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Abstract: Breast cancer is the leading cause of cancer death among women in the world, and its
morbidity and mortality are increasing year by year. Epirubicin (EPI) is a commonly used drug for the
treatment of breast cancer but unfortunately can cause cardiac toxicity in patients because of dose accu-
mulation. Therefore, there is an urgent need for new therapies to enhance the sensitivity of breast can-
cer cells to EPI. In this study, we found ursolic acid (UA) can significantly improve the drug sensitivity
of human breast cancer MCF-7/MDA-MB-231 cells to EPI. Next, we observed that the co-treatment
of UA and EPI can up-regulate the expression of autophagy-related proteins Beclin-1, LC3-II/LC3-I,
Atg5, and Atg7, and decrease the expression levels of PI3K and AKT, which indicates that the po-
tential mechanism should be carried out by the regulating class III PI3K(VPS34)/Beclin-1 pathway
and PI3K/AKT/mTOR pathway. Furthermore, we found the autophagy inhibitor 3-methyladenine
(3-MA) could significantly reverse the inhibitory effect of co-treatment of UA and EPI on MCF-7
and MDA-MB-231 cells. These findings indicate that UA can dramatically enhance the sensitivity
of MCF-7 and MDA-MB-231 cells to EPI by modulating the autophagy pathway. Our study may
provide a new therapeutic strategy for combination therapy.
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1. Introduction

Breast cancer is a devastating disease mainly caused by malignant lesions of the ductal
epithelium of the breast, and it affects 2.1 million women worldwide each year, accounting
for about 14% of cancer-associated deaths [1]. Epirubicin (EPI) (Figure 1B) is an anthra-
cycline drug commonly used in the clinical treatment of breast cancer. Unfortunately, it
exhibits a serious side effect—cardiotoxicity, which is caused by dose accumulation [2], and
it also damages other human organs such as the brain, kidney, and liver [3]. The resistance
of cancer cells to current anticancer drugs and the side effects of drugs are still obstacles to
successful cancer treatment [4]. Therefore, it is necessary to develop new anticancer agents
or new therapeutic strategies.

Autophagy plays a crucial role in cell survival and cancer development, which is
a self-regulatory mechanism widely existing in eukaryotic cells [5]. The process of au-
tophagy is related to a variety of signaling pathways, such as class I and class III phos-
phoinositide 3-kinase (PI3K) pathways: the class I PI3K/AKT/mTOR pathway could
control the phosphorylation and suppression of ULK1, a mammalian serine/threonine
protein kinase that plays a key role in the initial stages of autophagy [6], while the class III
PI3K(VPS34)/Beclin-1 pathway is essential for initiating autophagy [7]. Interestingly, the
regulation of autophagy involves diverse signaling pathways, which are also involved in
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tumorigenesis [8]. Recent studies indicate the therapeutic value of autophagy as a novel
target for anticancer therapy [7,9].
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Figure 1. Chemical structures of Ursolic Acid (A) and Epirubicin (B). The effects of UA or EPI on 
cell viability were determined by CCK-8 assay. (C) MCF-7 and MDA-MB-231 cells were treated with 
the indicated concentrations of UA for 24 h. (D) MCF-7 and MDA-MB-231 cells were treated with 
the indicated concentrations of EPI for 24 h. The means and SEM were shown. n = 3. * p < 0.05, ** p 
< 0.01 and *** p < 0.001 versus cells without drug treatment. 
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mote doxorubicin-, tarceva-, and iressa-induced cytotoxicity in triple-negative breast can-
cer through modulating apoptotic or necrotic cell death pathways [11]. Ursolic acid (UA) 
(Figure 1A), a pentacyclic triterpene, is a common chemical constituent existing mainly in 
the Lamiaceae family [12]. Studies have indicated that UA can affect multiple molecular 
signaling pathways related to human carcinogenesis, apoptosis, inflammation, metastasis, 
autophagy, and proliferation [13,14]. Lewinska et al. found UA could mediate changes in 
the glycolytic pathway to promote cytotoxic autophagy and apoptosis in phenotypically 
different breast cancer cells [15]. Therefore, we designed this combination treatment study 
for EPI with UA to examine whether it potentiates the treatment efficiency on MCF-7 and 
MDA-MB-231 cells in vitro, and if so, the underlying mechanisms of the combined chem-
otherapy of UA and EPI would be explored. 

In this study, we found that the UA can significantly improve the drug sensitivity of 
human breast cancer MCF-7 cells and MDA-MB-231 cells to EPI. Furthermore, we ex-
plored the potential mechanism of the enhanced effect of UA on the sensitivity of MCF-7 

Figure 1. Chemical structures of Ursolic Acid (A) and Epirubicin (B). The effects of UA or EPI on cell
viability were determined by CCK-8 assay. (C) MCF-7 and MDA-MB-231 cells were treated with the
indicated concentrations of UA for 24 h. (D) MCF-7 and MDA-MB-231 cells were treated with the
indicated concentrations of EPI for 24 h. The means and SEM were shown. n = 3. * p < 0.05, ** p < 0.01
and *** p < 0.001 versus cells without drug treatment.

Nowadays, more and more agents from natural products have been used to treat
cancer based on combination therapy [10], such as red guava extracts, which could promote
doxorubicin-, tarceva-, and iressa-induced cytotoxicity in triple-negative breast cancer
through modulating apoptotic or necrotic cell death pathways [11]. Ursolic acid (UA)
(Figure 1A), a pentacyclic triterpene, is a common chemical constituent existing mainly in
the Lamiaceae family [12]. Studies have indicated that UA can affect multiple molecular
signaling pathways related to human carcinogenesis, apoptosis, inflammation, metastasis,
autophagy, and proliferation [13,14]. Lewinska et al. found UA could mediate changes in
the glycolytic pathway to promote cytotoxic autophagy and apoptosis in phenotypically
different breast cancer cells [15]. Therefore, we designed this combination treatment study
for EPI with UA to examine whether it potentiates the treatment efficiency on MCF-7
and MDA-MB-231 cells in vitro, and if so, the underlying mechanisms of the combined
chemotherapy of UA and EPI would be explored.

