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Abstract: The tumor immune microenvironment (TIME) plays a critical role in cancer development and response 
to immunotherapy. Immune checkpoint inhibitors aim to reverse the immunosuppressive effects of the TIME, 
but their success has been limited. Immunotherapy directed at PD-1/PD-L1 has been widely employed, yielding 
positive results. Unfortunately, the gradual emergence of resistance to PD-1/PD-L1 inhibition has diminished the 
effectiveness of this immunotherapy in cancer patients, emphasizing the need for new compounds that will be 
more effective in managing immunotherapy. This study investigated the effect of the natural compound cardamo-
nin on PD-L1 expression and its ability to modulate the TIME, which could overcome immunotherapy resistance in 
triple-negative breast cancer (TNBC). This investigation used two genetically distinct triple-negative breast cancer 
cell lines, MDA-MB-231 (MDA-231) and MDA-MB-468 (MDA-468). The results show that TNBC cell treatment with 
cardamonin inhibited PD-L1 expression and reduced JAK1 and STAT3 levels in MDA-231 cells, while it increased 
JAK1 expression in MDA-468 cells. Also, cardamonin increased the expression of Nrf2 in both cell lines. In addition, 
cardamonin decreased MUC1, NF-κB1, and NF-κB2 expression in MDA-MB-231 cells and selectively reduced NF-
κB1 expression in MDA-468 cells. Furthermore, cardamonin very potently reduced the inflammatory cytokine CCL2 
levels. The decrease in CCL2 release reduces the chemoattraction of macrophages in the tumor microenvironment, 
which may increase the effectiveness of PD-1/PD-L1 inhibition and allow T-cell infiltration. These findings suggest 
that the cardamonin modulation of TIME holds promise in reversing resistance of PD-1/PD-L1 inhibition when it is 
used along with immunotherapy in TNBC treatment.
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Introduction

Breast cancer (BC) remains the most prevalent 
disease and prominent cause of tumor-associ-
ated mortality among women. Meanwhile, 
Triple-Negative Breast Cancer (TNBC) repre-
sents 15-20% of all BCs. TNBC is highly inva-
sive and lacks three common receptors found 
in other types of BC: estrogen, progesterone, 
and human epidermal growth factor receptor 2. 
TNBC is differentiated by a unique molecular 
profile, aggressive character, distinct metastat-
ic outline, and lack of targeted therapies, which 
challenges current therapy options [1]. Although 
chemotherapy remains the backbone of BC 
treatment, with continuous treatment, the 

tumors become resistant to the cytotoxic drugs 
in most TNBC patients, who become unrespon-
sive to the drugs [2], leading to relapses and 
metastasis to other parts of the body [3]. 

Since the last decade, cancer treatments have 
gone through a revolution. Cancer tumors were 
broadly targeted toward using antibody-based 
immunotherapies that can modulate immune 
responses against tumors. The use of “immune-
checkpoint blockade” to stop the receptor and/
or ligand interactions of molecules, such as the 
programmed cell death protein 1 (PD-1) and its 
ligand (PD-L1), which reduce T cell activation or 
function [4]. This type of therapy has shown 
substantial clinical benefits to many breast can-
cer patients [5]. 
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Moreover, recent advances in immunotherapy 
have highlighted the need to target the tumor 
immune microenvironment (TIME) to enhance 
treatment efficacy [5]. TIME is critical in cancer 
development and treatment resistance, affect-
ing patients’ clinical outcomes [5]. The TIME is 
composed of tumor and non-tumor cells involv-
ing multiple cytokines. Because of the dynamic 
nature of the TIME, secretion of cytokines, 
growth factors, and tissue matrix remodeling by 
tumor cells are involved in the suppression of 
immune cells [6]. These cells develop complex 
associations throughout the malignant pro-
gression by activating the inhibitory immune 
checkpoints, causing treatment resistance [5]. 

In the tumor microenvironment (TME), CCL2/
MCP1 (Chemokine C-C Motif Ligand 2/
Monocyte Chemotactic Protein-1) is a critical 
mediator between tumor and host cells. CCL2 
is considered the strongest chemoattractant 
chemokine associated with the recruitment of 
macrophages and a potent inflammation initia-
tor. It was reported to attract other host cells in 
the TME and regulate their differentiation in 
collaboration with other cytokines [7]. The dis-
tinct mechanisms used by CCL2 to regulate  
the tumor immune microenvironment are strict-
ly controlled by tumor and tumor-infiltrating 
immune cells and the tumor stroma. CCL2 over-
expression induces tumor metastasis, inva-
sion, and immune resistance, and in tumor 
patients, it represents a poor prognosis due to 
the accumulation of immunosuppressive cell 
subtypes [7]. 

Moreover, activating mTOR, the downstream 
signal of the PI3K/AKT signaling, and NF-κB 
enhanced the expression and release of CCL2, 
inducing the recruitment of tumor-associated 
macrophages (TAMs) [8]. Also, NF-κB activation 
enhances inflammation via cytokines up-regu-
lation and immune response by activating che-
mokines, including CCL2 [9]. The blockage of 
the CCL2 receptor, named CCR2, enhanced the 
therapeutic efficacy of the PD-1 inhibition in 
cancers, indicating that the combination of 
anti-PD-1/PD-L1 and CCR2-targeted therapy 
may lead to better efficacy when compared to 
either agent alone [10]. CCL2 inhibits traffick-
ing of cytotoxic T cells by binding with CCR2 of 
the T cell receptor [11]. Thus, when CCL2 and 
PD-L1 are induced at the same time by PI3K/
AKT and NF-κB activation, PD-1/PD-L1 inhibitor 
resistance can occur due to the release of 

CCL2, even though the PD-L1 inhibitor entirely 
blocks PD-L1 [12].

The PD-1/PD-L1 axis is one of the main path-
ways of tumor immune escape, suggesting that 
regulating PD-L1 expression could help to 
manipulate the TIME components [13]. Hence, 
blocking immune checkpoints, such as PD-1 
and PD-L1, can improve the therapeutic effect 
against tumors by boosting the activity of cyto-
toxic T cells in the TIME [12]. On the other hand, 
Nrf2, an upstream transcriptional activator, 
can also regulate PD-L1 expression. Nrf2 and 
PD-L1 signaling were reported to co-regulate 
cancer functions, which can be considered a 
prospective alternative strategy for PD-1/
PD-L1 antibody-based treatments [14]. Also, 
NF-κB, an essential key to inflammatory pro-
cesses and immunity, has emerged as a critical 
positive regulator of PD-L1 expression [15, 16].

