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Abstract. Being a highly conserved catabolic process, 
autophagy is induced by various forms of cellular stress, and 
its modulation has considerable potential as a cancer thera‑
peutic approach. In the present study, it was demonstrated that 
dicitrinone B (dB), a rare carbon‑bridged citrinin dimer, 
may exert anticancer effects by blocking autophagy at a late 
stage, without disrupting lysosomal function in McF7 breast 
cancer and MdA‑MB‑231 triple‑negative breast cancer cells. 
Furthermore, it was discovered that DB significantly enhanced 
intracellular reactive oxygen species (ROS) production and 
that the removal of ROS was followed by the attenuation of 
autophagy inhibition. In addition, dB exerted notable inhibi‑
tory effects on the proliferation and promoting effects on the 
apoptosis of McF7 and MdA‑MB‑231 cells. In combination 
with conventional chemotherapeutic drugs, dB exhibited a 
further enhanced synergistic effect than when used as a single 
agent. Overall, the data of the present study demonstrate that 

dB may prove to be a promising autophagy inhibitor with 
anticancer activity against breast cancer.

Introduction

Breast cancer is known as one of the leading causes of 
cancer‑related mortality and morbidity among women world‑
wide (1‑3). There is strong evidence for considering early‑stage 
breast cancer potentially curable; however, concerning 
late‑stage or metastatic breast cancer, currently available 
therapeutic approaches are only able to prolong the survival 
and maintain the quality of life of patients. due to its highly 
drug‑resistant and invasive nature, and its proclivity for recur‑
rence and metastasis, triple‑negative breast cancer [human 
epidermal growth factor receptor‑2 (HER2)‑, estrogen receptor 
(ER)‑ and prostaglandin receptor (PgR)‑] is particularly lethal, 
with no effective treatments available (4‑7).

Autophagy is an ubiquitous catabolic process in animal 
cells. It has been suggested that autophagy plays a crucial role 
in the growth and development of a variety of cells (8,9). As 
an evolutionary conserved adaptive process, autophagy can 
sequester long‑lived, aggregated and misfolded proteins along 
with damaged organelles via the formation of autophagosomes, 
which then fuse with lysosomes, in which cargos are degraded 
and recycled (10,11). The biological and clinical significance 
of autophagy in cancer stems from its complex role in the 
tumor microenvironment (12). Autophagy has been revealed to 
suppress early cancer development, while facilitating advanced 
tumor progression (13‑17). The pharmacological regulation 
of autophagy as a valid strategy in certain types of cancer, 
including breast cancer, and has been demonstrated to enhance 
the efficacy of therapeutics and to overcome resistance (18‑21).

Marine microbes are a significant source of lead compounds 
in drugs that have been scientifically validated to exert marked 
anticancer, anti‑bacterial and pro‑apoptotic effects, and to 
regulate immunity in cell and animal models (22,23). There is 
accumulating evidence to indicate that purified natural thera‑
peutics may remove impurities and toxic components, and 
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enhance the curative effects in relation to fully synthetic thera‑
peutics. In addition, various natural chinese medicines such 
as Genkwadaphnin, dihydroartemisinin, etc. when combined 
with radiotherapy and chemotherapy, have been reported to 
not only reduce the side‑effects of drugs, but to also signifi‑
cantly enhance their antitumor effects (24). Therefore, there is 
considerable interest in investigating marine natural products. 
Since 2010, dicitrinone A‑F (dA‑dF) has been successively 
discovered from the volcano ash‑derived or marine‑derived 
fungus, Penicillium citrinum. Those novel carbon‑bridged 
citrinin dimers, as natural polyketones, have anti‑tumor, 
anti‑bacterial, anti‑oxidant and microtubule targeting proper‑
ties (25‑28). Previous studies have demonstrated that dA‑dd 
has a similar structure and can significantly inhibit the prolif‑
eration of HL‑60, MOLT‑4, A‑549, BEL‑7402 and SPc‑A1 
cells, of which dicitrinone B (dB) has the best anti‑tumor 
activity (25‑27). The structures of dE and dF are relatively 
different with those of dA‑dd, and they have no antitumor 
activity (28). Previous research by the authors has revealed 
that dB induces the apoptosis of human malignant melanoma 
A375 cells by increasing reactive oxygen species (ROS) 
generation, and this process is related to the regulation of Bcl‑2 
family proteins (25). However, the anticancer effects of dB 
and its detailed mechanisms of action in breast cancer remain 
unclear. The novel findings of the present study (to the best of 
our knowledge) indicate that dB may be a potential autophagy 
inhibitor with anticancer activity; however, further preclinical 
research is required in order to develop effective treatments 
for breast cancer.

Materials and methods

Reagents and antibodies. The compound dB was separated 
from the fermentation product of Penicillium citrinum and 
purified by various separation and purification methods, such 
as extraction, column chromatography, and high‑performance 
liquid chromatography, the purity of which was >95%, 
dissolved in dimethyl sulphoxide (dMSO, cat. no. 196055, 
MP Biomedicals, LLc) to yield a stock solution at 20 mM 
and stored at ‑20˚C. Chloroquine (CQ; C129284) was 
purchased from Shanghai Aladdin Biochemical Technology 
co., Ltd. and dissolved in phosphate‑buffered saline (PBS). 
Adriamycin (AdM; cat. no. d807083) was purchased from 
Shanghai Macklin Biochemical co., Ltd. and dissolved in 
PBS. Rapamycin (RAPA; cat. no. HY‑10219) was purchased 
from MedchemExpress and dissolved in PBS. Acridine 
orange (AO; cat. no. cM07364) was purchased from Beijing 
Bai'aolaibo Technology co., Ltd. LysoTracker Red (cat. 
no. c1046) and N‑acetyl‑L‑cysteine (NAc; cat. no. S0077) 
were purchased from the Beyotime Institute of Biotechnology. 
Bicinchoninic acid (BcA; cat. no. MPK002) was purchased 
from MAcGENE Biotechnology. Microtubule‑associated 
protein 1 light chain 3 beta (Lc3 B), microtubule‑associated 
protein 1 light chain 3 alpha/beta (Lc3A/B), p62, Bcl‑2, Bax, 
poly(AdP‑ribose) polymerase (PARP), mTOR, Akt and cleaved 
PARP antibodies (cat. nos. 3868S, 12741S, 16177S, 3498S, 
5023S, 9532S, 2983S, 4691S and 5625S, respectively; rabbit) 
and HRP‑linked goat anti‑rabbit IgG, HRP‑linked anti‑mouse 
IgG (cat. nos. 7074P2 and 7076P2, respectively) were 
purchased from cell Signaling Technology, Inc. cathepsin d 

