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Abstract
Background  In tumors rich in adipose tissue, angiogenesis is a critical factor in promoting cancer cell metastasis. 
However, the connection between angiogenesis and the mechanisms driving adipose metabolic remodeling in 
breast cancer (BC) remains insufficiently understood. This research seeks to explore whether and how CPT1A, a crucial 
rate-limiting enzyme in fatty acid oxidation (FAO), supports angiogenesis through metabolic pathways in BC.

Methods  First, cell functional assays and animal models were employed to elucidate the pro-carcinogenic effects 
of CPT1A on BC and its role in metabolic alterations. Following this, the reciprocal regulatory relationship between 
CPT1A and HIF-1α was elucidated using transcriptomic studies, ubiquitination analysis, and dual-luciferase assays. 
Matrigel tube formation assays, vasculogenic mimicry assays, and chick chorioallantoic membrane (CAM) assays 
were utilized to evaluate the effect of CPT1A on the pro-angiogenic properties of BC. Subsequently, untargeted 
metabolomics was employed to identify specific metabolic changes in supernatants with and without CPT1A 
expression and verified by functional recovery experiments. Finally, the prognostic significance of CPT1A and the 
vascular marker VEGF in BC tissues was evaluated using tissue microarrays and public databases.

Results  CPT1A overexpression significantly enhanced cell proliferation, motility, and angiogenesis via activating 
the FAO metabolic pathway, as demonstrated by both in vivo and in vitro experiments. Mechanistically, CPT1A 
regulates the ubiquitination level of hypoxia-inducible factor-1α (HIF-1α), which directly binds to the CPT1A promoter. 
Mutations at the 63–74 and 434–445 regions significantly reduced CPT1A promoter activity, indicating that these sites 
are critical for its transcriptional regulation. Ultimately, this interaction creates a reinforcing feedback loop between 
CPT1A and HIF-1α. Subsequently, this feedback loop alters changes in extracellular L-ascorbic acid (LAA) levels. 
Interestingly, LAA affects ROS homeostasis through the Nrf2/NQO1 pathway, specifically influencing angiogenesis 
in BC and HUVECs, while having no significant effect on their proliferation or EMT process. Moreover, increased 
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Introduction
Breast cancer (BC) is the most prevalent neoplasm in 
women, with metastasis serving as a critical driver of 
its aggressiveness and associated high mortality rates 
[1]. Angiogenesis has been identified as a key event that 
precedes the transformation of breast hyperplasia into 
malignancy, as it facilitates the enhanced blood supply 
necessary to meet the energy and nutrient demands of 
BC progression [2–4]. While drugs targeting tumor-asso-
ciated blood vessels are extensively employed in cancer 
therapy, their therapeutic benefits in improving survival 
remain limited, primarily due to the development of anti-
angiogenic drugs resistance [5]. This resistance is espe-
cially evident in cancers situated near adipose tissues, 
such as BC, pancreatic cancer, colon cancer, and hepa-
tocellular carcinoma. These tumors frequently exhibit 
either inherent or acquired resistance to antiangiogenic 
therapy. For example, pancreatic ductal adenocarcinoma 
demonstrates intrinsic resistance, while colorectal can-
cer often develops evasive resistance to bevacizumab [6]. 
Consequently, a deeper understanding of the regulatory 
mechanisms connecting metabolism and angiogenesis 

is essential for developing innovative and more effective 
therapeutic strategies against BC.

Reprogramming cellular metabolism is critical to sup-
port the rapid growth and proliferation of tumors. Recent 
research has shown that highly proliferative cancer cells 
accomplish this by increasing lipogenic activity, which 
involves both the uptake of external lipids and the stim-
ulation of internal lipid biosynthesis pathways [7]. In 
particular, this is especially true in non-glycolytic can-
cers such as prostate cancer and B-cell lymphoma where 
exogenous free fatty acids are utilised to generate energy 
via the fatty acid oxidation (FAO) pathway [8, 9]. Key 
enzymes in fatty acid metabolism, including Long-Chain 
Acyl-CoA Dehydrogenase (LCAD) and Medium-Chain 
Acyl-CoA Dehydrogenase (MCAD), are often overex-
pressed in invasive tumors, and their elevated levels are 
strongly associated with poor prognosis [10, 11]. CPT1 is 
the rate-limiting enzyme of FAO and CPT1A and CPT1C 
are commonly overexpressed in various human tumors 
[12]. Evidence suggests that CPT1A-mediated FAO pro-
motes cancer cell proliferation, survival, and invasion 
[13]. For example, mitochondrial STAT3 has been shown 
to enhance FAO by stabilizing CPT1A through USP50 

expression levels of CPT1A and vascular endothelial growth factor (VEGF) were significantly associated with lymph 
node metastasis and adverse outcomes in BC patients.

Conclusion  The CPT1A/HIF-1α positive feedback loop critically regulates angiogenesis through activation of the 
Nrf2/NQO1 pathway, modulated by LAA. These findings highlight CPT1A and VEGF as promising therapeutic targets 
and prognostic biomarkers for angiogenesis in BC.

Research highlights
	• CPT1A drives BC carcinogenesis through activation of the FAO metabolic pathway.
	• CPT1A and HIF-1α form a reciprocal feedback loop that plays a central role in remodeling lipid metabolic 

pathways in BC.
	• LAA uptake reduced by CPT1A/HIF-1α only promotes the angiogenesis via Nrf2/NQO1 pathway.
	• High CPT1A/VEGF expression serves as an angiogenic factor and a reliable prognostic marker in BC.
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in macrophages [14]. Furthermore, CPT1A is implicated 
in BC-associated lymphangiogenesis via VEGF signaling 
[15]. Research has also shown that anti-VEGF therapies 
and tissue hypoxia enhance lipid transport and storage in 
cancer cells via an HIF-1α-dependent mechanism [16]. 
Importantly, HIF-1α expression enables tumor cells to 
evade therapeutic targets, thereby contributing to drug 
resistance [17]. Consequently, a comprehensive under-
standing of the regulatory mechanisms driving CPT1A-
mediated metabolism and angiogenesis is crucial for 
devising innovative therapeutic approaches for BC.

Hypoxia can also affect the composition of different 
cell types within the tumor microenvironment, leading to 
alterations in cancer aggressiveness and responsiveness 
to therapy [18]. Interestingly, recent studies suggest that 
antioxidants may paradoxically promote angiogenesis 
and tumor progression through specific metabolic path-
ways [19, 20]. For example, antioxidants such as L-ascor-
bic acid (LAA) and glutathione can protect vascular 
endothelial cells by mitigating oxidative stress-induced 
damage [21, 22]. However, oxidative stress functions 
as a double-edged sword; its dysregulation can lead to 
DNA damage, mutations, and tumorigenesis. It is worth 
noting that vitamin C (commonly referred to as LAA) 
exhibits pro-oxidant properties when present at elevated 
concentrations [23]. In vivo studies have demonstrated 
that high doses of vitamin C can suppress the growth of 
intestinal tumors in Apc/KrasG12D mutant mice [24]. 
Moreover, clinical trials have shown that ascorbic acid in 
the blood and extracellular fluid significantly improves 
survival in patients with advanced cancer [25]. Its pro-
oxidant effects on cancer cells are particularly enhanced 
by the inhibition of the transcription factor HIF-1α [26]. 
This process may involve altered extracellular uptake, 
which ultimately promotes BC angiogenesis and metas-
tasis. However, the precise connection between CPT1A, 
HIF-1α, and LAA remains to be further elucidated.