Although studies show that patients who show 
high levels of PD-L1 expression from tumor 
cells are more likely to benefit from immune 
checkpoint inhibitors, PD-L1 expression alone 
cannot adequately predict the efficacy of these 
inhibitors [17-19]. Therefore, investigating com-
pounds that can inhibit PD-L1 levels and modu-
late the components of the TIME is crucial to 
developing more effective immunotherapies. 

A recent approach to developing better thera-
peutic agents with less toxicity and side effects 
for treating TNBC and with the potential to over-
come drug resistance and immune resistance 
is the investigation of natural compounds, spe-
cifically flavonoids [20, 21]. Multiple articles 
have described their great potential as antican-
cer compounds that modulate ROS-scavenging 
enzyme activities, induce cell cycle arrest and 
apoptosis, modulate autophagy, suppress pro-
liferation and invasiveness of cancer cells, and 
modulate signaling pathways that are activated 
during cancer development and progression 
[22-25]. Cardamonin is a flavonoid that has 
been described as a promising anticancer 
agent against breast [26, 27], cervical [28], 
colon [29, 30], gastric [31], lung [32, 33], ovar-
ian [34], and prostate cancer [35, 36]. In TNBC 
cells, cardamonin showed cytotoxicity by induc-
ing apoptosis and cell cycle arrest via modula-
tion of Bcl-2, Bax, cyt-C, cleaved caspase-3, 
and PARP [27]. It also downregulated invasion 
and migration of cells and reduced stability and 
nuclear translocation of β-catenin, accompa-
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nied by downregulation of β-catenin target 
genes [27]. Moreover, cardamonin inhibited 
MDA-231 and MCF-7 BC cell proliferation by 
inducing G2/M arrest and apoptosis [26]. 
Although many studies have described the 
potential effects of cardamonin against BC, its 
molecular mechanisms in the modulation of 
the TNBC TIME are still to be clarified.

This study aimed to investigate the molecular 
mechanisms of cardamonin in affecting the 
TIME through inhibition of the immune check-
point PD-L1 and modulation of NF-κB, Nrf2, 
CCL2, and other mediators that enhance PD-L1 
expression in tumor cells. This study hypothe-
sized that by modulating the expression of Nrf2 
and decreasing NF-κB and CCL2 levels, carda-
monin would downregulate the expression of 
PD-L1 and help to overcome drug and immune 
resistance. The cardamonin effects were inves-
tigated in two genetically distinct TNBC cell 
lines, MDA-MB-231 (MDA-231) and MDA-MB- 
468 (MDA-468).

Materials and methods 

Reagents

Cardamonin purity ≥ 98% (HPLC grade), Alamar 
Blue®, dimethyl sulfoxide (DMSO), chloroform, 
Interferon-gamma (IFN-γ), and isopropyl alcohol 
were purchased from Sigma-Aldrich Co. (St. 
Louis, MO, USA). Fetal bovine serum heat-inac-
tivated (FBS-HI), Dulbecco’s modified Eagle’s 
medium (DMEM) high glucose; penicillin/strep-
tomycin and phosphate-buffered saline (PBS) 
were purchased from Genesee Scientific (San 
Diego, CA, USA), and TRIzol from Thermo 
Fischer Scientific (Wilmington, DE, USA). The 
SYBR Green, iScript advanced reverse tran-
scriptase kit, and specific primers were pur-
chased from Bio-Rad (Hercules, CA, USA). The 
Wes analysis plates and reagents were 
obtained from ProteinSimple (San Jose, CA, 
USA). Antibodies were purchased from Cell 
Signaling Technology (Danvers, MA, USA). The 
ELISA kit for PD-L1 (Cat# ELH-B7H1-1) and 
CCL2 (Cat# ELH-MCP1) and tumor necrosis 
factor-alpha (TNF-α) were purchased from 
RayBiotech (Norcross, GA, USA).

Cell culture

TNBC cell lines MDA-231 (Caucasian American) 
and MDA-468 (African American) were pur-
chased from the American Type Culture 

Collection (ATCC). The cells were cultured in 
DMEM supplemented with 10% FBS-HI and 1% 
penicillin (100 U/mL)/streptomycin (0.1 mg/
mL). Cells were incubated at 5% CO2 and 37°C, 
subcultured in T-75 flasks, and left to grow to 
90% confluency before starting the experi-
ments. The DMEM experimental medium was 
supplemented with 2.5% FBS-HI; no penicillin/
streptomycin was added.

Cell viability 

The TNBC cells were seeded at a density of 
3×104 cells/100 µL/well in 96-well plates and 
incubated overnight using experimental media. 
The next day, cells were treated with DMSO, 
IFN-γ (100 ng/mL), and cardamonin (concen-
trations ranging from 0.78-200 µM) with or 
without IFN-γ (100 ng/mL) and incubated for 
another 24 h. The cells were treated with IFN-γ 
1 h before adding cardamonin concentrations. 
The compound was dissolved in DMSO, with a 
final concentration not exceeding 0.1%. Each 
treatment (volume of 100 µL) was added to the 
plates containing cells, with a final volume of 
200 µL. A volume of 20 µL of Alamar Blue® 
solution (0.5 mg/mL) (Resazurin) assay was 
used to assess cell viability and was incubated 
for 4 h. Then, a microplate reader Infinite M200 
(Tecan Trading AG) was used to read the fluo-
rescence of excitation/emission at 550/580 
nm wavelengths. Fluorescence changes were 
observed as resazurin was reduced to resorufin 
by the viable cells. The fluorescent signal was 
proportional to the number of viable cells in 
each treatment, and the data were shown as a 
percentage of alive, untreated controls.

Real-time polymerase chain reaction (RT-PCR)

RNA isolation: Cells were exposed to treat-
ments for 24 h, including DMSO, cardamon-
treated (12-50 µM), TNF-α-stimulated (50 ng/
mL) or IFN-γ-stimulated (100 ng/mL), and co-
treated with cardamonin + TNF-α (50 ng/mL) or 
IFN-γ (100 ng/mL), according to the purpose of 
each experiment. The cells were treated with 
IFN-γ or TNF-α 1 h before adding cardamonin 
concentrations. After 24 h, cells were harvest-
ed, and cell pellets were prepared. Each pellet 
was homogenized with 1 mL of TRIzol, and 200 
μL of chloroform was added to each lysed sam-
ple. For 3-5 min, the samples were sat on a 
rack at room temperature, vortexed for 15-30 
sec, and then centrifuged at 11,000 rpm for 12 
min at 2-8°C. Tubes containing 500 μL of iso-
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propyl alcohol were used to collect the super-
natant of the different samples. Tubes were 
inverted 3 times and then incubated for 10 min 
at room temperature. To obtain RNA precipi-
tate, samples were centrifuged at 11,000 rpm 
for 12 min at 2-8°C, and the supernatant was 
removed. Pellets were washed with 75% etha-
nol and centrifuged at 9,000 rpm for 5 min at 
2-8°C. Then, the ethanol was removed, and the 
tubes were left at room temperature for 20 
minutes to allow ethanol droplets to evaporate. 
The pellets were dissolved in 30 μL of RNase-
free water and incubated for 30 min on ice. 
RNA purity and quantification were determined 
using Nanodrop (Thermo Fischer Scientific, 
Wilmington, DE, USA).