(cTSd; cat. no. BM1577; mouse), β‑actin (cat. no. BM3873; 
rabbit), cofilin (cat. no. PB9033; rabbit) and cathepsin B (CTSB; 
cat. no. A01456‑3, rabbit) antibodies were purchased from 
Wuhan Boster Biological Technology, Ltd. FITc‑linked goat 
anti‑rabbit IgG (cat. no. ZF‑0311) was purchased from Beijing 
Zhongshan Jinqiao Biotechnology co., Ltd. Puromycin was 
purchased from InvivoGen (cat. no. ant‑pr‑1). 

Cells and cell culture. The human breast cancer cell line 
McF7 (cat. no. TcHu 74) was purchased from the Shanghai 
Cell Resource Center and cultured in Dulbecco's modified 
Eagle's medium (Hyclone; cytiva) supplemented with 10% 
fetal bovine serum (Gemini Bio Products; cat. no. 900‑108) 
and 1.0% penicillin/streptomycin (cat. no. MA0110; dalian 
Meilun Biology Technology co., Ltd.). The MdA‑MB‑231 
cells were a gift from dr. Liu (Fujian cancer Hospital, Fujian, 
china) and were maintained in RPMI‑1640 medium (Hyclone; 
cytiva) containing 10% fetal bovine serum (Gemini Bio 
Products; cat. no. 900‑108) and 1% penicillin/streptomycin 
(cat. no. MA0110; dalian Meilun Biotech, co., Ltd.). All 
cells were cultured at 37˚C in a humidified atmosphere with 
5% cO2.

Cell viability assay. cell growth inhibition activity was 
examined using a cellTiter 96® AQueous One Solution cell 
Proliferation Assay (cat. no. G3581, Promega corporation) 
following the manufacturer's instructions. Briefly, ~5,000 
McF7 or MdA‑MB‑231 cells were seeded per well in 
three replicates into 96‑well plates and treated with dMSO 
or serial dilutions of dB (5, 10, 20, 40 and 60 µM), AdM 
(0.5, 2.5 and 10 µM) or PTX (0.05, 0.1, 0.2 and 0.4 µM) 
for 24 or 48 h, cells were incubated at 37˚C in a humidi‑
fied atmosphere with 5% CO2. In addition, ~5,000 MCF7 or 
MdA‑MB‑231 cells were seeded per well in three replicates 
into 96‑well plates and treated with dB (10 µM), AdM 
(0.2 µM) and PTX (0.005 µM) alone or in combination with 
dB (10 µM), AdM (0.2 µM) or PTX (0.005 µM) for 24 and 
48 h. Following treatment, MTS solution (provided with the 
kit) was used to evaluate the viability of cells. The absorbance 
was detected at 490 nm using a microplate reader (SH‑1000; 
corona Electric co., Ltd.).

Western blot analysis. Western blot analysis was performed as 
previously described with minor modifications (25). In brief, 
the MCF7 or MDA‑MB‑231 cells were scraped in modified 
RIPA buffer (Wuhan Boster Biological Technology, Ltd.) 
containing 1 mM PMSF (cat. no. P0100, Beijing Solarbio 
Science & Technology co., Ltd.) to prepare whole‑cell lysates. 
BcA Protein Assay kit (cat. no. P0012, Beyotime Institute 
of Biotechnology) was used for protein quantification. Equal 
aliquots of protein (30 µg) were separated on 12 or 15% 
SdS‑PAGE gels, transferred to a nitrocellulose membrane 
using the wet transfer method, blocked using blocking buffer 
(1X TBST with 5% w/v non‑fat dry milk; purchased from 
cell Signaling Technology, Inc.; cat. no. 9999) for 1 h at room 
temperature and incubated with antibodies specific for LC3B, 
p62, Bcl‑2, Bax, PARP, cleaved PARP, mTOR, Akt, cTSd, 
cTSB, β‑actin and cofilin (all antibody cat. nos. as described 
above; 1:1,000) overnight at 4˚C and finally incubated with 
HRP‑linked goat anti‑rabbit IgG (1:3,000) or HRP‑linked goat 
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anti‑mouse IgG (1:3,000) (all antibody cat. nos. as described 
above) for 1 h at room temperature. Bands were automatically 
visualized using a Fluorchem E digital darkroom system 
(ProteinSimple; Bio‑Techne). Band intensities were quantified 
using Image J 1.8.0.1 (National Institutes of Health), and 
densitometric analysis was performed using GraphPad 
Prism 7.0 software (GraphPad Software, Inc.).

Immunofluorescence assay. The McF7 or MdA‑MB‑231 cells 
were grown on coverslips in 12‑well plates and treated with 
20 µM dB or 5 µM RAPA or 60 µM cQ for 6 h. Following 
treatment, the cells were fixed with 100% methanol for 5 min, 
blocked with BSA (5%) (cat. no 9048‑46‑8; Beijing bai'aolaibo 
Technology co., Ltd.) and incubated with anti‑Lc3A/B 
(cat. no. d3U4c; 1:200) and sequestosome 1 (SQSTM1)/p62 
(Abcam, cat. no. D6M5X; 1:200) primary antibodies at 4˚C 
overnight. The coverslips were then incubated with FITc‑linked 
goat anti‑rabbit IgG (1:100) at room temperature for 1 h in the 
dark and examined under an Olympus inverted fluorescence 
microscope (Olympus corporation). Images were randomly 
captured.

