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A novel synthetic ursolic acid derivative inhibits growth
and induces apoptosis in breast cancer cell lines
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Abstract. The present study investigated the anticancer
functions of ursolic acid (UA) and its novel derivatives,
with a nitrogen‑containing heterocyclic scaffold and the
privileged fragment at the C‑28 position on apoptosis induction, cell proliferation and cell cycle in human BC lines. UA
was chemically modified in the present study to increase its
antitumor activity and bioavailability. A novel UA derivative, FZU3010, was synthesized using a nitrogen‑containing
heterocyclic scaffold and a privileged fragment at the C‑28
position. Sulforhodimine B assays were used to measure the
effect of UA and different concentrations of FZU3010 on the
viability of breast cancer (BC) SUM149PT and HCC1937
cells. FZU3010 significantly repressed the proliferation of
the two cancer cell lines in a dose‑dependent manner, with a
half‑maximal inhibitory concentration of 4‑6 µM, and exhibited decreased cytotoxicity compared with vehicle‑treated cell
lines. The effect of FZU3010 on cell cycle distribution and
cellular apoptosis was also investigated. The results of this
investigation indicated that FZU3010 significantly increased
the number of SUM149PT and breast cancer HCC1937 cells in
the G0/G1 phase in a dose‑dependent manner. Additionally, at a
concentration of 5 µM, the capability of FZU3010 to induce BC
apoptosis was significantly higher than the capability of UA.
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Thus, the results of the current study indicated that FZU3010
induced apoptosis in BC cells, together with induction of cell
cycle arrest at the S and G 0/G1 phase. FZU3010 may therefore
be considered as a potential therapeutic agent for the treatment
of BC.
Introduction
Breast cancer (BC) is an important global health problem (1).
According to estimates by the American Cancer Society in
2015, BC is a common cause of cancer‑associated mortality
in females in the United States and is predicted to account
for 29% of all new female cancer diagnoses (2). As with other
types of cancer, BC occurs due to an interaction between a
lifestyle factor (drinking alcohol, hormone replacement
therapy during menopause and ionizing radiation) (3,4) and
a genetically susceptible host, such as in patients with breast
cancer susceptibility protein family gene mutations (5‑7).
Current therapeutic options, including adjuvant chemotherapy,
radiotherapy, hormone therapies and surgery are appropriate
for patients with BC (8). These treatments have significant
side effects, including decreased immunity, nausea, vomiting,
anemia, leukopenia and myelosuppression (9). However,
further investigation is required for developing better and
more effective therapeutic agents.
A number of recently conducted studies have recognized
several potential agents (10), biomarkers (11) and candidate
pathways (12) that may be used to treat patients with BC.
Among these approaches, cancer chemoprevention using
synthetic or natural complexes to treat, slow, suppress or
reverse the progression of tumorigenesis is one of the most
promising anticancer strategies. A growing number of natural
products and raw materials are being synthesized into potential therapeutic agents for the management of various types of
cancer (10‑12). Ursolic acid (UA) is a pentacyclic triterpenoid
complex extracted from naturally growing herbs (13). Previous
studies have demonstrated that UA has antiviral, antibacterial,
immunomodulatory and hepatoprotective properties (14,15).
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Several studies have confirmed that UA has anti‑proliferative
properties in a variety of cancer cell lines, including those
of colorectal cancer (16), endometrial cancer (17), squamous
skin cancer (18) and BC (19). Furthermore, UA exhibits a wide
range of activities that have an effect on the development of
cancer, including repression of proliferation, angiogenesis,
invasion, metastasis, differentiation and induction of tumor
cell apoptosis (20). However, the poor bioavailability and
tumor‑targeting speciﬁcity of UA limits its clinical application
in BC treatment (21).
A wide range of chemically modiﬁed compounds of UA
has been used to increase its bioavailability and antitumor
efﬁcacy (12). The combination of acyl piperazine moiety at
C‑28 has been demonstrated to improve the antitumor activity
of UA derivatives (22,23). Additionally, a number of studies
have described that several UA modiﬁed derivatives at the
C‑3 and/or 17‑COOH positions have signiﬁcantly improved
antitumor effects (24‑26). Modifications at C‑28 and C‑3 of
UA may therefore lead to improved anti‑BC activity. The
current study investigated the anticancer functions of UA and
its novel derivatives, with a nitrogen‑containing heterocyclic
scaffold and the privileged fragment at the C‑28 position on
apoptosis induction, cell proliferation and cell cycle in human
BC lines. The aim of the current study was to identify novel
UA derivative compounds with limited side effects, high selectivity, low toxicity and improved anticancer activity.
Materials and methods
Preparation of UA derivative FZU3010. 3‑acetyl UA
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was
produced by treating UA (TGI) with acetic anhydride in dry
pyridine under the existing 4‑dimethylaminopyridine at room
temperature for 2 h. 3‑acetyl UA was treated with oxalyl chloride at room temperature for 3 h to produce an intermediary
28‑acyl chloride. This compound was then mixed at room
temperature for 2 h with piperazine (Sinopharm Chemical
Reagent Co., Ltd.) to synthesize FZU3010.
Cell culture. BC SUM149PT and HCC1937 cell lines were
obtained from Key Laboratory of Animal Models and Human
Disease Mechanisms at the Kunming Institute of Zoology
(Chinese Academy of Sciences, Kunming, China). SUM149PT
cells were maintained in RPMI‑1640 (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and HCC1937 cells were
cultured in Ham's F12 medium (Lonza Group, Ltd., Basel,
Switzerland) at 37˚C. The medium was supplemented with
1% antibiotics (100 mg/ml streptomycin sulfate and 100 U/ml
penicillin) and 10% fetal bovine serum (FBS; GE Healthcare
Life Sciences, Logan, UT, USA). Cells were cultivated at 37˚C
with a humidiﬁed atmosphere of 5% CO2. Dimethyl sulfoxide
(DMSO) was used to prepare the stock solutions and additional
dilutions were produced using fresh culture medium. The
concentration of DMSO was 1% in the ﬁnal culture medium.
Cell viability/proliferation assay. Cell proliferation was
determined using a sulforhodamine B (SRB) assay kit
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany).
SUM149PT and HCC1937 cells were cultured in 96‑well plates
at a density of 2,000 cells/well for 48 h at 37˚C. Cells were