In this study, we identified a novel positive feedback 
loop, CPT1A/HIF-1α, which acts as a central mechanism 
driving metabolic reprogramming in BC. This loop pro-
motes BC progression by activating the FAO metabolic 
pathway. Additionally, reduced LAA uptake mediated 
by CPT1A/HIF-1α facilitates angiogenesis specifically 
through the Nrf2/NQO1 pathway and the regulation 
of ROS homeostasis. Notably, targeting the HIF-1α/
CPT1A/VEGF axis effectively disrupts this pathologi-
cal cycle, underscoring its potential as both a promising 
therapeutic target for anti-angiogenic therapy and a reli-
able prognostic marker in BC.

Materials and methods
Clinical samples
The tissue microarray consists of BC tissues and adjacent 
normal tissues, accompanied by patient survival data, 

comprehensive clinical information, and informed con-
sent (Shanghai Outdo Biotech Co., Ltd.). Approval for the 
study was obtained from the Ethics Committee of Yan-
bian University, located in Yanji, China (approval num-
ber: YD20220406015). All patients were evaluated based 
on the World Health Organization’s grading criteria for 
BC.

Cell culture and transfection
The MDA-MB-231, MCF-7, and HUVEC cell lines were 
sourced from ATCC and cultured in DMEM medium 
supplemented with 10% FBS, 0.1  mg/mL streptomycin, 
and 100 U/mL penicillin, maintained in a 5% CO₂ atmo-
sphere at 37  °C. All cell lines were authenticated and 
characterized by the supplier before use. Stable transfec-
tions were performed using Lenti-shCPT1A-GFP, Lenti-
CPT1A-GFP, Lenti-Vector, and Lenti-CPT1A obtained 
from Cyagen Biosciences (Guangzhou, China). Following 
transfection, clones were selected using puromycin at a 
concentration of 5  µg/mL. Cancer cells were co-trans-
fected with control vectors or vectors containing HIF-1α 
fragments with lentiviral packaging mixtures (ATCC, 
USA) using Lipofectamine 3000 (Invitrogen, USA). The 
specific sequences are provided in Table S1.

Antibodies
Antibodies against Ki67 (No. 27309, 1:200), ZEB2 
(14026-1-AP, 1:1000), Snail (13099-1-AP, 1:1000), 
E-cadherin (20874-1-AP, 1:20000), MMP9 (10375-2-AP, 
1:1000), MMP2 (10373-2-AP, 1:20000), MCAD (55210-
1-AP, 1:2000), LCAD (17526-1-AP, 1:2000), TWIST 
(25465-1-AP, 1:1000), Vimentin (110366-1-AP, 1:5000), 
CPT1A (15184-1-AP, 1:5000), HIF-1α (20960-1-AP, 
1:3000), β-Tubulin (10068-1-AP, 1:1000), Nrf2 (16396-1-
AP, 1:2000), and NQO1 (11451-1-AP, 1:2000) were pur-
chased from Proteintech (Humanzyme), China. VEGF-A 
(YT4870, 1:1000) was purchased from Immunoway, Cali-
fornia, USA.

Western blot
After washing the cells with PBS, RIPA lysis buffer (Solar-
bio, Beijing, China) supplemented with Protease Inhibi-
tor Cocktail (Med Chem Express) was added, and the 
cells were lysed on ice for 30  min. The lysate was care-
fully collected using a spatula and transferred into a 
tube. Proteins were then extracted by centrifugation. The 
quantified proteomic samples were separated by SDS-
PAGE based on protein size and subsequently transferred 
onto a polyvinylidene difluoride (PVDF) membrane 
(Millipore). The PVDF membrane was blocked with 5% 
skimmed milk, incubated overnight with the primary 
antibody, and subsequently incubated with the second-
ary antibody for 1  h at room temperature (RT). Pro-
tein bands were detected by Omni-ECL™ Ultrasensitive 
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Chemiluminescence Detection Kit (Epizyme, Shanghai, 
China) and visualised with a touch imager (e-BLOT).

5-ethynyl-2’-deoxyuridine (EdU) assay
The 5-ethynyl-2’-deoxyuridine (EdU) assay incorpo-
rates 5-ethynyl-2’-deoxyuridine into newly synthesized 
DNA within cells. The Cell-Light EdU Apollo 488 In 
Vitro Imaging Kit (C10310-3, RiboBio, China) was used 
according to the manufacturer’s instructions and ana-
lyzed using an Olympus SZX10 microscope.

Matrigel tube formation assays
The pipette tips and centrifuge tubes required for the 
experiment were precooled at 4  °C. FBS-free DMEM 
medium and Matrigel gel were mixed at a 1:1 ratio, and 
60µL of the Matrigel matrix gel diluent was added to each 
well of a 96-well plate, spread evenly to avoid bubbles, 
and solidified overnight for later use. Human Umbilical 
Vein Endothelial Cells (HUVECs) were digested, centri-
fuged, and resuspended in the culture medium. A total 
of 4 × 10⁴ cells were mixed with 100µL of CPT1A dif-
ferential expression cell-conditioned medium and 50µL 
of DMEM, spread on the Matrigel, and incubated in an 
incubator. Microtubule formation was observed under a 
microscope within 2–4 h, and images were captured.

Vasculogenic mimicry assays
Matrigel matrix gel was spread in a 96-well plate as 
described previously. BC cells were digested, centri-
fuged, resuspended in culture medium, and counted after 
preparation of the cell suspension. A total of 5 × 10⁴ cells 
were added to each well, diluted with 150µL of medium, 
and evenly spread onto the Matrigel. The cells were incu-
bated for 2–4 h, and tube formation was observed under 
a microscope. Images were then captured for analysis.