Analysis of autophagic flux. To analyze autophagic flux, 
~10,000 MCF7 and MDA‑MB‑231 cells were plated in 
96‑well plates, incubated at 37˚C in a humidified atmosphere 
with 5% cO2 for 24 h, then transfected with the lentivirus 
pGMLV‑cMV‑RFP‑GFP‑hLc3‑Puro (cat. no. GM‑3394LV, 
Genomeditech Co., Ltd.) at a MOI of 30 for 72 h at 37˚C and 
then treated with 20 µM dB in the presence or absence of 
5 µM RAPA (MedchemExpress, cat. no. HY‑10219) or 60 µM 
cQ (Aladdin, cat. no. c129284) for a further 6 h. The McF7 
and MdA‑MB‑231 cells were pre‑treated with 10 mM NAc 
(Beyotime Instittue of Biotechnology, cat. no. S0077) for 1 h 
and incubated with 20 µM DB for 6 h at 37˚C. The stably 
transfected cells were constructed by puromycin selection 
(cells were cultured in culture medium with additional 
10 µg/ml puromycin). Puromycin was purchased from 
InvivoGen (cat. no. ant‑pr‑1).

Brightfield microscopy. cell monolayers were cultured for 
24 h in 12‑well glass‑covered chamber slides and treated with 
0, 5, 10 or 20 µM dB for 6 h. Micrographs were obtained 
using an Olympus inverted fluorescence microscope (Olympus 
corporation).

Apoptosis assay. An apoptosis assay was performed as 
we previously described (29). In brief, ~1x106 McF7 
or MdA‑MB‑231 cells treated with 20 µM dB for 48 h 
(incubated at 37˚C in a humidified atmosphere with 5% CO2) 
were collected and washed twice with 1X Annexin V binding 
buffer and resuspended in 100 µl of 1X Annexin V binding 
buffer. Subsequently, the cells were stained using an Annexin 
V‑FITc/PI kit (Bd Biosciences, cat. no. 556547). The staining 
conditions were as follows: Incubation for 15 min at room 
temperature in the dark. The samples were analyzed using a 
FACScan flow cytometer (BD Biosciences). Statistical analysis 
was performed using Bd FlowJo™ V10 software.

AO staining. The McF7 or MdA‑MB‑231 cells were cultured 
in 12‑well glass‑covered chamber slides and then treated with 

either dB or cQ for 6 h. Following treatment, the cells were 
incubated with AO for 15 min at 37˚C in the dark and fixed 
with 100% methanol. Fluorescent images were obtained using 
an Olympus inverted fluorescence microscope (Olympus 
corporation).

DCFH‑DA and LysoTracker Red staining. The McF7 or 
MDA‑MB‑231 cells (~1x106) were collected and incubated with 
pre‑warmed LysoTracker Red or dcFH‑dA (cat. no. c1046, 
Beyotime Institute of Biotechnology) for 30 min at 37˚C 
in the dark. The cells were then washed twice in PBS and 
resuspended in PBS. Fluorescence was measured with a flow 
cytometer in the PI channel (emission=530 nm).

Transmission electron microscopy (TEM). Untreated and 
dB‑treated cells were carefully digested using trypsin 
(HyClone; Cytiva), washed with PBS, and fixed in 2.5% glutar‑
aldehyde (Phygene) for 24 h. Following washing with PBS 
three times, the samples were dehydrated in graded acetone 
solutions (30‑100%) and then embedded in low‑viscosity resin. 
Subsequently, ultrathin sections were cut using the Leica 
Ultracut UcT ultramicrotome (Leica Microsystems, Inc.) 
and stained with uranyl acetate (Weill corning Medicine) for 
5 min at room temperature. Samples were observed by using 
a FEI Tecnai 12 BioTwin transmission electron microscope 
(FEI company).

In vivo xenograft experiment. In this experiment, the mice used 
were female BALB/cJ nude mice (5 to 6 weeks old, weighting 
15‑18 g, n=20 in total) purchased from Gempharmatech co., 
Ltd. All mice were kept in an environment at 24˚C with a 
12‑h light/dark cycle, with water and food freely available. 
The human endpoints of the study were primarily determined 
by tumors that should not exceed 20 mm in any dimension, 
and also that mouse weight loss should be <20%. All proce‑
dures complied with the standards of euthanasia according 
to Laboratory Animal Guidelines (GB/T 39760‑2021) issued 
by the National Standardization Management committee. 
The animal experiments were reviewed and approved by 
The Animal care and Use committee of Fujian Medical 
University (approval no. 2020‑cAARM015) and were carried 
out in accordance with the National Institutes of Health Guide 
for care and Use of Laboratory Animals. Mice used in these 
studies were maintained in a clean, modified‑barrier animal 
facility, fed regular commercial mouse diet (Gempharmatech) 
under a controlled light/dark cycle (12/12 h) and a controlled 
temperature (20‑23˚C). In order to relieve mouse pain, inhala‑
tion anesthesia was preferred; the mice inhaled 5% isoflurane 
(cat. no. 792632, MilliporeSigma) until death. The mice were 
observed for a lack of a heartbeat and respiration and for 
graying of mucous membranes for at least 10 min to confirm 
death. Subsequently, 5x106 cells were injected subcutane‑
ously into the left hindlimbs of the nude mice. After 7 days 
of culture, the tumor volume was ~100 mm3. The mice were 
randomly divided into four groups [PBS control, dB, adria‑
mycin (AdM) and dB + AdM; 5 mice per group]. during 
this experiment, mouse health and behavior were monitored 
daily. The injection dose of dB and AdM (Shanghai Macklin 
Biochemical co., Ltd.) was 10 mg/kg. Intratumoral injection 
was used. The injection regimen was administered once 
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every 2 days for 10 consecutive injections. The tumor length 
and width were measured every 3 days, and volume was 
calculated according to the formula (tumor volume=shortest 
diameter2 x longest diameter/2). The body weight of the 
mice was measured every 3 days. All experiments involving 
living mice followed chinese experimental animal welfare 
and ethical guidelines and made every effort to minimize 
the pain of the animals. At the end of the experiment, the 
mice were euthanized by intravenous injection of 2% sodium 
pentobarbital (150 mg/kg). Death was verified by respiratory 
arrest and dilated pupils.

