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Background: Adipokines, bioactive peptides secreted by adipose tissue, appear to contribute to breast cancer development and 
progression. While numerous studies suggest their role in promoting tumor growth, the exact mechanisms of their involvement are not 
yet completely understood.
Methods: In this project, varying concentrations of recombinant human adipokines (Leptin, Lipocalin-2, PAI-1, and Resistin) were 
used to study their effects on four selected breast cancer cell lines (EVSA-T, MCF-7, MDA-MB-231, and SK-Br-3). Over a five-day 
proliferation phase, linear growth was assessed by calculating doubling times and malignancy-associated changes in gene and protein 
expression were identified using quantitative TaqMan real-time PCR and multiplex protein analysis. Migration and invasion behaviors 
were quantified using specialized Boyden chamber assays.
Results: We found significant, adipokine-mediated genetic and proteomic alterations, with PCR showing an up to 6-fold increase of 
numerous malignancy-associated genes after adipokine-supplementation. Adipokines further altered protein secretion, such as raising 
the concentrations of different tumor-associated proteins up to 13-fold. Effects on proliferation varied, however, with most approaches 
showing significant enhancement in growth kinetics. A concentration-dependent increase in migration and invasion was generally 
observed, with no significant reductions in any approaches.
Conclusion: We could show a robust promoting effect of several adipokines on different breast cancer cells in vitro. Understanding 
the interaction between adipose tissue and breast cancer cells opens potential avenues for innovative breast cancer prevention and 
therapy strategies. Our findings indicate that antibodies against specific adipokines could become a beneficial component of clinical 
breast cancer treatment in the future.
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Introduction
Despite the development of new diagnostic approaches and therapy concepts, breast cancer remains the most frequently 
diagnosed cancer and the leading cause of death among women.1 Although new concepts were able to slightly decrease 
mortality and recurrence rates in breast cancer patients, the yet considerably high recurrence rates of 9–20% after 
mastectomy and the rising incidence are imperative for further research.1–3 The tumorigenesis of breast cancer is 
a complex process influenced by various factors, obesity and high body fat percentage seemingly playing a significant 
role, worsening patient outcomes and prognosis.4 In fact, for postmenopausal women, studies have reported a 10% higher 
likelihood of developing breast cancer for every increment of 5 BMI units above 25.5 Alleged crucial factors in the 
obesity related risk of breast cancer development are so-called adipokines, proteins mainly produced by adipocytes. 
Adipokines are recognized as key players in various inflammatory, metabolic, and immunological processes,6,7 believed 
to exert both paracrine and endocrine effects on tumor cells. Levels of the adipokines PAI-1, Resistin, Lipocalin-2 and 
Leptin are elevated in patients with obesity, and, complementary, commonly overexpressed in breast cancer cells, with 
high levels correlating with poor prognosis,8–18 potentially stimulating tumor cell survival, proliferation, and 
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invasiveness. Discussions are sparking regarding their use as prognostic markers for breast cancer patients and suggest
ing their potential as targets for innovative therapeutic strategies.

Studies have shown that PAI-1 is implicated in the promotion of cytoskeletal reorganization and glycolytic 
metabolism,19 inhibition of apoptosis,20 activation of signaling pathways, such as the PI3K/AKT pathway,21 as well as 
immune evasion through attracting pro-tumorigenic neutrophils.8 Resistin promotes epithelial-mesenchymal transition 
through TLR4 and activation of STAT3,13,22 stimulates invasion through activation of the ERM family and increases the 
expression of vimentin, an important molecule in cancer progression.23–25 Its serum levels seem to correlate with tumor 
size, stage, and grade, as well as lymph node invasion.11–13,23 Exposure to Lipocalin-2 has been shown to induce 
overexpression of Vimentin, Fibronectin, and the transcription factor Slug, along with downregulation of E-cadherin, 
thereby promoting epithelial-mesenchymal transition (EMT) in breast cancer cells.14,15 Leptin, physiologically acting as 
a regulator of energy balance, metabolism, and appetite,26 has been suggested to promote tumor development through 
crosstalk with PPARs and upregulation of Bcl2. It activates several signaling pathways, including STAT3, ERK1/2, 
PI3K/AKT/mTOR, and NF-κB,27–30 and increases the expression of VEGF as well as the production of estrogen and its 
receptors.4,30 Estrogen exposure is a known risk factor for breast cancer development.

Given the great heterogeneity of primary breast cancer cells in patients, each representing diverse mutations and unique 
biological characteristics, the impact of adipokines on tumor promotion and behavior is likely to vary considerably.31 In this 
study, we examine four breast cancer subtypes, such as hormone receptor-positive (MCF-7), triple-negative (MDA-MB 
-231), and HER2-positive (EVSA-T, SK-BR-3) cells, to establish a comprehensive and robust model, aiming to capture 
a broad spectrum of the malignant processes involved in the initiation and promotion of breast cancer.

Enhanced activation of the PI3K/AKT pathway has been observed in most breast cancer subtypes. It’s downstream 
signaling triggers EMT via NF-κB, promotes angiogenesis through VEGF and activates key proteins like mTOR, thereby 
stimulating protein synthesis and proliferation.31–33 MCF-7 cells, being (ER)-positive, grow in response to estrogen. 
They are typically less aggressive and show low metastatic potential, retaining E-Cadherin expression and lacking 
Vimentin. An autocrine loop for VEGF facilitates MCF-7’s migration and invasion, however, VEGF levels typically 
remain lower relative to those in other cell lines.34 The triple-negative MDA-MB-231 cell line is highly aggressive and 
associated with the poorest prognosis among all breast cancer subtypes. The poorly differentiated cells possess great 
metastatic potential compared to other breast cancer subtypes, with loss of E-Cadherin, mutations in p53, enhanced MMP 
expression, AKT/ERK and NF-κB pathway activation driving rapid proliferation, migration and invasion.26,31 Growth of 
the EVSA-T and SK-BR-3 cell lines are driven by overexpression of the Human Epidermal Growth Factor Receptor 2 
(HER2), which activates signaling pathways such as PI3K/AKT and MAPK/ERK, promoting proliferation, cell motility, 
and angiogenesis. Mutations of p53 and upregulation of the anti-apoptotic gene Bcl-2 further boost proliferation.35

Further research is needed to fully understand the mechanisms behind adipokine-mediated breast cancer promotion, so 
far, only very few studies have focused on adipokine-associated changes in tumor gene expression. Our study aims to 
analyze the distinct molecular impact of adipokines on different breast cancer cell lines, laying the groundwork for further 
investigation. Gaining a deeper understanding of this interplay can open avenues for innovative therapeutic strategies and 
drive the development of modulating drugs interfering with adipokine-mediated tumor promotion in the future.

Methods
Expansion of Tumor Cells
In the following, when talked about “BRCA” it is referred to the four breast cancer cell lines MCF-7, MDA-MB-231, 
EVSA-T and SK-BR-3. The cell lines were purchased from American Type Culture Collection (ATCC), Manassas, USA 
(#CRM-HTB-26, −30 and −22) and Leibniz-Institute DSMZ GmbH, Braunschweig, Germany (#ACC-433). If not 
indicated otherwise, all reagents were from Sigma-Aldrich.

Before every experimental approach, the BRCAs were expanded for 3 (EVSA-T), 4 (MDA-MB-231), 5 (MCF-7) and 
6 (SK-BR-3) days in their specific expansion medium (Table 1) according to their individual speed of growth. 
Conducting the experiments, all cells were kept in cultivation medium containing Dulbecco’s Modified Eagle Medium 
(DMEM) low glucose (1g/l d-glucose) (Gibco) with 40% MCDB-201 (HiMedia), 1x insulin, transferrin, selenous acid 
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(ITS; Corning), 1x Penicillin/Streptomycin (100 U/mL Penicillin; 0.1 mg/mL Streptomycin), 0.02µM Dexamethason, 
0.1mM L-Ascorbic acid 2-phosphate, 2% Fetal Calf Serum (FCS; Biochrom), 10ng/mL rhEGF and 10ng/mL rhPDGF- 
BB (both from Cell Systems). Cells were seeded in 6-well plates (8,5 cm2) to numbers shown in Table 1.

All adipokines used in this study were purchased from R&D systems. Following the manufacturer’s instruction for 
reconstitution, lyophilized PAI-1 was dissolved to a concentration of 500 μg/mL in sterile 50 mm sodium acetate and 
100 mm NaCl, with the pH adjusted to 5.5. Resistin was reconstituted at 50 μg/mL in 2 mm acetic acid with a pH of 3.0.