cDNA synthesis and RT-PCR: The cDNA strands 
were synthesized from mRNA using iScript 
advanced transcriptase from Bio-Rad. A combi-
nation of 4 µL of 5× iScript advanced reaction 
mix, 1 µL of reverse transcriptase, 5 µL of the 
sample (1.5 ug/reaction), and 10 µL of water 
were combined in a 0.2 mL tube in a total vol-
ume of 20 µL and vortexed for 30 sec. Reverse 
transcription was performed using the thermo-
cycler program at 46°C for 20 min and 95°C for 
1 min. For the RT-PCR amplification procedure, 
a mixture of 1 µL of the sample (200 ng cDNA/
reaction), 10 µL of master mix, 1 µL of primer, 
and 8 µL of water was added to each well. The 
thermal cycling protocol included an initial hold-
ing step at 95°C for 2 min and denaturation at 
95°C for 15 sec, followed by 40 cycles of 60°C 
for 30 sec (annealing/extension) and 60°C for 
5 sec/step (melting curve) using the Bio-Rad 
CFX96 Real-Time System (Hercules, CA, USA). 
The individual primers used were specific to 
each gene of interest. The Unique Assay ID for 
the primers is described as follows: Nrf2 
(qHsaCED0038543); KEAP1 (qHsaCID001- 
7511); MUC1 (qHsaCED00198); JAK1 (qHsaC-
ID000878); STAT3 (qHsaCID001091); NF-κB1 
(qHsaCED00023); NF-κB2 (qHsaCED00198); 
CCL2 (qHsaCID0011608).

Capillary electrophoresis Wes analysis

For the determination of protein expression, 
treatments consisted of control (DMSO), IFN-γ 
(100 ng/mL), cardamonin (concentrations of 
12.5 µM and 25 µM) + IFN-γ (100 ng/mL). The 
cells were treated with IFN-γ 1 h before adding 
cardamonin concentrations. At 24 hours of 
treatment, pellets were prepared, and a lysis 

buffer containing a protease inhibitor cocktail 
was added. Cells were sonicated with protease, 
centrifuged, and the supernatant was collect-
ed. Protein concentration was measured with 
the bicinchoninic acid (BCA) Protein Assay Kit 
(Item # 23225). Standards from 0 to 2000 µg/
mL concentration, samples, and protein assay 
reagent were added to the 96-well plate. The 
Synergy H.T.X. Multi-Reader (BioTek, USA) was 
used to measure the concentration of proteins 
at 562 nm wavelength. Protein expression was 
determined using automated Wes™ Protein- 
Simple (San Jose, CA, USA). ProteinSimple pro-
vided reagents and plates, and the analysis 
was completed according to the protocol. The 
antibody and protein concentrations to be  
used were based on optimization experiments. 
Proteins were integrated with a master mix to 
obtain final concentrations of 0.25-1 mg/mL 
total protein, 1× sample buffer, 1× fluorescent 
molecular weight markers, and 40 mM dithi- 
othreitol. For 5 min, samples were heated to 
95°C. The blocking solution, samples, primary 
antibodies (dilution: 1:5 to 1:125), chemilumi-
nescent substrate, horseradish peroxidase-
conjugated secondary antibodies, and separa-
tion and stacking matrices were inserted into 
assigned wells into a microplate. The target 
protein was analyzed using a specific primary 
antibody, an HRP-conjugated secondary anti-
body, and a chemiluminescent substrate. The 
microplate was loaded and inserted into the 
instrument, and the fully automated elec- 
trophoresis and immunodetection were per-
formed. The device camera captured Chemilu- 
minescence, and the digital image was ana-
lyzed and quantified using the ProteinSimple 
Compass software (Wes-WS2709). Protein 
expression was normalized using GAPDH as  
the loading control, and the normalization was 
calculated using ProteinSimple Compass Soft- 
ware. The selected Cell Signaling antibody are 
described as follows: NRF2 (E3J1V) Rabbit mAb 
#33649; GAPDH (D16H11) XP® Rabbit mAb 
#5174.

ELISA

The effect of cardamonin on PD-L1 expression 
was investigated using a quantitative ELISA 
assay. The cells were treated with IFN-γ or 
TNF-α 1 h before adding cardamonin concen-
trations. Supernatants from control (DMSO), 
IFN-γ (100 ng/mL), TNF-α (50 ng/mL), and car-
damonin + TNF-α (50 ng/mL) or IFN-γ (100 ng/
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mL) treated cells were collected and centri-
fuged at 2,000×g for 10 minutes to remove 
debris. A volume of 100 μL of samples or stan-
dards was added to the wells and left for 2.5 h 
under gentle agitation. The plate was washed, 
100 μL of antibody cocktail was added to the 
wells, and the plate was incubated for 1 h. After 
this, the plate was washed, 100 μL of streptavi-
din was added, and after 45 min of incubation, 
the substrate reagent was incubated for 30 
min. After adding 50 μL of stock solution, the 
data was quantified by determining the optical 
density at 450 nm (Synergy HTX multi-Reader-
BioTek, USA). 

Data analysis 

Statistical analysis was performed using Gra- 
phPad Prism (version 9.4.1) (San Diego, CA, 
USA). All data points were expressed as the 
mean ± SEM from 3 independent experiments, 
and the Statistical significance among the sam-
ples was calculated using a one-way ANOVA 
and Dunnett’s multiple comparison tests (*P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001, ns = P > 0.05). Gene expression analy-
sis was performed with the CFX 3.1 Manager 
software (Bio-Rad, Hercules, CA), and the pro-
tein expression was analyzed with ProteinSimple 
Compass software - Wes-WS2709 (San Jose, 
CA 95134, USA). STRING (Search Tool for 
Retrieving Interacting Genes/proteins: https://
string-db.org/ accessed on July 23, 2024) [37] 
database was utilized to display gene and pro-
tein interactions.

