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Simple Summary 

Tumors rely on the formation of vessels for their nutrient and oxygen supply, regulated by vascular 
endothelial growth factor (VEGF). VEGF secretion is known to respond to hypoxia and the 
inflammatory cytokine IL-1β, which can potentially be inhibited by curcumin. Breast cancer cell lines 
showed a differential response to IL-1β and curcumin in terms of inflammatory signaling and VEGF 
secretion. Whereas VEGF secretion in the triple negative cell line MDA-MB-231 was inhibited by 
curcumin, it induced the opposite effect in estrogen receptor positive MCF-7 cells. Further inhibitor 
studies showed that curcumin-induced VEGF secretion in MCF-7 cells relies on ERK activation. 
mRNA database analyses further suggested high expression of VEGF in triple negative tumors, but 
revealed no clear relationship of VEGF with regulatory genes of the hypoxia- and inflammatory NF-
kB pathway. Altogether, these data suggest that the success of anti-VEGF- and anti-inflammatory 
treatment will depend on the individual tumor. 

Abstract 

Background: VEGF regulates tumor vascularization in response to hypoxia and inflammatory signals 
while curcumin is anti-inflammatory. We investigated this interaction in breast cancer cell lines and 
gene expression databases. Methods: VEGF in cell cultures was detected by ELISA. Kinase activation 
was investigated by Western blotting. Gene expression databases were analyzed by correlation tests. 
Results: VEGF secretion and kinase signaling in response to IL-1β and curcumin varied significantly 
for the cell lines. All cell lines increased VEGF secretion under hypoxia, but IL-1β increased VEGF 
secretion only in MCF-7 cells. VEGF secretion was inhibited by curcumin in MDA-MB-231 cells but 
increased in MCF-7- and UACC-3199 cells. Inhibitor experiments in MCF-7 cells demonstrated that 
curcumin-induced ERK- phosphorylation was important for VEGF secretion. In a retrospective 
cohort, VEGF detected by immunohistochemistry correlated with ductal- versus lobular morphology 
but showed no prognostic significance. Gene expression data of the METABRIC study showed 
highest VEGFA mRNA expression in triple negative breast cancer. Analysis of HIF-, NF-kB-signaling 
and VEGF expression on the mRNA level showed no clear correlation but suggested crosstalk of 
these pathways. Conclusion: These dissimilar responses of breast cancer cell lines suggest that 
therapy efficiency with anti-VEGF, anti-IL-1β or curcumin will also vary within breast cancers. 

Keywords: breast cancer; curcumin; Interleukin-1β; p38-MAPK; ERK; VEGF 
 

1. Introduction 

Breast cancer (BC) is a heterogeneous neoplasm representing the most frequent cancer in women 
with about 2.2 million new cases (in 2020) worldwide. It is still the leading cause of mortality in 
women [1]. Besides morphological characteristics, four biomarkers are required for defining the most 
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important BC subtypes in a clinical setting. Thus, besides morphological characteristics, breast 
cancers are classified according to the expression of receptors for estrogen (ER), progesterone (PgR), 
epidermal growth factor receptor-2 (HER2/neu, erb-b2) and the proliferation marker Ki67. These 
biomarkers define the intrinsic molecular subtypes [2] of breast cancer without extensive gene 
expression analysis in a clinical setting [3]. The molecular subtypes of BC are the luminal A subtype, 
expressing the estrogen receptor α (ER) and/or the progesterone receptor (PgR) without HER2/neu-
overexpression and a low percentage of Ki67-positive, proliferating cells. Luminal B also expresses 
the ER/PgR receptors and is characterized by either high Ki67 frequency or HER2/neu-overexpression 
[4]. The next type, overexpressing HER2/neu in the absence of ER/PgR is called HER2/neu-positive 
(non-luminal). Finally the absence of these three receptors is known as triple negative breast cancer 
(TNBC) and closely resembles the molecularly defined basal subtype [5,6]. 

Estrogen receptor-expressing tumors are the most frequently occurring class representing about 
two out of three cancers. PgR is mostly expressed in ER-positive cases, but rare cases expressing PgR 
in the absence of ER have also been described [7]. Patients with ER-expressing tumors have a far 
better prognosis than the other subtypes and can be treated by endocrine therapy, either with 
selective estrogen mediators such as tamoxifen for premenopausal women or aromatase inhibitors 
for postmenopausal patients [8]. Luminal B cases represent a more aggressive form of luminal breast 
cancer, which is often treated by additional chemo- and/or radiotherapy or an HER2/neu targeted 
therapy. The decision to use an additional cytotoxic and potentially harmful chemotherapy can be 
hard to take and several gene expression tests have been developed to assess the tumor recurrence 
rate better than with hormone receptor expression and Ki67 alone [9,10]. For HER2/neu-over-
expressing cases, a targeted therapy using monoclonal anti-HER2/neu-antibodies (e.g., Trastuzumab) 
has been approved by the FDA in 1998. This therapy has greatly improved the outcome of this type 
of cancer and other opportunities even for low and ultra-low Her2/neu expressing cases are now 
available [11]. No targeted therapy for the remaining heterogeneous group [12] of TNBC patients (10-
20%) is available; thus chemo- and radiotherapy are typically applied. This type of cancer has the 
worst outcome [13]. Nevertheless, with the introduction of immunotherapy using checkpoint 
inhibitors, an additional treatment option is available [14]. A subgroup of BC is caused by germ-line 
mutations. Patients with inherited breast cancer often carry mutations in BRCA1 and BRCA2 (about 
5%) and have a TNBC-like appearance. 