Immunohistochemistry (IHC)
Tissue microarrays and mouse tumor tissue sections 
were brought to room temperature and deparaffinized in 
an oven at 65 °C for 1 h. To block endogenous peroxidase 
activity, the tissue sections were treated with 3% H₂O₂ for 
15 min. Following this, the sections were left to incubate 
overnight at 4  °C with the specified primary antibod-
ies: Ki67 (No. 27309, 1:200), E-cadherin (20874-1-AP, 
1:200), Vimentin (110366-1-AP, 1:200), CPT1A (15184-
1-AP, 1:200), and VEGF-A (YT4870, 1:100). The second-
ary antibody was then incubated for one hour. Staining 
intensity was assessed under a microscope using diami-
nobenzidine (DAB) as the reagent, with hematoxylin 
(ZSGB-BIO) serving as the counterstain. Two patholo-
gists evaluated the tissue specimens using a controlled, 
double-blind approach. A semi-quantitative technique 
was employed to assess both the extent of the posi-
tive staining area and the intensity of staining. Positive 

staining was characterized by the appearance of brown-
ish-yellow granular deposits in the cytoplasm or nucleus. 
The staining intensity score was determined as follows: 
“- = 0,” “+ = 1,” “++ = 2,” and “+++ = 3.” The score was 
subsequently multiplied by the percentage of stained cells 
to calculate the staining index, with scoring as follows: 
≤25% = 1, 26–50% = 2, 51–75% = 3, > 75% = 4, which 
ranged from 0 to 12. Based on the staining index, scores 
were classified as negative (-) for 0–1, weak positive (+) 
for 2–4, moderate positive (++) for 5–7, and strong posi-
tive (+++) for 8 or higher. Tissue sections with scores of 
“++” or “+++” were categorized as strongly positive, indi-
cating high expression of the corresponding antibody.

Immunoprecipitation (Co-IP) and detection of 
ubiquitination
BC cells were lysed using IP lysis buffer (Beyotime, 
China). Lysates were incubated with CPT1A and HIF-1α 
antibodies overnight at 4  °C, followed by the addition 
of protein A/G agarose beads (Med Chem Express) and 
incubation for 6  h. The beads were washed three times 
with cold lysis buffer for 5  min each time. An appro-
priate volume of eluent was added to an EP tube, com-
bined with 2×SDS buffer, heated in a 95 °C metal bath for 
5  min, and then analyzed via Western blotting. For the 
ubiquitination assay, cells were pretreated with MG132 
(10 µM) for 8 h, collected using IP lysis buffer, and pro-
cessed following the same procedure described above. 
Ubiquitination was analyzed by Western blot using an 
anti-Ubiquitin (Proteintech, China).

Dual-luciferase reporter assays
BC cells were seeded in 6-well plates at a density suitable 
for reaching 70–80% confluence for transfection with the 
HIF-1α overexpression plasmid. Following this, HIF-1α 
overexpressing BC cells were transferred to 96-well 
plates. Twenty-four hours post-seeding, these cells were 
transfected with CPT1A-luc reporter plasmids and a 
Renilla luciferase control plasmid using Lipofectamine 
3000, according to the manufacturer’s instructions. 
Forty-eight hours after transfection, cells were lysed 
using Passive Lysis Buffer, and luciferase activity was 
quantified with the Dual-Luciferase® Reporter Assay Sys-
tem (Promega, Cat#E1960).

Quantification of FAO, ATP, GSH/GSSG and NADPH
FAO levels in cell supernatants were quantified using 
the FAO ELISA kit (Shanghai Enzyme-linked Biotech-
nology Company, China). Intracellular GSH levels were 
measured using the GSH and GSSG Assay Kit (Beyo-
time, China), while intracellular ATP and NADPH levels 
were determined using the ATP and NADPH assay kits 
(Nanjing Jiancheng Bioengineering Institute, China). All 
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Fig. 1 (See legend on next page.)
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measurements were performed according to the manu-
facturers’ instructions.

LC-MS analysis of metabolites
MDA-MB-231-shNC or MDA-MB-231-shCPT1A cells 
were grown in Petri dishes to a suitable density. The col-
lected supernatants were spun at 13,300  rpm for 4  min 
and subsequently stored at -80  °C prior to analysis. 
Metabolomic analyses were conducted at the Shanghai 
Applied Protein Technology Co., Ltd.

Chick Chorioallantois Membrane (CAM) assay
Specific pathogen-free fertilized chicken eggs were cho-
sen and incubated in an automatic incubator for about 
8 days. A small window was created in the eggshell, and 
the eggshell membrane was separated to expose the 
CAM. A sterile ring was placed over the blood vessels to 
observe angiogenesis. Next, 2 × 10⁶ cells were added to 
the exposed CAM, the egg was sealed with sterile tape, 
and incubation continued for 48 h. The CAM was photo-
graphed using a microscope (Olympus SZX10).

In vivo assays for tumorigenesis and metastasis
All animal experiments and procedures were approved 
by the Animal Research Ethics Committee of Yan-
bian University. Female BALB/c nude mice aged 4–5 
weeks were bred under specific pathogen free condi-
tions. MDA-MB-231 cells, with differential expres-
sion of CPT1A, as well as control cells, were routinely 
digested, centrifuged, resuspended, and counted 
(3 × 10⁵ cells/mice). The nude mice were randomly 
divided into two groups, with five mice in each group. 
In group A, sh-Con cells were injected into the left 
axilla, and sh-CPT1A cells were injected into the 
right axilla. In group B, Vector cells were injected 
into the left axilla, and cells overexpressing CPT1A 
were injected into the right axilla [28]. The tumor vol-
ume and weighed was measured every 2 days using 
calipers and calculated using the standard formula 
(length × width² × 0.5). After 8 weeks, Mice were anes-
thetized with 2% isoflurane to minimize distress and 
subsequently euthanized. Fluorescence intensity was 
measured using the UVP iBOX® Scientia™ 900 imag-
ing system (CA, USA). Tumors were then excised, 
weighed, and prepared for further analysis. In addi-
tion, to create a tumor metastasis model, MDA-
MB-231 cells (1 × 10⁶) were injected into the tail vein 

of nude mice. Eight weeks later, the mice were eutha-
nized, and their lung tissues were harvested for immu-
nohistochemical analysis.

Statistical analysis
Statistical analyses were carried out using SPSS 25 soft-
ware (IBM Corp.), GraphPad Prism 9.0, and ImageJ. 
Data were gathered from three independent experi-
ments and are presented as mean ± SEM. To evalu-
ate statistical differences between two groups, an 
unpaired t-test was used, while one-way ANOVA 
facilitated comparisons among multiple groups. The 
χ² test assessed the correlation between CPT1A pro-
tein expression and clinicopathological parameters. 
Survival curves were plotted using the Kaplan-Meier 
method, with P-values obtained through the log-rank 
test. The relationship between CPT1A and VEGF 
expression levels was analyzed using Pearson’s cor-
relation test. Furthermore, Cox proportional haz-
ards models were utilized to calculate hazard ratios 
in both univariate and multivariate logistic regression 
analyses.

