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Abstract. Olaparib (AZD2281) is used as a first‑line main‑
tenance treatment for patients with ovarian cancer (OC) 
with a breast cancer susceptibility gene (BRCA) mutation. 
Fatty acid binding protein 4 (FABP4) may serve an impor‑
tant role in cancer, but its role in olaparib‑treated OC with a 
BRCA mutation requires further clarification. To explore the 
function of FABP4 and enhance the efficacy of AZD2281 
in OC, cell counting kit‑8, cell apoptosis, cell cycle, colony 
formation, cell transfection, western blotting, reverse tran‑
scription‑quantitative polymerase chain reaction, chromatin 
immunoprecipitation, seahorse and reactive oxygen species 
assays were performed. In the present study, AZD2281 
significantly promoted cell apoptosis, and inhibited cell cycle 
progression and colony formation in COV362 cells. In addi‑
tion, AZD2281 significantly upregulated the levels of CCAAT 
enhancer binding protein α (CEBPα), peroxisome proliferator 

activated receptor γ (PPARγ) and FABP4. AZD2281 mark‑
edly promoted fold enrichment of CEBPα in the promoters 
of PPARγ and FABP4. Furthermore, FABP4 overexpression 
significantly decreased cell apoptosis and promoted cell cycle 
progression and colony formation. In contrast, FABP4 knock‑
down demonstrated the opposite effects. In addition, FABP4 
significantly regulated levels of reactive oxygen species, 
adenosine triphosphate, aerobic glycolysis, basal respiration 
rate and fatty acid oxidation. The combination of AZD2281 
with the FABP4 inhibitor BM S309403 further significantly 
increased cell apoptosis and decreased colony formation. In 
conclusion, the findings of the present study demonstrated 
that AZD2281 significantly enhanced FABP4 expression, 
leading to diminished antitumor efficacy in OC cells with a 
BRCA mutation by regulating CEBPα‑PPARγ. Conversely, the 
combination of AZD2281 and FABP4 inhibitor BM S309403 
demonstrated heightened antitumor effectiveness, presenting 
a promising therapeutic strategy for treating patients with OC 
with a BRCA mutation.

Introduction

Ovarian cancer (OC) is one of the deadliest diseases in 
women, which threatens their health (1). With a 5‑year survival 
rate of 47%, patients with OC grapple with challenges such as 
chemotherapy resistance, recurrence, metastasis and associ‑
ated complications (2). Notably, 15‑22% of OCs are caused 
by a breast cancer susceptibility gene (BRCA) mutation (3‑5). 
Women with pathogenic mutations in BRCA are 10‑30 times 
more likely to develop OC than those without such muta‑
tions (6,7).

Poly (ADP‑ribose) polymerase (PARP)‑1 mostly exists in 
the nucleus of eukaryotic cells and catalyzes the transfer of 
ADP‑ribose to target proteins (8). PARP‑1 inhibitors constitute 
a novel molecularly targeted therapy and are used to treat breast 
cancer and OC (9‑13). Olaparib, a targeted PARP inhibitor, is 
used as a first‑line treatment for patients with OC with a BRCA 
mutation (14‑17). Studies indicate that maintenance treatment 
with olaparib enhances progression‑free survival (PFS) in 
patients with platinum‑sensitive recurrent advanced OC with 
a BRCA mutation (18). Moreover, it demonstrates notable effi‑
cacy in improving PFS for individuals with newly diagnosed 
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advanced OC harboring BRCA1/2 mutations (15,19). However, 
several patients with OC have shown no response to treatment 
with olaparib. Long‑term treatment with olaparib can lead 
to the development of resistance in OC (20‑22). To address 
resistance to olaparib, ongoing research is focused on under‑
standing the underlying mechanisms and developing a novel 
combinatorial therapy for OC with a BRCA mutation (23).

Fatty acid binding protein 4 (FABP4) binds to long‑chain 
fatty acids and regulates the uptake, transport and metabolism 
of fatty acids  (24,25). Previous studies have reported that 
FABP4 serves an important role in several cancers, including 
breast (26,27), hepatic (28), colorectal (29,30) cervical (31) 
and gastric (32) cancers. FABP4 expression is upregulated 
in recurrent breast cancer and is associated with a worse 
prognosis in patients with breast cancer  (26). Moreover, it 
modulates the import and metabolism of fatty acids in these 
patients (27). FABP4 also promotes hepatocarcinogenesis by 
regulating inflammatory pathways (28). In addition, it serves 
as a key determinant of the metastatic potential of OC and 
mediates carboplatin resistance (33,34). One study indicated 
that PARP‑1 inhibition promotes CCAAT enhancer binding 
protein (cEBP)β and FABP4 expression and regulates the 
adipogenic transcriptional program (35). Therefore, it is neces‑
sary to determine the efficacy of a FABP4 inhibitor and the 
combinatorial efficacy of olaparib and FABP4 inhibitors for 
treating patients with OC with a BRCA1 mutation.