In this study, we found that the UA can significantly improve the drug sensitivity of
human breast cancer MCF-7 cells and MDA-MB-231 cells to EPI. Furthermore, we explored
the potential mechanism of the enhanced effect of UA on the sensitivity of MCF-7 and
MDA-MB-231 cells to EPI. The results revealed that co-treatment of UA and EPI can regulate
the class III PI3K(VPS34)/Beclin-1 pathway and PI3K-Akt-mTOR signaling pathway, up-
regulate the expression of autophagy-related proteins Beclin-1, LC3-II/LC3, Atg5 and
Atg7, and then enhance autophagy. These findings provide evidence that UA might be an
effective adjunct to EPI in the treatment of breast cancer.
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2. Results
2.1. Effects of UA and EPI on the Viability of MCF-7/MDA-MB-231 Cells

Firstly, the functions of UA were evaluated on human breast cancer MCF-7 and MDA-
MB-231 cells by CCK-8 assay, respectively. As shown in Figure 1C, at concentrations of
≤20 µM, UA displayed no ability to suppress the viability of MDA-MB-231 cells within
24 h. Regarding MCF-7 cells, UA exhibited little cytostatic effect at concentrations of 10 µM
(Table 1), and when the concentrations of UA were 40–80 µM, the viability of MCF-7 and
MDA-MB-231 cells were dose-dependently suppressed.

Table 1. The percentage of MCF-7 viability was affected by ursolic acid, epirubicin, and ursolic acid
combined with epirubicin 1. Data represent means ± SEM (n = 3).

Agents
Concentration (µg/mL)/Cell Viability (%)

UA (0 µM) UA (5 µM) UA (10 µM)

EPI (0 µM) 100 ± 5.84 98.91 ± 6.79 93.78 ± 4.53
EPI (0.5 µM) 92.83 ± 2.37 79.02 ± 4.54 *# 73.76 ± 4.74 **#∆
EPI (1 µM) 83.40 ± 0.83 60.10 ± 1.13 ***###∆∆ 44.19 ± 3.14 ***###∆∆∆
EPI (5 µM) 68.67 ± 5.69 *** 43.63 ± 2.82 ***###∆∆ 34.85 ± 5.90 ***###∆∆∆

1 p-values corrected by BH (Benjamini Hochberg) methods were calculated based on a parametric Student’s
t-test or a nonparametric Mann–Whitney test (dependent on the conformity to normal distribution). * p < 0.05,
** p < 0.01 and *** p < 0.001 versus control group in the absence of any treatments; # p < 0.05 and ### p < 0.001
versus UA-treated alone group; ∆ p < 0.05, ∆∆ p < 0.01, ∆∆∆ p < 0.001 versus EPI- treated alone group.

Secondly, we measured the viability of MCF-7 and MDA-MB-231 cells after 24 h
incubation with EPI, at concentrations of 0–20 µM. As shown in Figure 1D, EPI could
markedly (p-value < 0.001) suppress the viability of MCF-7 and MDA-MB-231 cells at the
concentrations of 5–20 µM. Compared with the group of the concentration of 10 µM, EPI
at the concentrations of 20 µM had little enhancement of the inhibitory activity on the
two kinds of breast cancer cells.

2.2. Effect of UA on the Sensitivity of MCF-7/MDA-MB-231 Cells to EPI

In order to investigate the effect of UA on the sensitivity of MDA-MB-231 cells to
EPI, we chose 10 and 20 µM doses of UA to test the combinative therapy effect with EPI,
because of the little inhibitory effect (the viability of cells exceeding 90%) of UA on the
MDA-MB-231 cells at those concentrations. For the same reason, we chose 5 and 10 µM
doses of UA to conduct the same assay on MCF-7 cells. The results showed UA plus
EPI in combination could markedly suppress the proliferation of MCF-7 and MDA-MB-
231 cells compared with the control group (Tables 1 and 2 and Figure 2). When treated
with the 5 and 10 µM doses of UA alone, the viability of MCF-7 cells was 98.91% and
93.78%, respectively, which indicated that UA had no significant effects on the viability
of MCF-7 cells. Also, the viability of MCF-7 cells was decreased to 92.83%, 83.40%, and
68.67%, respectively, when treated with EPI alone at concentrations of 0.5 µM, 1 µM, and
5 µM. Furthermore, compared with the UA-treated alone or EPI-treated alone groups, the
inhibition of the viability of MCF-7 cells was significantly enhanced after treatment with UA
plus EPI in combination, and UA exhibited a significantly enhanced effect on the sensitivity
of MCF-7 cells to EPI when treated with 10 µM UA plus 1 µM EPI in combination (Table 1).
Similar results were also observed in MDA-MB-231 cells. UA showed little inhibitory
effect on the viability of MDA-MB-231 cells at the concentrations of 10 µM and 20 µM (the
viability of MDA-MB-231 cells was 97.50% and 90.12%, respectively), and UA also showed
a remarkable enhanced ability on the sensitivity of MDA-MB-231 cells to EPI when treated
with 20 µM UA plus 1 µM EPI in combination (Table 2). Additionally, compared with the
control group, there was little difference in activity levels of Caspase 3 in the UA-treated
group, EPI-treated group, and UA plus EPI treated group (Figure S1), which indicated the
inhibitory effects of UA plus EPI in combination on MCF-7/MDA-MB-231 cells related
little to apoptotic pathways.
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Table 2. The percentage of MDA-MB-231 viability was affected by ursolic acid, epirubicin, and ursolic
acid combined with epirubicin 1. Data represent means ± SEM (n = 3).

