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Abstract
Introduction: PIK3CA mutations are prevalent in ovarian cancer (OC) and drive cancer 
progression by activating the phosphatidylinositol 3-kinase (PI3K)/protein kinase 
B (Akt) pathway. Sulforaphane (SFN), a natural compound derived from cruciferous 
vegetables, exhibits antitumor effects; however, its specific mechanisms, especially 
those related to metabolic reprogramming in PIK3CA-mutated cancers, remain unclear. 
Objective: This study investigates the alterations in glucose metabolism and the 
selective inhibitory effects of SFN in PIK3CA-mutated OC cells. 
Methods: Clinical samples from OC patients were analyzed to determine PIK3CA 
mutation status and its prognostic relevance to patient outcome. PIK3CA-
mutated and wild-type  OC cell lines were used for in vitro analysis. Glycolysis and 
mitochondrial respiration were assessed using the Seahorse XF Analyzer. Gene and 
protein expression were analyzed through RNA sequencing, real-time quantitative 
polymerase chain reaction, and Western blotting. Metabolite levels were m-easured 
through untargeted mass spectrometry. The effects of SFN were validated in vitro 
and in a mouse xenograft model. 
Results: PIK3CA mutations were associated with poorer progression-free survival in 
OC patients. PIK3CA-mutated OC cells exhibited enhanced glycolysis and tricarboxylic 
acid (TCA) cycle activity compared to wild-type cells. SFN selectively inhibited the 
proliferation of PIK3CA-mutated cells by suppressing glycolysis and the TCA cycle, 
downregulating key glycolytic enzymes (e.g., hexokinase 1 and 2) and reducing 
TCA cycle intermediates (e.g., α-ketoglutaric acid and citrate). Mechanistically, SFN 
inhibited the PI3K/Akt pathway, resulting in reduced Akt phosphorylation. In vivo, SFN 
more effectively inhibited tumor growth in mice bearing PIK3CA-mutated xenografts. 
Conclusion: PIK3CA mutations enhance both glycolysis and the TCA cycle in OC. SFN 
selectively inhibits the growth of PIK3CA-mutated OC cells by targeting the PI3K/Akt 
pathway, leading to the suppression of glucose metabolism. These findings highlight 
the therapeutic potential of SFN for PIK3CA-mutated OC.
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1. Introduction
Ovarian cancer (OC) is one of the most common 
gynecological malignancies worldwide and has the highest 
mortality rate among them.1 Although significant progress 
has been made in treatment strategies, most patients 
still relapse after treatment and have a poor prognosis.2 
Therefore, new treatments are needed to improve the 
outcomes of patients with OC.

The transformation of normal cells into cancerous cells 
involves significant changes in energy metabolism, which 
is a hallmark of malignancy.3 Tumor cells tend to produce 
energy through glycolysis, even when oxygen is sufficient.4 
Enhanced glycolysis supplies both energy and biosynthetic 
precursors necessary for biological events and acts as 
an initiator of malignant events in cancer cells.5 Several 
well-known oncogenes, including RAS,6 AMPK,7 and 
PIK3CA,8 play crucial roles in the regulation of metabolic 
reprogramming to drive cancer progression. Among these, 
PIK3CA, which encodes the catalytic subunit p110α of 
class I phosphatidylinositol 3-kinases (PI3Ks), is frequently 
mutated in various cancers, including OC.9

PIK3CA mutations, most frequently occurring in 
exons 9 and 20, particularly at the E545K and H1047R 
loci, promote tumor growth, invasion, and therapeutic 
resistance.10-13 PI3K/protein kinase B (Akt) signaling plays 
a key role in tumor metabolism, including glycolysis, 
lipid metabolism, and amino acid metabolism.14 Prior 
studies have shown that oncogenic PIK3CA mutations 
can reprogram glutamine metabolism in colorectal 
cancer. Furthermore, PIK3CA mutations may promote 
metabolic reprogramming by affecting the expression of 
the hypoxia-inducible factor 1-alpha signaling pathway 
and genes involved in glycolysis.15 Targeted treatments of 
PI3Kα inhibitors, such as alpelisib and GDC-0941, have 
been developed to target PIK3CA mutations.16-18 However, 
drug resistance and adverse effects limit their efficacy,19 
necessitating the search for safer and more effective 
treatments.

Sulforaphane (SFN), a naturally occurring compound 
found in cruciferous vegetables, exerts anti-inflammatory, 
antioxidant, and anticancer effects by modulating key 
cellular pathways.20-22 SFN enhances the efficacy of 
chemotherapy and reverses drug resistance.23-27 Prior 
studies have shown that SFN inhibits glycolysis and cell 
proliferation by targeting the TBX15/KIF2C pathway in 
gastric cancer cells;28 however, the specific mechanisms by 
which SFN affects tumor metabolism in PIK3CA-mutated 
cancers remain unclear.

Therefore, in this study, we explore the alterations 
in glucose metabolism in PIK3CA-mutated OC cells 

and further elucidate the selective inhibitory effects and 
underlying mechanisms of SFN. Moreover, we evaluate 
the effect of SFN on OC progression through in vivo 
experiments to assess its therapeutic potential for clinical 
application.

2. Methods
2.1. Patient tissue samples

In this study, all OC patients were recruited from the First 
Affiliated Hospital of Zhengzhou University, where they 
were diagnosed through histopathological examination 
(Table S1). We assessed the association between PIK3CA 
mutation status and progression-free survival (PFS). 
The samples were collected between January 2007 and 
October 2024. The study was approved by the Ethics 
Committee of the First Affiliated Hospital of Zhengzhou 
University. In addition, all experiments were conducted 
in accordance with relevant guidelines and regulations. 
Informed consent was obtained from all participants and/
or their legal guardians. All research involving human 
participants was conducted in accordance with the 
Declaration of Helsinki. The patient selection process is 
illustrated in Figure S1, and the inclusion and exclusion 
criteria are provided in Table S2.