Results

Cardamonin cytotoxic effects

Cell viability was conducted using Alamar Blue® 
reagent at a 24-hour treatment period. TNBC 
cells were treated with cardamonin or co-treat-
ed with cardamonin and IFN-γ. A dose-response 
curve was observed as cardamonin concentra-
tions increased (Figure 1A and 1B). The cell 
viability of both cell lines showed no statistical 
difference after IFN-γ treatment compared to 
the control. In the MDA-231 cells, the co-treat-
ment of cardamonin and IFN-γ did not cause 
any statistically significant changes in cell via-
bility at cardamonin concentrations from 0.78 
to 6.25 µM. However, as cardamonin concen-
tration increased from 12.5 to 200 µM, a dose-
response was observed (Figure 1C). In the 

MDA-468 cells, cardamonin concentrations of 
0.78 and 1.56 µM did not cause any statisti-
cally significant effect; however, the concentra-
tions from 3.12 to 200 µM induced a dose-
response curve (Figure 1D). The IC50s calcu-
lated for both cell lines indicates that MDA-468 
cells (38.1 ± 0.9 µM) are more sensitive to car-
damonin effects compared to MDA-231 cells 
(57.4 ± 7.4 µM). Based on these results, we 
selected the concentrations of 12.5, 25.0, and 
50.0 µM to be used in further experiments.

Cardamonin effects on cell morphology 

A phase contrast microscope was used to ana-
lyze the effects of the different treatments on 
the cellular morphology of MDA-231 and MDA-
468 cell lines at 24 h. Cells were photographed 
at 40× magnification. The treatments consist-
ed of control (DMSO), IFN-γ (100 ng/mL), and 
concentrations of cardamonin ranging from 
12.5-50 μM. In the MDA-231 cells, the control 
group was treated with DMSO (< 0.1%) and 
showed intact, long, and thin spindle-shaped 
cells (Figure 2A). The same treatment on the 
MDA-468 cells showed a mixture of rounded 
and long spindle-shaped cells (Figure 2B). The 
IFN-γ treatment did not cause any modification 
on the morphology of the cells in neither cell 
lines compared to the control, which was 
expected since the concentration used was not 
cytotoxic. In the MDA-231 cells, cardamonin 
induced noticeable morphological changes at 
the concentration of 50 μM, where cells shifted 
from a spindle to a small spherical shape. In the 
MDA-468 cells, the spindle-shaped cells disap-
peared after the treatment with 50 μM of car-
damonin, and the cells displayed shrunken to 
smaller rounded cellular shapes (Figure 2A and 
2B).

Cardamonin effects on mRNA and protein ex-
pression of PD-L1

To investigate the effects of cardamonin on the 
mRNA expression of PD-L1, RT-PCR using 
PD-L1 individual primer was conducted. Data 
showed that MDA-231 cells exhibit a basal level 
of PD-L1 expression, which was not observed 
in the MDA-468 cells. In both MDA-231 and 
468 cells, there was no increase in PD-L1 
expression when cardamonin was tested in 
concentrations of 12.5, 25, and 50 µM, with 
levels of expression going lower than the con-
trol in the MDA-231 cells. The treatment with 
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IFN-γ caused an increase in PD-L1 expression 
by 4-fold in the MDA-231 and by 20-fold in the 
MDA-468 cells at 24 h, compared to the con-
trol. When cells were co-treated with cardamo-
nin and IFN-γ, there was a concentration-
dependent decrease in the expression of PD-L1 
(Figure 3A and 3B). In MDA-231 cells, there 
was a 74% inhibition on the mRNA expression 
of PD-L1, and in MDA-468 cells, a decrease of 
84%, showing a higher inhibition of PD-L1 in 
the MDA-468 cells. To confirm the results at 
the protein level, ELISA kits specific for PD-L1 
were used to investigate the effect of cardamo-
nin on the expression of PD-L1. The results 
showed a high protein expression of PD-L1 
after IFN-γ treatment and a decrease in PD-L1 
expression with the co-treatment, confirming 
the data on the transcription level. In MDA-231 
cells, at the highest concentration of cardamo-

nin (50 µM), the protein expression of PD-L1 
was inhibited by 59%, and in MDA-468 cells, 
the inhibition of PD-L1 protein expression 
reached 100% (Figure 3C and 3D).

Cardamonin effects on Nrf2 and Keap1 mRNA 
expression 

In this study, Nrf2 and Keap1 mRNA expres-
sions were investigated in both cell lines using 
RT-PCR with individual primers. The data 
showed that cardamonin increased Nrf2 
expression in the MDA-231 cells but not in the 
MDA-468 cells compared to the control. The 
IFN-γ treatment did not cause any increase in 
the mRNA expression of Nrf2 in either one of 
the cell lines at 24 h, compared to the control. 
However, when cardamonin was co-treated 
with IFN-γ, there was a significant increase in 

Figure 1. The effect of cardamonin on cell viability in MDA-231 (A and C) and MDA-468 (B and D) TNBC cells treated 
with cardamonin only or co-treated with cardamonin and IFN-γ (100 ng/mL). The concentration range of cardamonin 
varied from 0.78-200 µM, and the control cells were treated with DMSO (< 0.1%). Each experiment was performed 3 
times with n = 5 at 5% CO2 and 37°C. The cytotoxic effect was measured over a 24-h period. The data are presented 
as the mean ± SEM. Statistical significance between control vs. treatments was evaluated by a one-way ANOVA, 
followed by Dunnett’s multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = P 
> 0.05.
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the Nrf2 expression at the concentration of 
25.0 µM in the MDA-231 and concentrations of 
25 and 50.0 µM in the MDA-468 cells (Figure 
4A and 4B). When analyzing the effect of carda-
monin in Keap1 expression, the results showed 
an increase in the MDA-231 cells at the con-
centration of 25 µM and in the MDA-468 at the 
concentration of 12.5 and 25 µM. The co-treat-
ment with IFN-γ showed no significant increase 
in the mRNA expression of Keap1 in the MDA-
231 cells, but there was a 1.7-fold increase in 
the MDA-468 cells. The co-treatment with car-
damonin and IFN-γ revealed that one concen-

To investigate a possible mechanism for the 
inhibitory effects of cardamonin on the expres-
sion of PD-L1, RT-PCR assays were conducted 
with specific primers for MUC1, JAK1, and 
STAT3, which are genes that modulate PD-L1 
activation. The results showed that the carda-
monin effect modulated the expression of 
these genes differently. The IFN-γ treatment 
induced the expression of all the genes except 
for JAK1 on the MDA-468 cells (Figure 6D), 
which had no statistically significant increase in 
the expression levels compared to the control. 
In the MDA-231 cells, the co-treatment of IFN-γ 

Figure 2. Morphological changes induced by cardamonin on MDA-231 (A) 
and MDA-468 (B) TNBC cells. Morphological changes induced by cardamo-
nin (12.5-50 µM) in MDA-231 and MDA-468 cells were photographed at 
24 h. Cells were visualized using phase contrast and photographed at 40× 
magnification. Images were captured using the Olympus Cell Sens Standard 
Cytation5 cell Imaging reader (BioTek Instruments, Inc., Winooski, VT, USA).

tration of cardamonin (12.5 
µM) induced the expression of 
Keap1 in MDA-231. Still, in the 
MDA-468 cells, 12.5 and 25 
µM concentrations showed a 
statistically significant effect 
compared to the control 
(Figure 4C and 4D).