In the present study, to explore the function of FABP4 and 
enhance the efficacy of AZD2281 in OC, cell counting kit‑8, 
cell apoptosis, cell cycle, colony formation, cell transfection, 
western blotting, reverse transcription‑quantitative polymerase 
chain reaction, chromatin immunoprecipitation, seahorse and 
reactive oxygen species assays were performed. In addition, 
the combination of AZD2281 with the FABP4 inhibitor BM 
S309403 were performed to enhance the efficacy of AZD2281 
in OC.

Materials and methods

Cell culture and transfection. COV362 and OVCAR5 cell 
lines were purchased from Shanghai Xuanya Biotechnology 
Co., Ltd., and were cultured in Dulbecco's Modified Eagle 
Medium containing 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) and penicillin/streptomycin 
(100 U/ml) in an incubator with 5% CO2 at 37˚C. For over‑
expression experiments, cells were transfected with plasmid 
vectors, and for knockdown experiments, cells were trans‑
fected with shRNA targeting FABP4. The negative control 
for overexpression transfection was an empty plasmid vector, 
while the negative control for knockdown transfection was a 
scrambled shRNA.

Transfections were performed using Lipofectamine 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for plasmid DNA 
and Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher 
Scientific, Inc.) for shRNA according to the manufacturer's 
instructions. Briefly, cells were seeded into 24‑well plates 
at a density of 1x105 cells/well and cultured overnight until 
reaching 50‑60% confluence. For transfection, 0.5  µg of 
plasmid DNA or 50 nM shRNA was mixed with 1.5 µl of the 
appropriate transfection reagent in serum‑free medium and 
incubated at room temperature for 10‑20 min. The mixture 

was then added to the cells, which were incubated at 37˚C for 
48 h before subsequent experiments.

FABP4 overexpression (OE) was performed using a 
PcDNA3.1 plasmid (Shanghai Yasai Biotechnology Co., 
LTD.; cat.  no. AVB010021), and the following sequences: 
FABP4‑Forward (F): 5'‑CTC​GGA​TCC​GCC​ACC​ATG​
TGT​GAT​GCT​TTT​GTA​GG‑3' and FABP4‑Reverse 
(R):  5'‑CCC​TCT​AGA​CTC​GAG​TTA​TGC​TCT​CTC​
ATA​AAC​TC‑3' [Asia‑Vector Biotechnology (Shanghai) Co., 
Ltd.]. Knockdown of FABP4 expression with shRNA was 
performed using a PGIPZ plasmid. The sequences for FABP4 
shRNA were as follows: FABP4‑shRNA forward: 5'‑TGC​TGT​
TGA​CAG​TGA​GCG​ACT​CAC​TGC​AGA​TGA​CAG​GAA​AGT​
CAA​ATA​GTG​AAG​CCA​CAG​ATG​TAT​TTG​ACT​TTC​CTG​
TCA​TCT​GCA​GTG​AGG​TGC​CTA​CTG​CCT​CGGA‑3' and 
FABP4‑shRNA reverse: 5'‑TCC​GAG​GCA​GTA​GGC​ACC​
TCA​CTG​CAG​ATG​ACA​GGA​AAG​TCA​AAT​ACA​TCT​GTG​
GCT​TCA​CTA​TTT​GAC​TTT​CCT​GTC​ATC​TGC​AGT​GAG​
TCG​CTC​ACT​GTC​AAC​AGCA‑3' [Asia‑Vector Biotechnology 
(Shanghai) Co., Ltd.]. The negative control shRNA (NC 
shRNA) sequence was 5'‑CCTAAGGTTAAGTCGCCCT‑3' 
[Asia‑Vector Biotechnology (Shanghai) Co., Ltd.]. Cells were 
transfected with 0.5 µg FABP4‑SH, 0.5 µg FABP4‑OE or 
0.5 µg negative control plasmids (Asia‑Vector Biotechnology) 
using the FuGENE® HD Transfection Reagent (cat. no. E2311; 
Promega Corporation), according to the protocol described 
in previous studies  (36,37). In brief, 1x105 cells/well were 
seeded into 24‑well culture plates overnight at  37˚C. A 
mixture of 50 µl serum‑free medium and 0.5 µg plasmid was 
gently incubated at room temperature for 5 min. Additionally, 
2 µl FuGENE HD Transfection Reagent dissolved in 50 µl 
serum‑free medium was gently mixed and incubated at room 
temperature for 5 min. Subsequently, the plasmid and liposome 
solution were gently mixed and incubated at room temperature 
for 15 min. Finally, the mixed solution was added to the cells 
in the 24‑well plate for 6 h at 37˚C. The mixed solution was 
then discarded and the COV362 cells were re‑cultured using 
normal medium (DMSO; BBI Solutions) for 48 h at 37˚C and 
collected for further experiments.

Cell Counting Kit‑8 assay. Cells (COV362 and OVCAR5) 
were seeded onto 96‑well plates at a density of 5,000 cells/well 
and cultured for 12, 24 and 48 h with or without AZD2281 
(400  nm; Selleck Chemicals) treatment at  37˚C for 48  h. 
Subsequently, the culture medium was replaced with a fresh 
medium and 10 µl of the Cell Counting Kit‑8 reagent (BBI 
Solutions) was added to each well. The cells were incubated 
at 37˚C for 1 h. Finally, the absorbance of cells at 450 nm was 
measured using a microplate reader.