Growth Kinetics
The growth kinetics of each BRCA subjected to physiological concentrations of adipokines (40 ng/mL PAI-1, 40 ng/mL 
Resistin, 30 ng/mL Leptin and 200 ng/mL Lipocalin-2) were compared to control cells without adipokines. For this, cells 
were trypsinized, and the number of vital cells of 6 individual wells per condition was determined on 5 consecutive days 
using a Neubauer Chamber (Marienfeld, #0640030). We omitted recording data from later days, as preliminary 
experiments showed that exponential growth occurred exclusively before day 5.

All cell lines were seeded at a number of 40,000 cells/well, except MDA-MB-231 (20,000 cells/well). At time of 
exponential growth, the doubling time was calculated using the formula: DT (in hours) = (log2 x T)/(logY - logX), with 
T = cultivation time (in h), Y = cell count at end of T, and X = cell count at beginning of T. The mean doubling times of 
both groups were analyzed for significance using Student’s t-test.

Gene Expression
The expression of 184 tumor-associated genes was analyzed with the aid of real-time qPCR using TaqMan technology. 
Tumor cells proliferated for 4 days under two conditions (BRCA without adipokines and BRCA with 40 ng/mL PAI-1, 40 
ng/mL Resistin, 30 ng/mL Leptin or 200 ng/mL Lipocalin-2) and frozen in Trizol (Invitrogen, #15596026) were 
compared for differences in their expression profile. Using the PureLink RNA Mini Kit (Invitrogen, #12183025) and 
PureLink DNase-Set (Invitrogen, #12185-010) the RNA was isolated, and its quantity determined with the Qubit RNA 
HS Assay Kit (Invitrogen, #Q32852).

With the help of Reverse Transcriptase (Applied Biosystems, #4308228), 1 µg of RNA was transcribed into cDNA in 
the Mastercycler EP Gradient S (Eppendorf, #S5345) and its amount was determined leveraging the Qubit ssDNA HS 
Kit (Invitrogen, Q10212).

Predesigned TaqMan Real Time PCR plates of the company AppliedBiosystems facilitated the subsequent analysis of 
184 relevant genes in the fields “Human Chemokines” (#4418861) and “Molecular Mechanism of Cancer” (#4418938) 
carried out by the StepOne Plus Cycler (Software Vers. 2.2.2, AppliedBiosystems), with 5 ng of cDNA per well, diluted 
by TaqMan Fast Advanced MasterMix of the same company (#4444554) and nuclease free water.

The analysis was performed with the Expression Suite software (Vers. 1.3, ThermoFisher), which generated fold 
values representing the gene expression difference compared to the control.

The appropriate housekeeping gene for each pair was individually selected by the ExpressionSuite software from the 
genes GUSB, HPRT1, or GAPDH.

Table 1 Medium Used for Expansion Prior to Conduction of Experiments

Tumor Cell Line Number Seeded 
(Per Well)

Expansion Medium

EVSA-T 4 x 104 MEM (with L-Glutamine) (Gibco) with 10% FCS, 1% Penicillin/Streptomycin

MCF-7 4 x 104 EMEM (Gibco) with 10% FCS, 1% Penicillin/Streptomycin

MDA-MB-231 2 x 104 Leibovitz’s L-15-Medium (Gibco) with 10% FCS, 1% Penicillin/Streptomycin, 1% Hepes, 1% Non-Essential 
Amino Acids Solution (NEAA), 1% Glucose

SK-Br-3 4 x 104 DMEM low glucose (1 g/l) with 10% FCS, 1% NEAA, 1% Hepes, 1% Penicillin/Streptomycin
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Invasiveness
The impact of adipokines on the invasiveness of BRCA cell lines was assessed in a concentration-dependent manner, 
using the QCM Chemotaxis Cell Migration Assay (#ECM 508) and QCM ECMatrix Cell Invasion Assay (#ECM 550) 
from the company Merck Millipore, each with a pore size of 8 µm. The different concentrations were deployed in 
replicates of six.

As some adipokines were reconstituted before use, the reconstitution solution was tested for any interference in a fifth 
approach (Table 2).

Migration Assay
Tumor cells were cultivated in their specific expansion medium and seeded at a number of 6000 cells/well on the 
membrane of each transwell-insert situated in their respective bottom well filled with 500 µL of adipokine-supplemented 
cultivation Medium.

After a cultivation of 24 hours, the medium was aspirated, the inserts subjected to 400 µL of Cell Stain for 20 minutes 
and subsequently washed in water to remove excessive stain.

The inner membrane of the insert was freed of non-migrated cells using cotton swabs, and its outer wall was cleaned 
of residual stain with Kim Wipes (Kimberly-Clark, #7552) soaked in 80% ethanol.

Upon drying, the inserts were placed in 300 µL of extraction buffer for 15 minutes on a platform rocker. Colorimetric 
measurement of 100 µL per sample was performed in technical duplicates, using the Infinite M Nano plate reader from 
Tecan, at a wavelength of 560 nm (Magellan Pro, Vers. 7.5).

ANOVA analysis was performed using SPSS software, testing for significant differences between groups.

Invasion Assay
Tumor cells were cultivated in their specific expansion medium and seeded at a number of 6000 cells/well on the 
membrane of each transwell-insert, previously incubated by serum-free cultivation medium for one hour. The inserts 
were then situated in its respective bottom well filled with 500 µL of adipokine-induced cultivation Medium.

After a cultivation of 72 hours, the medium was aspirated, and two cotton swabs were used to remove the ECM- 
Matrix adhering to the membrane. Each insert was stained with 400 µL of Cell Stain from the kit and washed in double 
distilled water after 20 minutes.

The inner membrane of the insert was freed of non-migrated cells using cotton swabs, and its outer wall was cleaned 
of residual stain with a Kim Wipe (Kimberly-Clark, #7552) soaked in 80% ethanol. Upon drying, the inserts were placed 
in 300 µL of extraction buffer for 15 minutes on a platform rocker. Colorimetric measurement of 100 µL per sample was 
performed in technical duplicates, using the Infinite M Nano plate reader from Tecan, at a wavelength of 560 nm.

ANOVA analysis was performed using SPSS software, testing for significant differences between groups.

Protein Expression
The conditioned supernatants of tumor cells proliferated for 4 days under different conditions (BRCA without adipokines and 
BRCA with 40 ng/mL PAI-1, 40 ng/mL Resistin, 30 ng/mL Leptin or 200 ng/mL Lipocalin-2) were analyzed for their content of 
27 cytokines (Fibroblast growth factor (FGF) basic, Eotaxin, granulocyte colony-stimulating factor (G-CSF), granulocyte- 

Table 2 Concentrations of Adipokines and Reconstitution Solution Used in Migration and Invasion Assay

Adipokine Approach 1 Approach 2 Approach 3 Approach 4 Approach 5 (Solvent)

Leptin 0 ng/mL 10 ng/mL 30 ng/mL 100 ng/mL /
Lipocalin-2 0 ng/mL 50 ng/mL 200 ng/mL 500 ng/mL /

PAI-1 0 ng/mL 10 ng/mL 40 ng/mL 100 ng/mL 2 µL/mL

Resistin 0 ng/mL 10 ng/mL 40 ng/mL 100 ng/mL 2 µL/mL
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macrophage colony-stimulating factor (GM-CSF), interferon (IFN)-γ, interleukin (IL)-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, 
IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, interferon-gamma induced protein (IP)-10, Monocyte chemoattractant 
protein (MCP)-1, Macrophage inflammatory protein (MIP)-1α, MIP-1β, platelet-derived growth factor (PDGF)-BB, C-C motif 
chemokine ligand (CCL)5, Tumor Necrosis Factor (TNF)-α, Vascular endothelial growth factor (VEGF)) using the Bio-Plex Pro 
Human Cytokine 27-plex Assay (#M500KCAF0Y) and 3 additional cytokines (hepatocyte growth factor (HGF) 
(#171B6008M), IFN-α2 (#171B6010M) and monokine induced by gamma-INF (MIG) (#171B6015M)) from the manufacturer 
Bio-Rad.

Furthermore, the levels of six adipokines (Plasminogen activator inhibitor (PAI)-1, Resistin, Lipocalin-2, Adipsin, 
Adiponectin and Leptin) were determined with the Human Adipokine Magnetic Bead Panel (#HADK1MAG-61K) and 
Human Bone Magnetic Bead Panel (#HBNMAG-51K) by Merck Millipore.

All assays were carried out following the instructions of the manufacturer, using the conditioned medium of six 
separate wells per condition pooled together.

The Bio-Plex 200 Analyzer by Bio-Rad and its software Bio-Plex Manager 6.2.0.175 were used to measure the 
fluorescent signals, comparing it to the standard values of the respective standard curves.