Interactions of tumor cells with the microenvironment including immune cells [15], cancer 
associated fibroblasts [16] and mesenchymal stem cells [17] have a significant impact on the 
effectiveness of therapy. An important factor produced in the tumor microenvironment is Interleukin 
1β (IL-1β). It is involved in malignant and inflammatory processes [18] and, besides other effects, 
regulates the expression of the vascular endothelial growth factor (VEGF-A) in several cancer entities 
via activation of the transcription factor NF-kB [19–21]. VEGF in turn influences the prognosis of 
several cancer entities as it regulates angiogenesis and therefore nutrient and oxygen supply, 
especially of larger tumors [22]. Besides VEGF regulation by IL-1β its expression is triggered by 
hypoxia, mediated by the expression of hypoxia-induced factor (HIF1A) [23]. We have recently 
shown that IL-1β-induced VEGF-A secretion in chondrosarcoma cells can be inhibited by the natural 
compound curcumin [19]. This phenolic compound causes the yellow color of turmeric, the major 
constituent of curry [24]. Curcumin has been attributed a magnitude of positive effects, ranging from 
anti-cancer, anti-oxidative effects to plasma cholesterol control [25,26]. Curcumin inhibits IL-1β-
receptor signaling by preventing the recruitment of interleukin-associated kinase (IRAK) and is 
therefore anti-inflammatory [27] but a multitude of other targets has been described [24]. In 
chondrosarcoma- [19] and fibrosarcoma [28] cell lines, curcumin downregulates VEGF and other NF-
kB-regulated genes at concentrations that inhibit NF-kB activation. For breast cancer, an inhibition of 
VEGF expression in the triple negative MDA-MB-231 [29] and the estrogen receptor positive T47D 
cell line has also been observed [30]. 

The relevance of Il-1β signaling for VEGF secretion and the influence of curcumin in BC subtypes 
is still not completely understood. We therefore investigated the interplay of IL-1β, curcumin and 
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VEGF production in cell lines representing the major BC subtypes. Furthermore, we correlated VEGF 
expression with BC subtype and outcome in a retrospective BC cohort. Finally, to further assess the 
importance of this signaling cascade, we explored the METABRIC breast cancer dataset [31] and the 
cancer Cell Line Encyclopedia [32] for expression of IL-1β signaling pathway members and HIF1A. 
Using these data, we intended to estimate how effective an anti-IL-1β/-VEGF directed therapy i.e., by 
curcumin in the breast cancer subclasses could be. 

2. Materials and Methods 

2.1. Cells and Cell Culture 

Cell-lines were obtained from ATCC and maintained at 37°C with 5% CO2 enriched atmosphere 
in RPMI-1640 medium without phenol-red (Biochrom, Berlin, Germany) but supplemented with 9 % 
fetal calf serum (FCS, Biochrom, Berlin, Germany) and glutamax (Gibco-Thermo) as recommended. 
Cells were transferred weekly by using trypsin/EDTA (Biochrom). 

2.2. Cell Stimulation and Viability Assay 

Cells were seeded in 24- (for VEGF-secretion) or 48-well (for viability) plates (Greiner Bio-One, 
Germany) to a confluence of about 50% (80,000 or 40,000 cells, respectively). After 24h, medium was 
removed and replaced with fresh medium containing the compound under study or solvent (0.1%). 
Preincubation with kinase inhibitors UO126 (1 µM) and SB 203580 (1 µM) (both from Merck-
Calbiochem, Darmstadt, Germany) or curcumin (#C1386, Sigma-Aldrich, Munich, Germany) was 
done for 2.5 hours before IL-1β or curcumin was added. For short time stimulation and determination 
of early signaling events, cells were grown to confluence and serum-starved for 24 h. IL-1β (10 ng/mL) 
was added for ten minutes before medium was aspirated and cells lysed with TRIS/Cl 50 mM, pH 6.8 
containing SDS (2%) and phosphatase and protease inhibitors (Sigma-Aldrich, Munich, Germany). 
For VEGF-secretion studies, cells were incubated with curcumin, IL-1β or DMSO for further 24 h with 
or without the presence of serum. Then, the culture supernatant was sampled for VEGF-
determination and cells lysed for Western blot analysis as described. In some cases, resazurin (final 
concentration: 10 µg/mL) was added after collecting the supernatant to control the viability of the 
cells [33]. For hypoxia, 80,000 cells per well were seeded into 24 well plates, The next day, medium 
was changed and the plate was placed into a hypoxic bag (Anaerocult A mini), sealed with an 
anaeroclip and controlled for hypoxic conditions using anaerotest (all Merck-Millipore) for 24 h 
whereas a control plate was kept under normoxic conditions. 