2.2. Reagents and antibodies

SFN (>98%) powder (S111997) was purchased from 
Shanghai Aladdin Biochemical Technology (China). 
A 100 mM stock solution of SFN was prepared in dimethyl 
sulfoxide (DMSO; Meilunbio, China) and stored at −20°C 
until further use. The final concentration of DMSO in each 
treatment group did not exceed 0.1%. SC79 (C17H17ClN2O5; 
HY-18749) was purchased from MedChemExpress (USA). 
The cell culture medium, fetal bovine serum (FBS), and 
phosphate-buffered saline (PBS) were obtained from 
Biological Industries (Israel). The primary antibodies 
against hexokinase 1 (HK1; BF0126; 1:2000), pyruvate 
dehydrogenase kinase 2 (PDK2; DF4366; 1:1000), glucose 
transporter 1 (GLUT1; AF0173; 1:1000), and pyruvate 
kinase 2 (PKM2; AF5234; 1:1000) were purchased from 
Affinity Biosciences (USA). The primary antibodies against 
hexokinase 2 (HK2; 2867T; 1:1000), lactate dehydrogenase 
A (LDHA; 3582T; 1:1000), serine/threonine kinase (AKT; 
4691T; 1:2000), and phosphorylated AKT (Phospho-
AKT [Ser473]; 4060T; 1:2000) were purchased from Cell 
Signaling Technology (USA). Citrate synthase (CS; 16131-
1-AP; 1:2000), isocitrate dehydrogenase1 (IDH1; 12332-1-
AP; 1:3000), IDH2 (15932-1-AP; 1:2000), and oxoglutarate 
dehydrogenase (OGDH; 15212-1-AP; 1:1000) were 
purchased from Proteintech (USA). The primary antibody 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 
3 (PFKFB3; ab181861; 1:4000) and β-actin (ab8827; 
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1:1000) were purchased from Abcam (United Kingdom). 
The enhanced chemiluminescence kit, thiazolyl blue 
tetrazolium bromide (MTT), and Cell Counting Kit-8 
were purchased from Meilunbio (China).

2.3. Animal studies

All animal experiments were approved by the Animal Care 
Committee of the First Affiliated Hospital of Zhengzhou 
University. In addition, all experiments were conducted 
in accordance with relevant guidelines and regulations. 
The studies involving live animals were conducted in 
accordance with the Animal Research: Reporting of 
In Vivo Experiments guidelines. Female BALB/c mice 
(n = 16; SPF (Beijing) Biotechnology Co., Ltd, China) were 
maintained in a specific pathogen-free environment. To 
investigate the effect of SFN on OC, we divided the animals 
into four groups: (i) Mutant OC (OVCAR3-M) + PBS, 
(ii) OVCAR3-wild-type (WT) + PBS, (iii) OVCAR3-M 
+ SFN, and (iv) OVCAR3-WT + SFN, with four animals 
in each group. Mice in the SFN group received an oral 
dose of 25 mg/kg/day of SFN. Control mice received an 
equal amount of PBS. The body weight of the mice was 
recorded every 3 days. Treatment continued for 28 days 
in the SFN-administered groups. Animal anesthesia and 
animal euthanasia were performed in accordance with 
the American Veterinary Medical Association guidelines 
for animal euthanasia. Briefly, ketamine (100 mg/kg) and 
xylazine (10  mg/kg) were injected into the abdominal 
cavity. After confirming the absence of the paw withdrawal 
reflex, euthanasia was performed via cervical dislocation. 
Death was verified by the absence of pulse and respiration, 
along with fixed, dilated pupils persisting for more than 
5  min. No animal regained consciousness before tissue 
collection.

2.4. Cell lines

The A2780 and OVCAR3 cell lines were purchased from 
the Cell Bank of the Chinese Academy of Sciences (China). 
Cells were maintained at 37°C in RPMI-1640 medium 
supplemented with 10% FBS and 1% penicillin/streptomycin 
(streptomycin 100 μg/mL, penicillin 100 U/mL) in a 
humidified incubator with 5% carbon dioxide.

2.5. Cellular glycolytic stress experiment

The appropriate amount of cell suspension was evenly 
seeded onto a Seahorse XF96 cell culture plate (Agilent, 
USA) and incubated under standard conditions. After 
cell attachment, the culture medium was replaced with 
medium containing different concentrations of SFN (0 
and 20 µM). Each well received 80 µL of the respective 
treatment medium and was incubated for 24 h. Following 
treatment, the medium was aspirated using a pipette on 

an ultra-clean bench, and the cells were washed 3  times 
with pre-warmed assay medium containing 1 mM 
glutamine XF base medium at 37℃. After adding 80 µL 
of pre-warmed assay solution to each well, the plates were 
incubated at 37°C in a non-carbon dioxide incubator for 
45–60  min to induce glucose starvation. The hydrated 
sensor cartridge (prepared 1 day prior) was then loaded 
with glucose, oligomycin, and 2-deoxyglucose into ports 
A, B, and C, respectively, according to the manufacturer’s 
protocol. The glycolytic stress test was performed using 
the Seahorse XF96 Analyzer (Agilent, USA) following 
calibration of the sensor plate. Data were collected and 
analyzed using the Seahorse Bioscience Wave software 
(version Wave 2.5.0; Agilent, USA). All experiments were 
conducted in triplicate using independent biological 
replicates.

2.6. Cell mitochondrial stress test

A cell suspension with moderate density was evenly 
seeded onto Seahorse XF96 cell culture plates and 
allowed to settle for 2  h before incubation. After cell 
attachment, the culture medium was aspirated under 
aseptic conditions and replaced with medium containing 
different concentrations of SFN (0 and 20 µM). Each well 
received 80 µL of the corresponding treatment medium 
and was incubated at 37℃ in a 5% carbon dioxide 
incubator. After treatment, the cells were washed 3 times 
with pre-warmed XF base medium (37℃) containing 
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. 
Subsequently, 80 µL of pre-warmed assay solution 
was added to each well. Following the manufacturer’s 
protocol, oligomycin, the mitochondrial uncoupler FCCP, 
and the electron transport chain inhibitors rotenone and 
antimycin A were sequentially loaded into injection ports 
A, B, and C, respectively. The mitochondrial stress test 
was then conducted using the Seahorse XF96 Analyzer, 
and data were analyzed using the Wave software. 
All experiments were performed in triplicate using 
independent biological replicates.