Six replicates per sample were measured and their mean fluorescent intensity was calculated to create fold values 
comparing the respective approach to its control.

Results
Growth Kinetics
Supplementation of PAI-1 had significant impact on the growth kinetics of three BRCA cell lines with a decrease in the 
proliferation rate for MDA-MB-231 (p = <0.001) and an increase for EVSA-T (p = <0.001) and SK-BR-3 (p = 0.009) 
(Figure 1a).

Adding Resistin to the cell culture led to a significant increase in the growth kinetics of MDA-MB-231 with p = 0.019 
(Figure 1b) and same was shown for Lipocalin-2 concerning SK-BR-3 (p = 0.004) (Figure 1c). For MCF-7 no significant 
change in growth kinetics could be shown.

Leptin did not affect cellular proliferation of any BRCA cell line significantly (Figure 1d).

Gene Expression
In our different BRCA cell lines cultures the presence of added adipokines at concentrations of 30 ng/mL (Leptin), 40 ng/ 
mL (PAI-1/Resistin) and 200 ng/mL (Lipocalin) led to relevant changes in the expression of malignancy-associated genes 
on day 4 of proliferation compared to its control approach without added adipokines.

For the sake of clarity, only gene expression increases of 2.5-fold or more, as well as downregulations to 0.4-fold or 
less, are presented (Tables 3–7) and discussed. For a different perspective, Table 3 provides an overview of the genes 
most influenced by the considered adipokines overall.

In the following descriptive report fold values are shown in brackets behind their corresponding gene.

Effect of PAI-1 on BRCA Gene Expression
For MCF-7, PAI-1 led to an upregulation of the genes CDKN2B (3.17), CCR3 (6.89), CX3CL1 (2.76) and CXCL13 
(3.2). Relevant downregulations could not be found.

For MDA-MB-231, an upregulation of the genes FASLG (5.53) and CCL3 (3.78) as well as a downregulation of the 
genes CDH1 (0.14) and CMTM1 (0.18) was demonstrated.

The gene-expression of FN1 (2.98) and FYN (2.71) was increased in EVSA-T, while its expression of MAX (0.30), 
CCL17 (0.15) and CCR4 (0.28) decreased.

SK-BR-3 showed an increase of the genes CCRL2 (4.15) and XCR1 (2.75) and a decrease of SPP1 (0.37) with 
supplementation of PAI-1 to the cell culture.

Breast Cancer: Targets and Therapy 2025:17                                                                                   https://doi.org/10.2147/BCTT.S491277                                                                                                                                                                                                                                                                                                                                                                                                      83

Ließem et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Effect of Resistin on BRCA Gene Expression
For MCF-7, an upregulation of the gene ITGB3 (3.61) and downregulation of the genes KDR (0.30), CCL17 (0.14), 
CCR3 (0.14), CMTM1 (0.34) and TNF-α (0.38) were determined when subjected to Resistin.

MDA-MB-231 reacted with an upregulation of the gene MAX (3.21) and downregulation of the genes CCL27 (0.31) 
and CXCL5 (0.18) while for EVSA-T an increase of CCL2 (4.61), CXCL10 (6.50) and XCR1 (3.81) as well as 
a decrease of the genes IGF1 (0.39) and CCR4 (0.23) was shown.

SK-BR-3 underwent an increase of the gene CXCL14 (4.33) and a decrease of CSF3 (0.30) and XCR1 (0.38) owing 
to Resistin.

Effect of Lipocalin-2 on BRCA Gene Expression
Addition of Lipocalin-2 to the cell culture provoked an increase of the gene expression of LEF1 (3.49), CCL17 (4.03) 
and CCL2 (2.57) and a decrease of CCL25 (0.15) and CCR4 (0.38), for MCF-7.

For MDA-MB-231, an upregulation of XCL1/XCL2 (3.30) and a downregulation of CDH1 (0.38) as well as IL12B 
(0.18) was shown.

EVSA-T encountered upregulation of the gene CXCL10 (5.19) and downregulation of KDR (0.34), whereas for SK- 
BR-3 only upregulations of the genes LEF1 (2.70), WNT1 (2.94), CCL25 (4.37) and CCL27 (3.86) were determined.

Figure 1 Effect of recombinant adipokines (PAI-1, Resistin, Lipocalin-2 and Leptin) on the proliferation rate of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T and SK-BR 
-3. Each bar represents the mean doubling time of 6 biological replicates. Doubling times were calculated at the time of exponential growth during a 5-day cultivation period, using 
the formula: DT (in hours) = (log2 x (T)/(logY - logX), with T = cultivation time (in h), Y = cell count at end of T, and X = cell count at beginning of T. Statistical differences were 
analyzed using Student’s t-test. P-values are presented above their respective bars (a) 40 ng/mL PAI-1, (b) 40 ng/mL Resistin, (c) 200 ng/mL Lipocalin-2, (d) 30 ng/mL Leptin.
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Table 3 Overview of the Genes Most Frequently Influenced in MCF-7, 
MDA-MB-231, EVSA-T, and SK-Br-3 When Exposed to 40 ng/ml PAI-1, 40 
ng/ml Resistin, 200 ng/ml Lipocalin-2, or 30 ng/ml Leptin for 4 Days

Adipokin BRCA Fold Adipokin BRCA Fold

MAX CCL17

PAI-1 EVSA-T 0.30 ↓ PAI-1 EVSA-T 0.15 ↓↓
Resistin MDA-MB-231 3.21 ↑ Resistin MCF-7 0.14 ↓↓
Leptin MCF-7 3.05 ↑ Lipocalin-2 MCF-7 4.03 ↑

EVSA-T 4.59 ↑ Leptin MCF-7 5.20 ↑↑
SK-BR-3 3.58 ↑

XCR1 CMTM1

PAI-1 SK-BR-3 2.75 ↑ PAI-1 MDA-MB-231 0.18 ↓
Resistin EVSA-T 3.81 ↑ Resistin MCF-7 0.34 ↓

SK-BR-3 0.38 ↓ Leptin MDA-MB-231 0.12 ↓↓
Leptin MCF-7 4.89 ↑

CCR4 CCL27

PAI-1 EVSA-T 0.28 ↓ Resistin MDA-MB-231 0.31 ↓
Resistin EVSA-T 0.23 ↓ Lipocalin-2 SK-BR-3 3.86 ↑
Lipocalin-2 MCF-7 0.38 ↓ Leptin SK-BR-3 4.41 ↑

CXCL10

Resistin EVSA-T 6.50 ↑↑
Lipocalin-2 EVSA-T 5.19 ↑↑
Leptin EVSA-T 3.02 ↑

Notes: Only changes ≥ 2.5-fold and ≤ 0.4-fold are displayed. Up- (↑) and downregulations (↓) are 
displayed with arrows, with ↑↑ ≥ 5-fold and ↓↓ ≤ 0.15-fold.

Table 4 Effect of 40 ng/ml Recombinant PAI-1 
on the Gene Expression of the Breast Cancer 
Cell Lines MCF-7, MDA-MB-231, EVSA-T, and 
SK-Br-3 on Day 4 of Cultivation

Gene name Fold Gene name Fold

MCF-7 MDA-MB-231

CDKN2B 3.17 ↑ CDH1 0.14 ↓↓
CCR3 6.89 ↑↑ FASLG 5.53 ↑↑
CX3CL1 2.76 ↑ CCL3 3.78 ↑
CXCL13 3.20 ↑ CMTM1 0.18 ↓

EVSA-T SK-Br-3

FN1 2.98 ↑ SPP1 0.37 ↓
FYN 2.71 ↑ CCRL2 4.15 ↑
MAX 0.30 ↓ XCR1 2.75 ↑
CCL17 0.15 ↓↓
CCR4 0.28 ↓

Notes: Only changes ≥ 2.5-fold and ≤ 0.4-fold are displayed. 
Up- (↑) and downregulations (↓) are displayed with arrows, 
with ↑↑ ≥ 5-fold and ↓↓ ≤ 0.15-fold.
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Effect of Leptin on BRCA Gene Expression
For MCF-7, Leptin led to an upregulation of the five genes MAX (3.05), CCL17 (5.20), TNF-α (2.88), TYMP (2.98) and 
XCR1 (4.89) as well as to a downregulation of CXCL13 (0.40) and IL6 (0.38).

MDA-MB-231 reacted with the upregulation of the genes IL12B (3.07) and IL16 (2.60) and downregulation of 
CMTM1 (0.12).