2.3. Western Blotting 

From cell cultures, total protein was obtained by lysis with TRIS/Cl (50 mM, pH 6.8) 
supplemented with SDS (2%) and protease- as well as phosphatase-inhibitors (both Sigma-Aldrich, 
Munich, Germany). For VEGF-determination by Western blot, serum free cell culture supernatant 
was concentrated 100-fold by ultrafiltration as described [19]. Denatured and reduced proteins were 
separated on denaturing polyacrylamide gels (15% for VEGF and 12 % for all other applications). 
Transfer to nitrocellulose membranes (Millipore) was performed by semi dry blotting in CAPS-buffer 
(50 mM, pH 10) supplemented with methanol (10%) and 3-mercaptopropionic acid (1 mM) as 
described earlier [34]. Filters were blocked with TBS/NP40/BSA (TRIS/Cl 50 mM, pH 7.4 containing 
BSA (2%) NP-40 (0.2%)) and sodium azide (0.03 %). Primary antibodies were applied in the same 
buffer overnight at 4°C. Washing (3 x 15 min) and incubation with a secondary antibody (1h) 
conjugated to horseradish peroxidase (Jackson-Immuno via Dianova, Germany) and three further 
washes (15 min) were performed at room temperature in TBS/NP40 with reduced BSA concentration 
(0.1%) before detection of the signals by enhanced chemiluminescence (Millipore) in a GeneGnome 
(Syngene) or INTAS Chemostar (Intas, Göttingen, Germany) CCD-camera system. 

2.4. VEGF-Determination 
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VEGF-A in the cell culture supernatants was determined by a commercial ELISA, according to 
the manufacturer’s recommendations (VEGF-DuoSet, DY293B, R&D, Wiesbaden, Germany). 10 or 50 
µL of the cell culture supernatant were analyzed by this assay, depending on the cell line under study 
and the expected VEGF amount. Data were either presented as VEGF concentration in the cell culture 
supernatant to directly compare the cell lines with each other or we presented relative VEGF 
concentrations, where we set the basal VEGF concentration in controls to 1 (relative VEGF 
concentration). This better represents the changes that were invoked by the treatments for the 
respective cell line. 

2.5. VEGF Determination by Immunohistochemistry in Clinical Samples 

VEGF was stained in formaldehyde-fixed paraffin-embedded (FFPE) tissue of 204 breast cancer 
patients. This collective has been described earlier [35], and the study has been approved by the local 
ethics committee (AKZ 114/13). After deparaffinisation, epitopes were demasked with TRIS/EDTA 
buffer (pH 9) for 20 sec at 125°C in a pressure cooker. Primary rabbit polyclonal antibody A20 
(Antibody registry: AB_2212984, St. Cruz Biotechnology, Heidelberg, Germany) was applied in 
Ventana dilution buffer in a dilution of 1:50. Detection was performed in an automated slide staining 
system (Ventana, Mannheim, Germany) using the iView DAB staining reagents (Ventana). An 
immunoreactive score (IRS) was determined according to Remmele [36] by assessing staining 
intensity (0 = no staining, 1 = weak staining, 2 = intermediate staining, 3 = strong staining) and 
percentage of positive tumor cells (1= <10%, 2 = 11-50%, 3 = 51-80%, 4 = >80%) followed by 
multiplication of these two parameters. The IRS therefore ranges from 0 to 12. VEGF “high” 
expression was defined for tumors with an IRS higher than 7 based on the optimal cutoff value in 
Kaplan Meier survival analysis. 

2.6. Statistical Analysis 

For the determination of significance, SPSS version 24 (IBM, Armonk, NY: IBM Corp. USA) was 
used. Means were compared by one-way ANOVA with post-hoc analysis by the Tamhane T2 
method, assuming unequal variances. When relative values were averaged, the geometrical mean 
was used. Data are given +/- standard error when not indicated otherwise in the figures or tables. For 
comparing inhibitory effects on the IL-1β-induced stimulation of VEGF secretion, this inhibition was 
calculated relative to the increase in VEGF of the individual experiment. For correlation analysis of 
VEGF immunoreactive score with hormone receptor status, cross tabulation analysis was performed 
with significance level p determined by Pearson’s R test (interval by interval). Crosstabulation 
analysis with Fisher’s exact test was applied to show correlation of categorical parameters. 

2.7. Analysis of Public Gene Expression Databases 

Gene expression data were either analyzed with the tools provided at the cbioportal [37] website 
or downloaded (http://www.cbioportal.org/) and imported into SPSS (vers. 24, IBM, Armonk, NY: 
IBM Corp. USA) and then used for cross-tabulation, correlation and survival analysis. Cluster 
analysis was performed using the online tools at CIMminer 
(https://discover.nci.nih.gov/cimminer/home.do) [38]. 