Results
The upregulation of CPT1A is associated with increased 
malignancy and a worse prognosis in BC
Genetic alterations in CPT1A can result in aberrant 
expression in cancer. Analysis of the cBioPortal data-
base confirmed that CPT1A amplification is highly 
significant in BC (Fig. S1A). CPT1A was significantly 
overexpressed in BC tissues (positive rate: 80.64%, 
strong positive rate: 54.84%, P < 0.01) compared to 
adjacent normal tissues (positive rate: 20.68%, strong 
positive rate: 3.44%, P < 0.01) (Fig. 1A, B, and Table 1). 
Furthermore, elevated expression of CPT1A was 
positively correlated with lymph node (LN) metasta-
sis (P < 0.005), though it showed no association with 
age, tumor size, or degree of differentiation (Fig.  1C; 
Table 2). Cox univariate analysis revealed that CPT1A 
expression level (P = 0.039) and differentiation grade 
(P = 0.003) were independent prognostic indica-
tors for patients with BC (Table  3). Patients with low 
CPT1A protein expression exhibited significantly 
longer overall survival (OS) rates than those with 
high CPT1A expression (P = 0.001) (Fig.  1D). Com-
pared to patients aged ≤ 50 years (P = 0.012) and > 50 
years (P = 0.047), those with tumor diameters ≥ 2  cm 

(See figure on previous page.)
Fig. 1  The upregulation of CPT1A is associated with increased malignancy and a worse prognosis in BC. (A) Representative IHC staining images of CPT1A. 
Scale bar: 200 μm (Up) and 50 μm (Down). (B) The positive and strong positive rate of CPT1A protein expression in adjacent normal (n = 29) and BC (n = 93) 
tissues. (C) Distribution of existing and absent LN metastasis in the CPT1A-low and CPT1A-high groups. (D) Kaplan-Meier survival analysis of BC in patients 
(n = 64) with low or high CPT1A expression (P = 0.001). (E) Correlation between CPT1A expression and the clinicopathological significance of patients 
with BC. (F) Overall survival (OS), recurrence-free survival (RFS), distant metastasis-free survival (DMFS), and post-progression survival (PPS) analysis of BC 
patients with CPT1A low or high expression in Kaplan-Meier databases. (G) Chemotherapy response rate and ROC analysis of CPT1A and BC patients in 
the Kaplan-Meier database. *P < 0.05, **P < 0.01
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(P = 0.002), intermediate differentiation (P = 0.011), 
Stage I-IIA BC (P = 0.038), or LN metastasis (P = 0.012) 
demonstrated significantly reduced OS times (Fig. 1E). 
Interestingly, BC patients with high CPT1A expression 
showed shorter OS, recurrence-free survival (RFS), 
distant metastasis-free survival (DMFS), and post-pro-
gression survival (PPS) (P < 0.01) (Fig.  1F). Moreover, 
BC patients with high CPT1A expression exhibited a 
higher response rate to trastuzumab treatment but 
showed no response to tamoxifen therapy (Fig.  1G). 
These results indicate that CPT1A may be a potential 

novel molecular marker for targeted therapy in BC 
patients.

CPT1A enhances BC proliferation both in vivo and in vitro
To explore the molecular role of CPT1A in BC cells, we 
examined the expression of CPT1A in different BC cell 
lines, and MDA-MB-231 and MCF-7 cells were compre-
hensively selected as subsequent experiments (Fig.S2A). 
Then we generated stable cell lines with varying CPT1A 
expression levels, categorized into the following groups: 
Control (Con), sh-CPT1A, Vector, and CPT1A (Fig.  2A 
and S2B-E). The CPT1A overexpression group exhib-
ited significantly higher cell viability and colony forma-
tion compared to the sh-CPT1A group (Fig. 2B, C). The 
incorporation rate of newly synthesized DNA labeled by 
the EdU probe (red) was also higher in the CPT1A over-
expression group than in the sh-CPT1A group (Fig. 2D). 
Further experiments demonstrated that the G2/M% + 
S% proliferation rate in CPT1A-overexpressing cells 
exceeded that of CPT1A knockdown cells (Fig. 2E). Con-
sistently, CPT1A overexpression increased subcutane-
ous tumor volume, tumor weight, and total fluorescence 
intensity, indicating a positive effect on tumor formation 
(Fig.  2F and S3A-C). And the CPT1A overexpression 
group showed an upregulation in Ki67 protein positivity, 
reflecting a high degree of tumor proliferation and malig-
nancy (Fig.  2G and S3D). Furthermore, CPT1A over-
expression was positively correlated with microvessel 
density, as indicated by CD31 staining in tumor tissues, 
suggesting a rich blood supply and enhanced invasive 
ability (Fig. S3E). These findings suggest that CPT1A 
plays a critical oncogenic role in BC development.

CPT1A partially accelerates BC metastasis through the EMT 
process
Tumor progression is marked by enhanced cell motility 
and invasiveness. The rate of scratch healing and verti-
cal migration in BC cells was significantly inhibited by 
knockdown of CPT1A compared to control (Fig. 3A, B, 
and S4A, B). Extensive metastatic nodules were observed 
in the lungs of mice in the CPT1A overexpression group, 
accompanied by clear destruction of lung tissue structure 
and well-defined cancer nests (Fig. 3C, D). Interestingly, 
in the CPT1A knockdown group, BC cells exhibited 
a reduction in size and a rounded shape, while in the 

Table 1  CPT1A protein expression in BC
Diagnosis No. of cases CPT1A protein expression Positive rate Strongly positive rate

- + ++ +++
BC 93 18 24 25 26 80.64% 54.83%
Adjacent tissues 29 23 5 1 0 20.68% 3.44%
Positive rate: percentage of positive cases with +~+++ staining score

Strongly positive rate: percentage of positive cases with + + and +++ staining score

BC: Breast cancer

Table 2  Correlation between CPT1A expression and the 
clinicopathological features of BC
Variables No. of 

cases
CPT1A 
strongly posi-
tive cases (%)

χ2 P 
value

Age (years)
>50
≤ 50

53
40

27 (50.94%)
24 (60.00%)

0.755 0.385

Tumor size (cm)
>2.0
≤ 2.0

75
18

40 (53.33%)
11 (61.11%)

0.355 0.552

Grade
I
II
III

18
58
17

11 (61.11%)
33 (56.89%)
7 (41.17%)

1.562 0.458

Clinical Stage
I-IIA
IIB-IV

36
57

18 (50.00%)
33 (57.89%)

0.555 0.456

LN metastasis
Yes
No

48
45

33 (68.75%)
18 (40.00%)

7.752 0.005*

ER
Positive
Negative

32
32

22 (68.75%)
19 (59.37%)

0.386 0.535

PR
Positive
Negative

29
35

20 (68.96%)
21 (60.00%)

0.554 0.457

Her2
Positive
Negative

24
40

13 (54.16%)
28 (70.00%)

1.633 0.201

Ki-67
Positive
Negative

20
44

12 (60.00%)
29 (65.90%)

0.209 0.648

p53
Positive
Negative

28
36

19 (67.85%)
22 (61.11%)

0.034 0.853

* P < 0.05 and **P < 0.01
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CPT1A overexpression group, BC cells displayed promi-
nent nuclear, an elongated spindle shape, and an increase 
in filopodia, indicating enhanced mesenchymal morphol-
ogy (Fig. 3E and S4C). Additionally, the epithelial marker 
E-cadherin was upregulated, while mesenchymal mark-
ers (ZEB2, Vimentin, Snail, and Twist) were downregu-
lated in the sh-CPT1A group, with the opposite observed 
in the CPT1A overexpression group (Fig.  3F and S4D). 
Immunofluorescence and IHC further confirmed that 
CPT1A overexpression decreased E-cadherin protein 
expression levels while increasing Vimentin expression 
(Fig. 3G, H). These findings suggest a strong correlation 
between CPT1A expression and the promotion of EMT 
in BC.