Agents
Concentration (µg/mL)/Cell Viability (%)

UA (0 µM) UA (10 µM) UA (20 µM)

EPI (0 µM) 100 ± 1.40 97.50 ± 4.23 90.12 ± 3.70
EPI (1 µM) 91.24 ± 4.26 63.12 ± 4.91 ***###∆∆∆ 53.68 ± 4.70 ***###∆∆∆
EPI (5 µM) 63.80 ± 1.48 *** 44.49 ± 3.99 ***###∆∆ 34.49 ± 1.24 ***###∆∆∆

1 p-values corrected by BH (Benjamini Hochberg) methods were calculated based on a parametric Student’s t-test
or a nonparametric Mann–Whitney test (dependent on the conformity to normal distribution). *** p < 0.001 versus
control group in the absence of any treatments; ### p < 0.001 versus UA-treated alone group; ∆∆ p < 0.01 and
∆∆∆ p < 0.001 versus EPI-treated alone group.
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Figure 2. The effects of UA or EPI on cell viability were determined by CCK-8 assay. (A) MCF-7 and
MDA-MB-231 cells were treated with the indicated concentrations of UA for 24 h. (B) MCF-7 and
MDA-MB-231 cells were treated with the indicated concentrations of EPI for 24 h. The means and
SEM were shown. n = 3. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus cells without drug treatment in
the absence of any treatments.

2.3. Effect of UA and EPI on the Migration of MCF-7/MDA-MB-231 Cells

The effect of EPI and/or UA on the migration capabilities of MCF-7 and MDA-MB-231
cells was detected by transwell assay (Figure 3). Compared with control groups, the amount
of stained MCF-7 and MDA-MB-231 cells was significantly reduced after treatment with
UA plus EPI in combination. Furthermore, compared with the EPI-treated alone group,
the number of MCF-7 cells is further reduced remarkably when treated with UA plus EPI
in combination, which indicates that UA could enhance the inhibitory effect of EPI on the
migration of MCF-7. However, UA did not exhibit a remarkable enhanced effect to EPI on
the inhibition of the migration of MDA-MB-231 cells.

2.4. Autophagy Is Involved in the Treatment of UA plus EPI in Combination in
MCF-7/MDA-MB-231 Cells

It has been reported that autophagy could suppress the proliferation of cancer cells,
even leading cancer cells to death [16]. We investigated whether autophagy is involved in
the treatment of UA plus EPI in combination in MCF-7 or MDA-MB-231 cells. As shown
in Figure 4A, the viability of MCF-7 cells was decreased significantly when treated with
10 µM UA plus 1 µM EPI in combination compared with the control group in the absence
of any treatments. Also, 3-MA (1mM), the autophagy inhibitor, showed no remarkable
effect on the viability of MCF-7 cells, whereas we found the viabilities MCF-7 cells were
increased significantly after the treatment of 3-MA+ UA plus EPI in combination compared
with the UA plus EPI in combination group. This indicates that 3-MA (1mM) could
significantly reverse the inhibitory effect of treatment with 10 µM UA plus 1 µM EPI in
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combination in MCF-7 cells, as the viability of cells was restored to 93.43%. Additionally,
RAPA slightly influenced the inhibitory effect of treatment with 10 µM UA plus 1 µM EPI
in combination in MCF-7 cells. A similar result could be found in MDA-MB-231 cells; 3-MA
(1mM) restored MDA-MB-231 cell viability to 88.01%, attenuating the inhibitory effect of
treatment with 20 µM UA plus 1 µM EPI in combination (Figure 4B). RAPA also slightly
enhanced the inhibitory effect of UA and EPI combination treatment. These results are
consistent with those of previous studies. Pan et al. found the inhibitory effect of bufalin on
colorectal cancer cells was reversed by treatment with 3-MA [17]. Lee et al. reported 3-MA
reversed the cytotoxic autophagic cell death induced by the treatment with combination of
pristimerin and paclitaxel in MDA-MB-231 cells [18]. Based on these findings, we inferred
that the inhibitory effects of UA plus EPI in combination in MCF-7 and MDA-MB-231 cells
were related to the autophagy pathway.
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Figure 3. The effects of UA and/or EPI on the migration of MCF-7 and MDA-MB-231 cells. (A) MCF-7
cells were incubated with 10 µM of UA or 1 µM of EPI, or the two in combination for 24 h. (B) MDA-
MB-231 cells were incubated with 20 µM of UA or 1 µM of EPI, or the two in combination for 24 h.
The means and SEM were shown. n = 3. * p < 0.05 and *** p < 0.001 versus control group in the absence
of any treatments; ### p < 0.001 versus EPI-treated alone group; ∆∆∆ p < 0.001 versus UA-treated
alone group. The value bars with ns are not significant.

Furthermore, the autophagic vacuoles were analyzed by MDC labeling in MCF-7
and MDA-MB-231 cells. As shown in Figure 5, compared with the control groups, the
treatment of UA plus EPI in combination could markedly increase the amount of MDC-
labeled vesicles both in MCF-7 and MDA-MB-231 cells, suggesting the induced effect of
the treatment of UA plus EPI in combination on autophagic vacuole formation. Compared
with UA plus EPI in combination group, the amount of MDC-labeled vesicles was reduced
significantly in the UA+EPI+3MA group both in MCF-7 and MDA-MB-231 cells. This result
revealed the induction of the treatment of UA plus EPI in combination on autophagic
vacuole formation was inhibited by 3-MA.

Taken together, the treatment of UA plus EPI in combination in MCF-7/MDA-MB-231
cells was related to the autophagy pathway.
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are not significant.
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Figure 5. Detection of autophagy by MDC staining in breast cancer cells. MCF-7 and MDA-MB-231
cells were pre-treated with or without 3-MA (1 mM) for 4 h, followed by UA/EPI incubation for
another 24 h, and then incubated with 0.05 mM monodansylcadaverine (MDC) for 1 h. The mor-
phological changes were then examined by fluorescence microscopy. Scale bar = 5 µm. Autophagic
vacuoles distributed within the cytoplasm or perinuclear regions stained by MDC appear as distinct
dot-like structures.
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2.5. UA Promotes EPI-Sensitivity of MCF-7/MDA-MB-231 Cells by Modulating the
Autophagy Pathway