2.8. Visualisation of Interactions Using Cytoscape 

Cytoscape vers. 3.8.0 [39] was used for visualization of correlation data. The network was 
enriched with data from the string database using a confidence cut-off value of 0.4 with no request 
for additional interactors. 

2.9. RNA Extraction and qRT-PCR 

RNA was extracted from cell cultures using the NucleoSpin RNA kit (Macherey and Nagel, 
Düren, Germany) according to the manufacturer’s recommendations. cDNA was synthesized using 
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Script Reverse Transcriptase and oligodT primers from 1 µg of total RNA (Jenabioscience, Jena 
Germany). Real time PCR was performed using a Roche light cycler 1.0 and the LightCycler® FastStart 
DNA Master SYBR Green I (Roche-Life Science, Mannheim, Germany) reagents. For VEGFA, forward 
primer TGCATTGGAGCCTTGCCTTG and reverse primer CGGCTCACCGCCTCGGCTTG were 
used. For HIF1A forward primer TGCTGGATCACAGACAGCTCA and reverse primer 
ACCACGTACTGCTGGCAAAGC were used. Normalization was done using RPL13 (forward 
primer: CCTGGAGGAGAAGAGGAAAGAGA, reverse primer: 
TTGAGGACCTCTTGTGTATTTGTCAA). Annealing temperature for both PCRs was 60°C. 

3. Results 

3.1. VEGF-Secretion by Mammary Carcinoma Cell Lines 

We first showed that VEGF secretion into the medium occurred under serum-free conditions for 
the MCF-7 cell line by Western blotting (Figure 1A) as applied for chondrosarcoma cell lines before 
[19]. Under serum-free conditions, MCF-7 cells do not proliferate further. We used a renal cell 
carcinoma cell line designated N109 known to secrete high amounts of VEGF as a positive control for 
the procedure [40]. The observed pattern of VEGF isoforms was comparable to N109 as well as 
chondrosarcoma cell lines SW1353 and C3842 [19]. β-actin was detected as a positive control for the 
blotting process, although intact cells were not present in the concentrated growth media. 
Nevertheless, β-actin is always present in cell culture supernatants due to ongoing cell death and 
therefore, a slight increase with incubation time was observed. 

 

Figure 1. A: Secretion of VEGF in response to IL-1β by MCF-7 cells as demonstrated by Western blotting. Cells 
were inoculated in serum-free medium and the medium sampled, concentrated and analyzed by Western 
blotting as described in the method section. N109 cell culture supernatant was applied as a positive control. B: 
VEGF in medium of breast cancer cells incubated for 24 hours with and without IL-1β as determined by ELISA. 
Average and standard deviation are shown. *: p < 0.05 (ANOVA). 

For further experiments, we applied ELISA for VEGF detection in serum-containing medium as 
this method provides quantitative data and curcumin was also less toxic to the cells in the presence 
of serum. The investigated breast cancer cell lines secreted significantly different amounts of VEGF 
(Figure 1B). The triple negative cell line MDA-MB-231 produced the highest amounts of VEGF 
followed by the ER-negative, but HER2/neu positive SK-BR-3 and the ER-positive MCF-7 and the ER-
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negative, but highly DNA-methylated UACC-3199 cell line. IL-1β treatment increased the amount of 
secreted VEGF only in the MCF-7 cell line (Figure 1B). We repeated this experiment also in serum-
depleted medium to exclude effects of signals coming from the serum. The result was essentially as 
before with MCF-7 being the only cell line showing a significant increase in extracellular VEGF upon 
IL-1β stimulation (Figure S1). 

3.2. VEGF-Expression in Tumor Tissue Samples 

As the next step, we stained tumor specimens of our BC cohort [35,41–44] for VEGF-expression 
using immunohistochemistry (Figure 2) and correlated the VEGF-status using a cut off of VEGF-IRS 
≥ 6 with clinico-pathological parameters and survival (Table 1). VEGF was significantly higher in 
ductal, compared to lobular BC but no other statistically significant association was found. For 
survival, we also found no significant correlation of VEGF-expression as detected by IHC (log rank 
p < 0.05), neither for the whole study population nor in subtype analysis. However, according to the 
kmplot webtool [45] (kmplot.com, 2nd August 2025) VEGF-mRNA is a negative prognostic factor for 
disease free survival (HR = 1.43, 95%CI: 1.29 – 2.59, p = 2.4 e-11) for all subtypes included (n= 4,929). 

 

Figure 2. Immunohistochemical staining of VEGF in breast cancer samples. Weak (A), intermediate (B) and 
strong staining intensity (C) is shown. Scale bar corresponds to 50 µM. 

Table 1. Clinico-pathological parameters and VEGF status. An IRS ≥ 6 was considered as “VEGF high” status. 
Total numbers may vary since not all parameters were available for every patient. For 2 x 2 contingency tables, 
Fisher’s exact p is provided; otherwise, significance was calculated using Pearson Chi Square $. 