Histological examination. After 21 days, the tumors were 
removed, and the tumor tissue was fixed with 4% tumor 
tissue fixation solution. Finally, the tissue was sent to Wuhan 
Sevicebio Technology co., Ltd. for the immunohistochemical 
detection of Ki‑67, TUNEL and Lc3.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 7.0 software (GraphPad Software, Inc.). 
All data are expressed as the mean ± standard error of the 
mean (SEM) values, and each experiment was performed at 
least three times. One‑way analysis of variance (ANOVA) 
followed by the Bonferroni's post hoc test and the unpaired 
Student t‑test were used to assess statistical significance where 
appropriate. P<0.05 was considered to indicate a statistically 
significant difference.

Results

DB is a novel autophagy modulator of MCF7 and 
MDA‑MB‑231 cells. To discover novel autophagy modulators 
for human breast cancer, compounds isolated and purified from 
the marine fungus, Penicillium citrinum, were all screened 
and it was observed that treatment with one of the compounds, 
dB (Fig. 1A) for 6 h culminated in an increase in cellular 
perinuclear vacuoles in a concentration‑dependent manner in 
McF7 breast cancer cells and MdA‑MB‑231 triple‑negative 
breast cancer cells (Fig. 1B). Thus, it was hypothesized that 
dB may be a potent autophagy modulator candidate and was 
thus used for further analysis.

To explore this hypothesis, the analyses of Lc3 immuno‑
fluorescence were performed in the MCF7 and MDA‑MB‑231 
cells. Presenting on the autophagosome during and after its 
formation, Lc3 has been extensively studied as an autopha‑
gosome marker to monitor autophagy (30,31). The results 
of the present study demonstrated that treatment with dB 
for 6 h led to an increase in the cell punctate number of 
fluorescence as compared with diffuse fluorescence in the 
controls (Fig. 1c), confirming the influence of dB on the 
autophagic process. Representative TEM photomicrographs 
depicted that dB increased the number of double‑membrane 
autophagosomes containing undigested cytoplasmic cargos, 
further highlighting the capacity of dB to modulate autophagy 
(Fig. 1d). For a comparative and more detailed evaluation 
of dB to modulate autophagy in McF7 and MdA‑MB‑231 
cells, western blot analysis of cytoplasmic Lc3 (Lc3‑I) and 
membrane‑bound Lc3 (Lc3‑II) was performed. Notably, treat‑
ment with dB resulted in a marked increase in Lc3‑II levels 
in both McF7 and MdA‑MB‑231 cells in a concentration‑ and 

time‑dependent manner with respect to the control cells, 
indicating the accumulation of autophagosomes (Fig. 1E).

Inhibition of autophagic f lux by DB in MCF7 and 
MDA‑MB‑231 cells. The accumulation of autophagosomes 
can be associated either with the induction of autophagy or 
the inhibition of late‑stage autophagy (32). To distinguish the 
role of dB in autophagy in McF7 and MdA‑MB‑231 cells, the 
levels of Lc3‑II in the presence and absence of the autophagy 
inducer, RAPA, or the autophagy inhibitor, cQ, were exam‑
ined. As demonstrated in Fig. 2A, compared with cells treated 
with RAPA only, cells treated with both RAPA and dB exhib‑
ited elevated Lc3‑II levels. By contrast, co‑incubation with 
DB and CQ did not result in a significant increase in LC3‑II 
levels, as compared with those in cells treated with cQ only, 
indicating that dB is not an autophagy inducer.

To further explore whether dB is an autophagy inhibitor, 
the expression levels of SQSTM1/p62 were monitored using 
western blot analysis. SQSTM1/p62 is known as an autophagy 
inhibited marker, which is implicated in autophagic cargo 
recognition and was lost in autolysosome degradation (33). 
correspondingly, a concentration‑ or time‑dependent increase 
in the level of SQSTM1/p62 was observed in the McF7 and 
MdA‑MB‑231 cells following treatment with dB, suggesting 
that DB probably blocked the autophagic flux (Fig. 2B). This 
phenomenon was further verified using immunofluores‑
cence‑based assays of intracellular accumulation of Lc3‑II 
and SQSTM1/p62 puncta. As depicted in Fig. 2c, Lc3‑II colo‑
calized well with SQSTM1/p62 during dB treatment, similar 
to the finding in cells treated with CQ, a late‑stage inhibitor. 
By contrast, the RAPA‑treated cells exhibited a separated 
localization of Lc3‑II and SQSTM1/p62, suggesting the 
autophagy‑inducing role of RAPA. Based on these findings, 
it was hypothesized that dB may modulate autophagy by 
blocking the fusion of autophagosomes with lysosomes. Taken 
together, these results demonstrated that dB interrupted the 
autophagic flux at the late stage in MCF7 and MDA‑MB‑231 
cells, leading to autophagosome accumulation.

DB has no effect on the pH of lysosomes. considering that 
the blockade of autophagic flux may be caused by the inhibi‑
tion of autophagosome‑lysosome fusion or the impairment of 
lysosomal degradation, the effects of dB on the autophagic 
flux were further investigated using a tandem RFP‑GFP‑LC3 
reporter. GFP is sensitive to the acidic environment of lyso‑
somes or autophagolysosomes, whereas RFP fluorescence 
remains stable (34,35). Thus, autolysosomes can be observed 
using RFP‑LC3 fluorescence. The results revealed that similar 
to treatment with the positive control cQ, dB treatment alone 
evoked the accumulation of both RFP and GFP puncta, visible 
as yellow fluorescence, in the McF7 and MdA‑MB‑231 
cells. Moreover, the autophagosome/autolysosome ratios were 
further increased when cQ was combined with dB treat‑
ment compared to dB treatment only, indicating that most 
autophagosomes and lysosomes cannot fuse (Fig. 3A).