Table 5 Effect of 40 ng/ml Recombinant Resistin 
on the Gene Expression of the Breast Cancer 
Cell Lines MCF-7, MDA-MB-231, EVSA-T, and 
SK-Br-3 on Day 4 of Cultivation

Gene name Fold Gene name Fold

MCF-7 MDA-MB-231

ITGB3 3.61 ↑ MAX 3.21 ↑
KDR 0.30 ↓ CCL27 0.31 ↓
CCL17 0.14 ↓↓ CXCL5 0.18 ↓
CCR3 0.14 ↓↓
CMTM1 0.34 ↓
TNF 0.38 ↓

EVSA-T SK-Br-3

IGF1 0.39 ↓ CSF3 0.30 ↓
CCL2 4.61 ↑ CXCL14 4.33 ↑
CCR4 0.23 ↓ XCR1 0.38 ↓
CXCL10 6.50 ↑↑
XCR1 3.81 ↑

Notes: Only changes ≥ 2.5-fold and ≤ 0.4-fold are displayed. 
Up- (↑) and downregulations (↓) are displayed with arrows, 
with ↑↑ ≥ 5-fold and ↓↓ ≤ 0.15-fold.

Table 6 Effect of 200 ng/ml Recombinant 
Lipocalin-2 on the Gene Expression of the 
Breast Cancer Cell Lines MCF-7, MDA-MB 
-231, EVSA-T, and SK-Br-3 on Day 4 of 
Cultivation

Gene name Fold Gene name Fold

MCF-7 MDA-MB-231

LEF1 3.49 ↑ CDH1 0.38 ↓
CCL17 4.03 ↑ IL12B 0.18 ↓
CCL2 2.57 ↑ XCL1; XCL2 3.30 ↑
CCL25 0.15 ↓↓
CCR4 0.38 ↓

EVSA-T SK-Br-3

KDR 0.34 ↓ LEF1 2.70 ↑
CXCL10 5.19 ↑↑ WNT1 2.94 ↑

CCL25 4.37 ↑
CCL27 3.86 ↑

Notes: Only changes ≥ 2.5-fold and ≤ 0.4-fold are displayed. 
Up- (↑) and downregulations (↓) are displayed with arrows, 
with ↑↑ ≥ 5-fold and ↓↓ ≤ 0.15-fold.
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For EVSA-T, the genes BCL2 (4.30), FN1 (3.66), MAX (4.59) and CXCL10 (3.02) showed increase in their 
expression due to Leptin, but no clear decrease.

SK-BR-3 reacted with the upregulation of the 7 genes FAS (2.89), FASLG (2.57), FGF2 (2.89), MAX (3.58), CCL27 
(4.41), CXCL6 (2.52) and TLR2 (2.79), while SPP1 (0.32) and CSF2 (0.39) underwent downregulation.

Migration Assay
PAI-1
The addition of PAI-1 led to significant increases in the migration capacity of all four BRCA cell lines (Figure 2a–d). At 
a concentration of 100 ng/mL a significant increase could be shown with p = < 0.001 for all cell lines in comparison to the control 
approach. For all BRCAs but MDA-MB-231 (p = 0.029) the same significance was demonstrated for 40 ng/mL (p = <0.001). All 
cell lines but MCF-7 showed a significant increase of migration activity at 10 ng/mL with p = <0.001 for EVSA-T and SK-BR-3 
and p = 0.019 for MDA-MB-231. For MCF-7 (p = 0.012) and EVSA-T (p = 0.001) a further increase of migration could be 
demonstrated by increasing the concentration of PAI-1 from 10 to 100 ng/mL, 10 to 40 ng/mL (MCF-7, p = 0.035) and 40 to 100 
ng/mL (EVSA-T, p = 0.016).

At a concentration of 100 ng/mL, all cell lines also exhibited a significant migratory increase compared to the 
approach containing the solvent at the concentration present in the 100 ng/mL approach (p = <0.001), therefore excluding 
the solvent as the sole cause for the increased migration.

Resistin
The addition of Resistin led to significant increases in the migration capacity of all four BRCA cell lines (Figure 3a–d). 
At a concentration of 100 ng/mL a significant increase could be shown with p = <0.001 for all cell lines in comparison to 
the control approach.

Table 7 Effect of 30 ng/ml Recombinant Leptin 
on the Gene Expression of the Breast Cancer 
Cell Lines MCF-7, MDA-MB-231, EVSA-T, and 
SK-Br-3 on Day 4 of Cultivation

Gene name Fold Gene name Fold

MCF-7 MDA-MB-231

MAX 3.05 ↑ CMTM1 0.12 ↓↓
CCL17 5.20 ↑↑ IL12B 3.07 ↑
CXCL13 0.40 ↓ IL16 2.60 ↑
IL6 0.38 ↓
TNF 2.88 ↑
TYMP 2.98 ↑
XCR1 4.89 ↑

EVSA-TB SK-Br-3

BCL2 4.30 ↑ FAS 2.89 ↑
FN1 3.66 ↑ FASLG 2.57 ↑
MAX 4.59 ↑ FGF2 2.89 ↑
CXCL10 3.02 ↑ MAX 3.58 ↑

SPP1 0.32 ↓
CCL27 4.41 ↑
CSF2 0.39 ↓
CXCL6 2.52 ↑
TLR2 2.79 ↑

Notes: Only changes ≥ 2.5-fold and ≤ 0.4-fold are displayed. 
Up- (↑) and downregulations (↓) are displayed with arrows, 
with ↑↑ ≥ 5-fold and ↓↓ ≤ 0.15-fold.
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Same could be demonstrated at a concentration of 40 ng/mL Resistin (p = <0.001 (MCF-7/MDA-MB-231), p = 0.003 
(EVSA-T), p = 0.005 (SK-BR-3)), and in the case of MCF-7 and MDA-MB-231 even at a concentration of 10 ng/mL (p 
= <0.001).

The augmentation from 10 ng/mL to 100 ng/mL (for MDA-MB-231 also 40 ng/mL to 100 ng/mL (p = 0.002)) led to 
a significant enhancement in the migratory capacity of MDA-MB-231 and EVSA-T (p = 0.002 and p = <0.001, 
respectively), whereas MCF-7 and SK-BR-3 appeared to plateau at 40 ng/mL.

At a concentration of 100 ng/mL, all cell lines also exhibited a significant migratory increase compared to the control 
approach containing the solvent at the concentration present in the 100 ng/mL approach (p = <0.001), therefore excluding 
the solvent as the sole cause for the increased migration.

Lipocalin-2
No significant effect was shown for MCF-7 when subjected to 50, 200 or 500 ng/mL Lipocalin-2. However, MDA-MB 
-231, EVSA-T and SK-BR-3 exhibited a significant increase in their migratory capacity when subjected to 500 ng/mL (p 
= 0.006, p = <0.001, p = 0.002, respectively). Same effect was obtained at 200 ng/mL for MDA-MB-231 and EVSA-T (p 
= <0.001), EVSA-T as well displaying an increase at 50 ng/mL (p = 0.023).

MDA-MB-231 appeared to plateau at 200 ng/mL, whereas EVSA-T continued to exhibit a notable increase when 
shifting from 200 ng/mL to 500 ng/mL (p = 0.009) (Figure 4a-d).

Leptin
For EVSA-T no significant effect of Leptin could be determined when subjected to 10, 30 or 100 ng/mL. MCF-7, MDA- 
MB-231 and SK-BR-3, however, increased their migratory activity when exposed to 100 ng/mL Leptin with p = <0.001, 
MCF-7 and MDA-MB also demonstrating a significant effect increasing the dosage to only 30 ng/mL (p = 0.045 and p = 
0.024).

Figure 2 Effect of increasing amounts of recombinant PAI-1 on the migratory activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The Y-axis 
displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with ANOVA 
analysis. Solvent was used to reconstitute the lyophilized PAI-1 upon its addition to the medium. Its sole impact was assessed at the concentration employed in the approach 
featuring the highest concentration of reconstituted PAI-1, aiming to reveal potential interference. (a) 0 ng/mL, (b) 10 ng/mL, (c) 40 ng/mL, (d) 100 ng/mL).
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MCF-7 and MDA-MB-231 seemed to enhance their migration correspondingly to the augmentation of the concen
tration with 10 ng/mL to 100 ng/mL showing a significant effect (p = 0.008 (MCF-7), p = 0.041 (MDA-MB-231)).

SK-BR-3 migration significantly increased when exposed to 10 ng/mL Resistin (p = 0.009), however, no further 
significant increase could be seen when using higher concentrations (Figure 5a–d).