Parameter number VEGF low/high VEGF high % p-value 

All patients 230 122 / 108 47.0 %  

Histology     

Ductal 175 85 / 90 51.4 % 0.005 

Lobular 43 32 / 11 25.6 %  

Other 11 4 / 7 63.6 %  

Menopausal - 45 25 / 20 44.4 % 0.741 

Menopausal + 185 97 / 88 47.6 %  

T < 2 117 58 / 64 54.7 % 0.294 

T ≥ 2 113 59 / 49 43.4 %  

Ki67 < 23 97 50 / 47 48.5 % 0.306 

Ki67 ≥ 23 52 22 / 30 57.7 %  

N0 147 80 / 67 45.6 % 0.581 

N1 82 41 / 41 50.0 %  

G1 27 14 / 13 48.1 % 0.534 $ 

G2 132 74 / 58 43.9 %  
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G3 71 34 / 37 52.1 %  

ER - 46 21 / 25 54.3 % 0.322 

ER + 184 101 / 83 45.1 %  

Luminal A 127 74 / 53 41.7 % 0.201 

Luminal B 57 27 / 30 52.6 %  

PR - 101 50 / 51 50.5 % 0.355 

PR + 129 72 / 57 44.2 %  

HER2 - 182 98/ 84 46.2 % 0.745 

HER2 + 48 24 / 24 50.0 %  

No TNBC 198 109 / 89 44.9 % 0.181 

TNBC 32 13 / 19 59.4 %  

     

No Radiotherapy 72 49 / 23 31.9 % 0.003 

Radiotherapy 158 73 / 85 53.8 %  

No Chemotherapy 122 69 / 53 43.4 % 0.290 

Chemotherapy 108 53 / 55 50.9 %  

No endocrine therapy 39 17 / 22 56.4 %  

Tamoxifen 126 70 / 56 44.4 % 0.424 

Aromatase Inhibitor 64 34 / 30 46.9 %  

No Tamoxifen 

relapse 

80 43 / 37 46.3 % 0.710 

Tamoxifen 

relapse 

46 27 / 19 41.3 %  

As the TNBC cell line secreted the highest amounts of VEGF, we investigated whether this 
correlates with the VEGF-IRS of our clinical samples. For this, we correlated the ER- and VEGF-scores 
by Spearman’s correlation analysis. There was indeed a significant negative correlation, but the 
correlation factor was low (ρ = -0.13, p = 0.047). To obtain further evidence for this observation and to 
correlate VEGF-mRNA abundance with the expression of key signaling molecules, we analyzed gene 
expression data from the METABRIC study [31] and the Cell Line Encyclopedia [32]. In METABRIC, 
VEGFA mRNA abundance was also highest in triple-negative tumors. In addition, HER2/neu-
positive tumors also exhibited high VEGFA mRNA expression (Table 2, Figure 3). We also included 
IL1B and HIF1A, which encode important VEGFA-regulating signaling molecules, in this analysis 
(Table 2). IL1B was significantly higher in ER-, HER2/neu-negative cases, including those with TNBC. 
HIF1A was highly expressed in ER-, PR-negative and TNBC cases. Pearson’s correlation factors were 
-0.18 (p < 0.01) for HIF1A to VEGFA, 0.03 for IL1B to VEGFA and 0.21 (p < 0.01) for HIF1A to IL1B. 
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Figure 3. mRNA expression in breast cancer specimens from the METABRIC study [31] in relation to receptor 
status. Data were obtained and analyzed using cBioportal [37]. 

Table 2. Comparison of gene expression data from the METABRIC study according to receptor expression. Mean 
of expression of normalized mRNA abundance (log-scale) of IL-1β, VEGFA and HIFA, in breast cancer subtypes 
of the METABRIC cohort was calculated and significance determined by one-way ANOVA test. 

BC subtype Expression levels in METABRIC study (log-scale) 
Mean ± standard error 

*/ ** One Way ANOVA p < 0.05 / 0.01 
 VEGF-A 

ER -/+ 7.58 ± 0.04      /    7.07 ± 0.02 ** 
PR -/+ 7.36 ± 0.03      /    7.04 ± 0.02 ** 

HER2 -/+ 7.16 ± 0.02     /    7.41 ± 0.04 ** 
TNBC -/+ 7.11± 0.02      /    7.60± 0.05 ** 

 IL1B 
ER -/+ 6.68 ± 0.03     /    6.54 ± 0.02  ** 
PR -/+ 6.59 ± 0.02     /    6.56 ± 0.02 

HER2 -/+ 6.60 ± 0.02     /    6.37 ±  0.04 ** 
TNBC -/+ 6.53 ± 0.02     /    6.81 ± 0.04 ** 

 HIF1A 
ER -/+ 7.00 ± 0.03    /    6.57 ± 0.02 ** 
PR -/+ 6.79 ± 0.02    /    6.56 ± 0.02 ** 

HER2 -/+ 6.62 ± 0.02    /    6.98 ± 0.04 
TNBC -/+ 6.61± 0.02     /    6.97 ± 0.03 ** 

  
In data from the Cell Line Encyclopedia [32], TNBC cell lines exhibited varying amounts of 

VEGFA-mRNA (Table S1). Nevertheless, on average, VEGFA was highest in HER2- followed by 
TNBC- and ER-positive cell lines. Only the difference between ER-positive and TNBC cell lines was 
significant (p = 0.016, ANOVA, Games-Howell post hoc test). HIF1A correlated with VEGFA (0.274, 
p = 0.052) and IL1B (0.339, p = 0.015), whereas IL1B correlated highly with VEGFA (0.518, p < 0.001). 
In cluster analysis using these three genes, TNBC cell lines also do not cluster together (Figure S2). 