CPT1A promotes microtubule formation and angiogenesis 
in BC and HUVECs
Tumors are characterized by sustained angiogenesis, 
a key factor in tumor metastasis. Using the Matri-
gel tube formation assay, we observed that HUVECs 
exhibited enhanced angiogenic capacity when exposed 
to the supernatant from CPT1A-overexpressing BC 
cells (Fig.  4A and S4E). Furthermore, CPT1A-over-
expressing BC cells formed vascular-like channels by 
remodeling and deforming the extracellular matrix, a 
process independent of endothelial cells (Fig.  4B and 
S4F). In vivo experiments revealed that angiogen-
esis was inhibited in the sh-CPT1A group, resulting 
in fragmented and dissolved vessels, whereas vessels 
in the CPT1A-overexpressing group remained intact 
and functional (Fig.  4C). Mechanistically, knock-
ing down CPT1A markedly reduced the expres-
sion of critical angiogenic markers such as MMP2, 
MMP9, and VEGF. Conversely, overexpressing CPT1A 
resulted in the increased expression of these markers 
(Fig.  4D and S4G). To further explore this, HUVECs 
were cultured with BC cell supernatants with differ-
ent CPT1A expression levels. The supernatant from 

CPT1A-overexpressing cells exhibited higher levels of 
angiogenic factors compared to control cells, promot-
ing the wound healing ability, vertical migration, and 
proliferation of HUVECs. In contrast, the sh-CPT1A 
group exhibited reduced secretion of angiogenic fac-
tors, resulting in impaired angiogenic functions 
(Fig.  4E-G and S4H, I). These findings demonstrate 
that CPT1A enhances the angiogenic capacity of BC, 
contributing to tumor progression and metastasis.

CPT1A-driven FAO pathway promotes BC progression
Yan et al. reported that the CPT1A-driven FAO path-
way promotes embryonic stem cell survival [27]. In 
our study, we demonstrated that the levels of FAO, 
ATP, and NADPH metabolism were significantly 
upregulated in the CPT1A-overexpression group 
(Fig. 5A). We then measured the oxygen consumption 
rate (OCR) and found that OXPHOS was reduced in 
CPT1A knockdown cells, indicating impaired mito-
chondrial respiration (Fig. S5A). Furthermore, CPT1A 
overexpression increased the levels of FAO markers, 
such as LCAD and MCAD, while these markers were 
downregulated in the knockdown group (Fig.  5B and 
S5B). A subsequent loss-of-function experiment veri-
fied that etomoxir (ETX, 15 µM) successfully sup-
pressed the development of colonies and the lateral 
migration of BC cells driven by CPT1A overexpression 
(Fig.  5C, D, and S5C). Beyond its effects on BC cells, 
ETX also suppressed angiogenesis in HUVECs, caus-
ing the dissolution, bleeding, and coagulation of CAM 
blood vessels (Fig.  5E, F). Additionally, ETX blocked 
the CPT1A-driven FAO pathway, leading to reduced 
ATP and NADPH production (Fig.  5G). Consistently, 
ETX decreased FAO levels as well as markers of EMT 
progression and angiogenesis that were elevated by 
CPT1A overexpression (Fig.  5H and S5D). In conclu-
sion, these findings suggest that the CPT1A-driven 

Table 3  Univariate and multivariate survival analyses (Cox regression model) of various factors in 64 BC patients
Characteristics B SE Wald 95% CI P-value

Lower Upper
Univariate survival analyses
CPT1A 0.551 0.267 4.257 1.028 2.926 0.039*

Age -0.140 0.255 0.301 0.528 1.433 0.583
Tumor size 0.200 0.335 0.358 0.634 2.356 0.550
Differentiation 0.617 0.206 8.966 1.238 2.777 0.003*

Clinical stage 0.146 0.254 0.330 0.703 1.903 0.566
LN metastasis 0.006 0.269 0.001 0.594 1.707 0.981
Multivariate survival analyses
Differentiation
LN metastasis
CPT1A

0.740
-0.164
0.66

0.226
0.279
0.276

10.720
0.347
5.877

1.346
0.491
1.137

3.263
1.465
3.355

0.001**

0.556
0.015*

B: Coefficient; SE: standard error; Wald: Wald statistic; CI: confidence interval

* P < 0.05 and **P < 0.01
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FAO pathway plays a critical role in promoting EMT 
progression and angiogenesis in BC.

The CPT1A/HIF-1α positive feedback loop promotes the 
proliferation and metastasis of BC
KEGG metabolic pathway analysis revealed significant 
enrichment in the HIF-1α signaling pathway, indicat-
ing downregulation of HIF-1α in the sh-CPT1A group 
(Fig.  6A). And we found that the expression of CPT1A 

and HIF-1α in BC was positively correlated by database 
analysis, and RNAseq analysis of TCGA found that BC 
patients with high expression of CPT1A and HIF-1α had 
a worse prognosis (Fig. S6A-D). Furthermore, CPT1A 
and HIF-1α were shown to bind endogenously in BC 
cells (Fig.  6B). Significantly, MG132 treatment caused 
an increase in HIF-1α protein levels, with the effect 
being more prominent in the sh-CPT1A group. Addi-
tionally, HIF-1α degradation was induced by CHX, but 

Fig. 2  CPT1A enhances BC proliferation both in vivo and in vitro. (A) CPT1A knockdown and overexpression BC cell lines were constructed, and the trans-
fection efficiency was verified by Western blot. (B-D) BC cells proliferation ability was tested by CCK8 (B), colony formation (C) and EdU assays (D). Scale 
bar: 50 μm. (E) The ratio of G2/M%+S% in different groups was quantified by flow cytometry. Quantification of the flow cytometry result (n = 3). (F) Repre-
sentative fluorescence imaging and morphology of the nude mice xenograft. The down panel represents the analysis of tumor volume and weight. Size 
of each grid: 1 mm × 1 mm. (n = 5). (G) IHC staining showed Ki67 expression in tumor specimens from xenografts. Scale bar: 50 μm. *P < 0.05 and **P < 0.01
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this degradation was inhibited by CPT1A, indicating 
that CPT1A regulates the stability of HIF-1α (Fig.  6C). 
Ubiquitylation of HIF-1α was significantly elevated in 
sh-CPT1A cells compared to the control group (Fig. 6D). 