Invasion Assay
PAI-1
MCF-7 displayed significant increase in invasion when subjected to 40 and 100 ng/mL PAI-1 (p = <0.001) and the 
invasion of MDA-MB-231 was increased for 100 ng/mL PAI-1 when compared to 10 and 40 ng/mL (p = <0.001). 
EVSA-T and SK-BR-3 did not show significant changes across different concentrations of PAI-1.

In no approach the solvent increased invasion compared to the control approach (Figure 6a–d).

Resistin
No significant alterations in the invasive behavior of the four BRCA cell lines could be attributed to Resistin (Figure 7a– 
d). However, MDA-MB-231 showed a significant increase in invasion viewing 40 ng/mL of Resistin in comparison to 
the approach with solvent (p = 0.036). EVSA-T displayed a significant decrease at the same concentration when 
compared to the solvent (p = 0.047).

Lipocalin-2
For Lipocalin-2 no change of the invasion capacity of the four BRCA could be shown (Figure 8a–d).

Leptin
For MCF-7, EVSA-T and SK-BR-3 the mean invasion capacity decreased as response to the addition of Leptin, however 
without statistical significance.

Figure 3 Effect of increasing amounts of recombinant Resistin on the migratory activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The 
Y-axis displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with 
ANOVA analysis. Solvent was used to reconstitute the lyophilized Resistin upon its addition to the medium. Its sole impact was assessed at the concentration employed in 
the approach featuring the highest concentration of reconstituted Resistin, aiming to reveal potential interference. (a) 0 ng/mL, (b) 10 ng/mL, (c) 40 ng/mL, (d) 100 ng/mL).
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MDA-MB-231 displayed augmentation in its invasive behavior as result to increasing concentrations of Leptin from 0 
ng/mL to 30 or 100 ng/mL and from 10 ng/mL to 100 ng/mL (p = <0.001).

Furthermore, for MDA-MB-231 an increase of invasive capacity with rising Leptin from 10 ng/mL to 30 ng/mL was 
determined with a significance of p = 0.01 (Figure 9a–d).

Protein Expression
In BRCA the presence of added adipokines at concentrations of 30 ng/mL (Leptin), 40 ng/mL (PAI-1/Resistin), and 200 
ng/mL (Lipocalin), respectively, led to relevant changes in protein expression on day 4 of proliferation compared to its 
control approach without added adipokines.

Tables 8–11 only show measurement pairs in which one or more values were greater than 5 pg/mL and absolute 
change exceeded 5 pg/mL. Smaller values were not taken into account, as they might be subject to measurement 
inaccuracies and display little significance. Levels of the respective added adipokine are displayed independently of level 
and fold. Protein expression increases by 1.05-fold or more and decreases by 0.95-fold or less, are marked with an arrow 
for up- (↑) and downregulation (↓), where ↑↑ represents changes ≥1.35-fold and ↓↓ denotes changes ≤0.85-fold.

With PDGF previously added to the medium, its values were noted unreliable to contribute meaningful information. 
For the sake of clarity, we opted to omit its values from the table.

Effect of PAI-1 on BRCA Protein Expression
For MCF-7, PAI-1 did not lead to any relevant changes.

For MDA-MB-231, an increase of the expression of the proteins IL-7 (1.53) and Lipocalin-2 (3.54) and a decrease of 
IL-8 (0.93) were demonstrated, and the proteins IL-15 (NA), G-CSF (NA) and IP-10 (2.55) were upregulated in EVSA-T, 
while a significant downregulation was not observed.

In SK-BR-3 expression of Lipocalin-2 (1.05) increased and expression of Adipsin (NA) decreased (Table 8).

Figure 4 Effect of increasing amounts of recombinant Lipocalin-2 on the migratory activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The 
Y-axis displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with 
ANOVA analysis. (a) 0 ng/mL, (b) 50 ng/mL, (c) 200 ng/mL, (d) 500 ng/mL).
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Effect of Resistin on BRCA Protein Expression
Resistin decreased expression of IP-10 (NA) and VEGF (0.87) in MCF-7. For MDA-MB-231, an upregulation of IL-7 
(1.38), Lipocalin-2 (13.86) and PAI-1 (1.07) as well as a downregulation of IL-6 (0.94), IL-8 (0.89), G-CSF (0.45), IP-10 
(0.75) and TNF-α (NA) was observed.

EVSA-T reacted with a downregulation of IP-10 (0.89), TNF-α (NA) and VEGF (0.94).
In SK-BR-3 expression of Lipocalin-2 (1.19) increased and expression of IP-10 (0.95) and TNF- α (0.87) decreased 

(Table 9).

Effect of Lipocalin-2 on BRCA Protein Expression
Lipocalin-2 caused a decrease of Adipsin (NA) in MCF-7 while for MDA-MB-231, an increase of PAI-1 (1.10) and 
a decrease of IL-6 (0.94) and IL-8 (0.87) was observed.

In EVSA-T and SK-BR-3 Lipocalin-2 lead to no changes (Table 10).

Effect of Leptin on BRCA Protein Expression
For MCF-7 and MDA-MB-231, Leptin led to an increased expression of Lipocalin-2 (NA, 1.34), and for MCF-7 
expression of PAI-1 decreased (0.81).

In EVSA-T expression of IP-10 (1.16) and Adipsin (1.07) increased, while in SK-BR-3 an upregulation of Lipocalin- 
2 (1.10) and PAI-1 (1.15) as well as a downregulation of IL-8 (0.92) and IP-10 (0.90) was observed (Table 11).

Discussion
Our analysis revealed a cell line-dependent response of breast cancer cells to adipokines, capable of modulating the 
expression of both pro-tumorigenic and anti-tumorigenic genes. By conducting functional assays such as assessing 
migration, invasion, and proliferation, we were able to show an overall tumor-promoting effect of adipokines on breast 

Figure 5 Effect of increasing amounts of recombinant Leptin on the migratory activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The Y-axis 
displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with ANOVA 
analysis. (a) 0 ng/mL, (b) 10 ng/mL, (c) 30 ng/mL, (d) 100 ng/mL).
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cancer cells. While the extent of cellular motility increase was cell line-dependent, no adipokine-induced decrease in 
migration or invasion was observed in any cell line.

Given that PAI-1 led to an enhanced migratory capacity across all analyzed breast cancer cell lines in our study, as 
well as to an increased invasion and proliferation, tumor-favoring gene changes seem to prevail. The greatest increase 
was found in the CCR3 gene when supplementing PAI-1 to the MCF-7-cell line. CCR3 encodes for an important 
chemokine receptor on the surface of varying (tumor-) cells. Chemokines are important chemoattractants, induced by 
inflammatory signals and pathological processes.36 Chemokine receptors are mainly found on immune and endothelial 
cells, but also on cancer cells, where elevated levels of chemokine receptors have been linked to tumor cell growth, 
increased tumor cell survival, migration, and angiogenesis.37 Specifically, activation of the CCR3 receptor has been 
shown to increase the migration and proliferation in different types of tumor cells,38 matching the enhanced invasiveness 
and growth kinetics of MCF-7 cells with PAI-1 supplementation in our assays. However, the full extent of PAI-1 and 
subsequently CCR3-induced migration and proliferation might not have been fully shown in our assays, as Eotaxin-1, 
which is CCR3s primary ligand and closely linked to promotion of tumor migration and invasion,39 was only marginally 
expressed in our BRCA tumor cells. In vivo, tumor-surrounding cells, such as adipocytes and adipose tissue-derived 
stromal cells, secrete considerable concentrations of Eotaxin,40,41 triggering migration and proliferation by activating 
overexpressed CCR3 receptors. This effect might lead to even greater increase in migration and proliferation than 
currently observed in our in vitro assays. Interestingly, we observed a reduction of CCR3 gene expression in Resistin- 
supplemented MCF-7 cells in vitro - a hint towards a potential anti-tumor role for Resistin, maybe also counteracting 
Eotaxin-mediated CCR3 activation in vivo.

Further contributing to the PAI-1-induced tumor promotion is the upregulation of CCRL2, receptor to the breast 
cancer-promoting ligand CCL2,42 in SK-BR-3. Interestingly, another ligand binding to CCRL2 is the adipokine 
chemerin, which influences immunity, adiposity, and metabolism and is commonly found to be overexpressed in breast 

Figure 6 Effect of increasing amounts of recombinant PAI-1 on the invasive activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The Y-axis 
displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with ANOVA 
analysis. Solvent was used to reconstitute the lyophilized PAI-1 upon its addition to the medium. Its sole impact was assessed at the concentration employed in the approach 
featuring the highest concentration of reconstituted PAI-1, aiming to reveal potential interference. (a) 0 ng/mL, (b) 10 ng/mL, (c) 40 ng/mL, (d) 100 ng/mL).
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cancer tissue. Studies report conflicting results about the effects of chemerin on tumor promotion.43,44 Secreted by tumor 
cells and neighboring adipocytes in vivo,43,44 the PAI-1-mediated overexpression of its receptor CCRL2, may facilitate 
a stronger response to chemerin in vivo and enhanced tumor cell growth kinetics and migration.