then treated with seven different concentrations of FZU3010
and UA (1, 2, 4, 6, 8, 10 and 20 µM) for 48 h; DMSO served
as a negative control. Cells were fixed in 100 ml 10% trichloroacetic acid for 1 h at 37˚C and then washed with deionized
water five times. Cells were stained for 5 min with 50 ml 0.4%
(W/V) SRB in 1% acetic acid in the dark at room temperature
and the plates were then washed five times with 1% acetic acid
prior to being dried. A total of 100 ml 10 mM Tris base was
then added to each well. Optical densities were determined at a
wavelength of 530 nm using a spectrophotometric plate reader.
Cell viability values at different drug dosages were plotted
and half‑maximal inhibitory concentration (IC50) values were
obtained from the graphs created.
Cell cycle analysis. A cell‑cycle cytotoxicity assay was used
to determine the suppression of cancer cell development.
SUM149PT and HCC1937 cells were seeded onto 96‑well
plates at a density of 1x104 cells/well and were treated for 24 h
with FZU3010 (2.5 and 5 µM), UA (5 µM) or 0.1% DMSO,
which was used as a vehicle‑treated control. SUM149PT
and HCC1937 (1x10 4) cells were collected using trypsinization and ice‑cold PBS was then used to wash the cells.
Cells were fixed with ice‑cold 70% methanol overnight at
4˚C. All cells were centrifuged (4˚C, 13,000 x g) and placed
in ice‑cold PBS suspension prior to being incubated with
RNase (Sigma‑Aldrich; Merck KGaA) for 30 min at 37˚C.
Cells were then stained with 1 mg/ml propidium iodide (PI)
(Sigma‑Aldrich; Merck KGaA) in the dark at 4˚C for 30 min. A
FACScan flow cytometer 337452 Rev system (BD Biosciences,
Franklin Lakes, NJ, USA) was then used to analyze cell cycle
distribution. All data were analyzed using CELL Quest and
ModFit LT software for Mac V1.01 (Verity Software House,
Inc., Topsham, ME, USA).
Apoptosis analysis. The Annexin V‑fluoroscein isothiocyanate
(FITC)/PI test was used to determine the rate of apoptosis in
the BC cell lines. Doxorubicin (DTX; Sigma‑Aldrich; Merck
KGaA) served as a positive control. Cells were cultured in
6‑well plates at a density of 2x106/well in 10% FBS‑Dulbecco's
modified Eagle's medium (Gibco; Thermo Fisher Scientific,
Inc.) and treated at room temperature with different concentrations of UA (0, 1.25, 2.5 or 5 µM) and 5 µM DTX for 48 h.
Cold PBS was then used to wash the cells twice for 30 min and
cells were resuspended into 1X binding buffer (1.4 M NaCl,
25 mM CaCl2, 0.1 M Hepes/NaOH; pH 7.4) at a concentration
of 1x106 cells/ml. A total of 100 µl solution (1x105 cells) was
transferred into a 5‑ml culture tube and 5 µl Annexin V‑FITC
(BD Biosciences) and 5 µl PI was added to each tube. Cells
were gently vortexed and incubated at room temperature for
30 min in the dark. A total of 200 ml PBS was then added to
each tube. A FACSCalibur flow cytometer with FACSLoader
(BD Biosciences) was used to analyze the cells at emission
and excitation wavelengths of 488 and 570 nm, respectively.
Apoptosis was determined using the Annexin V‑FITC/PI
apoptosis kit (Biovision, Inc., Milpitas, CA, USA) according
to the manufacturers protocol as per the manufacturer's
instructions.
Statistical analysis. Data are expressed as the mean ± standard deviation from at least three experiments. One‑way
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Figure 1. Synthesis of (A) ursolic acid (UA) derivative (B) FZU3010. 1, C‑3 position of UA; 2, C‑28 position of UA. Red arrows indicate chemical modifications
of UA FZU3010.