To further prove the effects of UA and/or EPI on the autophagy pathway, we evaluated
the expression of the autophagy-related proteins by immunoblotting in MCF-7/MDA-MB-
231 cells. As shown in Figure 6, compared with the control, the protein expression levels of
Beclin-1, LC3-II/LC3-I, Atg5, Atg7 increased significantly when treated with UA plus EPI
in combination in MCF-7 cells, accompanied by a decrease in AKT expression and little
change in PI3K expression. Furthermore, the treatment of UA plus EPI in combination
could markedly increase the protein expression levels of Beclin-1, LC3-II/LC3-I, Atg5, Atg7
and decrease the expression levels of PI3K and AKT, compared with the EPI-treated alone
group in MCF-7 cells. Then, we added 3-MA to MCF-7 cells, alone or with UA and/or
EPI treatment. The Western blotting results showed that 3-MA could reverse the effect of
the treatment of UA plus EPI in combination on the protein expression levels of Beclin-1,
LC3-II/LC3-I, Atg5, Atg7 and AKT.
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Figure 6. Changes in the expression levels of autophagy-related protein in MCF-7 cells. Western
blot analysis was used to measure autophagy-related protein expression levels in MCF-7 cells.
(A) Quantification of Beclin-1 protein expression levels in MCF-7 cells. (B) Quantification of LC3-II/I
protein expression levels in MCF-7 cells. (C) Quantification of AKT protein expression levels in
MCF-7 cells. (D) Quantification of PI3K protein expression levels in MCF-7 cells. (E) Quantification
of Atg5 protein expression levels in MCF-7 cells. (F) Quantification of Atg7 protein expression levels
in MCF-7 cells. (G) Representative pictures of Beclin-1, LC3-II/I, AKT, PI3K, Atg5, Atg7 expression
by Western blot. The means and SEM were shown. n = 3. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus
control group in the absence of any treatments; # p < 0.05, ## p < 0.01 and ### p < 0.001. The value
bars with ns are not significant.

Likewise, the treatment of UA plus EPI in combination also could markedly increase
the protein expression levels of Beclin-1, LC3-II/LC3-I, Atg5, Atg7 and decrease the expres-
sion levels of PI3K and AKT, compared with the UA-treated alone or the EPI- treated alone
group in MDA-MB-231 cells (Figure 7). The effect of the treatment of UA plus EPI in combi-
nation on the protein expression levels of Beclin-1, LC3-II/LC3-I, Atg5, Atg7, PI3K and AKT
also could be reversed by 3-MA. Taken together, these results indicated that UA indeed
influenced EPI-sensitivity through the autophagy pathway in MCF-7/MDA-MB-231 cells.
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cells. (A) Quantification of Beclin-1 protein expression levels in MDA-MB-231 cells. (B) Quantification
of LC3-II/I protein expression levels in MDA-MB-231 cells. (C) Quantification of AKT protein expres-
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of Atg7 protein expression levels in MDA-MB-231 cells. (G) Representative pictures of Beclin-1,
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* p < 0.05, ** p < 0.01 and *** p < 0.001 versus control group in the absence of any treatments; # p < 0.05,
## p < 0.01 and ### p < 0.001. The value bars with ns are not significant.

3. Discussion

EPI is an anthracycline that can be used to treat breast cancer and exhibits the anti-
cancer effect by intercalating into DNA strands to block DNA and RNA synthesis and
inhibition of topoisomerase II [19]. However, the application of EPI in the treatment of
cancer has been limited due to its serious adverse side effects, particularly dose-related
cardiotoxicity, which can cause irreversible congestive cardiac failure in patients [20]. Thus,
it is of great significance to explore therapy to enhance the sensitivity of breast cancer cells
to epirubicin.

Nowadays, more and more attention had been attracted to the application of natural
products to chemotherapy for cancer, which could improve chemotherapeutic efficacy [21],
and many combination therapies have been explored successfully for antitumor ther-
apy [22]. Virginie Aires et al. revealed that resveratrol and its metabolites could synergize
with SN38 or oxaliplatin on colon cancer cells [23]. UA is a pentacyclic triterpenoid widely
found in different medicinal herbs, possessing many biological effects including neuro-
protection and antidepressant-like and antitumor activities [24,25]. Xavier et al. found
UA could modulate autophagy through the JNK pathway in apoptosis-resistant colorectal
cancer cells and induce cell death [26]. In this study, we found that ursolic acid can signifi-
cantly improve the drug sensitivity of human breast cancer MCF-7 and MDA-MB-231 cells
to EPI. So, the result indicated that ursolic acid might be helpful to reduce the clinical dose
of EPI in breast cancer patients, thereby decreasing the side effects of EPI. Additionally,
we cannot disregard the fact that UA plus EPI in combination could decrease the amount
of the migrated cells in MCF-7 cells compared with EPI-treated cells but did not affect
those significantly in MDA-MB-231 cells. This difference indicated that the highly invasive
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phenotype of MDA-MB-231 cells cannot be affected by UA and UA might enhance the
drug sensitivity of MDA-MB-231 cells to EPI through other mechanisms.

Currently, autophagy is increasingly recognized as playing an important role in tumor
therapy [27], and the anticancer mechanism of autophagy is multifaceted. Autophagy
could not only inhibit the growth of precancerous cells by repairing damaged organelles,
particularly mitochondrial networks [28], but could also maintain genome stability by
clearing off abnormal organelles or protein aggregation to prevent malignant transforma-
tion during tumorigenesis [29]. LC3-II protein is a general marker for the formation of
autophagosomes due to its role as an important component of the autophagosome mem-
brane [30]. The LC3-II protein assembly process was proposed as shown in Figure S2 [28].
The microtubule-associated protein LC3 was proteolytically cleaved to generate the LC3-I
precursor molecule under the promotion of ATG4, and the ligases ATG7 and ATG10 facili-
tated ATG12–ATG5 complex formation and further formed the ATG12–ATG5–ATG16L1
complex that promoted conjugation of LC3-I to PE, producing LC3-II. Thus, the LC3-
II/LC3-I ratio was correlated with autophagic flux. Besides, Beclin-1, a crucial mammalian
autophagy protein, is involved in the interaction between autophagy and cell death path-
way as part of a core complex that contains vacuolar sorting protein 34 (VPS34), a class III
phosphatidylinositol-3 kinase [31]. Leng et al. found UA promotes cancer cell death by
inducing Atg5-dependent autophagy [32]. Additionally, UA has also been demonstrated to
cause the upregulation of Beclin-1 in hypertrophic scar fibroblasts [33]. Similar results were
also found in our study. We found the protein expression levels of Beclin-1, LC3-II/LC3-,
Atg5 increased significantly after the treatment of UA plus EPI in combination, compared
with the UA-treated alone or the EPI-treated alone group, both in MCF-7 and MDA-MB-
231 cells. The effect of the treatment of UA plus EPI in combination on these proteins
was reversed by 3-MA. Based on these findings, we inferred that UA could enhance the
EPI-induced autophagy and the changed level of Beclin-1 further indicated that UA was
involved in the regulation of the class III PI3K(VPS34)/Beclin-1 pathway by EPI.