2.7. RNA sequencing

Stable OC cell lines were seeded in 6-well plates and treated 
with varying doses of SFN (0 or 30 µM) for 24 h. Total RNA 
was extracted using TRIzol (Invitrogen, USA). RNA quality 
and concentration were determined using a microplate 
spectrophotometer (Thermo Scientific NanoDrop One/
OneC Microvolume UV-Vis Spectrophotometer, Thermo 
Scientific, USA). Samples were transported on dry ice to 
Berry Genomics (China) for transcriptome sequencing 
and bioinformatics analysis. Data were derived from three 
independent biological replicates.
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2.8. Untargeted mass spectrometry detection

The OVCAR3-WT and OVCAR3-M cells, in the 
logarithmic growth phase, were divided into experimental 
and control groups. After 24 h of incubation, the control 
group was replaced with freshly prepared drug-free 
medium (with the same concentration of DMSO as the 
dissolved drug), whereas the experimental group was 
replaced with medium containing the drug at its respective 
half-maximal inhibitory concentration for each cell line. 
The cells were then incubated for an additional 24 h. After 
washing with PBS, the cells in the experimental group were 
frozen at −80°C for 30 min. Following another PBS wash, 
1.5  mL of methanol–water solution (4:1, v/v) was added 
to each dish, and the cells were again frozen at −80°C 
for 30  min. The cells were then collected into centrifuge 
tubes using a cell scraper. An additional 1.5  mL of pre-
cooled methanol–water (4:1, v/v) was added to each dish 
to fully recover any residual cells. All procedures were 
performed on ice. Subsequently, 1 mL of chloroform was 
added to each sample, and the cells were disrupted using 
an ultrasonic homogenizer. After centrifugation, both 
the upper and lower layers were carefully transferred into 
new centrifuge tubes, mixed thoroughly, and concentrated 
to dryness using a vacuum concentrator. To each dried 
sample, 100 µL of methanol solution containing a mixed 
isotope internal standard was added for the experimental 
group. For the control group, a proportional volume of the 
same methanol solution was added based on the cell count 
ratio relative to the experimental group. Samples were 
sonicated to ensure complete dissolution, centrifuged, and 
the resulting supernatants were filtered through a 0.22 µm 
organic membrane before analysis. Data were derived from 
three independent biological replicates.

2.9. Western blotting

Cells were treated with different drugs and/or media for the 
indicated durations, washed 3  times with PBS, and lysed 
on ice for 30 min using a radio-immunoprecipitation assay 
lysis buffer supplemented with 1 mM phenylmethylsulfonyl 
fluoride and 10 mM phosphatase inhibitors. The lysates 
were centrifuged at 4°C to remove cellular debris, and 
the supernatants containing total protein were collected. 
Protein concentrations were determined using a 
bicinchoninic acid protein assay kit (Beyotime Biotech 
Inc., China) according to the manufacturer’s instructions. 
Equal amounts of protein were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
and transferred onto nitrocellulose membranes at 100 
V for 90  min. The blots were incubated for 2  h with 
a Tris-buffered saline buffer containing 5% skimmed 
milk powder, followed by an overnight incubation with 
primary antibodies diluted in the buffer solution at 4°C. 

This was followed by incubation with relevant secondary 
antibodies for 2 h at room temperature. Protein bands were 
visualized using the enhanced chemiluminescence assay 
kit (Meilunbio, China). Protein expression levels were 
quantitatively determined using ImageJ (version  1.53k; 
National Institutes of Health, USA). β-actin was used as an 
internal reference for protein expression. Original images 
of the Western blots are provided in Figures S4-S11. Data 
were derived from three independent biological replicates.

2.10. RNA extraction and quantitative real-time 
polymerase chain reaction

Total RNA was extracted from the cells using TRIzol 
and then reverse-transcribed into cDNA using a cDNA 
reverse transcription kit (Takara, China). The primer 
sequences used for the real-time quantitative polymerase 
chain reaction (RT-qPCR) are displayed in Table S3. The 
QuantStudio 5 Real-time PCR system (Thermo Scientific, 
USA) was used for RT-qPCR analysis.

2.11. Cell proliferation assay

The proliferation capacity of OC cells was assessed using 
the Cell Counting Kit-8 assay. Cells were seeded into 
96-well plates (2 × 104/well), and at the indicated time-
points, the old medium was replaced with 100 μL of fresh 
medium containing 10 μL of Cell Counting Kit-8 solution. 
After 4 h of incubation at 37°C, the absorbance levels for 
each sample at 450 nm were measured using a Multiskan 
Ascent Plate reader (Thermo Electron, USA). Data were 
derived from three independent biological replicates.

2.12. Cell viability assay

The effects of SFN or MK2206 (MedChemExpress, China) 
on cell viability were detected using an MTT assay. Cells 
were seeded into 96-well plates (6 × 104/well) and treated 
with various concentrations of SFN (0, 1.25, 2.5, 5, 10, 
20, 40, and 80 μM). At the indicated time-points, the 
old medium was replaced with 100 μL of fresh medium 
containing 20 μL of MTT solution (5  mg/mL in PBS). 
After 4  h of incubation at 37°C, formazan crystals were 
completely solubilized with 150 μL DMSO in each well. 
The absorbance levels for each sample at 540  nm were 
measured. All experiments were independently repeated at 
least 3 times.

2.13. Overexpression of lentivirus transfection

According to the full-length cDNA sequence of the human 
PIK3CA gene in GenBank, PIK3CA-E545K mutant and 
WT viral vectors were constructed using CMV-MCS-3flag-
polyA-EF1A-zsGreen-sv 40-puromycin as the skeleton. 
Virus packaging was performed by Shanghai Jikai Gene 
(China).
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2.14. Statistical analyses

GraphPad Prism 8.0.1 was used for statistical analysis and 
statistical graphing. Continuous variables are presented as 
mean ± standard deviation. The t-test or paired t-test was 
used to compare differences between two groups, whereas 
the analysis of variance or repeated-measures analysis of 
variance was used to test the differences in means between 
multiple groups. The Kaplan–Meier method was used 
for survival analysis, and the log-rank test was used to 
compare differences between groups. All statistical tests 
were two-sided, and a p < 0.05 was considered statistically 
significant.

