase in the apoptotic cell rate (Table 2). 

MA treatment in MCF7 cells did not result in a significant difference with respect to the control (data 

not shown). 
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Table 2. Apoptosis of MDA-MB-231 and MCF10A cells treated with OA or MAS at 0.1 µM, 

1 µM and 10 µM at 24 h. Values represent the mean ± SEM of three independent experiments. 

Statistically significant differences are represented by (*) at p < 0.05 with respect to the 

untreated control. 

 Percentage of Cells 

 MDA-MB-231 MCF10A 

 Live  Apoptotic Death Live  Apoptotic Death 

Control 87.64 ± 3.16 8.92 ± 2.15 1.33 ± 0.48 92.43 ± 1.43 5.92 ± 1.40 1.63 ± 0.53 
OA 0.1 µM 90.66 ± 4.28 8.43 ± 4.04 0.90 ± 0.36 94.43 ± 0.71 3.57 ± 1.31 1.97 ± 0.61 
OA 1 µM 86.72 ± 3.27 11.83 ± 3.28 1.43 ± 0.24 94.91 ± 0.74 2.16 ± 0.79 2.90 ± 1.00 

OA 10 µM 88.22 ± 2.78 10.20 ± 3.36 1.56 ± 0.61 70.40 ± 16.09 17.18 ± 8.22 * 12.41 ± 7.89
MA 0.1 µM 90.81 ± 3.29 8.12 ± 2.65 1.05 ± 0.67 92.38 ± 2.01 6.35 ± 2.30 1.26 ± 0.33 
MA 1 µM 89.43 ± 5.38 7.70 ± 3.06 2.85 ± 2.33 92.35 ± 1.30 5.80 ± 1.84 1.83 ± 0.63 

MA 10 µM 88.86 ± 2.41 10.13 ± 2.16 0.98 ± 0.30 5.64 ± 2.31 78.17 ± 8.92 * 16.17 ± 7.01

MA and OA at the highest concentrations caused apoptosis in MCF10A cells, while concentrations 

lower than 10 µM did not appear to promote apoptosis. However, in both breast cancer cell lines, neither 

OA nor MA produced a dramatic increase in apoptosis; only 1 µM OA slightly increased the apoptotic 

ratio in MDA-MB-231 cells. This slight increase could correspond with the proliferation observed, where 

OA decreased the proliferation in a dose-dependent manner over time. 

2.5. Effects on the Intracellular ROS Level 

In MCF10A cells treated with OA and MA, the levels of ROS decreased from 1 µM to 100 µM OA 

and from 10 to 100 µM for MA (Figure 5a). MA treatment in MCF7 cells increased the ROS levels in a 

dose-dependent manner (Figure 5c). In MDA-MB-231, OA treatment resulted in an increase in the ROS 

levels at 0.001 µM and 100 µM, while MA did not alter the ROS levels at any concentration tested 

(Figure 5d). 

 

Figure 5. Cont. 
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Figure 5. The ROS levels present in MCF10A cells in the basal state (a) and with H2O2 burst 

(b); in MCF7 cells in the basal state (c) and with H2O2 burst (d); and in MDA-MB-231 cells 

in the basal state (e) and with H2O2 burst (f) after treatment with OA or MA from 0.0001 µM 

to 100 µM for 4 h. Values represent the mean ± SEM of three independent experiments. 

Statistically significant differences are represented by (*) for OA and (†) for MA at p < 0.05 

with respect to the untreated control.  

To induce intracellular oxidative stress, H2O2 was added before the fluorescence measurement.  

Figure 5b shows a decrease in the ROS levels in MCF10A cells for OA; however, this difference was 

statistically significant only at 1 µM. MA treatment increased the ROS levels in MCF10A cells at almost 

all concentrations (Figure 5b). For MCF7 cells, MA appeared to increase the ROS levels at lower 

concentrations (Figure 5d). The ROS levels in MDA-MB-231 cells increased with OA treatment from 

0.01 µM to 100 µM, while MA treatment did not result in any statistically significant differences with 

respect to the control, except for 100 µM, which decreased the ROS level (Figure 5f). 