Cardamonin effects on Nrf2 
protein expression 

To investigate the effect of 
cardamonin on Nrf2 protein 
expression, capillary electro-
phoresis, Wes analysis was 
performed with a specific anti-
body against total Nrf2 pro-
tein. The data demonstrated 
that the activation with IFN-γ 
did not cause any significant 
change in the protein expres-
sion of Nrf2 in either cell  
line compared to the control. 
However, at 25 µM, cardamo-
nin significantly increased the 
Nrf2 protein expression in 
both cell lines in the presence 
of IFN-γ at a 24-h treatment 
period. These data confirm 
the results obtained at the 
transcription level, showing an 
increase in Nrf2 expression in 
both MDA-231 and MDA-468 
TNBC cells at the concentra-
tion of 25 µM (Figure 5A-D).

Cardamonin effects on the 
mRNA expression of PD-L1 
inducers 
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and cardamonin promoted a statistically signifi-
cant decrease in the mRNA expression of 
MUC1, JAK1, and STAT3 expression, compared 
to IFN-γ treatment alone (Figure 6A, 6C, 6E). In 
the MDA-468 cells, the co-treatment caused a 
reduction in the mRNA expression of MUC1 and 
STAT3. However, there was an increase in the 
expression of JAK1 compared to IFN-γ treat-
ment alone (Figure 6B, 6D, 6F). 

Furthermore, the inhibitory effect of cardamo-
nin on genes that activate the NF-κB signaling 
was also investigated using RT-PCR assay with 
specific primers. Treatment with cardamonin 
modulated the expression of NF-κB1 (p50) and 
NF-κB2 (p52) in MDA-231 and MDA-468 cells. 
The data showed that IFN-γ treatment induced 
the expression of NF-κB1 but not NF-κB2 in 
both cell lines (Figure 6G-J). After cardamonin 

treatment, the MDA-231 cells showed a 
reduced expression of NF-κB1 in concentra-
tions from 12 to 50 µM and in the MDA-468 
cells, concentrations from 12.5 to 50 µM of 
cardamonin caused an inhibition of 50% in the 
expression of NF-κB1, compared to IFN-γ treat-
ment (Figure 6G and 6I). Even though IFN-γ 
treatment did not cause any statistically signifi-
cant increase in NF-κB2 expression, cardamo-
nin (50 µM) reduced levels of NF-κB2 to lower 
than the basal levels observed in the control of 
the MDA-231 cells, while having no significant 
effect on the MDA-468 cells (Figure 6H and 
6J). 

Cardamonin effect on the mRNA and protein 
expression of CCL2

The effect of cardamonin on the gene and pro-
tein expression of CCL2 was investigated using 

Figure 3. The effect of cardamonin on normalized mRNA (A and B) and protein expression of PD-L1 (C and D) in 
MDA-231 (A and C) and MDA-468 (B and D) TNBC cells. Concentrations of cardamonin tested were in the range of 
12.5-50 µM with or without IFN-γ (100 ng/mL), and control cells were treated with DMSO (< 0.1%). Each experiment 
was performed 3 times with n = 5 at 5% CO2 and 37°C. The data are presented as the mean ± SEM. Statistical 
significance between IFN-γ vs. treatments was evaluated by a one-way ANOVA, followed by Dunnett’s multiple com-
parison tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = P > 0.05.
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TNF-α to stimulate the cells. The data show that 
TNF-α in the concentration of 50 ng/mL induce 
the expression of CCL2 and does not present 
cytotoxicity [38, 39]. The RT-PCR assay data 
showed that TNF-α induced the expression of 
CCL2, showing a 5-fold increase in the MDA-
231 cells and a 150-fold increase in the MDA-
468 cells. With the combination of TNF-α and 
cardamonin, there was a decrease of 21-fold in 
the mRNA expression of CCL2 in the MDA-231 
and a 159-fold decrease in the MDA-468 cells 
(Figure 7A and 7B). At the protein level, TNF-α 
induced a 5-fold increase in the expression of 
CCL2 in the MDA-231 cells and a 43-fold 
increase in the MDA-468 cells compared to the 
control. When cardamonin and TNF-α were 
combined, there was a 3 and 5-fold decrease in 
CCL2 protein expression in the MDA-231 and 

MDA-468 cells, respectively, compared to 
TNF-α alone (Figure 7C and 7D). These results 
show that CCL2 mRNA expression was inhibit-
ed by more than 90%, returning to control lev-
els or less, and CCL2 protein expression was 
reduced by more than 60% after cardamonin 
treatment in both cell lines.

Functional enrichment analysis of proteins 
(STRING)

The bioinformatics tool STRING integrated all 
predicted associations between genes and pro-
teins investigated in the present study, includ-
ing functional associations and physical inter-
actions. STRING is a proteomic database that 
uses computational prediction, experimental 
data, and scientific literature. This database 

Figure 4. The effect of cardamonin on Nrf2 (A and B) and Keap1 (C and D) normalized mRNA expression in MDA-231 
(A and C) and MDA-468 (B and D) TNBC cells. Concentrations of cardamonin tested were in ranges from 12.5-50 µM 
with or without IFN-γ (100 ng/mL), and the control cells were treated with DMSO (< 0.1%). Each experiment was per-
formed 3 times with n = 5 at 5% CO2 and 37°C. The data are presented as the mean ± SEM. Statistical significance 
between control vs. treatments was evaluated by a one-way ANOVA, followed by Dunnett’s multiple comparison 
tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = P > 0.05.
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was used to perform the functional enrichment 
and association analysis of PD-L1, Nrf2, CCL2, 
MUC1, JAK1, and STAT3. The network displayed 
the direct interaction between genes and pro-
teins with predicted functional partners (Figure 
8). Each interaction scored from zero to one. 
According to the available evidence, the num-
bers showed the probability of interaction if it 
exists. The thickness of the edges showed pro-
tein-protein association confidence levels from 
lowest to highest (0.150-0.900). The figure 
does not show the finest line representing low 
interaction since all the interactions surpassed 
the lowest confidence index. There was a medi-
um level of association between CCL2 and 
MUC1 (0.414), and the highest interaction 
occurred between JAK1 and STAT3 (0.999), 
confirming strong interaction between the 
genes and proteins selected in this study (Table 
1).