The upregulation of the receptors CCR3 and CCRL2 by PAI-1 indicates that PAI-1 may play a key role in enhancing 
the susceptibility of breast cancer cells to other adipose tissue-derived proteins, thereby further contributing to tumor 
promotion by amplifying cellular responses.

Emphasizing its tumor-promoting role, supplementation of PAI-1 further increased the expression of CX3CL1 and 
CCL3 in our study, genes shown to enhance cellular proliferation, migration, and survival.45–48 Additionally, both PAI-1 
and Lipocalin-2 were found to downregulate the gene CDH1 in MDA-MB-231 cells, a characteristic effect of these 
adipokines, that also has been reported in other studies.14,15,19 CDH1 encodes for the adhesion protein E-Cadherin, whose 
loss drives metastasis by enabling cells to detach and migrate. Reduced E-Cadherin expression is a distinctive feature of 
an increased Epithelial-Mesenchymal Transition (EMT), a process in which cancer cells lose their cell–cell adhesion 
properties, enhancing their ability to invade surrounding tissues and metastasize. Loss of E-Cadherin has previously been 
shown to be a crucial factor in the malignancy of MDA-MB-231 cells. Its downregulation by PAI-1 and Lipocalin-2 
significantly contributes to the progression of highly aggressive triple-negative breast cancers,31 a phenomenon that was 
also evident in the MDA-MB-231 cell line in our experiments. Since the other tested cell lines in our experiment did not 
exhibit altered CDH1 expression, the susceptibility of MDA-MB-231 cells to PAI-1 and Lipocalin-2 highlights the 
negative effects of adiposity and related higher concentrations of adipokines for this aggressive triple-negative breast 
cancer cell line. Furthermore, it indicates that adipokines like PAI-1 and Lipocalin-2, known to downregulate CDH1, 
have less impact on cell lines that still express E-cadherin compared to those, that do not.

The tumor-promoting effects of adipokines were further demonstrated by the increased expression of the chemokine 
receptor XCR1 in response to PAI-1, Resistin, and Leptin across three different BRCA cell lines. The enhanced 

Figure 7 Effect of increasing amounts of recombinant Resistin on the invasive activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The Y-axis 
displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with ANOVA 
analysis. Solvent was used to reconstitute the lyophilized Resistin upon its addition to the medium. Its sole impact was assessed at the concentration employed in the 
approach featuring the highest concentration of reconstituted Resistin, aiming to reveal potential interference. (a) 0 ng/mL, (b) 10 ng/mL, (c) 40 ng/mL, (d) 100 ng/mL).
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invasiveness and variable proliferation observed with rising XCR1 levels in our study align with findings from previous 
research.49,50 Overall, the widespread upregulation of XCR1 across various cell lines indicates a general susceptibility of 
this gene to modulation in breast cancer, suggesting it as a potential target in breast cancer therapy. Additionally, further 
tumor-promoting alterations were observed, including the upregulation of FYN and FN1 by PAI-1 in EVSA-T, and the 
upregulation of ITGB3 by Resistin in MCF-7, both of which are known to enhance proliferation and migration in breast 
cancer.51–53

While we have primarily discussed tumor-promoting changes so far, our findings also included significant anti-tumor 
effects, such as the reduced proliferation in PAI-1-supplemented MDA-MB-231 cells. One potential mediator of this anti- 
tumorigenic effect could be FASLG, which was upregulated in our study in MDA-MB-231 through PAI-1. FASLG is analyzed 
as a potential target in breast cancer treatment,54,55 since its upregulation has been shown to promote tumor cell apoptosis. In 
our experiments, adding Leptin to SK-BR-3-cell culture enhanced FASLG expression in the BRCA cells, highlighting FASLG 
as a key protein for adipokine-induced anti-tumor effects. Interestingly, MDA-MB-231 and MCF-7 cell growth was further 
inhibited by supplementation of PAI-1, Leptin, or Resistin through consistent downregulation of CMTM1 - a gene that 
promotes proliferation and resistance to TNF-α-induced apoptosis. Given that CMTM1 is known to be overexpressed in 
MDA-MB-231, its downregulation in the MDA-MB-231 cell line by PAI-1 and Leptin mitigates an important malignant 
characteristic associated with this cell line.56 Concomitantly, MDA-MB-231 showed reduced growth kinetics following PAI-1 
supplementation in our study, suggesting a potential focus on CMTM1 in anti-breast cancer treatments.

Interestingly, in vivo, the PAI-1-induced reduction of proliferation may be even more pronounced than shown in our 
measurements, as application of PAI-1 and Resistin to MDA-MB-231 cells further resulted in increased levels of IL-7, 
a protein known to enhance T-lymphocyte survival and growth, thereby exerting anti-tumor activity in vivo.57 However, 
due to absence of T-lymphocytes in our experimental system, we could not demonstrate this effect in our proliferation 
assay. However, it should also be noted that Lipocalin-2 might counteract the aforementioned effect by downregulating 
IL-12B in MDA-MB-231 cells, an interleukin that plays a crucial role in stimulating CD8+ T cells and enhancing 

Figure 8 Effect of increasing amounts of recombinant Lipocalin-2 on the invasive activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The 
Y-axis displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with 
ANOVA analysis. (a) 0 ng/mL, (b) 50 ng/mL, (c) 200 ng/mL, (d) 500 ng/mL).
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immune response via IFN-gamma production.58,59 Its Lipocalin-2-mediated downregulation therefore may promote 
immune evasion and enhance proliferation in vivo.

MAX (MYC associated factor X) emerged as the most profoundly impacted gene in our study. While it was 
frequently upregulated by Resistin (MDA-MB-231) and Leptin (MCF-7, EVSA-T, SK-BR-3), supplementation of PAI- 
1, however, led to a considerable downregulation of the MAX gene in EVSA-T cells. MAX is an obligate dimerization 
partner to the oncogenic transcription factor MYC, which is widely known for its role in cancer formation, inducing 
proliferation, tumor cell survival, angiogenesis and immune evasion. MYC is discussed as a promising target for cancer 
therapy. Through its reciprocal dependency, knockdown of MAX as well as inhibition of MYC were observed to lead to 
tumor regression and decrease of migration in previous studies.60–62 The pro-angiogenic effect of MAX may promote the 
progression of diverse breast cancer variants, including invasive micropapillary carcinoma (IMPC). In IMPC, cells form 
clusters devoid of fibrovascular cores. Angiogenesis induced by the MAX-MYC complex could increase vascular density 
around these clusters, promoting metastasis, as suggested in previous studies.61–63 The significant upregulation of the 
oncogenic MAX gene in our study highlights the MYC-MAX complex as a critical target in adipokine-driven breast 
cancer progression. Given its well-established tumor-promoting role, this upregulation further emphasizes the pro- 
tumorigenic effects of adipokines.

However, through the observed downregulation of MAX by PAI-1, along with the concurrent PAI-1-induced down
regulation of CMTM1 and upregulation of FASLG, PAI-1 may ultimately promote an anti-proliferative effect, particu
larly in the MDA-MB-231 cell line. This hypothesis is supported by the results of our proliferation assay, showing 
reduced proliferation in PAI-1-induced MDA-MB-231 cells. The significance of FASLG and CMTM1 as general 
contributors to anti-tumor mechanisms is further highlighted by the concurrent Leptin-induced upregulation of FASLG 
and the downregulation of CMTM1 by both Resistin and Leptin.

A further notable observation is the immense upregulation of the CXCL10 gene in EVSA-T cells by addition of 
Resistin, Lipocalin-1 and Leptin, but not PAI-1. The chemokine CXCL10 possesses promoting effects on proliferation 

Figure 9 Effect of increasing amounts of recombinant Leptin on the invasive activity of the breast cancer cell lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3. The Y-axis 
displays optical density readings measured at a wavelength of 560 nm. Significance bars and p-values indicate the significance between the groups, assessed with ANOVA 
analysis. (a) 0 ng/mL, (b) 10 ng/mL, (c) 30 ng/mL, (d) 100 ng/mL).
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and migration in breast cancer and its concentration is positively correlated with tumor size, poorer prognosis and ER 
status. ER status was not evaluated in our study. However, given the positive correlation between ER status and CXCL10 
expression, it is conceivable that breast cancer cells, that have been originally ER-negative, may undergo a receptor shift, 
influenced by Resistin, Lipocalin-1, and Leptin, resulting in an ER-positive phenotype. This suggests that adipokines 
could facilitate subtype transitions within breast cancer, a behavior that has already been partially observed with Leptin, 
as studies indicate that breast cancer cases in obese women are predominantly ER-positive and display a more aggressive 
phenotype compared to those in lean women.30 Additionally, the expression of CXCL10 is stimulated by estrogen.64,65 

As Leptin stimulates estrogen production and improves estrogen receptor sensitivity through enhancing ER expression in 
breast cancer cells,30 upregulation of CXCL10 may be greater in vivo, suggesting CXCL10 as a potential key contributor 
to Leptin-driven malignancy progression.