OA had a protective effect on MCF10A cells. It diminished ROS levels in the basal state, and when 

oxidative stress was induced, OA continued protecting the cells, reducing their sensitivity to oxidative 

stress. ROS can act as a trigger for carcinogenesis by permanent damage of DNA, causing mutations  

in p53, the tumour suppressor gene, which is frequently mutated (in up to 50%) [28]. In this way, OA 

could act like an antioxidant, protecting cells in an oxidative stress microenvironment, which could 

promote carcinogenesis [27,28]. To assess this theory, our group studied the effects of OA and MAS in 

H2O2-induced DNA damage.  
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Although MA did not have this effect in MCF10A cells, it resulted in a strong increase in oxidative 

stress in MCF7 cells in a dose-dependent manner, which continued when oxidative stress was induced. 

In MDA-MB-231 cells, both compounds exerted this pro-oxidative effect. In the basal state, lower 

concentrations of OA appeared to increase the oxidative stress in MDA-MB-231 cells. In addition, when 

intracellular oxidative stress was induced by adding H2O2, OA dramatically increased the oxidative stress, 

approximately 30% more than the control. MA had the same effect but to a lesser extent. Therefore, OA 

had a protective role against oxidative stress in human mammary epithelial cells, while it had a pro-oxidant 

role in the highly invasive breast cancer cells. This pro-oxidant role in breast cancer cells could be 

important, considering that high enough levels of ROS may inhibit carcinogenesis by enhancing p53 

expression and inducing apoptosis in tumour cells [28]. To corroborate these effects in ROS levels, 

antioxidant catalase (CAT) enzyme activity was evaluated. 

2.6. Determination of CAT Activity 

The activity of CAT measured in MCF10A cells after OA and MA treatment showed no statistically 

significant differences with respect to the control (Figure 6a). 

 

Figure 6. CAT activity in MCF10A cells (a); MCF 7 cells (b) and MDA-MB-231 cells (c) 

treated with OA or MA at 0.1 µM, 1 µM and 10 µM for 4 h. Values represent the mean ± SEM 

of three independent experiments. Statistically significant differences are represented by (*) 

for OA at p < 0.05 with respect to the untreated control. 

In MCF7 cells, 0.1 µM OA increased CAT production significantly but appeared to decrease its 

production at higher concentrations. While 0.1 µM of OA was not assayed by Allouche, et al. [10], 1 µM 
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and 10 µM OA decreased the ROS levels; this could be related with the levels of CAT found in MCF7 

cells in the present study (Figure 6b). MA did not alter the activity of CAT with respect to the control in 

MCF7 cells (Figure 6b). 

Although there were no statistically significant differences in treated MDA-MB-231 cells, there was 

a slight decrease in the activity of CAT at 1 and 10 µM OA (Figure 6c). 

2.7. Effects on H2O2-Induced DNA Damage  

To study the protective effect of these triterpenes against induced DNA injury, H2O2 was used to 

promote single-strand DNA breaks. The results are expressed as the percentage of Olive_TM for each 

cell line. Olive_TM incorporates a measure of both the smallest detectable size of migrating DNA 

(reflected in the comet tail length) and the number of relaxed/broken pieces (represented by the intensity 

of DNA in the tail), so this measure gives us information about the injury induced to DNA and the capacity 

for self-repair [29]. 

Our results showed that for MCF10A cells, 1 µM OA protected against H2O2 injury to DNA, producing 

less DNA breaks than the control (Figure 7a). MA had the same effect at 10 µM, but it must be noted 

that at this concentration, MA was pro-apoptotic for the human mammary epithelial cells. Therefore, this 

result was likely due to cells that remained alive in the cytotoxicity and proliferation assay and were not 

affected by MA. 