The class I PI3K/AKT/mTOR pathway is the major negative signaling pathway
against autophagy [34]. PI3K/Akt is a classic upstream signal of mTOR and regulates
mTOR activation [35]. Deng et al. reported that deactivating the PI3K/Akt/mTOR pathway
suppresses renal carcinoma cancer cells by increasing autophagy [36]. Meng et al. found
UA could inhibit cell proliferation of human prostate cancer cells through modulation
of the PI3K/Akt/mTOR pathway [37]. Similar results were also found in our study: the
treatment of UA plus EPI in combination could also markedly decrease the expression
levels of PI3K and AKT compared with the UA-treated alone or the EPI-treated alone
group both in MCF-7 and MDA-MB-231 cells. The decrease of these proteins induced
by the treatment of UA plus EPI in combination was reversed by 3-MA both in MCF-7
and MDA-MB-231 cells. These results demonstrated that UA enhanced the regulation of
activation of the PI3K/AKT/mTOR pathway by EPI.

Autophagy plays a critical role in cellular survival through reduced growth and
increased catabolic lysis of unnecessary proteins and organelles when cancer cells are
subjected to stressful conditions [16]. However, persistent or excessive autophagy also
was reported to promote cell death following treatment with specific chemotherapeutic
agents [38]. Despite the paradoxical roles of autophagy in tumor suppression and tumor
promotion, manipulation of autophagic processes remains an attractive prospect as a new
method of cancer therapy. In this study, we found that UA enhanced autophagy-induced by
EPI and promoted autophagic cell death in MCF-7 and MDA-MB-231 cells. These findings
provide evidence that the co-treatment of UA and EPI may be a new therapeutic strategy
for breast cancer.

4. Materials and Methods
4.1. Reagents and Instruments

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
purchased from GIBCO (Grand Island, NY, USA). Ursolic acid (UA) was purchased from
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Nanjing Zelang Plant Extract Co., Ltd. (Nanjing, China). Epirubicin was purchased from
Rhawn (Shanghai, China). Autophagy inhibitor, 3-Methyladenine (3-MA), was purchased
from Selleck Chemicals (Houston, TX, USA). Protease inhibitor, ECL luminescence reagent,
Cell lysis buffer, Cell Counting Kit-8, Caspase3 ELISA Kit, Bradford Protein Assay Kit and
autophagy agonist, rapamycin (RAPA), were obtained from Solarbio (Beijing, China). Class
I PI3K, AKT, Beclin-1, LC3-II/LC3-, Atg5, Atg7 and β-Actin antibodies were purchased
from CST (USA). RIPA Lysis Buffer (RIPA) was purchased from Biosharp (Guangzhou,
China). Monodansylcadaverine (MDC) and Transwell chambers were purchased from
Sigma (Shanghai, China). BCA Protein Assay Kit (BCA) was purchased from Bioteke
(Beijing, China).

4.2. Cell Culture

The human breast cancer cells, MCF-7 and MDA-MB-231, were a kind gift from
Professor Huanran Tan from Peking University Health Science Center. Cells were grown in
DMEM supplemented with 10% FBS in a humidified incubator and flushed continuously
at 37 ◦C with 5% CO2. When the cells reached 80% confluence, they were seeded onto
24-well or 6-well plates for further experiments. UA and EPI were dissolved in DMSO,
respectively, and diluted into different concentrations with the culture medium. The final
DMSO concentration in all assays did not exceed 0.1% (v/v).

4.3. Cell Viability Assessment

Cell viability assessment was performed by using Cell Counting Kit with the published
methods [39], with some modifications. Cells were seeded in a 96-well plate at a density
of 8 × 104 cells/well. After 24 h, the medium was removed and a fresh medium along
with various concentrations of EPI and/or UA (EPI: 0, 20, 40, 60, 80 µM; UA: 0, 1, 5, 10,
20 µM; 5, 10 µM UA plus 0.5, 1, 5 µM EPI respectively in combination in MCF-7 cells; 10,
20 µM UA plus 1, 5 µM EPI respectively in combination in MDA-MB-231 cells) was added
to the cultures.

After 24 h incubation, 10 µL CCK-8 was added to each well of the plate. Next, the plate was
incubated for 2 h in the incubator at 37 ◦C with 5% CO2. Then, the absorbance was determined
at 450 nm using an ELISA reader (TECAN Infinite 200 Pro, Tecan, Männedorf, Switzerland).

4.4. Caspase 3 Activity Assay

Cells were seeded in 6-well plates at a density of 1 × 106 cells/well and incubated
overnight. Then, the medium was replaced with fresh medium and the cells were treated
with EPI and/or UA (10 µM UA and/or 1 µM EPI in MCF-7 cells; 20 µM UA and/or 1 µM
EPI in MDA-MB-231 cells) for 24 h. Then cell lysis buffer was used to extract all protein
from the cells. After that, lysates were cleared by centrifugation, followed by measurement
of protein concentration by the Bradford method. Caspase-3 activity was evaluated using
a commercially available Caspase3 ELISA Kit according to the manufacturer’s instruc-
tions. The absorbance values were determined at 405 nm using the ELISA plate reader.
The activity levels were expressed compared with the control group.