To explore the detailed mechanisms of dB in the autophagic 
inhibition in McF7 and MdA‑MB‑231 cells, the present study 
then examined whether dB can alter the lysosomal pH. The 
McF7 and MdA‑MB‑231 cells were stained with AO following 
exposure to dB for 6 h. A large number of acidic vesicles with 
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red fluorescence were observed to be significantly augmented in 
response to dB treatment, suggesting that dB could not inhibit 
lysosomal acidification (Fig. 3B). To further corroborate that the 
lysosomal pH was not altered by DB, flow cytometry was used 
to evaluate the LysoTracker Red fluorescence, which is used 
for labeling lysosomes and can be quenched by increasing the 
pH. As demonstrated in Fig. 3c, compared with cQ treatment, 
dB treatment resulted in a considerable increase in the acidic 
compartment, suggesting that lysosomal pH was unaltered.

cTSd is known to hydrolyze proteins in the acidic envi‑
ronment of lysosomes. Within the pH range of 2.8‑5, cTSd 
can degrade hormones, polypeptide precursors, polypeptides, 
structural and functional proteins; however, it loses activity 
when the pH is greater than 5.5. cTSB is a cysteine proteolytic 
enzyme in lysosomes. It is active at pH 3.0~7.0 and is irrevers‑
ibly inactivated under alkaline conditions (36,37). Herein, to 
investigate the effects of dB on lysosomal function, the levels 
of cTSd and cTSB in McF7 and MdA‑MB‑231 cells were 

Figure 1. dB modulates autophagy in McF7 and MdA‑MB‑231 cells. (A) chemical structure of dB. The molecular weight of dB is 438 g/mol. (B) Representative 
microscopy images of cells treated with increasing concentrations (0‑40 µM) of dB for 6 h. Scale bars, 20 µm. (c) Microscopy images of McF7 and 
MDA‑MB‑231 cells following exposure to 20 µM DB for 6 h. Scale bar, 10 µm. Representative fluorescence images of MCF7 and MDA‑MB‑231 cells 
expressing RFP‑LC3 following treatment with DB (10 µM) for 6 h. The numbers of RFP‑LC3 puncta in each cell were quantified using Image J 1.8.0.1 soft‑
ware. Scale bars, 10 µm. n=five microscopic fields per group; ***P<0.001 vs. the control. (d) Transmission electron micrographs of McF7 and MdA‑MB‑231 
cells following incubation with 20 µM dB for 6 h; autophagic vacuoles are indicated by black arrows. The bottom panels (scale bars, 1 µm) represent a 
magnified image of the boxed region in the top panels (scale bars, 50 µm). (E) Representative western blots and corresponding protein quantification plots of 
Lc3 I/II protein expression in McF7 and MdA‑MB‑231 cells incubated with increasing concentrations of dB for 6 h or dB (20 µM) for various periods of 
time. β‑actin was used as the loading control. *P<0.05 vs. the control. DB, dicitrinone B; RFP, red fluorescent protein; LC3, microtubule associated protein 1 
light chain 3; Lc3 I, cytoplasmic Lc3; Lc3 II, membrane‑bound Lc3.
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measured, and it was observed that the expression levels of 
the pro‑form and the mature forms of cTSd and cTSB in 
cells treated with DB were not significantly different from 
those in control cells (Fig. 3D). Collectively, the findings of 
the present study suggested that the dB‑mediated blockade of 
autophagosome‑lysosome fusion was not due to impaired pH 
or lysosomal functionality.

DB inhibits autophagy via the overproduction of ROS. It is 
worth mentioning that the natural compound, dB, has previously 
been demonstrated to significantly augment cellular ROS in the 

human malignant melanoma cell line, A375 (25). Therefore, it 
was hypothesized that the role of dB in autophagy inhibition 
may be associated with an increase in intracellular ROS produc‑
tion. To verify this hypothesis, the ROS levels after dB treatment 
were examined in McF7 and MdA‑MB‑231 cells using the 
DCFH‑DA probe. Data from flow cytometric analysis revealed 
that cell exposure to dB led to a consistent increase in the level 
of intracellular ROS (Fig. 4A and B). In order to verify further 
whether ROS is related to the PI3K/Akt pathway, the expression 
levels of the PI3K/Akt pathway related proteins, Akt and mTOR, 
were evaluated in McF7 and MdA‑MB‑231 cells following 

Figure 2. DB disrupts the autophagic flux. (A) Representative western blots and corresponding protein quantification plots of LC3‑I/II protein expression in 
McF7 and MdA‑MB‑231 cells following treatment with dB in the presence or absence of 5 µM RAPA or 60 µM cQ for 6 h. β‑actin was used as the loading 
control. *P<0.05, **P<0.01 and ***P<0.001. (B) Representative western blots and corresponding protein quantification plots of SQSTM1/p62 protein expression 
in McF7 and MdA‑MB‑231 cells following treatment with increasing concentrations of dB for 6 h or for different time periods (0‑24 h) with 20 µM dB. 
β‑actin was used as a loading control. (c) Representative images of McF7 and MdA‑MB‑231 cells treated with 20 µM dB in the presence or absence of 5 µM 
RAPA or 60 µM cQ for 6 h and subjected to anti‑Lc3‑II (red), anti‑SQSTM1/p62 (green) and 4,6‑dAPI (blue) staining. Scale bars, 10 µm. Lc3, microtubule 
associated protein 1 light chain 3; RAPA, rapamycin; cQ, chloroquine; dB, dicitrinone B; SQSTM1, sequestosome 1; dAPI, diamidino‑2‑phenylindole.
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dB treatment. The results demonstrated that the expression 
of Akt and mTOR in both cell lines increased along with dB 
concentration, particularly in MdA‑MB‑231 cells (Fig. 4c). In 
addition, NAc, a scavenger of ROS, was administered to deter‑
mine whether excess ROS is responsible for blocking autophagy 
by dB treatment. Flow cytometric and western blot analyses of 
Lc3‑II revealed that pre‑treatment with NAc markedly reduced 
the conversion of Lc3B‑I to Lc3B‑II (Fig. 4d).