Further, both Leptin and Lipocalin-2 were found to cause a remarkable upregulation of the chemokine CCL27 (SK- 
BR-3) and CCL17 (MCF-7). Both activate the ERK1/2 pathway and thus promote invasiveness and proliferation of 
tumor cells.66,67 In accordance with these genetic alterations, both approaches showed enhanced migration in our study. 
Interestingly, PAI-1 and Resistin led to a downregulation of CCL17 (PAI-1 and Resistin) and CCL27 (Resistin only), 
respectively, indicating further anti-tumor effects for these adipokines. As CCL17 promotes the expression of its receptor 
CCR4,67,68 the PAI-1-induced decrease of CCL17 expression in the EVSA-T cell line might contribute to the observed 
concurrent downregulation of CCR4. Known to be overexpressed in most breast cancers, CCR4 promotes breast cancer 
growth in mice and enhances chemotactic response to CCL17.69 By downregulating both CCR4 and CCL17, PAI-1 and 
Resistin exert additional anti-tumor effects, reducing invasiveness and growth kinetics by decreasing ERK1/2 pathway 
activation, complementing their previously mentioned anti-proliferative properties.

In the multiplex protein measurement assay, PAI-1 had a significant impact on the EVSA-T cell line, inducing new 
expression of IL-15 and G-CSF and upregulating IP-10 concentrations by 2.55-fold. While IL-15 may further inhibit tumor 

Table 8 Effect of 40 ng/ml Recombinant PAI-1 on the Protein Expression of the 
Breast Cancer Cell Lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3 on Day 
4 of Cultivation

Protein MCF-7 Control MCF-7 with PAI-1 Fold

PAI-1 729.51 (54.65) 4728.69 (82.57) 6.48 ↑↑

Protein MDA-MB-231 Control MDA-MB-231 with PAI-1 Fold

IL-7 61.51 (18.56) 94.10 (14.03) 1.53 ↑↑
IL-8 80.77 (14.80) 74.75 (13.74) 0.93 ↓
Lipocalin-2 9.66 (6.78) 34.18 (59.99) 3.54 ↑↑
PAI-1 5280.27 (304.99) 5220.95 (367.57) 0.99 ↓

Protein EVSA-T Control EVSA-T with PAI-1 Fold

IL-15 ND - 14.48 (5.93) NA ↑↑
G-CSF ND - 14.41 (1.63) NA ↑↑
IP-10 56.89 (2.64) 144.94 (9.94) 2.55 ↑↑
PAI-1 ND - 2599.56 (245.9) NA ↑↑

Protein SK-BR-3 Control SK-BR-3 with PAI-1 Fold

Lipocalin-2 151.40 (25.71) 159.07 (15.63) 1.05 ↑
Adipsin 65.33 (18.08) ND - NA ↓↓
PAI-1 1813.38 (48.98) 4814.15 (675.63) 2.65 ↑↑

Notes: Only measurement pairs with one or more values greater than 5 pg/ml and absolute change 
exceeding 5 pg/ml are depicted. Displayed changes are restricted to those ≥ 1.05-fold and ≤ 0.95-fold. 
Levels of PAI-1 are presented independently of their levels and folds. Up- (↑) and downregulations (↓) 
are displayed with arrows, with ↓↓ ≥ 1.35-fold and ↑↑ ≤ 0.85-fold. Values are presented in pg/ml. 
Standard deviation is given in brackets. ND = not detectable, NA = not applicable.
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promotion by enhancing immune response,70 G-CSF and IP-10 have been found to promote tumor growth and dissemina
tion and correlate with poor prognosis.71–73 G-CSF, known to be highly expressed by cancer-associated adipocytes as well, 
stimulates EMT through activation of STAT3, PI3K/AKT, ERK and MAPK, thereby promoting invasiveness.72 In our 
study, PAI-1 was the only adipokine that increased proliferation in EVSA-T cells, likely due to the involvement of G-CSF 
and IP-1071–73 and the aforementioned upregulation of FYN and FN1.51,52 These effects appear to outweigh the previously 
noted impact of PAI-1-induced downregulation of the tumor-promoting factors CCL17, CCR4, and MAX in EVSA-T cells.

In contrast, Resistin continued to exhibit a notable anti-tumor activity in BRCA in our multiplex protein assay, 
reducing TNF-α and IP-10 expression up to complete suppression and decreasing the levels of IL-6 (0.94-fold), G-CSF 
(0.45-fold), and vascular endothelial growth factor (VEGF) by up to 0.87-fold. While IL-6 and VEGF are crucial 
mediators of angiogenesis in tumors,42,74 TNF-α is known to be overexpressed in cancers and correlates with poor 
prognosis and advanced tumor stage.75 Although able to both promote and inhibit proliferation, TNF-α typically 
enhances proliferation and inhibits apoptosis.76 We found TNF-α to be highly susceptible to Resistin as evidenced by 
a significant downregulation of TNF- α protein expression across three different BRCA cell lines, whereas no other 
adipokine elicited any measurable effect on TNF-α protein expression in any cell line.

Table 9 Effect of 40 ng/ml Recombinant Resistin on the Protein Expression of the 
Breast Cancer Cell Lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3 on Day 4 
of Cultivation

Protein MCF-7 Control MCF-7 with Resistin Fold

IP-10 21.58 (0.00) ND - NA ↓↓
VEGF 101.93 (23.91) 88.74 (19.94) 0.87 ↓
Resistin ND - 11,566.44 (166.58) NA ↑↑

Protein MDA-MB-231 Control MDA-MB-231 with Resistin Fold

IL-6 366.48 (12.88) 344.11 (9.76) 0.94 ↓
IL-7 77.05 (26.69) 106.31 (36.18) 1.38 ↑↑
IL-8 91.80 (12.98) 81.60 (11.19) 0.89 ↓
G-CSF 82.87 (6.28) 37.12 (1.92) 0.45 ↓↓
IP-10 21.58 (0.00) 16.22 (7.58) 0.75 ↓↓
TNF-a 7.66 (2.05) ND - NA ↓↓
Lipocalin-2 5.95 (1.31) 82.54 (33.62) 13.86 ↑↑
PAI-1 11,721.27 (698.50) 12,589.40 (1207.91) 1.07 ↑
Resistin ND - 8666.74 (267.83) NA ↑↑

Protein EVSA-T Control EVSA-T with Resistin Fold

IP-10 202.78 (7.53) 180.96 (16.25) 0.89 ↓
TNF-a 13.09 (3.98) ND - NA ↓↑
VEGF 93.52 (39.73) 88.01 (18.38) 0.94 ↓
Resistin ND - 9108.72 (472.75) NA ↑↑

Protein SK-BR-3 Control SK-BR-3 with Resistin Fold

IP-10 279.28 (21.40) 265.82 (17.67) 0.95 ↓
TNF-a 81.24 (7.70) 70.82 (5.90) 0.87 ↓
Lipocalin-2 153.78 (37.30) 182.44 (52.18) 1.19 ↑
Resistin ND - 7803.9 (426.16) NA ↑↑

Notes: Only measurement pairs with one or more values greater than 5 pg/ml and absolute change 
exceeding 5 pg/ml are depicted. Displayed changes are restricted to those ≥ 1.05-fold and ≤ 0.95-fold. 
Levels of Resistin are presented independently of their levels and folds. Up- (↑) and downregulations (↓) 
are displayed with arrows, with ↑↑ ≥ 1.35-fold and ↓↓ ≤ 0.85-fold. Values are presented in pg/ml. Standard 
deviation is given in brackets. ND = not detectable, NA = not applicable.
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Table 10 Effect of 200 ng/ml Recombinant Lipocalin-2 on the Protein Expression of the 
Breast Cancer Cell Lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3 on Day 4 of 
Cultivation

Protein MCF-7 Control MCF-7 with Lipocalin-2 Fold

Adipsin 6.99 (0.00) ND - NA ↓↓
Lipocalin-2 57.54 (40.38) 76,723.05 (14,697.97) 1333.34 ↑↑

