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Neutralizing tumor‑related 
inflammation and reprogramming 
of cancer‑associated fibroblasts 
by Curcumin in breast cancer 
therapy
Elnaz Jalilian 1, Firoozeh Abolhasani‑Zadeh 2, Ali Afgar 3, Arash Samoudi 1, 
Hamid Zeinalynezhad 2 & Ladan Langroudi 1*

Tumor‑associated inflammation plays a vital role in cancer progression. Among the various stromal 
cells, cancer‑associated fibroblasts are promising targets for cancer therapy. Several reports have 
indicated potent anti‑inflammatory effects attributed to Curcumin. This study aimed to investigate 
whether inhibiting the inflammatory function of cancer‑associated fibroblasts (CAFs) with Curcumin 
can restore anticancer immune responses. CAFs were isolated from breast cancer tissues, treated with 
Curcumin, and co‑cultured with patients’ PBMCs to evaluate gene expression and cytokine production 
alterations. Blood and breast tumor tissue samples were obtained from 12 breast cancer patients 
with stage II/III invasive ductal carcinoma. Fibroblast Activation Protein (FAP) + CAFs were extracted 
from tumor tissue, treated with 10 μM Curcumin, and co‑cultured with corresponding PBMCs. The 
expression of smooth muscle actin‑alpha (α‑SMA), Cyclooxygenase‑2(COX‑2), production of PGE2, 
and immune cell cytokines were evaluated using Real‑Time PCR and ELISA, respectively. Analyzes 
showed that treatment with Curcumin decreased the expression of genes α‑SMA and COX‑2 and the 
production of PGE2 in CAFs. In PBMCs co‑cultured with Curcumin‑treated CAFs, the expression of 
FoxP3 decreased along with the production of TGF‑β, IL‑10, and IL‑4. An increase in IFN‑γ production 
was observed that followed by increased T‑bet expression. According to our results, Curcumin could 
reprogram the pro‑tumor phenotype of CAFs and increase the anti‑tumor phenotype in PBMCs. 
Thus, CAFs, as a component of the tumor microenvironment, are a suitable target for combination 
immunotherapies of breast cancer.

Abbreviations
α-SMA  Smooth muscle actin-alpha
BCL-2  B-cell lymphoma 2
BCL-XL  B-cell lymphoma-extra large
CAFs  Cancer-associated Fibroblasts
COX-2  Cyclooxygenase-2
DMSO  Dimethylsulfoxide
FAP  Fibroblast Activation Protein
FoxP3  Forkhead box-p3
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
GATA-3  GATA Binding Protein 3
HIF-1α  Hypoxia-inducible factor 1-alpha,
IDC  Invasive ductal carcinoma
IFN-γ  Interferon gamma
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IL-10  Interleukin-10
IL-4  Interleukin-4
INOS  Inducible nitric oxide synthase
MMPs  Matrix metalloproteases
MTT  [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
NF-Κb  Nuclear factor kappa-light-chain-enhancer of activated B cells
NSAIDs  Non-steroidal anti-inflammatory drugs
PBS  Phosphate-buffered saline
PBMCs  Peripheral blood mononuclear cells
PGE2  Prostaglandin E2
PHA  Phytohaemagglutinin
RPMI  Roswell Park Memorial Institute Medium
STAT3  Signal transducer and activator of transcription 3
T-bet  T-box protein expressed in T cells
TGF-β  Transforming growth factor-beta
TME  Tumor microenvironment
Treg  Regulatory T cells
VEGF  Vascular endothelial growth factor

Chronic inflammation and tumor-related inflammation are known as one of the hallmarks of cancer involved 
in the development and progression of  cancer1,2. Clinical and experimental studies demonstrate that activating 
inflammatory pathways leads to destructive inflammation in cancer cells and the tumor microenvironment 
(TME), resulting in phenotypic and functional changes contributing to cancer  promotion3. In this regard, a few 
therapeutic candidates, including medicinal herbs with anti-inflammatory properties, have been analyzed for 
their potential  applications4.