To corroborate the findings from western blot analysis, 
the present study then investigated the effects on autophagic 
flux using tandem monomeric RFP‑GFP‑tagged Lc3 in 
response to NAC. Consistently, immunofluorescence micros‑
copy revealed that pre‑treatment with NAc significantly 
delayed the formation of yellow fluorescence induced by DB 
in both McF7 and MdA‑MB‑231 cells (Fig. 4E), revealing 
the significant involvement of ROS regulatory mechanisms. 

Figure 3. dB does not affect the pH or the hydrolytic function of lysosomes. (A) Fluorescence images of McF7 and MdA‑MB‑231 cells transfected with 
double fluorescent mRFP‑GFP‑LC3 lentivirus and treated with DB, CQ alone or in combination for 6 h. Scale bars, 10 µm. (B) Fluorescence microscopy with 
AO staining. MCF7 and MDA‑MB‑231 cells were treated with 20 µM DB or 60 µM CQ for 6 h and then stained with AO. The red fluorescence represents the 
acidic vesicles. Scale bars, 20 µm. (c) Flow cytometry for LysoTracker Red in McF7 and MdA‑MB‑231 cells treated with dB (0, 5, 10 and 20 µM) for 6 h. 
(D) Representative western blots and corresponding protein quantification plots of CTSD and CTSB protein expression in MCF7 and MDA‑MB‑231 cells 
treated with 20 µM DB for 6 h. Cofilin was used as a loading control. DB, dicitrinone B; RFP, red fluorescent protein; GFP, green fluorescent protein; LC3, 
microtubule associated protein 1 light chain 3; AO, acridine orange; cQ, chloroquine; dB, dicitrinone B; cTSd, cathepsin d; cTSB, cathepsin B.
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Taken together, the results of the present study suggested that 
dB‑induced autophagy inhibition in breast cancer cells was in 
fact modulated via the overproduction of ROS.

DB induces MCF7 and MDA‑MB‑231 cell apoptosis via 
autophagy inhibition. To reveal the cell fate of McF7 and 
MdA‑MB‑231 after autophagy inhibition and ROS explosion 
evoked by dB treatment, MTS assays were then performed to 
evaluate the cytotoxicity of dB in McF7 and MdA‑MB‑231 
cells. The data demonstrated that the number of McF7 and 
MdA‑MB‑231 cells and their metabolic activity markedly 
decreased with the increasing concentrations and treatment 
times (Fig. 5A). The Ic50 values of dB for McF7 and 
MdA‑MB‑231 cells were 14.29 and 15.70 µM, respectively, 
for 48 h.

considering that apoptosis is the major pathway of cell 
death mediated by chemotherapeutics, it was further attempted 
to identify the association between apoptosis and dB‑induced 
autophagy inhibition in McF7 and MdA‑MB‑231 cells. The 
results of the flow cytometric Annexin V‑FITC/propidium 
iodide staining assay results demonstrated that apoptotic 
cell numbers increased with dB concentration in McF7 
and MdA‑MB‑231 cells (Fig. 5B). Apoptotic rates were 
markedly increased up to ~24.9 and ~36.4% in the MCF7 
and MdA‑MB‑231 cells, respectively, after the cells were 
exposed to dB for 48 h, indicating that dB‑induced autophagy 
inhibition may eventually lead to apoptosis.

The expression of the apoptosis‑related proteins, PARP, 
Bax and Bcl‑2, were then evaluated in dB‑treated cells 

using western blot analysis. As demonstrated in Fig. 5c, dB 
treatment resulted in an upregulation of cleaved PARP and 
Bax and a downregulation of Bcl‑2 expression, confirming that 
dB could promote apoptosis by blocking autophagy in McF7 
and MdA‑MB‑231 cells.

It is known that autophagy inhibition can enhance the 
sensitivity of tumor cells to chemotherapeutic drugs or 
targeted drugs (38). The change in the sensitivity of McF7 and 
MdA‑MB‑231 cells to the conventional chemotherapeutics, 
AdM and paclitaxel (PTX) was also investigated (Fig. 5d). 
The results revealed that the inhibitory effects observed 
following combined treatment with dB and AdM or PTX 
were significantly greater than those observed with DB, ADM 
or PTX treatment alone in MdA‑MB‑231 and McF7 cells 
(Fig. 5E), indicating that dB‑induced autophagy inhibition 
may enhance the sensitivity of McF7 and MdA‑MB‑231 cells 
to AdM and PTX.

Antitumor efficacy of combined treatment with DB and the 
chemotherapeutic drug, ADM in vivo. To explore the antitumor 
efficacy of DB in vivo, a nude mouse subcutaneous planting 
tumor model was constructed using MdA‑MB‑231 cells. In the 
experiment, 5x106 cells were injected subcutaneously into the 
left hindlimb of nude mice. After 7 days, the tumor volumes 
reached ~100 mm3, and the mice were randomly divided into 
four groups with 5 mice in each group (PBS, dB, AdM and 
dB + AdM). The mice were treated with dB and/or AdM via 
an intratumoral injection every 2 days at a dose of 10 mg/kg 
(Fig. 6A). Following 12 days of treatment, the body weight of 