Cell apoptosis assay. Cells (COV362 and OVCAR5) were 
seeded in a 12‑well plate (3x105/well) for 24 h, and treated 
with or without 400 nM AZD2281 or 500 nM BM S309403 
(Selleck Chemicals) at  37˚C for 0, 12, 24 or 48  h. They 
were then collected using centrifugation at  300  x  g for 
5 min at 4˚C, washed twice with phosphate‑buffered saline 
(PBS), and resuspended by adding 250 µl of binding buffer. 
Subsequently, 100 µl cell suspension (1x106 cells/ml), 5 µl 
Annexin V‑FITC and 10 µl propidium iodide were added to a 
5‑ml flow cytometer tube. After which, 400 µl binding buffer 
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was added and mixed, and the samples were tested within 1 h. 
For the flow cytometry analysis, cells were treated at room 
temperature using the Annexin V Apoptosis Detection Kit 
(Beyotime Institute of Biotechnology). Red blood cell lysis 
was not performed. After staining, the cells were immediately 
analyzed using a Thermo Attune NXT flow cytometer, with 
the analysis conducted within 1 h. For intracellular staining, 
fixation and permeabilization were not necessary as surface 
staining was performed. The Annexin V‑FITC and PI labeling 
was sufficient for the detection of apoptotic and necrotic cells. 
No additional cytokine/chemokine treatments were applied 
in this experiment. The antibodies used included Annexin 
V‑FITC (Beyotime Institute of Biotechnology; cat. no. C1062) 
and propidium iodide (PI; Beyotime Institute of Biotechnology; 
cat.  no.  E607306). Flow cytometry was performed on a 
Thermo Attune NXT, and data were analyzed using Attune™ 
NxT software (version 3.1.2, Thermo Fisher Scientific, Inc.).

Cell cycle assay. Cells (COV362 and OVCAR5) were seeded 
in a 12‑well plate (1x106/well) for 24 h at 37˚C, treated with or 
without 400 nM AZD2281 or 500 nM BM S309403 at 37˚C 
for 0, 12, 24 or 48 h, and then harvested and centrifuged 
at ~150 x g for 5 min at room temperature. The supernatant 
was then discarded. The cells were fixed with 70% ethanol 
at 4˚C for 1 h and then washed and precipitated with PBS. 
After adding a cell staining solution, the cells were resus‑
pended. Finally, cells sample was treated with 500 µl propyl 
iodide dye solution, gently mixed using a pipette and incu‑
bated in the dark at 37˚C for 30 min. Upon completion, the 
samples were analyzed using flow cytometry. For apoptosis 
detection, Annexin V‑FITC/PI staining was performed using 
the Annexin V‑FITC Apoptosis Detection Kit (Beyotime 
Institute of Biotechnology; cat. no. C1062), with Annexin 
V‑FITC detected in one channel and PI in a separate channel. 
For cell cycle analysis, the Cell Cycle Analysis Kit (Beyotime 
Institute of Biotechnology; cat. no. C1052) was used to detect a 
single channel. The data were collected and stored for further 
analysis.

Colony formation assay. Cells (COV362 and OVCAR5) were 
cultured in 6‑well plates at a density of 200 cells/well, treated 
with or without 400 nM AZD2281 or 500 nM BM S309403 
at 37˚C for 0, 12, 24 or 48 h, and then fixed with 4% para‑
formaldehyde at 37˚C for 30 min. Subsequently, they were 
stained with 1% crystal violet at 37˚C for 10 min, observed 
and imaged using an inverted fluorescence microscope. The 
number of colonies with >50 cells in each group was counted.

Reverse transcription‑quantitative (q)PCR. Total RNA was 
extracted using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) following the manufacturer's protocol. For 
cDNA synthesis, 1 µg of total RNA was reverse transcribed 
using the SuperScript™ III First‑Strand Synthesis System 
(Invitrogen; Thermo Fisher Scientific, Inc., cat. no. 18080‑051) 
according to the manufacturer's instructions. The reverse 
transcription reaction was carried out at 25˚C for 10 min, 
followed by 50˚C for 50 min, and the reaction was terminated 
by heating at 85˚C for 5 min. Total RNA was extracted from 
the cells (COV362 and OVCAR5) using the TRIzol method 
(Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. 15596‑018). 

Gene expression was assessed using the AceQ™ Universal 
SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.; 
cat. no. Q511‑03). The thermocycling conditions for the qPCR 
were as follows: An initial denaturation at 95˚C for 5 min, 
followed by 40 cycles of 95˚C for 10 s and 60˚C for 30 s. The 
final stage included 95˚C for 15 s, 60˚C for 60 s and 95˚C for 
15 s. Gene expression levels were normalized to GAPDH, and 
the relative quantification of gene expression was performed 
using the 2‑ΔΔCq method (38). The analysis was conducted on 
a QuantStudio™ 5 Real‑Time PCR System (Thermo Fisher 
Scientific, Inc.). The primers used for the PCR are listed in 
Table SI.