3. Results
3.1. High prevalence of PIK3CA variants correlates 
with poor prognosis in OC

To characterize the genetic alterations in OC, we collected 
samples from 128  patients at the Affiliated Hospital of 
Zhengzhou University for next-generation sequencing 
analysis. As shown in Figure  1A and B, among the 
128 cases, the top 10 mutated genes were TP53, BRCA1/2, 
NF1, ARID1A, KRAS, PIK3CA, APC, FAT1, ARID1B, and 
CREBBP. PIK3CA ranked sixth (12/128, 9.4%), whereas 
TP53 was the most frequently mutated gene (106/128, 
82.8%). PIK3CA mutations were observed in 12 patients, 
with the most common mutation being p.H1047R 
(c.3140A>G) in exon 20, accounting for 50% (6/12) of the 
cases. This was followed by mutations in exon 9 (33.3%), 
including one case of p.Q546K, one case of p.E545K, 
one case of p.E546K, and one case of p.E545G. PIK3CA 
copy number amplifications were observed in five cases 
(3.9%), fewer than the number of mutation cases. Since 
both PIK3CA mutations and copy number variations 
are considered gain-of-function alterations, they were 
included in subsequent data analyses.

We further examined the co-occurrence of PIK3CA 
mutations with other genetic alterations. Among the 
17 cases with PIK3CA mutations, 11 (64.7%) also harbored 
TP53 mutations. In addition, 6 cases (35.3%) had BRCA1/2 
mutations, and 5 (29.4%) had ARID1A mutations. Although 
NF1 and KRAS mutations are common in OC, they did 
not co-occur with PIK3CA mutations. Thus, PIK3CA 
mutations frequently co-existed with TP53, BRCA1/2, and 
ARID1A mutations, and were mutually exclusive with NF1 
and KRAS (Figure 1C).

We then analyzed the association between PIK3CA 
variants and various clinicopathological characteristics 
using a multivariable logistic regression model (Figure 1D). 
PIK3CA mutations were not associated with age, tumor 
stage, the International Federation of Gynecology and 

Obstetrics grade, estrogen receptor/progesterone receptor 
status, or Ki-67 index. To evaluate the prognostic impact 
of PIK3CA mutations in OC, we compared PFS (the time 
from first-line surgery combined with chemoradiotherapy 
to the first disease progression) between the PIK3CA 
mutation group and the WT group. Kaplan–Meier analysis 
revealed that the PFS was significantly shorter in the 
PIK3CA mutation group compared to the WT group (95% 
confidence interval: 21.51–36.49, p=0.042) (Figure  1E). 
Collectively, these findings suggest that PIK3CA mutations 
are associated with poor prognosis in OC.

3.2. PIK3CA-mutated cells exhibit higher levels of 
glycolysis in OC

To assess the impact of PIK3CA mutations on cellular 
glucose metabolism, we verified the expression of PIK3CA 
in PIK3CA-mutated A2780 cells and in OVCAR3 cells with 
WT PIK3CA (Figure 2A). We employed the Seahorse XF96 
Analyzer to monitor real-time cellular metabolic activity. 
As shown in Figure  2B, the glycolytic rate, glycolytic 
capacity, and glycolytic reserve were significantly increased 
in PIK3CA-mutated A2780  cells compared to PIK3CA 
WT OVCAR3  cells. Subsequently, OVCAR3  cells were 
transduced with PIK3CA-wild and PIK3CA-E545K viruses 
to generate stable OC cell lines overexpressing either WT 
or mutant PIK3CA (OVCAR3-WT and OVCAR3-M, 
respectively) (Figure 2C). Similarly, glycolytic levels were 
elevated in OVCAR3-M cells compared to OVCAR3-WT 
cells (Figure 2D). The upregulation of glycolysis supports 
the production of biosynthetic precursors necessary 
for cell proliferation. As demonstrated by cell growth 
assays, PIK3CA-mutated cells (A2780 or OVCAR3-M) 
exhibited a higher proliferation rate than PIK3CA WT 
cells (OVCAR3 or OVCAR3-WT) in a time-dependent 
manner (Figure  2E and F). These findings indicate that 
PIK3CA mutations enhance glycolysis in OC cells, thereby 
promoting their proliferation.

To investigate the mechanism by which PIK3CA 
mutations enhance glycolysis, we extracted mRNA 
from PIK3CA-mutated and WT cells (OVCAR3-M vs. 
OVCAR3-WT) and performed transcriptome sequencing 
to analyze gene expression differences (Figure  2G). The 
results revealed that, compared to the control group, 
the expression of the glucose transporter (SLC2A1, 
encoding GLUT1) and glycolysis-related enzymes was 
significantly upregulated, including HK1, HK2, PKM2, 
LDHA, glyceraldehyde-3-phosphate dehydrogenase, 
pyruvate dehydrogenase 1, and PFKFB3 (Figure 2H and I). 
Furthermore, we also verified the sequencing results using 
RT-qPCR, and the results were consistent with those 
obtained by sequencing (Figure S2). In addition, Western 
blot analysis confirmed that the protein levels of HK1 and 
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HK2 were upregulated in PIK3CA-mutated cells (A2780 
or OVCAR3-M) compared to WT cells (OVCAR3 or 
OVCAR-WT), whereas no significant differences were 
observed in the protein levels of GLUT1, PFKFB3, and 
LDHA (Figure 2J and K).