Figure 2. Dose‑response curves of the anti‑proliferative effect of FZU3010 and UA. A sulforhodamine B assay was used to determine the capability of
FZU3010 and UA to inhibit the viability of SUM149PT and HCC1937 cells. FZU3010 (0, 1, 2, 4, 6, 8, 10 and 20 µM) and UA (0, 1, 2, 4, 6, 8, 10 and 20 µM) was
used to treat (A) SUM149PT and (B) HCC1937 cells for 48 h. Data are expressed as the mean ± standard deviation from at least three experiments. Unpaired
two‑tailed test was used to compare differences between groups. UA, ursolic acid.

analysis of variance was used to analyze and compare multiple
drug concentrations within the same group, and unpaired
two‑tailed tests were used to compare differences between
groups. The least signiﬁcant difference post hoc method was
used to perform mean separations. IC50 concentrations/curves
were calculated and drawn using Excel 2007 (Microsoft
Corporation, Redmond, WA, USA). All statistical analyses
were performed using SPSS 18.0 (SPSS, Inc., Chicago, IL,
USA). P<0.05 was determined to indicate statistically significant difference.
Results
Chemistry of FZU3010. UA was used as the parent compound
in the present study and modiﬁcations were made to its structure at the C‑3 position and C‑28 position. Synthesis of the UA
derivative FZU3010 is presented in Fig. 1.
Effect of UA and FZU3010 on cell viability. An SRB assay
was used to determine the effect of FZU3010 and UA on the
viability of SUM149PT and HCC1937 cells. Cells were incubated for 48 h with 0, 1, 2, 4, 6, 8, 10 and 20 µM FZU3010
or UA. The IC50 values for UA to suppress cell viability
were 8‑10 µM in the two cancer cell lines (Fig. 2). FZU3010