Western blotting. Cells (COV362 and OVCAR5) were 
collected, and the protein concentration was determined using 
western blotting. Proteins were separated and transferred onto 
membranes, followed by their incubation with 5% milk at room 
temperature for 1 h. The protein extraction buffer used was 
RIPA from Beyotime Institute of Biotechnology. For protein 
determination, the BCA protein concentration determination 
kit was utilized. Each lane was loaded with 20 µg of protein, 
and a 12% gel was used for electrophoresis. The proteins 
were transferred to a PVDF membrane. The membranes were 
incubated at  4˚C overnight with the following antibodies: 
Anti‑FABP4 (1:1,000; cat. no. ab92501; Abcam), anti‑Snail 
(1:1,000; cat. no. 3879T; CST Biological Reagents Co., Ltd.), 
anti‑Slug (1:1,000; cat.  no.  ab27568; Abcam), anti‑B‑cell 
lymphoma 2 (BCL2; 1:1,000; cat. no. AB1722; MilliporeSigma), 
anti‑BRCA1 (1:1,000; cat. no. 22362‑1‑AP; Proteintech Group, 
Inc.), anti‑BRCA2 (1:1,000; cat. no. 29450‑1‑AP; Proteintech 
Group, Inc.), anti‑cEBPα (1:1,000; cat.  no.  18311‑1‑AP; 
Proteintech Group, Inc.), anti‑peroxisome proliferator activated 
receptor γ (PPARγ; 1:1,000; cat. no. 16643‑1‑AP; Proteintech 
Group, Inc.) and anti‑GAPDH (1:20,000; cat. no. 5174; CST 
Biological Reagents Co., Ltd.). The membranes were then 
incubated with the secondary antibodies at room temperature 
for 1 h. Specifically, anti‑mouse IgG (HRP‑conjugated; CST 
Biological Reagents Co., Ltd., cat. no. 7076) and anti‑rabbit 
IgG (HRP‑conjugated; CST Biological Reagents Co., 
Ltd., cat. no. 7074) were both used at a dilution of 1:5,000. 
Protein levels were then assessed using the Tanon 5200a 
Chemiluminescence Imaging System (Shanghai Tianneng 
Technology Co., Ltd.).

Chromatin immunoprecipitation (ChIP) assay. The ChIP 
assay was performed using a ChIP kit (cat. no. ab500; Abcam). 
COV362 Cells were washed with PBS and collected using 
centrifugation at 300 x g at 4˚C for 30 sec. The supernatant 
was then discarded. Subsequently, the precipitate was lysed 
with 400  µl of 1% SDS lysate, mixed and incubated for 
10 min at 4˚C. The supernatant was then collected and diluted 
with 0.6 ml dilution buffer containing phenylmethylsulfonyl 
fluoride. Finally, the diluted solution was washed with TE 
and was equally divided into each tube. Samples were incu‑
bated at 4˚C overnight with anti‑cEBPα antibodies (2 µg; 
cat. no. 18311‑1‑AP; Proteintech Group, Inc.) and normal IgG 
antibodies (cat.  no.  IgG 30000‑0‑AP; Proteintech Group, 
Inc.; 1 ug/ml). Later, agarose A or G (Beyotime Institute 
of Biotechnology; cat. no. P2055; 20 ul beads per set) was 
added and centrifuged at ~1,000 x g for 5 min at 4˚C, and the 
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supernatant was discarded completely. Finally, DNA was puri‑
fied using a PCR purification kit (Beijing Kangrun Chengye 
Biotechnology, Co., Ltd.; cat. no. A304). The primers used in 
this experiment are provided in Table SII.

Determination of reactive oxygen species (ROS) level. 
Dichloro‑dihydro‑fluorescein diacetate was added to COV362 
cells at a final concentration of 10 µM and incubated for 30 min 
at 37˚C. The cells were then washed thrice and imaged under a 
fluorescence microscope. The cells were digested with trypsin, 
neutralized and collected in Eppendorf tubes. The cells in 
each group were harvested and detected using flow cytometry.

Adenosine triphosphate (ATP) assay. ATP standard solution 
was diluted with ATP test lysate to achieve an appropriate 
concentration gradient. Subsequently, 100  ml ATP test 
working solution was added to the tube, followed by incuba‑
tion at room temperature for 3‑5 min. Subsequently, 20 ml 
sample of COV362 cells with or without FABP4 overexpres‑
sion or FABP4 knockdown was added to the test tube and 
mixed rapidly. Finally, the absorbance was measured using a 
luminometer (Promega Corporation).