The PI3K/Akt pathway is an important regulator of 
glycolysis-related enzymes, and mutations in PIK3CA 

can lead to sustained PI3K/Akt activation. Therefore, we 
evaluated the expression and phosphorylation status of 
proteins in the PI3K/Akt pathway in OC cells. As shown 
in Figure  2L, the expression of p-AKT (ser473) protein 
increased significantly in PIK3CA-mutated cells, with 
no difference in PI3K and AKT total protein expression. 
This suggests that mutant OC cells may upregulate the 

Figure  1. Clinical data analysis of 128 ovarian cancer (OC) patients. (A and B) The top 10 most common gene mutations in OC patients. (C) The 
relationship between clinical pathological characteristics and PIK3CA status. (D) The association between PIK3CA mutations and clinical pathological 
characteristics in OC patients. (E) Analysis of the correlation between PIK3CA mutation status and progression-free survival (PFS) after first-line treatment 
in OC patients. Survival curves were compared using the log-rank test; the p-values are indicated. Statistical significance determined at *p<0.05; **p<0.01; 
***p<0.001; and ****p<0.0001.
Abbreviations: ER: Estrogen receptor; M: Mutant; PR: Progesterone receptor; WT: Wild-type.
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Figure 2. PIK3CA-mutated cells exhibit higher levels of glycolysis and tricarboxylic acid (TCA) cycle activity in ovarian cancer (OC). (A) Western blot analysis 
of phosphatidylinositol 3-kinase (PIK3CA) protein expression in A2780 and OVCAR3 cells. (B) Glycolysis stress test performed on A2780 and OVCAR3 cells. 
(C) Western blots of PIK3CA protein expression in negative control OVCAR3, OVCAR3-WT (wild type), and OVCAR3-M (mutant) cells. (D) Glycolysis 
stress test performed on OVCAR3-WT and OVCAR3-M cells. (E and F) Differences in proliferation capacity over time between A2780 and OVCAR3, 
OVCAR3-WT, and OVCAR3-M cells. (G) Heatmap of gene sequencing and volcano plot showing differential gene expression between OVCAR3-M and 
OVCAR3-WT. (H) Schematic diagram of the glycolytic pathway and the pyruvate metabolism destination. (I) Differential expression of glycolysis-related genes 
from gene sequencing data. (J & K) Protein-level detection showing differences in glycolysis-related enzymes between A2780 and OVCAR3, OVCAR3-WT, 
and OVCAR3-M cells. (L) The PIK3CA mutation activates the downstream protein kinase B (AKT). Data from three independent experiments are shown as 
mean ± standard deviation. Statistical significance determined at *p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001; ns indicates not significant.
Abbreviations: ECAR: Extracellular acidification rate; FC: Fold change; HK: Hexokinase.
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expression of HK1 and HK2 by activating the PI3K/Akt 
signaling pathway.

3.3. PIK3CA-mutated cells exhibit higher levels of 
tricarboxylic acid (TCA) in OC

Energy metabolism analysis revealed that basal oxygen 
consumption, reserve respiratory capacity, and oxygen 
consumption related to adenosine triphosphate 
production were significantly increased in PIK3CA-
mutated cells (A2780 or OVCAR3-M) compared to 
PIK3CA WT cells (OVCAR3 or OVCAR3-WT), as shown 
in Figure 3A and B. The enhanced oxygen consumption 
rate in mutant cells indicates an increase in aerobic 
oxidation, specifically in the TCA cycle. To investigate 
the mechanism by which PIK3CA mutations enhance 
aerobic oxidation, especially in the TCA cycle, we 
extracted mRNA from OVCAR3-WT and OVCAR3-M 
cells and performed transcriptome sequencing to analyze 
differences in gene expression. The results showed that 
the TCA key enzymes in OVCAR3-M exhibited no 
significant change compared to those in OVCAR3-WT 
(Figure  3C). In addition, we found no significant 
changes in the relevant enzymes of the TCA cycle using 
Western blot analysis (Figure 3D). This suggests that the 
enhancement of the TCA cycle in PIK3CA-mutated cells 
may not be due to the increased activity of key enzymes 
in the TCA cycle.

The carbon sources for the TCA cycle can be replenished 
by glutamine. To investigate whether PIK3CA mutations 
affect the replenishment of the TCA cycle with glutamine 
in OC cells, we conducted an untargeted metabolomics 
analysis to detect small-molecule metabolites in mutant 
and WT OVCAR3 cells. As shown in Figure 3E, compared 
to WT cells, mutant cells exhibited increased levels of 
α-ketoglutaric acid (α-KG), citrate, and succinic acid in 
the TCA cycle, whereas glutamine levels were decreased. 
Moreover, we detected a significant increase in glutathione, 
one of the key products synthesized from glutamine, 
which may be due to the increased demand for antioxidant 
capacity caused by the PIK3CA mutations.

To clarify whether the more robust TCA cycle 
(Figure 3F) in mutant cells is driven by enhanced glutamine 
replenishment, we performed Western blot analysis of 
glutamine-related enzyme expression in both mutant and 
WT cells. As shown in Figure 3G, the results indicated no 
significant differences in the protein expression levels of 
key enzymes in the glutamine pathway and the TCA cycle, 
such as glutaminase, glutamate oxaloacetate transaminase 
1, glutamate oxaloacetate transaminase 2, glutamic-pyruvic 
transaminase, and glutamate dehydrogenase between 

mutant and WT cells. The findings suggest that, because 
glutamine depletion was not associated with increased 
α-KG production, metabolic flux analysis indicated that 
decreased glutamine levels were accompanied by elevated 
glutathione levels, suggesting diversion of glutamine 
toward glutathione synthesis. This indicates that glutamine 
may be redirected toward glutathione synthesis. Therefore, 
the enhanced TCA cycle activity in mutant cells is likely 
due to increased glycolysis.

3.4. SFN selectively inhibits glycolysis in 
PIK3CA-mutated cells

To evaluate the inhibitory effect of SFN on different 
cell lines, we assessed SFN cytotoxicity in two cell types 
using the MTT assay and calculated the half-maximal 
inhibitory concentration of SFN in each cell line. The 
results demonstrated that SFN more effectively inhibited 
the proliferation of PIK3CA-mutated cells compared 
to the WT cells (Figure  4A and B). Based on previous 
findings showing higher expression of glycolysis-related 
enzymes in mutant cells, we hypothesized that SFN 
might target the enhanced glycolytic activity in PIK3CA-
mutated cells, leading to the observed differential 
inhibitory effects.