repressed the viability of the two cancer cell lines compared
with the UA‑treated cells and exhibited an IC50 of 4‑6 µM.
FZU3010 has also been demonstrated to be non‑toxic to the
normal human HELF cell line in previous studies (27,28).
Furthermore, the results of the present study were consistent
with other findings that the IC50 of FZU3010 was 4‑6 µM in
the human body (29,30).
Effect of FZU3010 on cell cycle distribution. The cell cycle
consists of four different phases: G0, which is a rest phase in
which the cell stops dividing and has left the cell cycle; G1,
which is a phase in which the cell prepares energy and material for DNA replication; S, which is the synthesis phase; G2,
which is known as the interphase where preparation for the
M phase occurs; and M, which is a ‘mitosis’ phase, in which
nuclear and cytoplasmic division occurs.
The FZU3010‑induced suppression of cancer cell viability
due to the arrest of cell cycle progression was confirmed
using a cell‑cycle cytotoxicity assay by treating SUM149PT
and HCC1937 cells for 24 h with FZU3010 at different doses
(0, 1.25, 2.5 or 5 µM), UA (5 µM) and 0.1% supplemented
DMSO medium, which served as a control (Fig. 3). The results
demonstrated that FZU3010 administration significantly
increased the percentage of cells in G0/G1 compared with the

2326

LI et al: URSOLIC ACID DERIVATIVES AND BREAST CANCER

Figure 3. Effect of FZU3010 on cell cycle distribution. A cell‑cycle cytotoxicity assay was performed by treating SUM149PT and HCC1937 cells for 24 h with
FZU3010 (0, 2.5, 5 µM), UA (5 µM) and medium containing 0.1% DMSO, which served as a vehicle‑treated control. (A) Flow cytometry analysis of cell cycle
distribution in SUM149PT cells and (B) quantification of flow cytometry analysis for SUM149PT cells. (C) Flow cytometry analysis of cell cycle distribution
in HCC1937 cells and (D) quantification of flow cytometry analysis for HCC1937 cells. Data are expressed as the mean ± standard deviation of at least three
experiments. One‑way analysis of variance was used to analyze multiple comparisons between different drug concentrations for the same group. *P<0.05 vs.
normal control (0 µM). UA, ursolic acid; DMSO, dimethyl sulfoxide.

DMSO‑treated control SUM149PT cells. The arrest of G 0/G1
was highest in cells treated with 5 µM FZU3010.
Effect of FZU3010 on cell apoptosis. SUM149PT and
HCC1937 cell apoptosis was investigated to validate the
anticancer activity of FZU3010 using Annexin V‑FITC/PI
double staining, with the chemotherapy drug DTX serving as a
positive control (Fig. 4). The number of apoptotic SUM149PT
and HCC1937 cells was measured following treatment for 48 h
with FZU3010 at concentrations of 0, 1.25, 2.5 and 5 µM and
UA at a concentration of 5 µM, respectively. The percentage of
Annexin V‑positive SUM149PT and HCC1937 apoptotic cells
was significantly increased following the administration with
5 µM FZU3010 compared with cells treated with 0 µM (normal
control); however, the difference between cells treated with the
lower concentrations of FZU3010 and the normal control cells
was not significant. The capability of FZU3010 to induce apoptosis in SUM 149PT (P=0.008) and HCC 1937 (P=0.01) cells
was significantly higher in cells treated with 5 µM FZU3010
compared with cells treated with 5 µM UA. Furthermore,
the apoptotic cells in SUM149PT (P=0.049) and HCC 1937
(P=0.038) cells treated with 5 µM FZU3010 were significantly
increased compared with those treated with 5 µM DTX.