Reporter gene assays demonstrated that HIF-1α signifi-
cantly increased the luciferase activity of a construct con-
taining the CPT1A binding site, whereas this effect was 
attenuated in a mutant construct lacking the binding 

Fig. 3 (See legend on next page.)
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site (Fig.  6E). In rescue experiments, overexpression of 
HIF-1α in the sh-CPT1A group reversed the observed 
reductions in proliferation, lateral migration, and longitu-
dinal migration (Fig. 6F-H and S6E-G). Shenoy et al. pre-
viously reported that HIF-1-dependent VEGF expression 
mediates angiogenesis and metastasis in BC cells. Con-
sistent with this, the tube formation ability of HUVECs 
was restored by HIF-1α overexpression in the CPT1A 
knockdown group (Fig. S6H). Furthermore, HIF-1α over-
expression reversed the reduction in FAO metabolism 
observed in sh-CPT1A cells (Fig.  6I). It also enhanced 
EMT progression and increased the expression of angio-
genesis markers (Fig.  6J and S6I). Collectively, these 
findings demonstrate that the CPT1A/HIF-1α positive 
feedback loop plays a pivotal role in promoting BC prolif-
eration, EMT progression, angiogenesis, and metastasis.

LAA uptake reduced by CPT1A/HIF-1α only promotes the 
angiogenesis via NRF2/NQO1 pathway
Key factors inducing angiogenesis in HUVECs from 
CPT1A supernatants were identified using LC-MS/
MS. Among these, LAA, glutamine, and tyrosine levels 
were significantly altered in the sh-CPT1A group, with 
LAA showing the most pronounced difference (Fig. 7A). 
Notably, LAA did not affect BC cell proliferation, colony 
formation, or EMT progression (Fig. 7B, C, I, and S7A). 
However, the addition of LAA (5 µM) to sh-CPT1A 
supernatants enhanced tube formation in both HUVECs 
and BC cells (Fig. 7D, E, and S7B). Moreover, LAA treat-
ment restored the ruptured and bleeding chorionic ves-
sels observed in the sh-CPT1A group (Fig. 7F), although 
it did not influence the proliferation capacity of HUVECs 
(Fig. S7C, D). Consistently, LAA reversed the reduction 
in the wound-healing rate and increased the number of 
migrating HUVECs in the sh-CPT1A group (Fig. 7G, H, 
and S7E, F). Additionally, protein levels of angiogenesis 
markers were elevated in the sh-CPT1A group following 
LAA treatment (Fig. 7I and S7G).

To investigate how LAA promotes angiogenesis, we 
examined changes in extracellular homeostasis. The addi-
tion of LAA to the sh-CPT1A group significantly upreg-
ulated GSH/GSSG expression levels and reduced ROS 
production (Fig.  7J, K). Furthermore, we assessed ROS 
changes following LAA treatment using flow cytometry 
with DCFH-DA, and obtained consistent results (Fig. 

S7H). Additionally, LAA treatment enhanced the expres-
sion of key oxidative stress regulators, including Nrf2, 
NQO1, and HIF-1α (Fig.  7L and S7I). In conclusion, 
CPT1A facilitates angiogenesis in BC by regulating extra-
cellular LAA uptake and oxidative stress levels, inde-
pendent of EMT progression. These findings highlight 
endothelial cell metabolism as a promising therapeutic 
target for BC treatment.

High levels of CPT1A/VEGF expression are correlated with 
poor prognosis of patients with BC
Xiong et al. reported that CPT1A regulates BC-associ-
ated lymphangiogenesis via VEGF signaling [29]. Con-
sistent with this, our findings revealed a significant 
positive correlation between CPT1A and VEGF expres-
sion in angiogenesis, which was stronger than the cor-
relations observed with MMP2 and MMP9 (Fig. 8A). To 
further explore this relationship, we analyzed VEGF and 
CPT1A expression in normal tissues, DCIS, and BC tis-
sues. Interestingly, CPT1A and VEGF protein expression 
levels were lower in normal tissues and higher in cancer-
ous tissues (Fig.  8B), with a significant positive correla-
tion identified in BC tissues (P < 0.05) (Fig. 8C). Statistical 
analysis revealed that 54.84% of BC tissues with high 
CPT1A expression exhibited strong VEGF staining, 
whereas 45.16% of tissues with low CPT1A expression 
showed weak VEGF staining (Fig. 8D). These results were 
further validated by IHC score analysis, which aligned 
with findings from the UALCAN database (Fig.  8E, F). 
Additionally, chi-square analysis demonstrated a sig-
nificant association between high VEGF expression and 
lymph node metastasis (P < 0.05), supported by data 
from the UALCAN database (Fig. 8H). Furthermore, BC 
patients with high VEGF expression were found to have 
shorter overall survival times, indicating a poorer prog-
nosis (Fig.  8I). In conclusion, these results indicate that 
the CPT1A/VEGF axis is essential for BC progression 
and may act as a valuable biomarker for predicting BC 
outcomes.

Discussion
During the process of angiogenesis, tumor cells heav-
ily rely on aberrant metabolism and the state of their 
extracellular environment [30]. However, the regulatory 
role of CPT1A, a key enzyme in FAO metabolism, in 

(See figure on previous page.)
Fig. 3  CPT1A partially accelerates BC metastasis through the EMT process. (A) Representative images of CPT1A differentially expressed BC cells for scratch 
healing at 0 and 24 h after scratch. Wound healing percentage was quantified width of 24 h/0 h by Image J. Scale bar: 200 μm. (B) Representative images 
of the transwell (migration) assay of BC cells with differential CPT1A expression. Scale bar: 50 μm. (C-D) MDA-MB-231 cells with differential CPT1A expres-
sion cells were injected into the nude mice respectively via tail vein for in vivo metastasis (n = 3). Representative images showed the number of lung 
metastasis nodules (C), and HE staining (D) of the lung tissues. Size of each grid: 1 mm × 1 mm. Scale bar: 200 μm. (E) Morphological changes of the four 
groups of BC cells. (F) Protein expression of EMT markers (E-cadherin, ZEB2, Vimentin, Snail, Twist) were detected by Western blot in CPT1A differentially 
expressed BC cells. (G) IF staining of E-cadherin and Vimentin in BC cells with differential expression of CPT1A (blue: nuclear staining; green: E-cadherin 
staining; red: Vimentin staining), Scale bar: 25 μm. (H) IHC staining of E-cadherin and Vimentin in the four groups of xenograft tumor tissues. Scale bar: 
50 μm. *P < 0.05 and **P < 0.01
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BC angiogenesis remains unclear. Our research demon-
strates a reciprocal positive interaction between CPT1A 
and HIF-1α, which activates the FAO metabolic pathway 
and regulates LAA uptake, thereby inducing a pro-angio-
genic cellular system in BC. CPT1A also enhanced VEGF 
expression levels, a key growth factor involved in angio-
genesis [31]. These findings underscore the critical role of 
CPT1A/HIF-1α-mediated metabolic reprogramming in 
driving BC angiogenesis and nutrient absorption as the 
disease progresses.