Seahorse assay. Hydration solution (180  µl) was added 
to the lower layer of the XF96 extracellular flux assay kit 
(cat. no. Q29216; Agilent Technologies, Inc.) and the XF cell 
mito stress test kit (cat. no. 103015‑100; Agilent Technologies, 
Inc.), both of which were hydrated overnight in an incubator 
without CO2 at  37˚C. After incubation, the COV362 cells 
were washed twice with hippocampal XF basic medium 
(cat. no. 102353; Agilent Technologies, Inc.), and 175 µl hippo‑
campal XF basic medium was added to each well, followed by 
incubation for 1 h at 37˚C. Finally, the cells were assessed using 
the Seahorse XF24 instrument (Agilent Technologies, Inc.).

Statistical analysis. Data are presented as mean  ±  stan‑
dard deviation. Statistical tests were performed using SPSS 
version 24.0 (IBM Corp.). One‑way ANOVA was used to 
analyze data from the following experiments: Cell apoptosis, 
colony formation, mRNA expression, fold enrichments of 
cEBPα in the FABP4 or PPARγ promoter, FABP4 over‑
expression and knockdown, the half‑maximal inhibitory 
concentration (IC50) of AZD2281, the levels of ROS and ATP, 
extracellular acidification rate, basal respiration and fatty acid 
oxidation at different time points or different groups. Two‑way 
ANOVA was used to compare cell cycle analysis between 
different time groups or different groups and cell cycle phases 
(G1, S and G2), and also to compare the gene expression 
between different groups and different genes. Dunnett's or 
Tukey's multiple comparison tests were subsequently used. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

AZD2281 promotes cell apoptosis and inhibits colony forma‑
tion in COV362 cells. COV362 cells contain a BRCA1 mutation, 
whereas OVCAR5 cells contain the wild‑type BRCA1; there‑
fore, COV362 and OVCAR5 cells were selected for further 
analyses. The results revealed that the IC50 of AZD2281 in 

OVCAR5 cells was 1,168 nM, whereas in COV362 cells it 
was 407.8 nM, indicating that BRCA1‑mutant cells are more 
sensitive to AZD2281 than BRCA1‑wild‑type cells (Fig. 1A). 
Moreover, compared with the control group, AZD2281 treat‑
ment significantly increased apoptosis in OVCAR5 cells 
at 48 h, whereas in COV362 cells, apoptosis was significantly 
increased at 12 h, which gradually increased with time after 
AZD2281 treatment (Fig. 1B). In addition, compared with 
the control group, AZD2281 significantly reduced cell cycle 
progression and colony formation in COV362 cells, but not 
in OVCAR5 cells (Fig. 1C and D). These results indicate that 
AZD2281 inhibits the function of OC cells with a BRCA1 
mutation.

AZD2281 upregulates FABP4 expression. Previous studies 
have reported that PARP‑1 inhibition upregulates levels of 
cEBPβ and PPARγ (35,39), whereas cEBPβ and PPARγ could 
regulate FABP4 expression (40,41). Therefore, the present study 
assessed their expression after AZD2281 treatment. The results 
revealed that compared with the control group, AZD2281 did not 
significantly regulate the mRNA levels of BRCA1 and BRCA2, 
but increased the mRNA levels of PPARγ after AZD2281 treat‑
ment for 12 h, and also increased the mRNA level of FABP4 
after AZD2281 treatment for 48 h (Fig. 2A); whereas, AZD2281 
significantly upregulated cEBPα, PPARγ and FABP4 protein 
expression, in COV362 and OVCAR5 cells (Fig. 2B). In addi‑
tion, compared with the control group, AZD2281 significantly 
downregulated BRCA1 and BRCA2 expression in COV362 cells, 
but not in OVCAR5 cells (Fig. 2B). Furthermore, the results of 
the ChIP assay indicated that compared with the control group, 
AZD2281 treatment significantly promoted the binding of 
cEBPα to the promoters of PPARγ and FABP4 (Fig. 2C and D), 
suggesting that AZD2281 upregulates FABP4 expression by 
modulating cEBPα expression.

FABP4 regulates the function of OC in COV362 cells. To 
assess the function of FABP4 in OC cells with a BRCA1 muta‑
tion, FABP4 overexpression and knockdown were performed 
in COV362 cells (Fig. 3A and B). Due to its superior silencing 
efficacy, FABP4‑SH5 was chosen to use in the subsequent 
experiments. Compared with the vector group, FABP4 overex‑
pression significantly increased the IC50 of AZD2281 in COV362 
cells. Moreover, compared with the SH‑NC group, FABP4 
knockdown significantly decreased the IC50 of AZD2281 in 
COV362 cells (Fig. 3C). In addition, compared with the vector 
group, FABP4 overexpression significantly reduced apoptosis 
and promoted cell cycle progression and colony formation, 
whereas compared with the SH‑NC group, FABP4 knock‑
down significantly increased apoptosis and reduced cell cycle 
progression and colony formation in COV362 cells (Fig. 3D‑F). 
Furthermore, compared with the vector group, FABP4 overex‑
pression significantly upregulated the expression of Snail, Slug 
and BCL2, whereas compared with the SH‑NC group, FABP4 
knockdown significantly downregulated the expression of the 
three proteins in COV362 cells (Fig. 3G).