4.5. Transwell Assay

The effect of EPI and/or UA on migration capabilities of MCF-7 and MDA-MB-231
cells was detected by Transwell assay. A cell suspension was re-suspended in serum-free
DMEM medium, and 300 µL cell suspension was seeded in the upper part of the chamber
at a density of 8 × 104 cells/mL. Then, 500 µL DMEM medium containing 10% FBS was
added to the lower parts of the chamber. After 24 h of EPI and/or UA (10 µM UA and/or
1 µM EPI in MCF-7 cells; 20 µM UA and/or 1 µM EPI in MDA-MB-231 cells) treatment, the
cells were fixed with 4% paraformaldehyde for 1 h and then dyed with a 0.2% crystal violet
solution for 15 min. Finally, the stained cells were washed and observed at ×200 under an
inverted microscope.



Molecules 2022, 27, 3399 11 of 13

4.6. The Effects of the Combination of EPI with UA on Autophagy in MCF-7 and MDA-MB-231 Cells

The cells were seeded in 96 well plates at a density of 8 × 104 cells/well. After 24 h,
the medium was removed and fresh medium added. The cells were treated with 3-MA
(1 mM) or RAPA (10 ng/mL). The cells without treatment served as control. After 4 h
incubation, the cells were treated with UA plus EPI in combination (10 µM UA plus 1 µM
EPI in combination in MCF-7 cells; 20 µM UA plus 1 µM EPI in combination in MDA-
MB-231 cells). After 22 h incubation, 10 µL CCK-8 was added to each well of the plate.
Next, the plate was incubated for 2 h in the incubator at 37 ◦C with 5% CO2. Then, the
absorbance was determined at 450 nm using an ELISA reader (TECAN Infinite 200 Pro,
Männedorf, Switzerland).

4.7. Quantification of Monodansylcadaverine Cell Labeling

Monodansylcadaverine (MDC) is a specific autophagolysosome marker for ana-
lyzing the autophagic process. Cells were seeded in a 24-well plate at a density of
5 × 104 cells/well for 24 h. Then, the medium was replaced with fresh medium and
the cells were treated with UA plus EPI in combination (10 µM UA plus 1 µM EPI in
combination in MCF-7 cells; 20 µM UA plus 1 µM EPI in combination in MDA-MB-231
cells) with/without 3-MA (1 mM) added 4 h in advance for 24 h. Then, autophagic vacuoles
were labeled with MDC by incubating cells with 10 µM MDC at 37 ◦C for 20 min. After
incubation, cells were washed 3 times with phosphate-buffered saline, and fluorescence
changes at an excitation wavelength of 488 nm and an emission filter at 570 nm were
observed by fluorescence microscopy (Olympus, Tokyo, Japan).

4.8. Western Blot Analysis

Cells were seeded in a 6-well plate at a density of 8 × 104 cells/well for 24 h. Then, the
medium was replaced with a fresh medium and the cells were treated with various concen-
trations of EPI and/or UA (10 µM UA and/or 1 µM EPI in MCF-7 cells; 20 µM UA and/or
1 µM EPI in MDA-MB-231 cells with/without 3-MA (1 mM) or RAPA (10 ng/mL) added 4 h
in advance) for 24 h. Total cell lysates were harvested by RIPA buffer containing complete
protease inhibitors, and the total protein concentrations of the supernatants were assessed
with a BCA kit. The equal amounts of the extracted proteins were loaded and subjected
to SDS-polyacrylamide gels. After electrophoresis, the proteins were electrotransferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% BSA
and then incubated with diluted primary antibodies overnight at 4 ◦C. Then, the mem-
branes were washed with 0.1% Tween-20 in Tris-buffered saline (TBS) and incubated with
secondary antibodies for 2 h at room temperature with gentle shaking. Protein–antibody
complexes were detected with the ECL substrate by the Chemdoc imaging system. Finally,
the amounts of target proteins were quantified by ImageJ (NIH, Bethesda, MD, USA).

4.9. Statistical Analysis

Statistical significance was determined using GraphPad Prism 8.0 software (San Diego,
CA, USA). All data were presented as the means ± SEM. Statistical analysis among multiple
groups was carried out using one-way or two-way ANOVA followed by a Benjamini–
Hochberg post-test. A p-value < 0.05 was considered statistically significant.

5. Conclusions

Overall, our research indicated that UA could be synergistic with EPI in the treatment
of human breast cancer cells MCF-7 and MDA-MB-231. We further found that UA can
significantly improve the drug sensitivity of human breast cancer MCF-7 and MDA-MB-231
cells to EPI. We also explored the potential mechanism of the enhanced effect of UA on the
sensitivity of MCF-7 and MDA-MB-231 cells to EPI. Our results illustrated UA had effects
on the class III PI3K(VPS34)/Beclin-1 pathway and PI3K/AKT/mTOR pathway to enhance
the EPI-induced autophagy in MCF-7 and MDA-MB-231 cells. However, further in vivo
studies are necessary to verify the enhanced effect of UA on the sensitivity of MCF-7 and
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MDA-MB-231 cells to EPI. Based on these findings, the combination strategy of UA and
EPI may offer an alternative treatment for breast cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27113399/s1, Figure S1. ELISA analysis of the caspase3
activity in MCF-7 (A) and MDA-MB-231 (B) cells. * p < 0.05, ** p < 0.01, *** p < 0.005. Figure S2. LC3-II
protein assembly process.
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10. Rejhová, A.; Opattová, A.; Čumová, A.; Slíva, D.; Vodička, P. Natural compounds and combination therapy in colorectal cancer

treatment. Eur. J. Med. Chem. 2018, 144, 582–594. [CrossRef]
11. Liu, H.C.; Chiang, C.C.; Lin, C.H.; Chen, C.S.; Wei, C.W.; Lin, S.Y.; Yiang, G.T.; Yu, Y.L. Anti-cancer therapeutic benefit of red

guava extracts as a potential therapy in combination with doxorubicin or targeted therapy for triple-negative breast cancer cells.
Int. J. Med. Sci. 2020, 17, 1015–1022. [CrossRef] [PubMed]