Metabolic alterations have been observed to suppress 
the production of angiogenic and pro-inflammatory 
factors by BC cells, thereby reducing angiogenesis and 
impeding BC progression [32, 33]. Ma et al. demon-
strated that targeting CPT1A can synergize with CD8 + T 

cells to promote tumor ferroptosis, leading to signifi-
cant tumor regression [34]. In contrast, our findings 
showed that CPT1A-mediated FAO plays a critical role 
in BC metabolism, with CPT1A upregulation enhanc-
ing angiogenesis and growth potential. This adaptation 
likely enables BC cells to survive in harsh environments, 
such as energy deprivation, by reorganizing their meta-
bolic processes to withstand extracellular stresses [35]. 
Consistent with this, Cao et al. reported that CPT1A 
upregulation significantly increases the production of 
intermediates in the nucleoside metabolism pathway 
and promotes the cell cycle in nasopharyngeal carci-
noma [36]. Similarly, Wang et al. and Shao et al. found 
that CPT1A-mediated fatty acid oxidation increases 
metastatic capacity and anoikis resistance in colorectal 

Fig. 4  CPT1A promotes microtubule formation and angiogenesis in BC and HUVECs. (A) HUVECs were cultured with the supernatants of BC cells, and the 
microtubule formations were detected by matrigel tube formation assay. (B) The vascular mimicry ability of the BC cells was detected by the vasculogenic 
mimicry assay. (C) The effect of CPT1A on ex vivo angiogenesis was assessed by CAM assay. The white arrows indicate the morphological changes in 
CAM. (D) Protein expression of angiogenesis markers (MMP2, MMP9, VEGF) was detected by Western blot in CPT1A differentially expressed BC cells. (E-G) 
HUVECs were cultured with medium and the supernatants of BC cells respectively. The migration ability of HUVEC cells was assessed by wound healing 
(E) and transwell assays (F), and the proliferation ability of HUVECs was detected by CCK8 assay (G). *P < 0.05, **P < 0.01
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Fig. 5  CPT1A-driven FAO pathway promotes BC progression. (A) The production levels of FAO, ATP and NADPH were detected by kit assays in four groups 
of BC cells. Data were presented as the mean ± SD. (B) Protein expression of FAO markers (LCAD, MCAD) was detected by Western blot in CPT1A differ-
entially expressed BC cells. (C-D) Colony formation (C) and wound healing (D) assays were used to test the proliferation and migration abilities of CPT1A 
overexpression cell after adding ETX. (E-F) The vascular mimicry ability of the CPT1A overexpression cell after adding ETX was detected by the microtu-
bule formations assay (E). The effect of CPT1A on ex vivo angiogenesis was assessed by CAM assay. The white arrows indicate the morphological changes 
in CAM (F). (G) Metabolic kits were detected the FAO, ATP, and NADPH levels in CPT1A overexpression cell after adding ETX. (H) Protein expression of FAO, 
angiogenesis and EMT markers was detected by Western blot in CPT1A overexpression cell after adding ETX. *P < 0.05, **P < 0.01
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and aggressive ovarian cancer cells, respectively [37, 38]. 
Furthermore, estrogen mediates hepatoprotective effects 
through a CPT1A-dependent FAO mechanism and 
inhibits prostate cancer growth by regulating ROS lev-
els via CPT1A [39]. Our findings also demonstrated that 

CPT1A overexpression correlates with poorer BC patient 
prognosis and stimulates angiogenesis and proliferation 
by maintaining redox homeostasis through NADPH pro-
duction. The diverse mechanisms by which CPT1A pro-
motes tumor cell survival suggest that targeting CPT1A 

Fig. 6  The CPT1A/HIF-1α positive feedback loop promotes the proliferation and metastasis of BC. (A) KEGG pathway analyzed the signaling pathways 
of extracellular differential expression in CPT1A knockdown MDA-MB-231 cells. (B) The interaction between endogenous CPT1A and HIF-1α protein was 
analyzed by Co-IP assay. (C) MDA-MB-231 cells of vector and CPT1A overexpression groups were treated with 10 µM CHX for 0, 20, 40, and 60 min, then 
cells were collected and lysed respectively. The half-life of HIF-1α protein was detected by Western blotting and quantified by Prism Software. MDA-
MB-231 cells of Control and sh-CPT1A groups were treated with 10 µM MG132 for 0, 2, 4, and 6 h, and the expression level of HIF-1α by Western blot and 
quantitatively analyzed. (D) MDA-MB-231 cells of control and sh-CPT1A groups were pretreated with 10 µM MG132 for 8 h. The ubiquitination levels of 
HIF-1α were measured by IP experiments. Meanwhile, the expression of CPT1A in the input samples was detected. (E) The binding site of HIF-1α and 
CPT1A promoter was predicted by the JASPAR website (UP). WT and MT1, MT2 luciferase reporter gene vectors in CPT1A 3’-UTR were co-transfected with 
HIF-1α control or overexpressed plasmid for 48 h in BC cells, and the luciferase activities were measured by dual-luciferase assay. Relative luciferase activ-
ity was computed by the ratio of Firefly and Renilla luciferase values. (F) The expression level of HIF-1α was detected by Western blot for confirming the 
transfected effects of HIF-1α overexpression in BC cells. (G-H) The proliferation ability of BC cells in the Con group, sh-CPT1A group, and sh-CPT1A + HIF-1α 
overexpression group was evaluated using the CCK8 assay (G) and the transwell migration assay (H). (I) The level of FAO in the supernatant of the three 
groups of cells was detected by FAO kit assay. (J) The levels of EMT and angiogenesis markers were detected in the three groups using Western blot. 
*P < 0.05 and **P < 0.01, N.S was represented for no statistical significance
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Fig. 7 (See legend on next page.)
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to reduce proliferation and angiogenesis in BC cells could 
be an effective therapeutic strategy. Thus, we hypothe-
sized that although CPT1A-driven FAO regulates angio-
genesis and metastasis in BC cells, it is more likely to play 
a supporting role by altering metabolite alterations in 
mitochondria.

The transcription factor HIF-1α is essential in tumori-
genesis, metabolism, immune evasion, and angiogen-
esis in BC [40, 41]. HIF-1α facilitates the conversion of 
glucose to pyruvate and lactate, thereby increasing ATP 
production and promoting BC cell proliferation [42, 43]. 
A reciprocal feedback loop involving HIF-1α and HPIP 
enhances cell migration, invasion, EMT, and metastatic 
characteristics in BC cells [44]. Moreover, multiple stud-
ies have demonstrated that HIF-1α facilitates the pro-
gression of papillary thyroid cancer and prostate cancer 
by enhancing the CPT1A-driven FAO pathway [45, 46]. 
Li et al. demonstrated that HIF-1α activates CPT1A, 
leading to increased FAO products and accelerated heal-
ing of ischemic intestinal injury [47]. Importantly, our 
results suggest that the CPT1A/HIF-1α positive feedback 
loop promotes BC proliferation and angiogenesis. Simi-
larly, Zhang et al. demonstrated that GDF11 promotes 
endothelial progenitor cell mobilization and neovascular-
ization through the HIF-1α-VEGF/SDF-1α pathway [48].