3.3. IL-1β Activates NF-kB Signaling in Breast Cancer Cell Lines 

We then tested whether IL-1β was able to activate NF-κB and thereby cause an increase in VEGF 
secretion in MCF-7, SK-BR-3 and MDA-MB-231 cell lines. NF-κB activity was estimated by 
determining the amount of phosphorylated and non-phosphorylated IκBα and p65 (RELA) by 
Western blotting. By these means, strong activation of NF-κB by IL-1β could be demonstrated in 
MCF-7, MDA-MB-231, but only moderately in SK-BR-3 
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Figure 4. Phosphorylation of signaling proteins in response to curcumin and IL-1β analyzed by Western blotting. 
Cells were pre-incubated with DMSO (solvent) or curcumin for 2 h before IL-1β (10 ng/mL) was added for 10 
minutes. Cells were lysed and total protein subjected to Western blot analysis. One representative result of three 
replicates is shown. PR: Protein stain. 

3.4. Curcumin Affects IL-1-Mediated Activation of NF-kB and VEGF Secretion 

In parallel, we investigated whether curcumin might interfere with IL-1β-mediated VEGF 
secretion as seen in the chondrosarcoma cell lines. Similar to this study, our first goal was to find a 
curcumin concentration that inhibited NF-kB signaling but caused only moderate viability loss for 
the cells. Curcumin showed similar toxicity to the four cell lines and concentrations below 20 µM 
resulted in less than 40 % viability loss in 24h (Figure 5A). 

MCF-7 turned out to be slightly more tolerant to curcumin as the other cell lines; nevertheless, 
the differences between the cell lines in this assay were not substantial (Figure 5A). Thus, we 
continued this study with curcumin concentrations up to 20 µM. Surprisingly, increasing 
concentrations of curcumin alone resulted in elevated extracellular VEGF in some cell lines (Figure 
5B). Especially MCF-7 cells showed this effect between 10 to 20 µM, UACC-3199 showed a nearly 
linear increase of VEGF secretion and there was no change in SK-BR-3 cells. Only in MDA-MB-231 
cells, VEGF secretion was strongly reduced by curcumin at 10 and 20 µM curcumin. 
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Figure 5. A. Cell viability of cells exposed with curcumin for 24 hours. Viability was determined by the resazurin 
assay. Data averaged from three independent experiments. Standard deviation is shown. B. VEGF 
concentrations in cell culture supernatant upon 24h exposure to IL-1β, curcumin and combinations of both 
determined by ELISA. Data are averaged from three independent experiments and median and quartiles are 
shown. *: p < 0.05, ANOVA test. C. Effects of inhibition of MAP-kinases on curcumin-induced VEGF secretion 
in MCF-7. Data are expressed relative to solvent-treated cells. Data were averaged from three independent 
experiments and standard deviation is shown. *: p < 0.05, n.s. not significant. 

In our analysis of NF-κB and MAP-kinase activation (Figure 4), we detected an inhibition of NF-
kB activation (phosphorylation of IκBα and p65) by curcumin in the tolerable concentrations applied 
in this study for MCF-7 and MDA-MB-231. However, in SK-BR-3, phosphorylation of IκBα and p65 
was increased at higher concentrations of curcumin (Figure 4). Phosphorylation of p38-MAPK also 
responded to IL-1β in MCF-7 and MDA-MB-231 but there was no significant effect seen in SK-BR-3. 
In MCF-7 and MDA-MB-231 curcumin alone increased p38 MAPK-phosphorylation at 
concentrations above 10 µM. In MCF-7, ERK was also phosphorylated in response to IL-1β and 
curcumin. In SK-BR-3 no effect on ERK was apparent and MDA-MB-231 showed a moderate decrease 
in pERK. AKT was not phosphorylated in response to IL-1β or curcumin in all cell lines tested. 

To further investigate the function of ERK and p38-MAPK for the VEGF secretion, we pre-
incubated MCF-7 cells with specific inhibitors for p38-MAPK (SB203580, [46]) and ERK (U0126, [47]) 
before curcumin was added. The applied inhibitor concentrations were established in a previous 
study and shown to have only a weak effect on cell viability, but significantly inhibited the target 
kinases [48]. U0126, showed a significant inhibitory effect (0.76-fold of curcumin-induced increase in 
VEGF, p = 0.01 ANOVA, Tamhane T2-post hoc test) on VEGF secretion into the medium but not 
SB203580 (0.94-fold, p = 0.93, Figure 5C). 
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3.5. Effect of Hypoxia on VEGF Secretion 

We then became interested in whether VEGF secretion upon hypoxia was also different in the 
cell lines. However, in these experiments, all cell lines were able to increase VEGF in response to 
hypoxia (Figure 6), though to varying extents, with MDA-MB-231 displaying the lowest relative 
increase. In parallel, we analyzed the HIF1A mRNA in this experiment and observed a significant 
decrease in HIF1A mRNA under hypoxia in all cell lines tested (Figure S3). 