Discussion

Recent studies have highlighted the critical role 
of the TIME in BC development, progression, 
and response to immunotherapy. TIME com-
prises a complex network of immune cells, sig-
naling molecules, and stromal components 
that can either induce or reduce tumor growth 
[5, 40], and other non-malignant cells sur-

PD-L1 binding to the receptor inhibits T-cell 
activation and is considered a key contribution 
to immune resistance in the TIME [46]. PD-1 
and tumor-infiltrating lymphocytes (TILs) relate 
to worse overall survival in patients with BC [47, 
48]. At the same time, high levels of PD-L1 
were reported with increased levels of TILs and 
high-grade hormone receptor-negative, HER2 
overexpressed tumors and TNBCs [49]. 
Compared to other subtypes, TNBC has a high-
er rate of PD-L1 expression, providing a poten-
tial therapeutic target with antibody inhibitors 
of PD-1 or PD-L1 [50, 51]. Therefore, blocking 
the PD-1/PD-L1 axis has become a promising 
direction to halt immune suppression and rein-
state the function of the immune system [13, 
16]. However, it was demonstrated that even by 
blocking the binding of PD-L1 with PD-1 com-
pletely with PD-L1/PD-1 inhibitors, the overex-
pression of CCL2 by PI3K/AKT and NF-κB acti-
vation still may induce PD-L1/PD-1 inhibitors 
resistance by preventing cytotoxic T cell track-
ing towards to tumor [12]. The expression of 
these immune checkpoint molecules is often 
upregulated in response to inflammatory sig-
nals within the TIME, further inhibiting T-cell 
activation and function. Meanwhile, tumors can 
also induce immunosuppression through the 
regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), and cytokines (e.g., TGF-

Figure 5. The effect of cardamonin on Nrf2 protein expression (A and C) in 
MDA-231 and MDA-468 TNBC cells. Bands (B and D) represent the protein 
expression of four treatments at 24 h. A one-way ANOVA evaluated the sta-
tistical significance between control vs. all treatments and control vs. treat-
ments, followed by Dunnett’s multiple comparison test. ns = non-significant, 
***P < 0.001.

rounding the tumor, plus a 
complex signaling molecule 
network that endures the 
internal connections of the 
microenvironment, including 
growth factors, cytokines, 
chemokines, and exosomes 
[41, 42]. This association 
between tumor cells and their 
immune microenvironment is 
crucial in cancer proliferation, 
propagation, and therapy re- 
sponse [43]. One essential 
means of survival is tumor 
immune escape, when cells 
avoid recognition and attack 
by the immune system, allow-
ing them to grow and metasta-
size [44]. Also, tumor cells 
exploit immune checkpoints, 
such as PD-1/PD-L1, to sup-
press T cell activity and evade 
immune surveillance [45]. 

about:blank
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β) to create an immu- 
nosuppressive microenviron-
ment [45]. Moreover, tumors 
can secrete immunosuppres-
sive factors (e.g., IL-10, VEGF) 
that inhibit immune responses 
[45].

Currently, the FDA-approved 
immune checkpoint inhibitors 
(atezolizumab, avelumab, and 
durvalumab) targeting the 
PD-1/PD-L1 pathway require 
the measurement of PD-L1 
[52]. Since 2019, atezolizum-
ab has been used in combina-
tion with protein-bound pacli-
taxel in patients whose tumors 
express PD-L1 for metastatic 
TNBC [53]. However, because 
of the low efficacy and numer-
ous undesirable side effects 
along with the treatment [52], 
there is a need to find combi-
natory therapies that could be 
more efficient and with fewer 
toxic effects. For this reason, 
this study investigated the 
effect of the flavonoid carda-
monin on the expression of 
PD-L1 in the stimulated TNBC 
cells and found that PD-L1 lev-
els differ between the MDA-
231 and MDA-468 cells after 

Figure 6. The effect of cardamonin on normalized mRNA expression of MUC1 (A and B), JAK1 (C and D), STAT3 (E 
and F), NF-κB1 (G and H), and NF-κB2 (I and J) in MDA-231 and MDA-468 TNBC cells. Concentrations of cardamonin 
tested were in the range of 12.5-50 µM with or without IFN-γ (100 ng/mL), and the control cells were treated with 
DMSO (< 0.1%). Each experiment was performed 3 times with n = 5 at 5% CO2 and 37°C. The data are presented as 
the mean ± SEM. Statistical significance between IFN-γ vs. treatments was evaluated by a one-way ANOVA, followed 
by Dunnett’s multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = P > 0.05.

Figure 7. The effect of cardamonin on normalized mRNA (A and B) and pro-
tein expression of CCL2 (C and D) in MDA-231 and MDA-468 TNBC cells. 
The concentration of cardamonin used was 12.5 µM with or without TNF-α 
(50 ng/mL), and the control cells were treated with DMSO (< 0.1%). Each 
experiment was performed 3 times with n = 5 at 5% CO2 and 37°C. The data 
are presented as the mean ± SEM. Statistical significance between control 
vs. treatments was evaluated by a one-way ANOVA, followed by Dunnett’s 
multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001, ns = P > 0.05.
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stimulation. However, these levels were 
reduced with cardamonin treatment. 

The IFN-γ/JAK/STAT signaling pathway was also 
investigated since this pathway has been 
reported to induce PD-L1 expression in several 
cancers [54-56]. The data showed that carda-
monin treatment decreased the mRNA expres-
sion of JAK1 and STAT3 in the stimulated MDA-
231 cells, differing from the MDA-468 cells, 
where just STAT3 levels were decreased. 
Studies show that in the TIME, infiltrated T lym-
phocytes can activate the JAK/STAT signaling 
pathway after IFN-γ stimulation [57], which may 
induce the expression of PD-L1. Literature has 
also implied that dysregulated JAK/STAT signal-
ing represents a promising therapeutic target 
for the modulation of immune responses [58]. 
Likewise, JAK1/JAK2 mutations blocked PD-L1 
induction, protecting cancer cells from the 
immune system attack [59]. In concordance 
with the present study’s findings, these results 

directly activates the β-catenin→TCF4→MYC 
and NF-κB p65 pathways, thereby inducing the 
transcription of target genes [62, 64]. Studies 
showed that MUC1 overexpression, and partic-
ularly the oncogenic MUC1-C subunit, by cancer 
cells is related to protection from killing by 
TRAIL, Fas ligand, and T-cell perforin/granzyme 
B-mediated lysis [65, 66], supporting the con-
cept that MUC1-C contributes to immune eva-
sion. The oncogenic MUC1-C targeting was suf-
ficient to suppress PD-L1 expression in TNBC 
cells, showing that MUC1-C increased PD-L1 
transcription by recruiting MYC and NF-κB p65 
to the PD-L1 promoter [67]. Therefore, the lit-
erature agrees with the results of this study, 
showing that MUC1 would also be a valuable 
target to decrease the levels of PD-L1 and to 
reduce activation of NF-κB signaling. 