 

Figure 7. Olive_TM represented in MCF10A cells (a) and MDA-MB-231 cells (b) treated 

with OA or MA at 0.1 µM, 1 µM, and 10 µM for 4 h. Values represent the mean ± SEM of 

three independent experiments. Statistically significant differences are represented by (*) for 

OA and (†) for MA at p < 0.05 with respect to the H2O2 control. 

Although 1 µM MA did not have pro-apoptotic effects, it appeared to promote damage to DNA, 

which supports the results obtained for the detection of ROS levels after H2O2 addition. MA could act 

like a pro-oxidant in these cells, increasing the ROS levels in the first moments of treatment and resulting 

in damage to the DNA after addition of H2O2, consistent with our results. However, the effect of MA at 

this concentration did not remain the same over time, as the proliferation results have shown.  

In the MCF7 cells, MA did not show significant differences with respect to the control (data not shown). 

In the MDA-MB-231 cells, OA promoted an increase in Olive_TM at 10 µM, and although it was not 

statistically significant, this increase also occurred at 0.1 µM. MA induced more injury to the DNA, 
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increasing the Olive_TM at all concentrations tested in MDA-MB-231 cells (Figure 7b). Consequently, 

for highly invasive breast cancer cells, with only 4 h of treatment, both compounds promoted a high extent 

of damage to the DNA. Therefore, the cytotoxic effects of oleanolic acid observed in MDA-MB-231 cells 

appeared to be connected with the increase observed in the ROS levels that in turn promoted damage to 

the DNA. 

3. Discussion 

OA and MA are two triterpenes present in several plants, including grapevines and olive trees and 

consequently in their fruits. It is well known that the Mediterranean diet plays a role in preventing breast 

cancer [8], and these foods are typically found in this diet. Several studies have suggested the antitumoral 

properties of AO and MA, but until now, there has not been scientific data about their chemopreventive 

activity in human breast cancer and in human mammary epithelial cells. The present study is focused on 

the effects of these two natural compounds on human breast cancer cells and on human mammary epithelial 

cells, which never were studied before. 

The results obtained show that MA inhibited the growth of minimally invasive MCF7 human breast 

cancer cells only at the highest concentration tested. Thus, MA treatment does not alter the cell cycle or 

induce apoptosis at the concentrations used previously by our group [10] or in the present study. However, 

Janicke, et al. [30] indicated that MCF7 cells have lost caspase-3 due to a 47-base-pair deletion within 

exon 3 of the CASP-3 gene, and this deletion is required for DNA fragmentation and phosphatidylserine 

expression on the cell surface. Accordingly, in the present study, MCF7 cells did not experience apoptosis, 

as indicated by flow cytometry, nor did they have changes in DNA fragmentation by the comet assay, 

but a decrease in cell proliferation was observed with OA treatment [10] and MA treatment. Thus, MA, 

which in turn promoted a dramatic increase in the ROS levels inside MCF7 cells, may promote their 

death but through a pathway distinct from apoptosis. In fact, an increase in ROS levels could contribute 

to cell death in cancer cells [31]. 

Indeed, MA can promote apoptosis in HT29 colon cancer cells through ROS generation [32,33]. 

Therefore, the connection between the ROS levels and cell death appears to be established. Our results 

demonstrate that OA and MA promote DNA damage in MDA-MB-231 cells. Further in-depth studies 

focusing on the molecular mechanism of the effects of OA and MA in breast cancer cells must be 

performed to confirm this. It must be noted that for several assays, the MCF7 cells were treated with 

high-purity MA (purity >98%) because the present study shows differences in MCF7 cells not reported 

in the previous study [10], where the purity of MA was lower (>80%). 