 

Figure 6. VEGF secretion in response to hypoxia. Cells were exposed to hypoxic conditions for 24 h and VEGF 
was determined in the supernatant by ELISA. Data were averaged from three independent experiments, 
represented as box plots and the median and quartiles are shown. *: p < 0.05, ** p < 0.01 (ANOVA, Tamhane T2 
post hoc analysis), °: outliers. 

4. Discussion 

VEGF contributes to tumor vascularization and is prognostic [49] in primary breast cancer, 
especially the TNBC subtype [50,51]. Anti-angiogenic treatment in combination with chemotherapy 
of TNBC has therefore attracted considerable interest; however, the results were not completely 
conclusive [22,52,53]. Whereas in the E2100 trial, the anti VEGF antibody bevacizumab combined 
with chemotherapy approximately doubled the time until relapse [54], the effect on overall survival 
was not significant. This was also valid in the BEATRICE trial focusing on early TNBC patients [55]. 
Recently, a combination with check-point inhibitor directed therapy has been evaluated in a phase II 
study showing promising results [56]. 

Two important pathways control VEGF expression. On one hand the hypoxia responsive HIF1α 
[23,57], on the other hand, VEGF is responsive to inflammatory signals such as IL-1β [58,59]. Indeed, 
IL-1β increases the invasiveness of TNBC cells via NF-κB and this cytokine is also regulated by NF-
κB in a positive regulatory loop [60]. IL-1β is also known as a driver of breast cancer growth and is 
especially associated with bone metastasis [61,62]. 

Besides investigating model cell lines, we determined VEGF by immunohistochemistry in our 
retrospective cohort; however, this did not indicate a significant correlation with relapse and overall 
survival. However, a high VEGF score correlated significantly with ductal compared to lobular BC. 
The association with the estrogen receptor or TNBC was also not significant, and we attribute this to 
the low number of TNBC cases (n = 32, p = 0.18) in our cohort. We also observed a significantly lower 
VEGF score in cases that did not undergo radiotherapy. This result is hard to explain and we propose 
that this is caused by the selection criteria of patients for radiotherapy at the time the cohort was 
established. 

The MDA-MB-231 cell line, representing the aggressive TNBC, secreted the highest VEGF 
amounts. This correlated with VEGF expression in TNBC in clinical samples from the METABRIC 
study [31]. VEGF, therefore, likely contributes to the unfavorable outcome of TNBC by improving 
the nutrient and oxygen supply for such fast-growing tumors. However, the BRCA-1 deficient 
UACC-3199 [63] TNBC cell line secreted significantly less VEGF than MDA-MB-231. Data from the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 July 2025 doi:10.20944/preprints202507.1696.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.1696.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 19 

 

Cell Line Encyclopedia [32] also support the observation that VEGF expression varies within the 
TNBC cell lines, maybe reflecting the different subtypes of TNBC [64]. 

This investigation was based on the hypothesis that IL-1β activates VEGF secretion in breast 
cancer via NF-κB signaling, a process that can potentially be inhibited by curcumin. Thus, curcumin 
could be beneficial for breast cancer patients. However, we observed a differential response of VEGF 
to IL-1β as well as to curcumin in the cell models tested. Only the Luminal A cell line MCF-7 
responded to IL-1β by significantly increasing VEGF secretion, whereas all cell lines responded to 
hypoxia by increasing VEGF secretion. Curcumin inhibited or even increased VEGF secretion and 
NF-κB signaling depending on the cell line. Nevertheless, MDA-MB-231 and MCF-7 were both 
responsive to IL-1β as shown by NF-kB activation. Curcumin on the other hand, inhibited IL-1β-
mediated NF-kB activation in MDA-MB-231 and MCF-7 as proposed. However, MCF-7 and UACC-
3199 responded to curcumin by increased VEGF secretion, and SK-BR-3 exhibited a higher IL-1β-
mediated and IL-1β-independent NF-kB activation when curcumin was added. 

Consistent with our data for the triple negative MDA-MB-231 cell line, a decreased expression 
of VEGF by curcumin has been reported in-vitro [29] as well as curcumin caused decreased 
angiogenesis in a xenotransplant model [65,66] based on the same cell line. Our data on curcumin 
toxicity are also consistent with studies published earlier by Shao [29], Liu [67] or Prasad [68]. These 
authors associated curcumin toxicity and control of VEGF secretion with NF-κB activity [67] or the 
Wnt/β-catenin pathway [68]. Other studies showed that promoter methylation of DLC1 [69] can be 
the target of curcumin resulting in growth inhibition. It is also noteworthy that curcumin interacted 
with estrogen signaling [29] in estrogen receptor expressing MCF-7 cells and curcumin was also able 
to restore tamoxifen sensitivity [70] in MCF-7 derived tamoxifen resistant cells. In the ER-positive 
T47-D cell line, curcumin reduced medroxyprogesterone-induced VEGF secretion [30]. 