Protein MDA-MB-231 Control MDA-MB-231 with Lipocalin-2 Fold

IL-6 106.22 (4.05) 100.30 (1.81) 0.94 ↓
IL-8 46.42 (3.65) 40.47 (2.44) 0.87 ↓
PAI-1 6443.82 (332.44) 7085.70 (167.12) 1.10 ↑
Lipocalin-2 ND - 137,771.22 (26,516.22) NA ↑↑

Protein EVSA-T Control EVSA-T with Lipocalin-2 Fold

Lipocalin-2 ND - ORR > - NA ↑↑

Protein SK-BR-3 Control SK-BR-3 with Lipocalin-2 Fold

Lipocalin-2 158.39 (13.91) ORR > - NA ↑↑

Notes:Only measurement pairs with one or more values greater than 5 pg/ml and absolute change exceeding 
5 pg/ml are depicted. Displayed changes are restricted to those ≥ 1.05-fold and ≤ 0.95-fold. Levels of Lipocalin- 
2 are presented independently of their levels and folds. Up- (↑) and downregulations (↓) are displayed with 
arrows, with ↑↑ ≥ 1.35-fold and ↓↓ ≤ 0.85-fold. Values are presented in pg/ml. Standard deviation is given in 
brackets. OOR > = out of range (above), ND = not detectable, NA = not applicable.

Table 11 Effect of 30 ng/ml Recombinant Leptin on the Protein Expression of the 
Breast Cancer Cell Lines MCF-7, MDA-MB-231, EVSA-T, and SK-BR-3 on Day 4 
of Cultivation

Protein MCF-7 Control MCF-7 with Leptin Fold

Lipocalin-2 ND - 85.07 (34.03) NA ↑↑
PAI-1 802.20 (47.27) 648.04 (17.25) 0.81 ↓↓
Leptin ND - 99,889.56 (12,648.53) NA ↑↑

Protein MDA-MB-231 Control MDA-MB-231 with Leptin Fold

Lipocalin-2 36.54 (24.98) 48.86 (15.32) 1.34 ↑
Leptin ND - 72,687.93 (8824.05) NA ↑↑

Protein EVSA-T Control EVSA-T with Leptin Fold

IP-10 51.95 (2.93) 60.08 (3.20) 1.16 ↑
Adipsin 262.52 (24.11) 280.76 (17.45) 1.07 ↑
Leptin ND - 149,234.74 (24,585.35) NA ↑↑

Protein SK-BR-3 Control SK-BR-3 with Leptin Fold

IL-8 66.28 (5.71) 60.83 (2.74) 0.92 ↓
IP-10 136.97 (4.72) 123.78 (1.46) 0.90 ↓
Lipocalin-2 222.92 (22.21) 244.72 (25.46) 1.10 ↑
PAI-1 2017.34 (168.65) 2322.00 (200.92) 1.15 ↑
Leptin ND - 107,333.53 (16,901.6) NA ↑↑

Notes: Only measurement pairs with one or more values greater than 5 pg/ml and absolute change 
exceeding 5 pg/ml are depicted. Displayed changes are restricted to those ≥ 1.05-fold and ≤ 0.95-fold. 
Levels of Leptin are presented independently of their levels and folds. Up- (↑) and downregulations (↓) 
are displayed with arrows, with ↑↑ ≥ 1.35-fold and ↓↓ ≤ 0.85-fold. Values are presented in pg/ml. Standard 
deviation is given in brackets. ND = not detectable, NA = not applicable.
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A further interesting observation in our multiplex assay was the reciprocal impact of the different applied adipokines 
on each other’s expression, with MDA-MB-231 and SK-BR-3 cells exhibiting the most pronounced alterations in their 
adipokine expression profiles. Both cell lines showed consistent upregulation of Lipocalin-2 in every adipokine- 
supplemented approach, reaching up to an almost 14-fold increase. Furthermore, PAI-1 was upregulated by adipokine- 
supplementation in 50% of the assays involving MDA-MB-231 and SK-BR-3 cells. In this context, it is important to 
acknowledge that normal breast tissue already secretes low baseline levels of PAI-1, Lipocalin-2 and Leptin. In breast 
cancer, however, adipokine expression is often elevated and serves as a marker of malignancy, as it typically correlates 
with advanced tumor stage and poorer prognosis.12–15,19,21,27 The observed upregulation of adipokine expression there
fore contributes to the promotion of both SK-BR-3 and the highly aggressive MDA-MB-231 cells, highlighting self- 
amplification as a key pathological mechanism by which adipokines drive breast cancer progression.

Conversely, the MCF-7 cell line exhibited a differential response: while Lipocalin-2 was similarly upregulated 
through Leptin, PAI-1 expression decreased in the same approach. Furthermore, Adipsin expression decreased in 
MCF-7 cells supplemented with PAI-1, while being markedly upregulated in Leptin-supplemented EVSA-T cells. This 
divergence highlights MCF-7’s typically less aggressive phenotype.34 Resistin and Leptin expression levels remained 
stable across all breast cancer cell lines, indicating that these adipokines are less susceptible to adipokine-driven 
modulation.

While the determined levels of adipokine expression in our assays suggest that tumor cells significantly contribute to 
adipokine levels–and therefore tumor promotion–in the living organism, it is essential to interpret them in relation to 
adipokine concentrations induced by adipocytes. Previous studies report serum levels of Lipocalin-2 and PAI-1 at 
approximately 70,000 pg/mL and 30,000 pg/mL, respectively, in obese patients.77,78 In contrast, our breast cancer cells 
secreted much lower adipokine levels–up to 244.72 pg/mL for Lipocalin-2 and 12,589.4 pg/mL for PAI-1. We therefore 
conclude that within the living organism adipokine-driven breast cancer promotion most likely originates from adipokines 
secreted by adipocytes, rather than from the limited secretion by breast cancer cells or normal breast tissue. However, as 
elevated adipokine levels in breast cancer cells are linked to advanced tumor stages and poorer prognosis,12–15,19,21,27 higher 
local concentrations within tumor cell clusters likely exert significant paracrine effects.

Although PAI-1 levels of MDA-MB-231 cells were hardly influenced by additional supplementation of recombinant 
PAI-1, migration still increased significantly through addition of different concentrations of PAI-1 to MDA-MB-231 
cells. This may appear paradoxical; however, we suspect the observed increase in migration in our study to originate 
from gene alterations triggered by high concentrations of PAI-1 immediately after supplementation, prior to possible 
negative feedback mechanisms or undesirable protein degradation of PAI-1 during time. Although the PAI-1 mediated 
stimulation of Lipocalin-2 expression, as found in our protein analysis, may have contributed to the increased malignant 
properties observed in our MDA-MB-231 cells, we suspect elevated PAI-1 levels to be the main cause of these observed 
pro-tumorigenic changes, as we noted a distinct pattern in the gene alterations via PAI-1 in contrast to those induced by 
Lipocalin-2. However, the elevated Lipocalin-2 levels induced by PAI-1 supplementation may stimulate further PAI-1 
expression, as evident in our assays, leading to a higher turnover rate, helping to maintain steady PAI-1 levels despite 
potential degradation.

To fully interpret our findings, it is essential to consider potential methodological factors that may have influenced the 
results. The solvent used to reconstitute lyophilized adipokines likely had minimal impact on migration and invasion, as 
it showed no significant difference from the control in most cases. Only Resistins solvent showed a slight increase in 
migration in MDA-MB-231 cells, however, differing significantly from the impact of the highest concentration of solved 
Resistin, thus more likely acting as an amplifier rather than a causative factor. For PAI-1, its solvent slightly reduced 
invasion in EVSA-T and SK-BR-3 cells, possibly masking pro-tumorigenic effects. Regarding growth kinetics, while 
most cell lines showed a slight increase in proliferation, only a few changes were statistically significant, likely due to 
limited sample size or insufficient adipokine concentrations.

Conclusion
Our study showed a concentration-dependent, overall promoting effect of adipokines on several malignancy-associating features 
of different breast cancer cell lines. We conclude that adipokines can significantly contribute to breast cancer progression, making 
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them a potential target for breast cancer therapy. Adipokine-targeted antibody therapy, combined with standard treatments, may 
enhance treatment efficacy and improve outcomes, similar to existing therapies targeting HER2- or ER-receptors. Moreover, our 
findings highlight obesity as a key risk factor for breast cancer, emphasizing the importance of primary prevention through 
weight loss. Further research is needed to confirm these findings and to investigate the molecular mechanisms by which 
adipokines exert differential effects across subtypes, potentially paving the way for subtype-specific therapeutic strategies.
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