OA has been recently described to be pro-apoptotic in oestrogen receptor-negative/progesterone 

receptor-negative/HER2-negative (ER−/PR−/Her2−) breast cancer cells [34], and patients with an  

ER− genotype are considered to have more aggressive, highly invasive breast cancer than patients with an 

ER+ genotype [35]. Chu, et al. described the action of BN107 (an extract with several terpenoidal saponins 

similar to OA), which promotes apoptosis in MCF10A (ER−) and in MDA-MB-231 (ER−) cells [34]. They 

concluded that BN107 and OA are strong inhibitors of the Akt/mammalian target of rapamycin (mTOR) 

pathway, which could avoid chemoresistance development in ER− breast cancer cells. Our results show 

that although MCF10A cells are ER−, OA was not able to cause cell death at concentrations lower than 

10 µM; at these concentrations, OA had antiproliferative effects in the highly invasive MDA-MB-231 
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human breast cancer cells. Based on these results, the effects of OA appear to not be related to ER 

expression; depending on the concentration used, OA is able to promote cell death in ER− cells  

(MDA-MB-231 and MCF10A) and ER+ cells (MCF7) [10]. 

OA has been shown to decrease the expression of Bcl-2 and increase the expression of Bax in B16F10 

melanoma cells [36]. Perhaps OA exerts its effect in MDA-MB-231 cells by this pathway, which is related 

to oxidative mechanisms in the cell [27]. It is known that an increase in the ROS levels promotes apoptosis 

in breast cancer cells [37]. OA could increase the ROS levels in highly invasive cancer cells and could 

support the action of chemotherapies that increase oxidative stress inside cancer cells, which are usually 

used in more aggressive, highly invasive breast cancers. 

Concentrations of OA and MA higher than 10 µM inhibited human mammary epithelial cell proliferation 

and promoted apoptosis over time, but lower concentrations even improved the proliferation of these human 

mammary epithelial cells. Hence, the concentration of the treatment used is an important consideration. Very 

few articles describe the bioavailability of these triterpenes in humans after intake [38–40]; but several 

studies confirm that OA can be absorbed (0.7% of total oral bioavailibity) by rats after intake, as well as MA 

which was observed even after 60 min of oral administration in rat’s plasma [27]. However, the concentration 

within the cells after the metabolism of these compounds is not described yet. Nevertheless, the concentration 

at which they are present in virgin olive oil is less than in other types of olive oils [5]. 

Our results showed that OA acts like an antioxidant in human mammary epithelial cells (MCF10A) 

in vitro. OA may decrease the oxidative stress of cells by enzymatic CAT activation. Furthermore, when 

oxidative stress was induced, the cells treated with OA had decreased levels of oxidative stress compared 

to the untreated cells. The irreversible injuries to DNA and proteins caused by oxidative stress are usually 

prevented by antioxidants [28]; along these lines, OA acts as an antioxidant for MCF10A cells, protecting 

the cells against oxidative DNA damage. Moreover, OA inhibited proliferation in MDA-MB-231 cells 

(highly invasive human breast cancer cells).  

For these reasons, we might consider that OA could have potential chemopreventive activity in human 

breast cancer: at low concentrations, OA is a natural compound that acts as an antioxidant and prevents 

oxidative DNA damage in human mammary epithelial cells. Additionally, it has antiproliferative effects 

in highly invasive cancer cells. This compound could be used as an adjuvant in breast cancer oxidative 

therapies, where it could maximize the effects of chemotherapy while protecting human mammary 

epithelial cells against the oxidative effects of cancer therapy. However, pharmacologic effects of OA 

have to be studied before assure this.  

Nevertheless, extreme caution should be applied in the extrapolation of the present in vitro results to 

potential clinical effects in humans. Further studies are needed to confirm both the chemopreventive 

capacity of OA and the differential mechanism of action on human mammary epithelial vs breast cancer 

cells suggested by the present study.  