12. Chan, E.W.C.; Soon, C.Y.; Tan, J.B.L.; Wong, S.K.; Hui, Y.W. Ursolic acid: An overview on its cytotoxic activities against breast and
colorectal cancer cells. J. Integr. Med. 2019, 17, 155–160. [CrossRef] [PubMed]

13. Navin, R.; Kim, S.M. Therapeutic interventions using ursolic acid for cancer treatment. Med. Chem. 2016, 6, 339–344. [CrossRef]
14. Shanmugam, M.K.; Dai, X.; Kumar, A.P.; Tan, B.K.H.; Sethi, G.; Bishayee, A. Ursolic acid in cancer prevention and treatment:

Molecular targets, pharmacokinetics and clinical studies. Biochem. Pharmacol. 2013, 85, 1579–1587. [CrossRef]
15. Lewinska, A.; Adamczyk-Grochala, J.; Kwasniewicz, E.; Deregowska, A.; Wnuk, M. Ursolic acid-mediated changes in glycolytic

pathway promote cytotoxic autophagy and apoptosis in phenotypically different breast cancer cells. Apoptosis 2017, 22, 800–815.
[CrossRef]

16. Kondo, Y.; Kanzawa, T.; Sawaya, R.; Kondo, S. The role of autophagy in cancer development and response to therapy. Nat. Rev.
Cancer 2005, 5, 726–734. [CrossRef]

17. Pan, Z.; Xie, Y.; Bai, J.; Lin, Q.; Cui, X.; Zhang, N. Bufalin suppresses colorectal cancer cell growth through promoting autophagy
in vivo and in vitro. RSC Adv. 2018, 8, 38910–38918. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27113399/s1
https://www.mdpi.com/article/10.3390/molecules27113399/s1
http://doi.org/10.1016/j.prp.2019.152609
http://www.ncbi.nlm.nih.gov/pubmed/31488317
http://doi.org/10.3390/ijms19113480
http://www.ncbi.nlm.nih.gov/pubmed/30404148
http://doi.org/10.4161/auto.7.9.16521
http://doi.org/10.1126/science.290.5497.1717
http://doi.org/10.3390/cells5020024
http://doi.org/10.1038/45257
http://doi.org/10.1016/j.drup.2007.05.001
http://doi.org/10.1016/j.tiv.2018.05.010
http://doi.org/10.1016/j.ejmech.2017.12.039
http://doi.org/10.7150/ijms.40131
http://www.ncbi.nlm.nih.gov/pubmed/32410830
http://doi.org/10.1016/j.joim.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30928277
http://doi.org/10.4172/2161-0444.1000367
http://doi.org/10.1016/j.bcp.2013.03.006
http://doi.org/10.1007/s10495-017-1353-7
http://doi.org/10.1038/nrc1692
http://doi.org/10.1039/C8RA06566G


Molecules 2022, 27, 3399 13 of 13

18. Lee, Y.; Na, J.; Lee, M.S.; Cha, E.Y.; Sul, J.Y.; Park, J.B.; Lee, J.S. Combination of pristimerin and paclitaxel additively induces
autophagy in human breast cancer cells via ERK1/2 regulation. Mol. Med. Rep. 2018, 18, 4281–4288. [CrossRef]

19. Raje, S.; Pandav, K.; Barthwal, R. Dual mode of binding of anti cancer drug epirubicin to G-quadruplex [d-(TTAGGGT)]4
containing human telomeric DNA sequence induces thermal stabilization. Bioorg. Med. Chem. 2019, 27, 115131. [CrossRef]

20. Khasraw, M.; Bell, R.; Dang, C. Epirubicin: Is it like doxorubicin in breast cancer? A clinical review. Breast 2012, 21, 142–149.
[CrossRef]

21. Uzoigwe, J.; Sauter, E.R. Cancer prevention and treatment using combination therapy with plant- and animal-derived compounds.
Expert Rev. Clin. Pharmacol. 2012, 5, 701–709. [CrossRef] [PubMed]

22. Du, S.; Yu, Y.; Xu, C.; Xiong, H.; Yang, S.; Yao, J. LMWH and its derivatives represent new rational for cancer therapy: Construction
strategies and combination therapy. Drug Discov. Today 2019, 24, 2096–2104. [CrossRef] [PubMed]

23. Aires, V.; Limagne, E.; Cotte, A.K.; Latruffe, N.; Ghiringhelli, F.; Delmas, D. Resveratrol metabolites inhibit human metastatic
colon cancer cells progression and synergize with chemotherapeutic drugs to induce cell death. Mol. Nutr. Food Res. 2013,
57, 1170–1181. [CrossRef] [PubMed]

24. Colla, A.R.S.; Rosa, J.M.; Cunha, M.P.; Rodrigues, A.L.S. Anxiolytic-like effects of ursolic acid in mice. Eur. J. Pharmacol. 2015,
758, 171–176. [CrossRef]

25. Li, L.; Zhang, X.; Cui, L.; Wang, L.; Liu, H.; Ji, H.; Du, Y. Ursolic acid promotes the neuroprotection by activating Nrf2 pathway
after cerebral ischemia in mice. Brain Res. 2013, 1497, 32–39. [CrossRef] [PubMed]

26. Xavier, C.P.R.; Lima, C.F.; Pedro, D.F.N.; Wilson, J.M.; Kristiansen, K.; Pereira-Wilson, C. Ursolic acid induces cell death and
modulates autophagy through JNK pathway in apoptosis-resistant colorectal cancer cells. J. Nutr. Biochem. 2013, 24, 706–712.
[CrossRef]

27. Zhi, X.; Zhong, Q. Autophagy in cancer. F1000prime Rep. 2015, 7, 18. [CrossRef]
28. Bhat, P.; Kriel, J.; Priya, B.S.; Basappa; Shivananju, N.S.; Loss, B. Modulating autophagy in cancer therapy: Advancements and

challenges for cancer cell death sensitization. Biochem. Pharmacol. 2018, 147, 170–182. [CrossRef]
29. Ma, Y. Chapter 13—Role of Autophagy in Cancer Therapy. In Autophagy: Cancer, Other Pathologies, Inflammation, Immunity,

Infection, and Aging; Hayat, M.A., Ed.; Academic Press: San Diego, CA, USA, 2016; pp. 231–251.
30. Yang, K.L.; Khoo, B.Y.; Ong, M.T.; Yoong, I.C.K.; Sreeramanan, S. In vitro anti-breast cancer studies of LED red light therapy

through autophagy. Breast Cancer 2021, 28, 60–66. [CrossRef]
31. Funderburk, S.F.; Wang, Q.J.; Yue, Z. The Beclin 1–VPS34 complex—At the crossroads of autophagy and beyond. Trends Cell Biol.