FABP4 regulates mitochondrial function. A previous study 
reported that FABP4 could regulate mitochondrial membrane 
homeostasis and mitochondrial function (42). Therefore, the 
present study assessed the effects of FABP4 on mitochondrial 
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Figure 1. AZD2281 promotes apoptosis and inhibits colony formation in COV362 cells. (A) IC50 of AZD2281 in OVCAR5 and COV362 cells were assessed. 
(B) Cell apoptosis at different time points (ctrl, 12, 24 and 48 h) after treatment with 400 nM AZD2281 in OVCAR5 and COV362 cells. ***P<0.001; ****P<0.0001. 
(C) Cell cycle progression at different time points (0, 12, 24 and 48 h) after treatment with 400 nM AZD2281 and in different cell cycle phases (G1, S, and G2) 
in OVCAR5 and COV362 cells. ***P<0.001 vs. Ctrl (G1); ###P<0.001 vs. Ctrl (G2). (D) Colony formation at different time points (ctrl, 12, 24 and 48 h) after 
treatment with 400 nM AZD2281 in OVCAR5 and COV362 cells. ****P<0.0001. IC50, half‑maximal inhibitory concentration; Ctrl, control.
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function. The results revealed that compared with the vector 
group, FABP4 overexpression significantly reduced ROS and 
ATP levels (Fig. 4A and B). Further results demonstrated that 
FABP4 overexpression significantly enhanced aerobic glycol‑
ysis, basal respiration rate and fatty acid oxidation, promoting 

mitochondrial function and providing energy for OC growth 
(Fig. 4C‑E). FABP4 knockdown also significantly increased 
ROS and ATP levels (Fig. 4A and B) and significantly reduced 
glycolysis, basal respiration rate and fatty acid oxidation 
(Fig. 4C‑E). Whereas compared with the SH‑NC group, These 

Figure 2. AZD2281 upregulates FABP4 expression. (A) mRNA expression of BRCA1, BRCA2, PPARγ and FABP4 at different time points (ctrl, 12, 24 and 48 h) 
after treatment with 400 nM AZD2281 in OVCAR5 and COV362 cells. ***P<0.001. (B) Protein expression of BRCA1, BRCA2, PPARγ, cEBPα and FABP4 at 
different time points (ctrl, 12, 24 and 48 h) after treatment with 400 nM AZD2281 in OVCAR5 and COV362 cells. *P<0.05 vs. Ctrl;**P<0.01 vs. Ctrl;***P<0.001 vs. 
Ctrl; ****P<0.0001 vs. Ctrl. Fold enrichments of cEBPα in the (C) FABP4 and (D) PPARγ promoters at different time points (ctrl, 12, 24 and 48 h) after treatment 
with 400 nM AZD2281. *P<0.05 vs. Ctrl; **P<0.01 vs. Ctrl; ***P<0.001 vs. Ctrl; ***P<0.001 vs. Ctrl. FABP4, fatty acid binding protein 4; BRCA, breast cancer 
susceptibility gene; PPARγ, peroxisome proliferator activated receptor γ; cEBPα, CCAAT enhancer binding protein α; ChIP, chromatin immunoprecipitation; 
Ctrl, control.
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Figure 3. FABP4 regulates the function of COV362 cells in OC. (A) FABP4 expression in different groups (ctrl, OE‑NC and FABP4‑OE) after FABP4 
overexpression. ***P<0.001 vs. OE‑NC. (B) FABP4 expression in different groups (ctrl, SH‑NC, FABP4‑SH1, FABP4‑SH2, FABP4‑SH3, FABP4‑SH4 and 
FABP4‑SH5) after FABP4 knockdown. **P<0.01 vs. SH‑NC; ***P<0.001 vs. SH‑NC. (C) IC50 of AZD2281 in different groups (vector, FABP4‑OE, SH‑NC 
and FABP4‑SH) after FABP4 overexpression and knockdown. *P<0.05. (D) Cell apoptosis in different groups (vector, FABP4‑OE, SH‑NC and FABP4‑SH) 
after FABP4 overexpression and knockdown. ****P<0.0001. (E) Cell cycle progression between different groups (vector, FABP4‑OE, SH‑NC and FABP4‑SH) 
and cell cycle phases (G1, S and G2). ****P<0.0001 vs. Vector (G1); ####P<0.0001 vs. Vector (S); &&&&P<0.0001 vs. Vector (G2); @@@@P<0.0001 vs. SH‑NC 
(G1); $$$P<0.001 vs. SH‑NC (G2). (F) Colony formation in different groups (vector, FABP4‑OE, SH‑NC and FABP4‑SH) after FABP4 overexpression and 
knockdown. **P<0.01; ****P<0.0001. (G) Gene expression of Snail, Slug and BCL2 in different groups (vector, FABP4‑OE, SH‑NC, and FABP4‑SH). *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001. FABP4, fatty acid binding protein 4; OC, ovarian cancer; BCL2, B‑cell lymphoma 2; OE, overexpression; NC, negative 
control; SH/sh, short hairpin; ctrl, control; IC50, half‑maximal inhibitory concentration.

https://www.spandidos-publications.com/10.3892/ol.2024.14813
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results indicate that FABP4 regulates the progression of OC by 
modulating mitochondrial function.