To investigate this, we measured the extracellular 
acidification rate in the OC cells following SFN treatment 
for 24  h. Remarkably, SFN significantly suppressed the 
extracellular acidification rate in OC cells, with a more 
pronounced inhibition of glycolytic rate, glycolytic 
capacity, and glycolytic reserve in PIK3CA-mutated cells 
compared to WT cells (Figure 4C). We further validated 
these results in transfected cell lines, which confirmed 
consistency with our initial findings (Figure 4D).

SFN treatment also downregulated glycolysis-related 
enzymes, particularly in PIK3CA-mutated OC cells. To 
confirm whether the inhibitory effects of SFN on mutant 
cells were mediated through the suppression of glycolysis-
related enzymes, we conducted Western blot analysis 
across the OC cell lines. The results showed that SFN 
inhibited the expression of HK1, HK2, GLUT1, PKM2, 
and PFKFB3 in OC cells, with a stronger inhibitory effect 
in mutant cells compared to WT cells (Figure 4E). Similar 
results were obtained in stable cell lines, reinforcing 
our previous observations (Figure  4F). These findings 
suggest that SFN reduces the expression of glycolysis-
related enzymes in OC cells, with a particularly strong 
effect in PIK3CA-mutated cells. Based on these results, 
we speculate that SFN exerts a stronger anti-proliferative 
effect on PIK3CA-mutated cancer cells by inhibiting their 
glycolytic activity.
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Figure 3. PIK3CA-mutated cells exhibit higher levels of aerobic oxidation in ovarian cancer (OC). (A and B) Mitochondrial stress test performed on 
A2780, OVCAR3, OVCAR3-WT (wild-type), and OVCAR3-M cells (mutant). (C) Differential expression of tricarboxylic acid (TCA) cycle-related genes 
from gene sequencing data. (D) Protein-level detection of key enzymes involved in the TCA cycle in OVCAR3-WT and OVCAR3-M cells. (E) Metabolite 
analysis of A2780 and OVCAR3 cells. (F) Schematic of the TCA cycle. (G) Protein-level detection of key enzymes involved in the glutamine cycle in 
OVCAR3 and A2780 cells. Data from three independent experiments are shown as mean ± standard deviation. Statistical significance determined at 
*p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001; ns indicates not significant.
Abbreviations: α-KG: Alpha-ketoglutarate; ATP: Adenosine triphosphate; Gln/GLS: Glutaminase; Glu: Glutamine; GLUD: Glutamate dehydrogenase; 
GOT: Glutamic-oxaloacetic transaminase; GPT: Glutamic-pyruvate transaminase; GSH: Glutathione; OCR: Oxygen consumption rate.
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Figure 4. Sulforaphane (SFN) selectively inhibits glycolysis in PIK3CA-mutated cells. (A and B) CCK-8 assay showing the inhibitory rate of four ovarian 
cancer (OC) cell lines after 24 h of treatment with different concentrations of SFN. (C and D) Glycolysis stress test performed on A2780 and OVCAR3 cells 
after 24 h of treatment with or without 20 µM SFN, and on OVCAR3-WT (wild-type) and OVCAR3-M (mutant) cells after similar treatment. (E) Changes 
in the expression of glycolysis-related enzymes in A2780 and OVCAR3 cells after treatment with different concentrations of SFN (0, 10, 20 µM). (F) 
Changes in the expression of glycolysis-related enzymes in OVCAR3-WT and OVCAR3-M cells after treatment with or without 20 µM SFN. Data 
from three independent experiments are shown as mean ± standard deviation. Statistical significance determined at *p<0.05; **p<0.01; ***p<0.001; and 
****p<0.0001; ns indicates not significant.
Abbreviations: ECAR: Extracellular acidification rate; GLUT1: Glucose transporter 1; HK: Hexokinase.
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3.5. SFN selectively inhibits glycolysis in PIK3CA-
mutated cells through phosphoinositide 3-kinase/
protein kinase B/hexokinase signaling

Next, we examined whether SFN regulates key enzymes 
in the glycolysis pathway by modulating the PI3K/Akt 
signaling pathway. To this end, we analyzed p-AKT 
protein expression in transfected cells pretreated with 
SFN. The results indicated that SFN effectively inhibited 
p-AKT protein expression, with a more pronounced 
effect in PIK3CA-mutated cells compared to WT cells, 
whereas total AKT levels remained unchanged in both 
groups (Figure  5A). This suggests that the PIK3CA 
mutation activates downstream Akt signaling, which 
subsequently regulates glycolysis-related enzymes to 
promote the proliferation of cancer cells. SFN, by reducing 
the expression of key glycolytic enzymes, inhibits cancer 
cell proliferation and selectively suppresses the growth of 
tumor cells.

To further validate this hypothesis, we treated 
OVCAR3-WT and OVCAR3-M cells with MK2206, an 
AKT inhibitor (Figure 5B). Western blot analysis revealed 
that treatment with the AKT inhibitor reduced cell 
proliferation and decreased the expression of key glycolytic 
enzymes, including HK1, HK2, and GLUT1. These findings 
were consistent with the effects observed following SFN 

treatment (Figure  5C and D). These results support the 
notion that PIK3CA mutations activate the PI3K/Akt 
pathway, thereby enhancing glycolysis and promoting 
cancer cell proliferation. In addition, to further verify 
that SFN inhibits glycolysis by inhibiting the PI3K/Akt 
pathway, we treated the OVCAR3-M cells with SFN and the 
AKT agonist SC79. After adding SC79, glycolytic enzymes 
inhibited by SFN, including HK1, HK2, and GLUT1, 
showed a significant rebound (Figure S3). This suggests 
that SFN selectively suppresses key glycolytic enzymes in 
PIK3CA-mutated OC by inhibiting the PI3K/Akt signaling 
pathway, and that SC79 reverses the suppression of HK1, 
HK2, GLUT1, and p-AKT. This further suggests that SFN 
inhibits the expression of glycolysis-related enzymes by 
inhibiting the PI3K/Akt pathway and selectively reduces 
cancer cell proliferation in PIK3CA mutant cells.