2010, 20, 355–362. [CrossRef]
32. Leng, S.; Hao, Y.; Du, D.; Xie, S.; Hong, L.; Gu, H.; Zhu, X.; Zhang, J.; Fan, D.; Kung, H.-F. Ursolic acid promotes cancer cell death

by inducing Atg5-dependent autophagy. Int. J. Cancer 2013, 133, 2781–2790. [CrossRef] [PubMed]
33. Cao, C.; Wang, W.; Lu, L.; Wang, L.; Chen, X.; Guo, R.; Li, S.; Jiang, J. Inactivation of Beclin-1-dependent autophagy promotes

ursolic acid-induced apoptosis in hypertrophic scar fibroblasts. Exp. Derm. 2018, 27, 58–63. [CrossRef] [PubMed]
34. Xue, J.F.; Shi, Z.M.; Zou, J.; Li, X.L. Inhibition of PI3K/AKT/mTOR signaling pathway promotes autophagy of articular

chondrocytes and attenuates inflammatory response in rats with osteoarthritis. Biomed. Pharmacother. 2017, 89, 1252–1261.
[CrossRef]

35. Chang, L.; Graham, P.H.; Hao, J.; Ni, J.; Bucci, J.; Cozzi, P.J.; Kearsley, J.H.; Li, Y. PI3K/Akt/mTOR pathway inhibitors enhance
radiosensitivity in radioresistant prostate cancer cells through inducing apoptosis, reducing autophagy, suppressing NHEJ and
HR repair pathways. Cell Death Dis. 2014, 5, e1437. [CrossRef]

36. Deng, F.; Ma, Y.X.; Liang, L.; Zhang, P.; Feng, J. The pro-apoptosis effect of sinomenine in renal carcinoma via inducing autophagy
through inactivating PI3K/AKT/mTOR pathway. Biomed. Pharmacother. 2018, 97, 1269–1274. [CrossRef]

37. Meng, Y.; Lin, Z.-M.; Ge, N.; Zhang, D.-L.; Huang, J.; Kong, F. Ursolic Acid Induces Apoptosis of Prostate Cancer Cells via the
PI3K/Akt/mTOR Pathway. Am. J. Chin. Med. 2015, 43, 1471–1486. [CrossRef]

38. Singh, S.S.; Vats, S.; Chia, A.Y.Q.; Tan, T.Z.; Deng, S.; Ong, M.S.; Arfuso, F.; Yap, C.T.; Goh, B.C.; Sethi, G.; et al. Dual role of
autophagy in hallmarks of cancer. Oncogene 2018, 37, 1142–1158. [CrossRef] [PubMed]

39. Zou, C.; Shen, Z. An optimized in vitro assay for screening compounds that stimulate liver cell glucose utilization with low
cytotoxicity. J. Pharmacol. Toxicol. Met. 2007, 56, 58–62. [CrossRef]

http://doi.org/10.3892/mmr.2018.9488
http://doi.org/10.1016/j.bmc.2019.115131
http://doi.org/10.1016/j.breast.2011.12.012
http://doi.org/10.1586/ecp.12.62
http://www.ncbi.nlm.nih.gov/pubmed/23234327
http://doi.org/10.1016/j.drudis.2019.06.011
http://www.ncbi.nlm.nih.gov/pubmed/31228613
http://doi.org/10.1002/mnfr.201200766
http://www.ncbi.nlm.nih.gov/pubmed/23495229
http://doi.org/10.1016/j.ejphar.2015.03.077
http://doi.org/10.1016/j.brainres.2012.12.032
http://www.ncbi.nlm.nih.gov/pubmed/23276496
http://doi.org/10.1016/j.jnutbio.2012.04.004
http://doi.org/10.12703/P7-18
http://doi.org/10.1016/j.bcp.2017.11.021
http://doi.org/10.1007/s12282-020-01128-6
http://doi.org/10.1016/j.tcb.2010.03.002
http://doi.org/10.1002/ijc.28301
http://www.ncbi.nlm.nih.gov/pubmed/23737395
http://doi.org/10.1111/exd.13410
http://www.ncbi.nlm.nih.gov/pubmed/28767174
http://doi.org/10.1016/j.biopha.2017.01.130
http://doi.org/10.1038/cddis.2014.415
http://doi.org/10.1016/j.biopha.2017.11.064
http://doi.org/10.1142/S0192415X15500834
http://doi.org/10.1038/s41388-017-0046-6
http://www.ncbi.nlm.nih.gov/pubmed/29255248
http://doi.org/10.1016/j.vascn.2006.12.005

	Introduction 
	Results 
	Effects of UA and EPI on the Viability of MCF-7/MDA-MB-231 Cells 
	Effect of UA on the Sensitivity of MCF-7/MDA-MB-231 Cells to EPI 
	Effect of UA and EPI on the Migration of MCF-7/MDA-MB-231 Cells 
	Autophagy Is Involved in the Treatment of UA plus EPI in Combination in MCF-7/MDA-MB-231 Cells 
	UA Promotes EPI-Sensitivity of MCF-7/MDA-MB-231 Cells by Modulating the Autophagy Pathway 

	Discussion 
	Materials and Methods 
	Reagents and Instruments 
	Cell Culture 
	Cell Viability Assessment 
	Caspase 3 Activity Assay 
	Transwell Assay 
	The Effects of the Combination of EPI with UA on Autophagy in MCF-7 and MDA-MB-231 Cells 
	Quantification of Monodansylcadaverine Cell Labeling 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