Figure 4. Promotion of intracellular ROS generation is required for dB‑induced autophagy inhibition. (A) Flow cytometry of ROS levels in dB (0, 5, 10 
and 20 µM 6 h)‑treated MCF7 and MDA‑MB‑231 cells. (B) The fluorescence intensity of each component was calculated according to the median value of 
Fig. 4A. (C) Representative western blots and corresponding protein quantification plots of Akt and mTOR protein expression in MCF7 and MDA‑MB‑231 
cells, treated with 10, 20 µM dB for 6 h. β‑actin was used as the loading control. *P<0.05. (d) Fluorescence images of mRFP‑GFP‑Lc3 puncta in McF7 and 
MdA‑MB‑231 cells treated with dB or NAc only or in combination. Scale bars, 10 µm. (E) The cells of McF7 and MdA‑MB‑231 were pre‑treated with NAc 
(10 mM) for 1 h and incubated with 20 µM DB for 6 h. Representative western blots and corresponding protein quantification plots of LC3‑I and LC3‑II expres‑
sion levels were examined using western blot analysis. β‑actin was used as a loading control. *P<0.05. ROS, reactive oxygen species; dB, dicitrinone B; RFP, 
red fluorescent protein; GFP, green fluorescent protein; NAC, N‑acetyl‑L‑cysteine; LC3, microtubule associated protein 1 light chain 3; LC3 I, cytoplasmic 
Lc3; Lc3 II, membrane‑bound Lc3.
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mice in the control group began to decrease significantly, while 
that of the mice in the dB group instead slightly increased, 
indicating that the use of dB in vivo could be considered safe 
(Fig. 6B). After 21 days of administration (10 consecutive 
injections), the mice were sacrificed, and the tumors were 
dissected. It was found that the tumors in the blank control 
group were the largest, while the tumors in the combined treat‑
ment group were the smallest in size. Moreover, the efficacy 
of dB treatment and AdM treatment demonstrated almost no 
difference, indicating that when used as a single therapeutic, 
dB can be comparable to AdM, and there is a good syner‑
gistic effect when used in combination (Fig. 6c‑E). The results 
of immunohistochemical analysis revealed that compared 
with the control group, the number of TUNEL‑positive cells 
increased significantly in the combined group and increased 
slightly in the dB or AdM treatment group (Fig. 6F and G). 
Simultaneously, the number of Ki‑67‑positive cells decreased 
significantly in the combined group and decreased slightly 

in the dB or AdM treatment group (Fig. 6F and G). These 
data suggested that dB or AdM treatment can promote tumor 
apoptosis and inhibit tumor proliferation, and the combina‑
tion of DB and ADM may enhance the antitumor efficacy. 
Of note, the results of the immunohistochemical analysis of 
both the dB and combined administration groups revealed 
more Lc3‑positive cells, indicating the blockade of autophagy 
after dB treatment in tumor cells (Fig. 6F and G), which was 
consistent with the experimental results obtained in vitro. 
Taken together, the aforementioned results revealed that dB 
was safe and effective as an antitumor drug by regulating 
autophagy in vivo.

Discussion

As a highly heritable heterogeneous disease, breast cancer has 
diverse histological and molecular subtypes. The prognosis of 
triple‑negative breast cancer patients is particularly poor due to 

Figure 5. Effect of dB on apoptosis when singly used or in combination with conventional chemotherapeutic drugs in MdA‑MB‑231 and McF7 cells. 
(A) cellTiter 96® AQueous One Solution cell Proliferation assay was used to detect the cell survival rate of MdA‑MB‑231 and McF7 cells treated with dB 
(20 µM) for 24 h. (B) Representative images of Annexin V/PI staining assay using flow cytometry in control cells and cells treated with DB (0 and 20 µM, 
48 h). (C) Representative western blots and corresponding protein quantification plots of PARP, cleaved PARP, Bcl‑2 and Bax protein expression in MCF‑7 and 
MdA‑MB‑231 cells treated with dB (20 µM) for 6 h. *P<0.05. (d) The viability of McF7 and MdA‑MB‑231 cells treated with AdM and PTX. (E) cellTiter 
96® AQueous One Solution cell Proliferation Assay was used to determine the survival rate of MdA‑MB‑231 cells and McF7 cells treated with dB, AdM and 
PTX alone or in combination with dB, AdM or PTX (10 µM dB, 0.2 µM AdM, 0.005 µM PTX, 24 and 48 h). **P<0.01 vs. AdM or PTX, ***P<0.001 vs.  AdM 
or PTX. dB, dicitrinone B; PARP, poly (AdP‑ribose) polymerase; AdM, adriamycin; PTX, paclitaxel.
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the lack of effective targeted therapy, and in a large number of 
patients, advanced breast cancer eventually becomes refractory 
or relapses due to invasion and metastasis (39). In this context, 
targeting autophagy inhibition may represent a new thera‑
peutic strategy for human breast cancer cells with apoptosis 
resistance or highly frequent metastasis. Previous studies have 
suggested that autophagy is a survival‑promoting mechanism 
in cancer, particularly in advanced tumors (38,40,41). It can 
help cancer cells evade various environmental stressors 
by removing damaged organelles and recycling nutrients. 
The autophagy inhibitors, cQ and hydroxychloroquine 
(HCQ), have shown promising efficacy in breast cancer and 
triple‑negative breast cancer pre‑clinical models or in clinical 
trials when combined with other conventional chemothera‑
pies (42,43). However, the retinal toxicity of cQ/HcQ has also 
attracted increased attention (44‑47). Therefore, the research 
and development of novel autophagy inhibitors is of utmost 

clinical significance in cancer treatment. In the present study, 
the novel natural product, dB, was examined, which may 
impair autophagic flux and lead to a therapeutic benefit for 
breast cancer.

Similar to cQ/HcQ, in the present study, dB induced 
the accumulation of autophagosomes by inhibiting autopha‑
gosome‑lysosome fusion. It was noted that the results of 
the immunofluorescence assay of LC3 appeared to be more 
notable in the MdA‑MB‑231 cells; however, the western blot 
results looked not so obvious. It was hypothesized that this may 
be attributed to the different morphological characteristics of 
the autophagosomes in MdA‑MB‑231 cells and McF7 cells. 
The autophagosomes formed in MdA‑MB‑231 cells were 
usually of larger size than that those in McF7 cells, leading 
to the potential confusion that the level of Lc3 and p62 was 
higher in MdA‑MB‑231 cells. Actually, the effect of dB on 
autophagosome accumulation in MdA‑MB‑231 and McF7 