3.6. SFN selectively inhibits the TCA cycle in PIK3CA-
mutated cells

To further verify the effect of SFN on the TCA cycle, 
we used the Seahorse XF96 Analyzer to measure oxygen 
consumption rate in A2780, OVCAR3, OVCAR3-WT, 
and OVCAR3-M cells after 24  h of SFN treatment. 
Notably, SFN significantly inhibited the oxygen 
consumption rate in OC cells, leading to greater 
reductions in basal oxygen consumption, reserve 

Figure 5. Sulforaphane (SFN) selectively inhibits glycolysis in PIK3CA-mutated cells via the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/
hexokinase (HK) signaling pathway. (A) SFN inhibits AKT phosphorylation levels. (B) Inhibitory rate of ovarian cancer (OC) cells after treatment with 
20 µM MK2206 for different durations. (C and D) Expression of proteins related to the PI3K/Akt and glycolysis pathways after treatment with 20 µM of 
MK2206 for different durations. Data from three independent experiments are shown as mean ± standard deviation. Statistical significance determined at 
*p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001; ns indicates not significant. “+” indicates with; “−” indicates without.
Abbreviations: GLUT1: Glucose transporter 1; HK: Hexokinase.
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respiratory capacity, and oxygen consumption associated 
with adenosine triphosphate production in PIK3CA-
mutated cells compared with WT cells (Figure 6A). We 
further validated these results in the transfected cell 
lines, which confirmed the agreement with our initial 
findings (Figure  6B). These results indicated that SFN 

inhibited the TCA cycle in PIK3CA-mutated OC cells 
more significantly than in WT cells.

We further analyzed the levels of small-molecule 
metabolites of the TCA cycle in OVCAR3-WT and 
OVCAR3-M cells treated with SFN using untargeted 
metabolomics analysis. As shown in Figure 6C, following 

Figure  6. Sulforaphane (SFN) selectively inhibits the tricarboxylic acid (TCA) cycle activity in PIK3CA-mutated cells. (A & B) Mitochondrial stress 
test performed on A2780, OVCAR3, OVCAR3-WT (wild-type), and OVCAR3-M (mutant) cells. (C) The effect of SFN on small molecule metabolites 
in ovarian cancer (OC) cells. Data from three independent experiments are shown as mean ± standard deviation. Statistical significance determined at 
*p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001; ns indicates not significant.
Abbreviations: α-KG: Alpha-ketoglutarate; ATP: Adenosine triphosphate; CON: Control; Gln: Glutaminase; Glu: Glutamine; OCR: Oxygen consumption 
rate.
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SFN treatment, levels of α-KG, succinic acid, and citrate 
were reduced. Interestingly, after treatment with SFN, the 
levels of glutamine and glutamate increased in the mutant 
cells. This suggests that SFN may block the flow of α-KG 
generated by glutamine into the TCA cycle (Figure 6C). 
Previous experiments showed that SFN more strongly 
inhibits glycolysis in PIK3CA-mutated OC; therefore, 
we speculated that the more pronounced inhibition of 
SFN on the TCA cycle in these cells results from SFN 
concurrently inhibiting glycolysis and glutamine flux into 
the TCA cycle.

3.7. SFN selectively inhibits ovarian tumor growth in 
PIK3CA-mutated cells in vivo

To further study the antitumor effect of SFN, a mouse 
subcutaneous tumor model was established to compare 
the therapeutic response of PIK3CA-mutated and WT OC 
cells (Figure 7A). We divided the mice into the following 
four groups: OVCAR3-M + PBS, OVCAR3-WT + PBS, 
OVCAR3-M + SFN, and OVCAR3-WT + SFN. Compared 
to the OVCAR3-WT+PBS group, tumor volume and weight 

increased significantly in the OVCAR3-M+PBS group, 
as shown in the tumor appearance (Figure 7B). Dynamic 
observation of tumor growth (Figure 7C) revealed that 
the OVCAR3-M + PBS group had a significantly higher 
tumor growth rate than the OVCAR3-WT + PBS group, 
while SFN treatment strongly inhibited tumor growth in 
the OVCAR3-M group but weakly in the OVCAR3-WT 
group.

Further statistical analysis of tumor volume and weight 
(Figures 7D and E) showed that compared with the 
OVCAR3-WT + PBS group, the OVCAR3-M + PBS 
group had significantly increased tumor volume 
(p<0.01) and weight (p<0.01); after SFN treatment, 
the OVCAR3-M group exhibited significantly reduced 
tumor volume (p<0.001) and weight (p<0.001) 
compared to the same-genotype PBS group, with a 
stronger inhibitory effect than in the OVCAR3-WT 
group (p<0.05). These results indicate that SFN inhibits 
ovarian tumor growth, with a more prominent effect on 
PIK3CA-mutant tumors.

Figure  7. Sulforaphane (SFN) selectively inhibits ovarian tumor growth in PIK3CA-mutated cells in vivo. (A) Schematic diagram of subcutaneous 
tumor formation in mice. (B and C) Comparison of tumor size in mice between the OVCAR3-M (mutant) + phosphate-buffered saline (PBS) group, 
OVCAR3-WT (wild-type) + PBS group, OVCAR3-M+SFN group, and OVCAR3-WT+SFN group. (D and E) Comparison of tumor volume and weight in 
mice between the OVCAR3-M+PBS group, OVCAR3-WT+PBS group, OVCAR3-M+SFN group, and OVCAR3-WT+SFN group. Statistical significance 
determined at *p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001; ns indicates not significant.
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4. Discussion
Although treatment outcomes have improved in recent 
years, OC, which exhibits a relatively high incidence of 
PIK3CA mutations, remains the second leading cause 
of death among gynecological cancers.29,30 Metabolic 
reprogramming, especially alterations in glucose 
metabolism, plays a crucial role in the survival of OC 
cells and contributes to the poor prognosis of OC.31 Our 
study revealed that both glycolysis and the TCA cycle 
were concurrently upregulated in PIK3CA-mutated OC. 
Moreover, our study showed, for the first time, that SFN 
more effectively inhibited the enhanced glycolysis and TCA 
cycle activity in PIK3CA-mutated OC cells. This finding 
underscores the potential of SFN for the clinical treatment 
of OC, especially in patients with PIK3CA mutations.