To understand the mechanism of curcumin induced VEGF secretion in MCF-7 further, we 
investigated the signaling events further using inhibitors. 

These studies showed that ERK activation was at least partly responsible for curcumin-induced 
VEGF secretion whereas p38-MAPK was not. That ERK activation is involved in VEGF production 
has already been shown for M-CSF induced VEGF production in monocytes [71]. Also another small 
molecule, the oncometabolite succinate was found to induce angiogenesis via ERK-mediated VEGF 
production [72]. Curcumin has been found to increase phosphorylation of MAP-kinases by 
inactivating protein phosphatases 2A and -5 [73] thereby leading to cell death in sarcoma and colon 
adenocarcinoma. As we observed an increase in MAPK-phosphorylation in the same concentration 
range, accompanied by decreasing cell viability, the curcumin-increased secretion of VEGF in MCF-
7 cells might be a side effect of the same mechanisms. Nevertheless, further studies are needed to 
understand the different responses of the other breast cancer cell lines in detail. One difference might 
be the increased activity of STAT3 in TNBC and ER-negative breast cancer, which is a known target 
for curcumin [74,75]. However, it is not clear to what extend such cell based studies can indeed 
predict in-vivo effects. 

A major drawback for the application of curcumin for therapy is its insufficient oral 
bioavailability; thus curcumin serum concentration might not exceed 1 µM after oral administration 
of even large amounts. However, new developments with improved bioavailability based i.e., on 
nano-emulsions, have the potential to achieve significantly higher curcumin serum levels [76,77]. In 
light of this improved bioavailability, we assume that testing curcumin in cell cultures at significantly 
higher concentrations than 1 µM can yield meaningful data. Our data suggest that TNBC patients 
might benefit from the curcumin-induced cell death and decreased VEGF secretion. Whereas, in 
luminal A tumors, represented by MCF-7, insufficient concentrations of curcumin might have 
adverse effects due to possibly increased tumor vascularization. To answer such questions additional 
clinical or animal studies are needed [78–80]. 

The most intriguing characteristic of curcumin is that it has been attributed to many effects 
ranging from inhibition of proliferation and inflammation to the modulation of cholesterol 
homeostasis. This seems quite intriguing, but in fact, several of these data could be misleading. 
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Curcumin is usually not used as a pure substance and it is metabolized in cell cultures, however, to 
a different degree. Indeed, some researchers consider curcumin therefore a PAIN (panassays 
interfering compound) and an IMPS (invalid metabolic panaceas) [81]. Often, curcumin effects are 
observed near to toxic concentrations. We here identified curcumin effects at low concentrations 
where only limited cell death occurred. Although we could attribute the increased VEGF secretion in 
the MCF-7 cell line to ERK-phosphorylation, further studies are needed to understand this effect at 
the molecular level. 

Under hypoxia, all cell-lines responded well by VEGF-secretion. This was accompanied by 
changes in HIF1A mRNA. Although HIF-1α activation is a post-transcriptional process, the mRNA 
of HIF1A was down-regulated under hypoxia in the four cell lines tested (Figure S3) suggesting an 
inhibitory feed-back loop. 

We further investigated mRNA datasets for correlation of VEGF expression in breast cancer with 
IL-1β and HIF1α. Although protein abundance and modifications are more important for these 
pathways, mRNA expression often follows function because activation of signaling proteins 
regularly induce to higher turnover. We therefore reasoned that analyzing mRNA abundance could 
lead to meaningful results. Indeed in the METABRIC study, TNBC had the highest VEGFA as well 
as IL1B mRNA levels. However, there was no relevant correlation between VEGFA and IL1B RNA. 
In contrast to simply comparing averaged expression values, a correlation analysis investigates 
paired patient data and is therefore more indicative. This result holds against a direct regulatory 
interrelationship between VEGF and IL1B in tumors. In the breast cancer cell lines however, VEGFA 
correlated well with IL1B and this suggests that IL1B is more important for VEGFA under optimal 
normoxic in vitro conditions than in tumors, which are embedded in a supporting microenvironment. 
Altogether, these data suggest that in vitro, the VEGFA regulation via IL1B and NF-κB is more 
important than in patients’ tumors. On the other hand, a strong correlation between IL1B and HIF1A, 
present in both datasets, demonstrated a cross talk between the two pathways. 

In conclusion, we observed significant variation in response to IL-1β and curcumin in only a 
small set of breast cancer cell lines. Especially curcumin had opposing effects on VEGF secretion 
although it caused cell death in all four cell lines within the same concentration range. Gene 
expression data from tumors suggest that VEGFA regulation is complex and involves an interplay of 
at least the two pathways NF-κB and HIF. These observations suggest that the outcome of a therapy 
approach based on curcumin as well as on α-IL-1β antibodies will vary within the breast cancer 
subtypes. 
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