4. Experimental Section 

4.1. Chemicals 

Oleanolic acid (OA) CAS [508-02-1] (purity ≥97%) was purchased from Extrasynthese (Genay, 

France). Maslinic acid (MA) CAS [4373-41-5] (purity ≥98%) was obtained from Cayman Chemical 
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(Ann Arbor, MI, USA). The following were purchased from Sigma-Aldrich Co. (St Louis, MO, USA): 

Hepes solution; sodium pyruvate solution; 100× non-essential amino acid mixture (NEAA);  

2,7-dichlorofluorescin diacetate (DCFH-DA) CAS [4091-99-0] (purity 97%); dimethyl sulfoxide 

(DMSO); 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT 

sodium salt) (purity ≥90%); N-Methylphenazonium methyl sulfate (PMS) (purity ≥98%); phosphate 

buffered saline (PBS); (S)-(+)-camptothecin (CPT) CAS [7689-03-4] (purity ≥90%); and Triton X-100. 

Foetal Bovine Serum (FBS) was obtained from PAA Laboratories GmbH (Pasching, Austria). TrypLE 

Express, HuMEC ready medium, minimum essential medium with Eagle’s salts (MEM) and  

Phenol-Red-free Roswell Park Memorial Institute 1640 medium (RPMI) were obtained from Gibco® 

Life Technologies Ltd (Paisley, UK). Dry methanol (max 0.005%) and absolute ethanol PRS were 

purchased from Panreac Quimica S.L.U. (Barcelona, Spain). The CellTiter-Blue® Cell Viability Assay 

was obtained from Promega Corporation (Madison, WI, USA). Phosphate buffered saline (1X, 

Dulbecco’s) (PBS) was purchased from Applichem GmbH (Gatersleben, Germany). Culture plates were 

obtained from Starlab (Hamburg, Germany). The PI/RNase staining buffer kit was obtained from BD 

Biosciences Pharmingen (San Diego, CA, USA). The Annexin-V FITC kit was purchased from Miltenyi 

Biotec (Cologne, Germany). The comet assay kit was obtained from Trevigen, Inc. (Helgerman CT, 

Gaithersburg, MD, USA). The catalase assay kit was purchased by Merck KGAA (Darmstadt, Germany).  

4.2. Cell Culture and Treatments 

Highly invasive MDA-MB-231 (ATCC® Number: HTB-26™) human breast cancer cells (oestrogen 

and progesterone receptor-negative), minimally invasive MCF7 (ATCC® Number: HTB-22™) human 

breast cancer cells (oestrogen and progesterone receptor-positive), and immortalized MCF10A (ATCC® 

Number: CRL-10317™) human mammary epithelial cells (oestrogen receptor-negative), were obtained 

from American Type Culture Collection (ATCC, Manassas, VA, USA). Breast cancer cells (MCF7 and 

MDA-MB-231) were grown as monolayer cultures in MEM supplemented with 10% FBS, 1% Hepes 

buffer, 1% sodium pyruvate and 1% NEAA. Human mammary epithelial cells (MCF10A) were grown 

in HuMEC Ready Medium. Cell lines were maintained at 37 °C in a humidified atmosphere with 5% 

CO2. The cells were routinely subcultured using TrypLE Express solution. Cells in the exponential 

growth phase were used for all experiments. Except for the assays which specify differently, the cells 

were treated with 0.1 µM, 1 µM, or 10 µM oleanolic acid (OA) and maslinic acid (MA) for 4 h. 

4.3. Cytotoxicity Assay 

Cell survival, measured as the cellular growth of the treated cells vs. the untreated controls,  

was carried out in MCF10A, MCF7 and MDA-MB-231 cells using an XTT-based assay according to 

Scudiero, et al. [41], with some modifications. Briefly, cells were seeded into 96-well culture plates in a total 

volume of 100 µL per well (5 × 103 cells/well for MDA-MB-231 and MCF7 cells and 2.5 × 103 cells/well 

for MCF10A cells). After an overnight incubation to allow for cell attachment, 100 µL of fresh medium 

was added containing increasing concentrations from 0.001 µM to 100 µM OA or MA. After 24 h, the 

cells were incubated with XTT in Phenol-Red-free RPMI medium for 3 h at 37 °C with 5% CO2, and 

the absorbance was measured at a 450 nm wavelength (620 nm as a reference) in a plate reader (TECAN 

GENios Plus). The cell viability was calculated using the formula: 
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% viable cells = [A(treated cells)/A(control)] × 100 (1)

where A is the difference in absorbance between optical density units (A = OD450 − OD620). All 

measurements were performed in quadruplicate, and each experiment was repeated at least three times. 