NF-κB is a proinflammatory transcription factor 
normally overactivated in BC. It enables the 
growth of a hormone-independent, invasive, 

Figure 8. Functional Enrichment Analysis (STRING) of PD-L1 (CD274), Nrf2 
(NFE2L2), CCL2, MUC1, JAK1, and STAT3 with predicted functional interac-
tion. The legend displays edges representing protein-protein associations 
and the confidence index representing the probability of interactions. 

suggest that inhibiting the 
JAK/STAT signaling pathway 
may improve the efficacy of 
PD-L1 inhibitors in immuno-
therapy. However, additional 
research is needed to confirm 
this hypothesis.

To further investigate the car-
damonin molecular mecha-
nism in inhibiting PD-L1 
expression, the present study 
also evaluated its effect on 
Mucin1 (MUC1) expression, 
which is overexpressed in 
about 90% of TNBCs [60]. The 
results showed that cardamo-
nin treatment significantly 
decreased MUC1 levels in 
both stimulated TNBC cell 
lines. MUC1 works as an onco-
protein that interacts with 
many effectors associated 
with the hallmarks of cancer 
cells [60]. The MUC1-C sub-
unit integrates multiple signal-
ing pathways at the mem-
brane and nucleus of the cells 
[60, 61]. Therefore, MUC1-C 
activates PI3K/AKT and MEK/
ERK signaling in TNBC and 
other BC cells [62, 63]. It also 
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Figure 9. Summary of the anticancer molecular mechanisms of cardamonin. The figure describes the cardamonin 
effect on the upregulation of Nrf2 expression and downregulation of NF-κB, MUC1, JAK1, STAT3, and CCL2 expres-
sion.

Table 1. The table displays the interaction scores
Node1 Node2 Node1 Accession Node 2 Accession Score
CCL2 PD-L1 (CD274) ENSP00000225831 ENSP00000370989 0.690
CCL2 JAK1 ENSP00000225831 ENSP00000499900 0.781
CCL2 MUC1 ENSP00000225831 ENSP00000484824 0.414
CCL2 Nrf2 (NFE2L2) ENSP00000225831 ENSP00000380252 0.581
CCL2 STAT3 ENSP00000225831 ENSP00000264657 0.867
CD274 CCL2 ENSP00000370989 ENSP00000225831 0.690
CD274 JAK1 ENSP00000370989 ENSP00000499900 0.603
CD274 MUC1 ENSP00000370989 ENSP00000484824 0.597
CD274 STAT3 ENSP00000370989 ENSP00000264657 0.992
JAK1 CCL2 ENSP00000499900 ENSP00000225831 0.781
JAK1 PD-L1 (CD274) ENSP00000499900 ENSP00000370989 0.603
JAK1 STAT3 ENSP00000499900 ENSP00000264657 0.999
MUC1 CCL2 ENSP00000484824 ENSP00000225831 0.414
MUC1 PD-L1 (CD274) ENSP00000484824 ENSP00000370989 0.597
MUC1 STAT3 ENSP00000484824 ENSP00000264657 0.752
NFE2L2 CCL2 ENSP00000380252 ENSP00000225831 0.581
NFE2L2 STAT3 ENSP00000380252 ENSP00000264657 0.742
STAT3 CCL2 ENSP00000264657 ENSP00000225831 0.867
STAT3 PD-L1 (CD274) ENSP00000264657 ENSP00000370989 0.992
STAT3 JAK1 ENSP00000264657 ENSP00000499900 0.999
STAT3 MUC1 ENSP00000264657 ENSP00000484824 0.752
STAT3 Nrf2 (NFE2L2) ENSP00000264657 ENSP00000380252 0.742
The numbers in red color represent the highest probabilities of interaction.
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high-grade, and late-stage tumor phenotype 
[68] through abnormal constitutive expression 
of NF-κB subunits (such as c-Rel, p65, and 
p50), which have been extensively reported in 
BCs [69]. The current investigation showed that 
cardamonin decreased the levels of NF-κB1 
and NF-κB2 in the stimulated MDA-231 cells, 
but in the MDA-468, just the expression of 
NF-κB1 was reduced, indicating that the molec-
ular mechanism of cardamonin may differ 
depending on the cell genetics and its origin. 
The results suggest that cardamonin may 
decrease PD-L1 levels through inhibition of 
MUC1 and subsequent reduction in the expres-
sion of NF-κB1 (p50) and NF-κB2 (p52), which 
modulate the activation of the NF-κB signaling 
and further transcription of inflammatory 
cytokines.

These inflammatory cytokines function as TIME 
regulators, representing the main communica-
tion bridge between cancer cells, the tumor 
stroma, and the immune system. Chemokines 
and chemokine receptors were strongly corre-
lated with cancer-associated chronic inflamma-
tion and were considered responsible for the 
recruitment of immune cells. More recent stud-
ies indicate elevated levels of CCL2 in tumor 
tissue, providing further evidence that CCL2 
may lead to tumor spreading and the develop-
ment of a pre-metastatic niche [7]. Moreover, 
CCL2 is the cytokine investigated in human BC 
tissues, cell lines, and animal BC models, and 
the results show the crucial involvement of 
CCL2 in the metastasis of BC [70]. Meanwhile, 
cytokines play a significant role in the expres-
sion of PD-L1 and the activation of immune 
cells [71].