Combinatorial efficacy of AZD2281 and BM S309403 in 
BRCA1‑mutant OC cells. Compared with the PBS group, 
AZD2281 and BM S309403 (a FABP4 inhibitor) both 

significantly promoted apoptosis (Fig. 5A) and significantly 
inhibited colony formation (Fig. 5B) and cell cycle progres‑
sion (Fig. 5C) in COV362 cells. Compared with AZD2281 or 
BM S309403 alone, their combination further significantly 
promoted cell apoptosis (Fig. 5A) and inhibited colony forma‑
tion (Fig. 5B) and cell cycle progression (Fig. 5C), indicating 

Figure 4. FABP4 regulates mitochondrial function. (A) Levels of ROS, (B) ATP, (C) ECAR, (D) basal respiration and (E) fatty acid oxidation in different 
groups (vector, FABP4‑OE, SH‑NC, FABP4‑SH, Pa + Vector, Pa + FABP4‑OE, Pa + SH‑NC, and Pa + FABP4‑SH) after FABP4 overexpression and knock‑
down, as well as after Pa treatment. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. FABP4, fatty acid binding protein 4; ROS, reactive oxygen species; ATP, 
adenosine triphosphate; ECAR, extracellular acidification rate; OCR, oxygen consumption rate; OE, overexpression; NC, negative control; SH/sh, short 
hairpin; Pa, palmitic acid; GLU, glucose; OLI, oligomycin; FCCP, Carbonyl cyanide 4‑(trifluoromethoxy)phenylhydrazone; ROT/AA, Rotenone + Antimycin 
A; 2‑DG, 2‑deoxy glucose.
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the combinatorial antitumor efficacy of olaparib and a FABP4 
inhibitor for treating OC with a BRCA1 mutation.

Discussion

The results of the present study revealed that AZD2281 
(olaparib) significantly promoted apoptosis and inhibited cell 
cycle progression and colony formation in COV362 cells, 
which contain a BRCA1 mutation. However, AZD2281 also 
significantly upregulated FABP4 expression in COV362 cells. 
FABP4 overexpression inhibited cell apoptosis and promoted 
cell cycle progression and colony formation, whereas FABP4 
knockdown demonstrated the opposite effects. Further 
analyses demonstrated that FABP4 overexpression reduced 
ROS and ATP levels and enhanced aerobic glycolysis, basal 
respiration rate and fatty acid oxidation, whereas FABP4 
knockdown demonstrated the opposite effects. Furthermore, 
the combination of AZD2281 and the FABP4 inhibitor BM 
S309403 significantly promoted cell apoptosis and inhibited 
colony formation, indicating the combinatorial efficacy of 
olaparib and FABP4 inhibitor for treating OC with a BRCA1 
mutation (Fig. 6).

Previous studies have demonstrated that the incidence 
of OC is higher among individuals with a BRCA muta‑
tion (43,44) and that BRCA mutations are the main mutations 

Figure 5. Combinatorial efficacy of AZD2281 and BM S309403 in breast cancer susceptibility gene 1‑mutant ovarian cancer cells. (A) Cell apoptosis and 
(B) colony formation in different groups (PBS, AZD2281, BM S309403 and AZD2281 + BM S309403). ***P<0.001; ****P<0.0001. (C) Cell cycle progression in 
different groups (PBS, AZD2281, BM S309403 and AZD2281 + BM S309403) and cell cycle phases (G1, S and G2). ***P<0.001 vs. PBS (G1); #P<0.05 vs. PBS 
(S); ##P<0.01 vs. PBS (S); ###P<0.001 vs. PBS (S).

Figure 6. AZD2281 (olaparib) markedly inhibits the progression of ovarian 
cancer cells with a BRCA1 mutation. Furthermore, AZD2281 increases the 
protein level of FABP4, which regulates the progression of ovarian cancer by 
mediating function of mitochondria. Finally, the combination of AZD2281 
with a FABP4 inhibitor increases the antitumor efficacy in ovarian cancer 
cells with a BRCA1 mutation, providing a potential new treatment strategy 
for patients with ovarian cancer with a BRCA mutation. BRCA1, breast 
cancer susceptibility gene 1; FABP4, fatty acid binding protein 4.

https://www.spandidos-publications.com/10.3892/ol.2024.14813


HUANG et al:  OLAPARIB PROMOTES FABP4 AND REDUCES ANTITUMOR EFFECT IN OC CELLS WITH BRCA1 MUTATION10

in patients with OC (45). Olaparib has been used as a main‑
tenance therapy for patients with newly diagnosed advanced 
OC and a BRCA mutation, but not for patients with OC and 
wild‑type BRCA (14,16,17). The present study demonstrated 
that olaparib (AZD2281) significantly promoted apoptosis 
and inhibited cell cycle progression and colony formation in 
COV362 cells; however, no effect was observed in OVCAR5 
cells.