As a vehicle control, the cells were treated with EtOH at the highest concentration of OA and MA used. 

4.4. Cell Proliferation Assay 

Cell proliferation, measured as the cellular growth of the treated cells vs. the untreated controls,  

was carried out using a CellTiter-Blue Cell Viability Assay. Briefly, the cells were seeded into 96-well 

culture plates at 2 × 103 cells/well for MCF7 cells, 1 × 103 cells/well for MDA-MB-231 cells and  

0.5 × 103 cells/well for MCF10A cells. After an overnight incubation to allow for cell attachment, the 

medium was removed and replaced with fresh medium containing OA or MA from 0.01 µM to 100 µM. 

The plates were incubated for 24, 48 or 72 h, followed by a 72 h, 48 h and 24 h proliferation period 

(incubation with fresh medium without OA or MA), respectively. At these three time points, the plates 

were incubated with CellTiter-Blue Cell Viability for 3 h at 37 °C with 5% CO2 and the relative 

fluorescence units were measured in a plate reader (TECAN GENios Plus) (Ex. λ485/Em. λ595, Gain 60). 

The cell viability was calculated using the formula: 

% viable cells = [A(treated cells)/A(control)] × 100 (2)

where A are the relative fluorescence units for each sample. All measurements were performed in triplicate, 

and each experiment was repeated at least three times. As a vehicle control, the cells were treated with 

EtOH at the highest concentration of OA or MA used. 

4.5. Cell Cycle Assay 

The cells were seeded in 12-well culture plates (1 × 105 cells/well for MDA-MB-231 and MCF7 cells 

and 0.5 × 105 cells/well for MCF10A cells) and incubated overnight to allow for cell attachment. Next, 

the cells were treated with 0.1 µM, 1 µM, or 10 µM OA or MA for 24 h; the cells were harvested with 

TrypLE Express and washed with 1× PBS (Ca2+/Mg2+ free) (300× g, 10 min at 4 °C). Finally, the cells 

were fixed with cold 70% ethanol and stored at −20 °C for at least 24 h. Subsequent to propidium iodide 

labelling (PI/RNase Staining Buffer), the cells were analysed by flow cytometry (EPICS XL-MCL, 

Beckman Coulter, Spain). The FlowJo program (v5.7.2, FlowJo LLC data analysis software, Ashland, 

OR, USA) was used to calculate the percentage of cells in the G0/G1, S and G2/M phases. Each 

experiment was independently repeated at least three times.  

4.6. Apoptosis Assay 

The percentage of apoptotic cells was determined using a double staining assay with FITC-conjugated 

Annexin V and propidium iodide (PI). Briefly; the cells were seeded in 12-well culture plates  

(1 × 105 cells/well for MDA-MB-231 and MCF7 cells and 0.5 × 105 cells/well for MCF10A cells) and 

incubated overnight to allow for cell attachment. After cell exposure to OA or MA at 0.1 µM, 1 µM, or 

10 µM for 24 h; the cells were harvested with TrypLE Express; washed twice in cold 1× PBS (Ca2+/Mg2+ 

free) (300× g; 10 min at 4 °C) and resuspended in 100 µL of Annexin Binding Buffer. The cells were 

stained with 5 µL Annexin V-FITC and 2 µL PI solution; gently vortexed and incubated for 15 min at 
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room temperature in the dark before flow cytometric analysis. As a positive control; the cells were treated 

with 1 µM camptothecin (CPT). Each experiment was independently repeated at least three times. 