Discussion
UA is a pentacyclic triterpenoid composite isolated from natural
plants or traditional medicinal herbs, exhibiting a wide range
of pharmacological activities (12‑20). The anti‑inflammatory
and anti‑oxidative functions of UA, including cardiovascular
protection, neuroprotection and hepatoprotection, have been
demonstrated previously (31). The anticancer activity of
UA has also been reported in different types of cancer cell
lines (10‑12). UA is therefore an effective anticancer agent to
which extensive structural changes have been made in order
to further increase its anticancer activity (32). Several studies
have reported that modiﬁed derivatives of UA with functional
groups at the C‑3 and/or C‑28 positions exhibit significant
bioactivity (33‑35).
The results of the present study demonstrated that
FZU3010 signiﬁcantly repressed the viability of SUM149PT
and HCC1937 cells with an IC 50 of 4‑6 µM, exhibiting
a lower cytotoxicity than DMSO‑treated cell lines. This
result indicates that the modification at C‑28 and 3‑OH in
the UA core significantly increases the antitumor activities
of UA. These results are consistent with a previous study
by Chen et al (36), which demonstrated that the structural
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Figure 4. Effect of FZU3010 on cell apoptosis. The percentage of apoptotic cells was determined for cells treated for 48 h with FZU3010 (0, 1.25, 2.5, 5 µM),
UA (5 µM) and DTX (5 µM). (A) Flow cytometry analysis of apoptosis in SUM149PT cells. (B) Flow cytometry analysis of apoptosis in HCC1937 cells. Data
are expressed as the mean ± standard deviation of at least three experiments. FZU3010 induced apoptosis in BC SUM 149PT (P=0.008) and HCC1937 (P=0.01)
cells was significantly higher in cells treated with 5 µM FZU3010 compared with cells treated with 5 µM UA, respectively. Lower left quadrant, viable cells
(Annexin V‑/PI‑); lower right quadrant, early apoptotic cells (Annexin V+/PI‑); upper right quadrant, late apoptotic cells (Annexin V+/PI+); upper left quadrant,
necrotic cells (Annexin V‑/PI+). One‑way analysis of variance was used to analyze multiple comparisons between different drug concentrations for the same
group. Comparisons indicated by lines. UA, ursolic acid; DTX, doxorubicin.

changes in position 3 and/or 28 of UA were crucial for its
cytotoxic activity. In another study, UA‑benzylidine derivatives exhibited strong cytotoxic activity and amino acid
linkage (37), and UA also caused signiﬁcant cytotoxic effects
in different cancer cell lines. Furthermore, Liu et al (38)
proposed that the inclusion of an acyl piperazine moiety at
C‑28 of UA, keeping the polar group at C‑3, signiﬁcantly
increased the antitumor activity of the molecule. To the
best of our knowledge, the present study was the first to
incorporate piperazine and thiourea into the C‑28 and C‑3
of UA, with the results indicating that FZU3010 signiﬁcantly
inhibits BC cell viability.
Clinically, it has been suggested that the cell cycle is a
primary target for cancer treatment (39). The results of the
present study demonstrated that FZU3010 arrested cells
in the G 0/G1 phase and prevented them from transitioning

to the S phase. G 0 is the resting phase in which cells stop
dividing and leave the cell cycle, while cells prepare energy
and material for DNA replication in G1 phase (40). Therefore,
arrest of cells in the G 0/G1 phase resulted in the obstruction
of mitosis and cellular DNA synthesis. The role of the UA
derivative FZU3010 in inducing apoptosis as part of its anticancer activity was investigated by measuring the percentage
of apoptotic SUM149PT and HCC1937 cells following treatment with FZU3010. The results of this treatment indicated
that the apoptotic cell rates were highest in cells treated
with 5 µM FZU3010. The capability of FZU3010 to induce
apoptosis in BC SUM 149PT (P=0.008) and HCC 1937
(P= 0.01) cells was significantly higher in cells treated with
5 µM FZU3010 compared with cells treated with 5 µM UA.
Furthermore, the apoptotic cells in SUM149PT (P=0.049)
and HCC 1937 (P=0.038) cells treated with 5 µM FZU3010
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were significantly increased compared with cells treated with
5 µM DTX.
A number of potential molecular mechanisms underlying
the anticancer properties of UA have been elucidated. The
results of a previous in vitro study indicated that UA decreases
the proliferation of several types of cancer cells by inhibiting
the signal transducer and activator of transcription 3 activation
pathway and increasing the rate of apoptosis (41). Furthermore,
UA upregulates the pro‑apoptosis factor Bcl‑associated X and
downregulates the anti‑apoptosis factor B‑cell lymphoma‑2,
leading to the induction of apoptosis (33). UA‑induced
apoptosis serves a role in the secretion of cytochrome c in the
mitochondrial death pathway (42).
In conclusion, the UA piperazine derivative FZU3010 was
designed and synthesized for the current study. The results
of subsequent experiments indicate that FZU3010 has the
potential to impede BC cell progression by inducing apoptosis
and cell cycle arrest at S and G 0/G1 phase. However, future
studies are required to identify the mechanisms involved in the
viability of BC cell lines. Therefore, FZU3010 is a promising
therapeutic agent for the treatment of BC.
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