Furthermore, cancer cells dynamically secrete 
CCL2 due to genetic mutations and metabolic 
dysfunction. Likewise, cancer chemotherapy 
and radiotherapy also stimulate CCL2-de- 
pendent chronic inflammation and tumor sur-
vival [7]. In the present study, cardamonin 
treatment reduced the CCL2 mRNA expression 
21-fold in the stimulated MDA-231 cells and 
caused a remarkable downregulation of 159-
fold in the MDA-468 cells. Cardamonin reduced 
CCL2 expression by more than 60% at the pro-
tein level. CCL2 is an inflammatory cytokine 
that induces the enrollment of macrophages in 
the TIME [72], which may diminish the effect of 
the PD-1/PD-L1 inhibitor by postponing infiltra-
tion of T cells, such as CD8+ cytotoxic T cells 

[73]. The increase in CCL2-macrophage recruit-
ment can induce resistance to immunotherapy 
by reducing the infiltration of cytotoxic T cells 
into the tumor. Therefore, CCL2 is considered a 
crucial target in cancer immune treatment 
because it induces cancer growth through 
angiogenesis in the TIME and reduces infiltra-
tion of cytotoxic T cells, reducing immunothera-
py treatment efficiency [88]. Cytokines such as 
CCL2 help suppress antitumor immunity and 
can prevent the cytotoxic effects of CD8+ T 
cells [74]. Therefore, targeting cytokines, such 
as CCL2, in combination with PD-1/PD-L1 inhi-
bition may lead to an increase in T-cell infiltra-
tion, antitumor immunity, and a reduction in 
tumor resistance to immunotherapy [75], im- 
proving the efficacy and decreasing the resis-
tance against immunotherapies [76]. Therefore, 
the results of this investigation corroborate 
with the literature, suggesting that cardamonin 
may help enhance the efficacy of TNBC treat-
ments and reduce immunotherapy resistance 
by lowering the levels of CCL2.

Moreover, our study investigated the effect of 
cardamonin on the activation of Nrf2, which 
induces the transcription of antioxidant genes 
that were reported to block the expression of 
CCL2 and other inflammatory mediators [77]. 
The findings showed that cardamonin signifi-
cantly increased Nrf2 expression in both sti- 
mulated TNBC cell lines. Literature reported 
that peritoneal neutrophils from Nrf2-knockout 
mice treated with LPS presented increased lev-
els of cytokines (TNF-α and IL-6) and chemo-
kines (CCL2 and MIP2) compared to wild-type 
cells [77]. The transferring of the Nrf2 gene to 
human and rabbit aortic smooth muscle cells in 
vitro suppressed CCL2 secretion [78, 79], and 
the expression of Nrf2-dependent HO-1 sup-
pressed TNF-α-stimulated NF-κB and CCL2 
secretion in human umbilical vein endothelial 
cells [80]. This data indicates that, in response 
to inflammatory stimuli, upregulation of Nrf2 
signaling helps to inhibit the overproduction of 
proinflammatory cytokines and chemokines 
and limits NF-κB activation [80]. However, con-
tinued activation of Nrf2 has been reported as 
a driver of the malignant progression of many 
types of cancers, and its function in BC is still 
controversial due to conflicting data. 

In the last decade, numerous studies have 
reported that activation of Nrf2 in cancer cells 
induces cancer progression [81-83] and metas-
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tasis [84], conferring resistance to chemo- and 
radiotherapy [85, 86]. However, with the sup-
port of updated technologies and the discovery 
of new Nrf2 functions, understanding its roles 
in the diverse stages of cancer development 
has advanced significantly. Nrf2 directly upreg-
ulates its target genes or indirectly functions as 
a redox modulator in each cancer hallmark [87, 
88]. Nrf2 was also described as a cytoprotec-
tive transcription factor with positive and nega-
tive effects on cancer [89, 90], protecting both 
normal and cancerous cells from oxidative 
damage, which means that it inhibits malignant 
transformation; however, once cancer is devel-
oped, it resists therapy [91]. This dual role in 
cancer is also observed with the NF-κB signal-
ing pathway, where DNA damage occurs, caus-
ing cell death. Still, as cancer progresses, it 
sets numerous cancer hallmarks, including 
resistance to chemotherapy through cytokine 
overexpression, as observed with CCL2 [92]. 
Nrf2 counteracts the NF-κB action using vari-
ous mechanisms, such as stimulation of anti-
oxidant genes, impairment of the NF-κB signal-
ing pathway, and decreased proinflammatory 
cytokine production [93]. These studies indi-
cate that the increased expression of Nrf2 by 
cardamonin may be beneficial not only due to a 
direct effect on the activation of Nrf2 signaling, 
which is still controversial, but also because of 
indirect effects on NF-κB signaling and CCL2 
release, which are connected to increased 
expression of PD-L1 and resistance to therapy.

The data presented in this study indicates that 
flavonoid cardamonin has the potential to inter-
act with the TIME and exert its action by modu-
lating different pathways. The data show that 
cardamonin significantly decreased MUC1 and 
STAT3 expression in the stimulated MDA-231 
and MDA-468 cells and downregulated JAK1 
mRNA expression only in MD-231 cells. It also 
demonstrates that cardamonin significantly 
increased the Nrf2 protein expression in both 
stimulated TNBC cell lines. In MDA-231 cells, 
there was a 74% inhibition on the mRNA expres-
sion of PD-L1, and in MDA-468 cells, there was 
an inhibition of 84%, showing a higher de- 
crease of PD-L1 levels in the MDA-468 cells. 
Cardamonin also decreased PD-L1 protein 
expression, confirming the data on the tran-
scription level in both stimulated TNBC cell 
lines. In MDA-231 cells, at the highest concen-
tration of cardamonin (50 µM), the protein 

expression of PD-L1 was inhibited by 59%, and 
in MDA-468 cells, the inhibition of PD-L1 pro-
tein expression reached 100%. When cardamo-
nin and TNF-α were combined, there was a 3 
and 5-fold decrease in CCL2 protein expression 
in the MDA-231 and MDA-468 cells, respective-
ly. In addition, using the STRING database, the 
functional enrichment analysis of proteins indi-
cated that all the interactions surpassed the 
lowest confidence index, showing medium to 
high association, confirming a strong correla-
tion between the genes and proteins selected 
in this study. Therefore, modulation of the 
expression of genes and proteins of the differ-
ent signaling pathways examined in this investi-
gation shows cardamonin’s potent anticancer 
effects through remodeling of the TIME. 

Conclusion

The present investigation shows that cardamo-
nin significantly reduced the expression of 
PD-L1 and CCL2 in TNBC cells, suggesting that 
this inhibition could lead to lower levels of 
PD-L1 and subsequent blockage of tumor resis-
tance that happens over time. This study also 
elucidated some of the cardamonin’s molecular 
mechanisms involved in PD-L1 downregulation, 
targeting the JAK/STAT axis and MUC1 produc-
tion. Moreover, cardamonin was effective in 
increasing levels of Nrf2, which is directly relat-
ed to the decrease in NF-κB activation and con-
sequent reduction in CCL2 levels (Figure 9). 
Therefore, the results obtained show potential 
anticancer effects of cardamonin through its 
potent ability to modulate the different genes 
and proteins of the TIME, indicating that carda-
monin can be considered a promising candi-
date along with immune therapy for TNBC.
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