PIK3CA mutations are prevalent in multiple cancers, 
especially breast, colorectal, ovarian, and brain cancers.32-35 
Furthermore, PIK3CA mutations are closely associated 
with patient prognosis across multiple cancer types. For 
example, in breast cancer, patients with PIK3CA mutations 
have higher mortality rates than those with WT PIK3CA, 
and patients who have died have presented metastases or 
recurrences.36,37 In this study, we found that PIK3CA gene 
mutations accounted for 9.4% of OC and co-occurred 
with the p53 gene in an analysis of 128 OC pathology 
specimens. Although PIK3CA mutations were not found 
to have a significant correlation with clinicopathological 
features, they were associated with poorer PFS, and may 
need to be further analyzed by expanding the sample size. 
Prior studies have shown that PIK3CA mutations promote 
glycolysis by increasing the mRNA and protein expression 
levels of key glycolytic enzymes, including LDHA/B, HK2, 
and GLUT1/4 in cervical cancer.38 We found that PIK3CA 
mutations increased the expression of glycolytic enzymes, 
such as HK1, HK2, and PDK2, which aligns partially with 
previous findings. However, the direct relationship between 
PIK3CA mutations and the TCA cycle remains unknown. 
Our study is the first to identify a simultaneous increase 
in glycolysis and the TCA cycle in PIK3CA-mutated OC 
cells. Previous studies have shown that PIK3CA mutations 
can promote glycolysis by inducing the β-catenin/sirtuin 
three signaling pathway in cervical cancer.38 We found that 
in PIK3CA-mutated OC cells, the PI3K/Akt/HK signaling 
pathway was activated, which promoted glycolysis and, 
subsequently, the TCA cycle. These factors are crucial for 
meeting the energy demands of rapidly proliferating cancer 
cells. The increased glycolytic and TCA cycle activity 
observed in PIK3CA-mutated cells further supports their 
aggressive growth profile compared to that of WT cells.

SFN has been shown to exert preventive and antitumor 
effects against various malignant tumors, including 

breast cancer, melanoma, and liver cancer.39-42 In breast 
cancer, SFN can effectively inhibit the self-renewal and 
proliferation of cancer stem cells, thereby demonstrating 
strong potential for targeting cancer stem cells.43 In this 
study, we discovered that SFN had a strong inhibitory 
effect on PIK3CA-mutated OC cell proliferation, which 
was achieved through the inhibition of glycolysis and the 
TCA cycle. Our in vivo experiments further confirmed that 
SFN inhibited OC growth, especially in tumors harboring 
PIK3CA mutations, thus revealing the role of SFN in 
the treatment of OC. Previous studies have shown that 
SFN suppresses high-glucose-induced pancreatic cancer 
progression through the nuclear factor erythroid 2-related 
factor 2 and adenosine monophosphate-activated protein 
kinase signaling pathways.44 The current study showed 
that SFN selectively inhibited the PI3K/Akt/HK pathway, 
resulting in the selective inhibition of glycolysis in PIK3CA-
mutated OC cells. In our study, PIK3CA wild-type OC cells 
grew significantly better than mutant cells in the presence 
of the AKT inhibitor MK2206, which indicates that cancer 
cells with PIK3CA mutations are selectively affected by the 
dependent regulation of activated AKT. This is consistent 
with the effect of SFN, which inhibits the proliferation 
of PIK3CA-mutated cells by inhibiting AKT activation. 
A critical consideration for the clinical translation of our 
findings is the pharmacological feasibility of achieving 
effective concentrations of SFN in vivo. Although SFN is 
derived from the diet and has limited oral bioavailability, 
studies have shown that plasma concentrations can 
reach low micromolar levels through the consumption 
of broccoli sprouts or standardized supplements, which 
is within the range that exerts biological effects in our 
in vitro models. Furthermore, ongoing research into novel 
delivery systems, such as nanoformulations, holds promise 
for further enhancing the bioavailability and therapeutic 
potential of SFN.

In addition to glycolysis, we discovered that SFN 
selectively inhibited the TCA cycle in PIK3CA-mutated 
OC cells. Mass spectrometry analysis showed that SFN 
reduced the levels of TCA-related intermediates, α-KG, 
succinic acid, and citrate, and this effect was more 
pronounced in PIK3CA-mutated OC cells. The TCA cycle is 
primarily fueled by intermediates derived from glycolysis; 
additionally, α-KG produced from glutamine metabolism 
can also contribute to the TCA cycle.45 We found that SFN 
treatment increased glutamine levels in PIK3CA-mutated 
OC cells, suggesting that SFN inhibited the conversion 
of glutamine to α-KG. These findings suggest that the 
inhibition of the TCA cycle by SFN in PIK3CA-mutated 
OC may result from the dual inhibition of glycolysis and 
glutamine conversion to α-KG by SFN. This dual effect 
of SFN on glycolysis and the TCA cycle underscores its 
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potential as a therapeutic agent for targeting multiple 
metabolic vulnerabilities in PIK3CA-mutated cancers. 
Future investigations into the effects of SFN on glutamine 
metabolism in PIK3CA-mutated OC are warranted.

5. Conclusion
This study highlights the pivotal role of PIK3CA mutations in 
reconfiguring glycolysis and the TCA cycle. Glycolysis and 
the TCA cycle were found to be simultaneously enhanced 
in PIK3CA-mutated OC. Importantly, SFN selectively 
inhibited PIK3CA-mutated OC by targeting glycolysis and 
the TCA cycle through a PI3K/Akt-dependent mechanism. 
These results reveal the significant therapeutic effect of SFN 
on PIK3CA-mutated OC, thus providing a therapeutic 
option for future clinical trials for patients with OC.
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