PARP‑1 regulates cEBPβ expression via PARylation modi‑
fication (35,39,46), whereas cEBPβ and cEBPα (an isoform 
of cEBPβ) promote the activities of FABP4 and PPARγ, 
ultimately regulating adipogenesis  (35,47,48). A previous 
study reported that FABP4 promoted metastasis in OC, 
whereas FABP4 knockout reduced it (33,34). BM S309403, 
a small‑molecule inhibitor of FABP4, has been reported to 
reduce the tumor burden and increase the sensitivity of OC 
cells to carboplatin (33), indicating that FABP4 may serve an 
important role in the progression of OC. In the present study, 
although AZD2281 inhibited the progression of OC cells with 
a BRCA1 mutation, it also significantly upregulated cEBPα, 
PPARγ and FABP4 expression. A previous study reported that 
olaparib was a pan‑agonist of PPARγ (49). We hypothesize that 
olaparib may directly modulate PPAR expression and poten‑
tially exert other functions with temporal effects. In a previous 
study, FABP4 contributed to poor prognosis and regulated 
the metastasis and metabolism of OC cells (34). The present 
study demonstrated that FABP4 could regulate the progres‑
sion of OC cells with a BRCA1 mutation. However, olaparib 
significantly promoted FABP4 expression, which is associated 
with resistance to olaparib in patients with OC and a BRCA1 
mutation (50).

Furthermore, BM S309403, a FABP4 inhibitor, has been 
reported to inhibit the progression of OC (33). The results of 
the present study revealed that BM S309403 also promoted 
cell apoptosis and inhibited cell cycle progression and colony 
formation. The combination of AZD2281 and BM S309403 
further promoted cell apoptosis and inhibited colony forma‑
tion. Previous studies have reported that the combination of 
olaparib and bevacizumab could serve as a first‑line main‑
tenance therapy in patients with advanced OC  (16,51,52). 
Olaparib alone has limited efficacy in treating OC. However, 
drug combinations have been shown to improve cure rates. 
The FDA approval of the Olaparib‑bevacizumab combina‑
tion as a first‑line treatment highlights the benefits of such 
approaches (53). This further supports the view that combining 
Olaparib with BM S309403 may offer a more effective treat‑
ment for OC. Therefore, the findings of the present study 
suggest a potential new treatment strategy for patients with OC 
with a BRCA1 mutation.

One challenge for treating OC is the development of drug 
resistance, as cancer cells can adapt and develop mechanisms 
to evade treatment, leading to the emergence of drug‑resistant 
phenotypes and reduced treatment efficacy over time (54,55). 
Whilst the initial results with olaparib (AZD2281) and FABP4 
inhibitors may be promising in inhibiting tumor growth, the 
specificity of treatment poses another challenge. Targeting 
specific mutations like BRCA1 or BRCA2 may be effective 
in certain patient subsets but not universally applicable to all 
patients with OC. Certain individuals may harbor different 
genetic mutations or molecular profiles that make them less 

responsive to the proposed treatment regimen. Therefore, 
developing new combination therapies that target different 
mutations could offer a more comprehensive approach to 
benefit a wider range of patients.

The present study has certain limitations. First, further 
determination of the optimal concentration and mode of 
administration of FABP4 inhibitors in the clinical treat‑
ment of BRCA1‑mutant patients with OC is warranted. 
Pharmacokinetic trials and exploration of several administra‑
tion modes could provide valuable insights into achieving 
the appropriate concentration and mode of FABP4 inhibi‑
tors. Additionally, the validation of the antitumor effects 
of AZD2281 and FABP4 inhibitors in combination with 
BRCA1‑mutant OC using multiple cell models and animal 
models should be performed. Utilizing organoids and 
patient‑derived xenograft models may offer enhanced 
benefits for observing the efficacy of combination therapy. 
Third, in previous studies, it has been reported that olaparib 
(AZD2281) has the potential to modulate the progression of 
OC in BRCA2‑mutant OC cells (56,57). The present study 
also demonstrated that AZD2281 significantly decreased 
BRCA2 expression. However, whether AZD2281 also influ‑
ences FABP4 expression in BRCA2‑mutant cell lines remains 
uncertain. Subsequent research should delve deeper into 
this aspect for further clarification. Finally, treatment with 
AZD2281 did not alter mRNA expression levels but exhib‑
ited regulation of protein expression in the present study. We 
hypothesize that these protein changes may be governed by 
influencing post‑transcriptional modifications. The precise 
mechanism underlying this phenomenon requires elucidation 
through additional investigations in future studies.

In summary, the present study demonstrated that olaparib 
(AZD2281) significantly inhibited the progression of OC cells 
with a BRCA1 mutation. However, olaparib also significantly 
upregulated FABP4 expression in COV362 cells, which 
contain a BRCA1 mutation. Furthermore, FABP4 regulated 
the progression of OC by modulating mitochondrial function. 
Finally, the combination of AZD2281 and a FABP4 inhibitor 
(BM S309403) significantly increased its antitumor efficacy, 
thus providing a potential new treatment strategy for patients 
with OC with a BRCA1 mutation.
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