Figure 6. Efficacy of DB combined with the conventional chemotherapeutic drug, ADM, in a MDA‑MB‑231 cell line‑derived tumor mouse model. (A) Mouse 
experimental scheme map. (B) changes in tumor volume in different groups of mice during treatment. calculation formula: tumor volume=shortest 
diameter2 x longest diameter/2. *P<0.05, **P<0.01 and ****P<0.0001 vs. the control. (c) changes in body weight in different groups of mice during treatment. 
(d) Images of tumors removed from nude mice after 21 days of treatment. (E) Tumor tissue weight of mice in different groups (control, dB, AdM and dB + 
ADM) after 21 days of treatment. (F) On day 21, all mice were sacrificed, and tumors were isolated for histopathological examination with TUNEL, Ki‑67 and 
Lc3 B staining assays (scale bar, 100 µm). The dose of dB and AdM was 10 mg/kg. dB, dicitrinone B; AdM, Adriamycin; Lc3 B, microtubule associated 
protein 1 light chain 3 beta. ***P<0.001 vs. the control. (G) Relative expression quantification of histopathological examination with TUNEL, Ki‑67 and LC3 
B staining assays. *P<0.05 and ***P<0.001.
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cells was relatively similar, based on the results of western 
blot analysis. Various studies have revealed that alkalization 
of lysosomes, defects in lysosomal proteolytic activity, and 
delayed trafficking of autophagosomes to lysosomes easily lead 
to the limitation of autophagosomes‑lysosome fusion (48,49). 
However, the data from the AO and LysoTracker Red staining 
assays in the present study demonstrated that the pH was not 
altered in response to dB treatment. It is believed that lyso‑
somal hydrolases, known as cathepsins, are the main tool for 
autolysosomes to decompose their contents (50‑52). Western 
blot analysis of the hydrolases cTSd and cTSB indicated 
that although DB treatment blocked the autophagic flux and 
increased autophagosomes, it did not alter the activity and 
function of lysosomal cathepsins. To date, most compounds 
that affect autophagy in cancer cells perform this by locking 
the fusion of autophagosomes and lysosomes (53). Among 
these compounds, bafilomycin A1 can raise the pH of lyso‑
somes, which leads to the inhibition of the activity of resident 
hydrolases and further blocks the fusion of autophagosomes 
and lysosomes (54). Liensinine, as an autophagy inhibitor, is 
able to affect the recruitment of the small GTP binding protein 
RAB7A to lysosomes but does not affect lysosomal pH, which 
in turn blocks the fusion of autophagosomes and lysosomes in 
breast cancer cells (55). cQ/HcQ decreases autophagosome 
lysosome fusion by interfering with autophagosomal SNARE 
protein SNAP29 recruitment and the Golgi complex without 
substantially changing lysosomal acidity (56,57). It cannot be 
excluded that dB may preferentially destabilize auxilin, which 
is involved in the fusion of autophagosomes and lysosomes, 
and consequently lead to autophagosome aggregation and 
disruption of autophagy (58).

As a type of highly reactive oxygen‑free radical or 
non‑radical molecules, ROS play an essential role in deciding 
cell fate. A previous study by the authors have revealed that 

the levels of ROS in A375 human malignant melanoma cells 
was obviously increased after DB treatment, due to the signifi‑
cant decrease in mitochondrial membrane potential induced 
by dB (25). In the present study, dB also caused an increase 
in ROS generation in McF7 breast cancer and MdA‑MB‑231 
TNBc cells. ROS perform important functions and are 
associated with numerous signaling pathways in cells (59). 
To determine the association between ROS and autophagy, 
the ROS scavenger, NAc, was used to treat the cells prior to 
dB‑inhibited autophagy. Of note, the dB‑induced autophagic 
flux inhibition was abolished by NAC. Therefore, the effect of 
dB on ROS generation may be related to the blocking of the 
autophagic flow in MCF7 and MDA‑MB‑231 cells. To date, 
the association linking autolysosomal accumulation and ROS 
accumulation remains largely unclear. It has been reported that 
high levels of intracellular ROS may stem from damaged 
mitochondria in the cytoplasm or undegraded mitochondria 
in autophagosomes (60,61). The accumulation of autophago‑
somes containing defective mitochondria and dysfunctional 
mitochondria after dB treatment may promote ROS release. 
Simultaneously, high levels of ROS trigger the formation of 
new autophagosomes and cellular damage, potentially initi‑
ating a vicious cycle that eventually leads to apoptosis. In 
addition, it has been reported that Akt, a downstream protein of 
the PI3K pathway, inhibits autophagy by activating rapamycin 
complex 1 (mTORc1) in response to the increase in ROS 
levels, and mTORc1 and rapamycin complex 2 (mTORc2) 
inhibit autophagy at medium ROS levels; however, mTORc2 
can promote cell aging through autophagy at high ROS 
levels (62). The present study revealed that dB upregulated 
Akt and mTOR protein levels in breast cancer cells, particu‑
larly in MdA‑MB‑231 cells. This indicated that the blocking 
effect of dB on the autophagy of McF7 and MdA‑MB‑231 
cells may be related to ROS and PI3K pathways.

Figure 7. Schematic representation of dB‑induced autophagy inhibition and apoptosis activation. dB, dicitrinone B.
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The present study only detected the anti‑tumor and 
autophagy inhibitory activity of dB in two human breast 
cancer cell lines (McF7 and MdA‑MB‑231) without making 
comparisons with a normal control cell line. Therefore, it was 
not possible to evaluate the toxicity of dB to normal cells at the 
cellular level. However, the mouse experiments revealed that 
the body weight of the mice in the doxorubicin group decreased 
significantly, while that of the mice in the DB group was not 
markedly altered, indicating that dB is safe to use in vivo.

In conclusion, the present study provides biochemical 
evidence of a novel (to the best of our knowledge) autophagy 
modulator, dB, that can inhibit autophagy and induce 
apoptosis via the accumulation of autophagosomes and the 
promotion of ROS production in McF7 breast cancer and 
MdA‑MB‑231 TNBc cells (Fig. 7). In view of its safety and 
efficacy in vivo and the necessity to enhance the sensitivity of 
tumors to chemotherapeutic drugs, dB is expected to become 
a new‑generation antitumor drug.
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