4.7. Detection of Intracellular Reactive Oxygen Species 

Intracellular reactive oxygen species (ROS) levels were measured after OA or MA treatment using 

the cell-permeable fluorescent probe 2,7-dichlorofluorescin diacetate (DCFH-DA), as previously 

described by Warleta, et al. [11], with some modifications. Briefly, the cells were seeded on 96-well 

plates (5 × 103 cells/well for MDA-MB-231 and MCF7 cells and 2.5 × 103 cells/well for MCF10A cells), 

and after incubation with the treatments, DCFH-DA (100 µM) was added for 30 min at 37 °C with  

5% CO2. The fluorescence was read in a plate reader for 30 min (Ex. λ485/Em. λ535, Gain 60). The 

intracellular ROS level percentage was calculated as follows: 

F = [(F(t = 30) – F(t = 0))/F(t = 0) × 100] (3)

where F(t = 0) is the fluorescence at t = 0 min and F(t = 30) the fluorescence at t = 30 min. It has been 

described that the addition of H2O2 increases oxidative stress in cultured cells and directly damages  

DNA [42]. To evaluate the protective capacity of OA and MA against induced oxidative stress, 500 µM 

H2O2 was added 30 min before the fluorescence quantification. 

All tests were run in triplicate for each experimental condition, and each experiment was repeated at 

least three times. All experiments were conducted using iron-free media (MEM and HuMEC).  

4.8. Determination of Catalase (CAT) Activity  

The cells were seeded into a 6-well plate at 0.5 × 106 cells/mL for MCF10A, MDA-MB-231 and 

MCF7 cells. The cells were incubated overnight for cell attachment. Then, the medium was changed to 

fresh medium containing OA or MA. The assay was performed according to the manufacturer’s protocol 

for the determination of catalase enzymatic activity.  

4.9. Alkaline Single-Cell Gel Electrophoresis (Comet Assay) 

The cells were seeded into 12-well plates (1 × 105 cells/well for MDA-MB-231 cells and MCF7 cells 

and 0.5 × 105 cells/well for MCF10A cells) and incubated overnight for cell attachment. Then, the cells 

were treated with OA and MA. Finally, the cells were scraped and washed twice (300× g, 10 min, 4 °C) 

with cold 1× PBS (Ca2+/Mg2+ free) and suspended in 1 mL of cold 1× PBS. To evaluate the ability of 

OA and MA to protect against oxidative DNA damage, the cells were exposed for 10 min to 50 µM 

H2O2 at 4 °C. After that, the comet assay was performed according to Warleta, et al. [11]. 

4.10. Slide Scoring and Analysis 

DNA strand breaks were examined using a fluorescence microscope (Zeiss Axiovert 200) equipped 

with a Luca EMCCD camera (Andor Technology, Belfast, UK) under 494 nm excitation and 521 nm 

emission wavelengths using the Komet 5.5 software package (Kinetic Imaging Ltd., Liverpool, UK). 

Twenty-five cell images were randomly characterized per sample using 20× magnification. The relative 

fluorescence between the head and tail through the olive tail moment (Olive_TM) was used to determine 
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DNA damage. Olive_TM is defined as the product of the Tail Moment Length and the fraction of DNA 

in the tail: 

Olive_TM = [(tail (mean) − head (mean)) × tail (% DNA)]/100 (4)

4.11. Statistical Analysis 

The results are displayed as the mean of at least three independent experiments (± SEM), and the 

results are expressed as a percentage relative to the untreated control, which was set as 100%. Statistical 

analysis was performed using a one-way analysis of variance (ANOVA) followed by Fisher’s LSD test. 

Values of p < 0.05 were considered significant. STATGRAPHICS Plus 5.1 statistical software (Statpoint 

Technologies, Inc., Warrenton, VA, USA) was used for the statistical analysis. 
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