And in recent years, extracellular metabolites and 
nutrients have been recognized as key factors promot-
ing tumor growth [49, 50]. Increasing evidence suggests 
that combining dietary therapy, nutrient deprivation, 
and lipid metabolism targeting represents a promis-
ing strategy for overcoming BC [51–55]. Previous stud-
ies have shown that upregulating CPT1A enhances FAO 
metabolism and M2 polarization of tumor-associated 
macrophages (TAMs), thereby promoting colorectal can-
cer progression [55]. One potential mechanism underly-
ing the carcinogenic role of CPT1A in prostate cancer 
involves regulating the production of toxic metabolites 
such as ceramides and their precursors (oleyl- and pal-
mitoyl-CoA) [56]. Interestingly, CPT1A knockdown 
decreases the deoxynucleotide triphosphate (dNTP) 
pool, disrupting HUVEC sprouting in vitro. Additionally, 
silencing CPT1A reduces lymphangiogenesis in BC cells 
by impairing VEGFR-3 expression in HDLEC cells, which 

can be reversed by acetate supplementation [29]. Our 
findings confirmed that CPT1A-driven FAO metabolism 
increases HUVECs proliferation and migration by elevat-
ing ATP and NADPH levels. This suggests that CPT1A 
may promote cancer angiogenesis in lymphatic endothe-
lial cells and/or HUVECs via metabolic intermediates. 
Importantly, we demonstrated that CPT1A knockdown 
markedly reduces LAA levels in the supernatant, and 
the antioxidant effects of LAA depend on HIF-1α acti-
vation. Previous studies indicate that LAA deficiency 
affects the deposition of mature collagen in blood ves-
sels [57, 58], impairing vascular formation and reduc-
ing angiogenesis [59, 60]. Furthermore, LAA regulates 
HIF-1α expression by reducing Fe³⁺ to Fe²⁺ and promot-
ing α-ketoglutarate production [61]. Wang et al. reported 
that exposure to antioxidants for 7 days increases HIF-1α 
expression in tumor cells, which subsequently promotes 
tumor angiogenesis and VEGF production [62, 63]. This 
may be related to the role of ascorbic acid in hydroxylat-
ing HIF-1α, thereby regulating processes such as angio-
genesis. Over recent years, ROS production has been 
recognized as profoundly influencing inflammatory 
responses and tumor progression. ROS activates various 
transcription factors, including HIF-1α and STAT3, cre-
ating a complex link between ROS expression and tumor 
progression [64]. In this study, we confirmed that LAA 
promotes BC angiogenesis by maintaining ROS homeo-
stasis through enhanced HIF-1α expression or activation 
of the oxidative stress pathway (Nrf2/NQO1). Thus, we 
hypothesize that the CPT1A/HIF-1α axis could serve as a 
promising target for antivascular therapy in BC.

Similarly, VEGF, a critical marker of angiogenesis, was 
observed to be highly expressed in BC tissues and cor-
related with unfavorable prognosis. We propose that 
the CPT1A/VEGF axis may serve as a reliable prognos-
tic marker for BC. Nonetheless, our study is not without 
limitations. First, the sample size was relatively small, 
preventing the inclusion of a more comprehensive data-
set of patient cases. Second, the metabolic changes of 
LAA in vivo were not thoroughly investigated.

In conclusion, CPT1A drives the proliferation, metas-
tasis, and angiogenesis of BC by activating the FAO 
metabolic pathway. Notably, CPT1A and HIF-1α form a 

(See figure on previous page.)
Fig. 7  LAA uptake reduced by CPT1A/HIF-1α only promotes the angiogenesis via Nrf2/NQO1 pathway. (A) LC-MS/MS analysis of differential metabolites 
in the extracellular supernatant of MDA-MB-231 cells following CPT1A knockdown. (B-C) CCK8 (B) and colony formation (C) assays were used to evaluate 
the proliferation of CPT1A knockdown cells after the addition of LAA (5 µM) in the sh-CPT1A group. (D) Matrigel tube formation assay detected the HU-
VECs tube formation ability after adding LAA (5 µM) in sh-CPT1A group. (E) The vascular mimicry ability of the BC cells after adding LAA (5 µM) in sh-CPT1A 
group was detected by the vasculogenic mimicry assay. (F) The effect of CPT1A knockdown cells after adding LAA (5 µM) on ex vivo angiogenesis was 
assessed by CAM assay. The white arrows indicate the morphological changes in CAM. (G-H) HUVECs were cultured with medium and the supernatants 
of BC cells and LAA (5 µM) respectively. The migration ability of HUVECs was assessed by wound healing (G) and transwell assays (H). (I) Western blot was 
measured the expression levels of EMT and angiogenesis markers. (J) The level of GSH/GSSG in the supernatant of the three groups of cells was detected 
by GSH/GSSG kit assay. (K) Representative IF staining images showing ROS expression in sh-CPT1A after adding LAA (5 µM). Scale bar: 15 μm. (L) Protein 
expression of HIF-1α, Nrf2 and NQO1 were detected by Western blot in sh-CPT1A after adding LAA (5 µM). *P < 0.05 and **P < 0.01. ns was represented 
for no statistical significance
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reciprocal feedback loop: CPT1A regulates the ubiquiti-
nation and protein stability of HIF-1α, while HIF-1α, in 
turn, governs the transcriptional regulation of CPT1A. 
This CPT1A/HIF-1α positive feedback loop plays a 
critical role in enhancing angiogenesis in BC cells and 
HUVECs by modulating LAA uptake. Mechanistically, 
this process activates the Nrf2/NQO1 pathway to main-
tain ROS homeostasis. Furthermore, elevated expres-
sion levels of CPT1A and VEGF are strongly linked to 
poor prognosis in BC patients. These findings highlight 
the potential of targeting metabolic reprogramming and 
incorporating nutritional therapy as a novel and promis-
ing approach for BC treatment.
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Fig. 8  High levels of CPT1A/VEGF expression are correlated with poor prognosis of patients with BC. (A) Chipbase database was used to search the cor-
relation of CPT1A with VEGF, MMP2 and MMP9 in blood vessels. (B) Representative IHC staining images showing CPT1A and VEGF expression in normal 
tissues, DCIS, and BC (n = 31). Scale bar: 200 μm (Up), 50 μm (Down). (C) Correlation between CPT1A expression and VEGF expression based on the IHC 
scores. (D) JMP software was used for statistics and cartogram. (E) Expression level of VEGF in BC and adjacent tissues. (F) The expression level of VEGF in 
BC tissues was found by Ualcan database. (G) Distribution of existing and absent LN metastasis in the VEGF-low and VEGF-high groups. Chi-square test 
was used to test VEGF and clinicopathological parameters of BC. (H) Ualcan database was used to search the relationship between VEGF and LN metasta-
sis in BC tissues. (I) Overall survival of BC patients with low or high VEGF expression in the Kaplan-Meier database. *P < 0.05 and **P < 0.01
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