Chronic inflammation is regulated by specific signaling pathways acting as suppressors or  activators5. In the 
TME, various inflammatory stimuli prompt the activation of transcription factors such as NF-κB, STAT3, and 
HIF-1α and are, in turn, responsible for the production of cytokines, growth factors, and activation of immune 
and stromal  cells6. Activated by oxidative stress and pro-inflammatory cytokines, NF-κB primes inflammation-
related cellular transformation via the expression of various genes including anti-apoptotic proteins (BCL-XL, 
BCL-2)7, cytokines (TNF-α, IL-1β, IL-6, IL-8)8, inflammatory enzymes (iNOS, and COX-2), active molecules in 
invasion and metastasis, such as adhesion molecules and matrix metalloproteases (MMPs)9, cell cycle molecules 
(c-MYC and cyclin D1)10, and angiogenic factors (VEGF and angiopoietin)11. Therefore, activation of inflam-
mation participates in all stages of cancer progression.

Among the inflammation-related expressed genes, Cyclooxygenases (COXs) are a family of myeloperoxi-
dases; with prostaglandins as their main products, they regulate physiological functions such as vasodilation, 
renal homeostasis, fever, pain sensitivity, and inflammation. The induced isoform Cyclooxygenase-2 (COX-2), 
expressed in damaged cells, placenta, and during inflammation, is over-expressed in many cancer cells such as 
the lung, prostate, breast, and stromal cells of  TME12. Various studies suggest that COX-2 is involved in tumor 
survival, growth, invasion, and metastasis. COX-2 is also involved in the immunosuppression observed in the 
tumor  microenvironment13. It has been shown that in pancreatic and lung cancer, increased levels of prostaglan-
din E2 (PGE2) augment the function and number of regulatory T cells (Treg)14.  CD4+,  CD25+, and  FoxP3+ Tregs 
play an essential role in tumor immune tolerance and failure of immunotherapy by secreting immunosuppressive 
cytokines such as TGF-β and IL-1015. It has been observed that COX-2 expression increases when tumor cells 
are cultured with fibroblasts, suggesting a reciprocal increase. In the presence of immune factors of the TME, 
specifically TGF-β and IL-1β, fibroblasts transform into an active form called Cancer-associated Fibroblasts 
(CAFs)16. CAFs increase the expression of inflammation-related genes and are responsible for immunosup-
pression in the  TME17. The phenotypic changes in CAFs are diverse and various subtypes expressing different 
molecules are described which among them include increased expression of α-smooth muscle actin (α-SMA), 
Fibroblast activation protein (FAP), platelet-derived growth factor receptors α and β (PDGFRα and β), podopla-
nin (PDPN), caveolin-1 (CAV1), and fibroblast-specific protein 1 (FSP1)18–20. However, a specific marker is yet 
to be characterized for identifying CAFs, and for now, a selection of positive and negative markers are utilized. 
On the other hand, studies acknowledge the immunosuppressive activity of different  subtypes21. Studies have 
shown that CAFs increase the number and function of Tregs through TGF-β cross-talk. Also, CAFs are respon-
sible for the decreased function of CD8 + T cells and natural killer (NK) cells in the tumor  microenvironment16

Several studies suggest combining chemotherapy agents with Anti-inflammatory treatments has beneficial 
effects on treatment responses and prognosis (For review, refer  to4). Several anti-inflammatory agents, includ-
ing  NSAIDs22,  Corticosteroids23, COX-2  Inhibitors24, and Natural Products such as Curcumin, Ginseng, and 
 Garlic25,26 have been studied in combination with chemotherapies. Among the traditional medicinal compounds, 
Curcumin (diferuloylmethane) is a non-toxic polyphenol derived from the plant Curcuma longa with therapeutic 
properties such as antioxidant, analgesic, anti-inflammatory, antiseptic, and anticancer  activities27. Curcumin 
functions via negative regulation of NF-κB, affecting a variety of signaling pathways and molecules such as COX-
228, cyclin  D129, VEGFR, and / mTOR phosphoinositol-3 (PI) 3 /  Akt30.

Based on the critical function of COX-2 and PGE2 in inflammation-related carcinogenesis, inhibition of 
PGE2 by Curcumin in CAFs provides a basis for anticancer and anti-inflammatory applications. In this study, we 
aimed at the properties of Curcumin in reducing CAF phenotype and its effects on the TH1 vs. Treg phenotype 
of PBMCs co-cultured with Curcumin-treated CAFs.
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Material and methods
Patients and sample collection
Twenty-nine breast cancer tumor samples were collected from Bahonar Hospital, Kerman, Iran, between Sep-
tember 2019 and August 2020. The inclusion criteria were new case breast cancer in stages II or III of invasive 
ductal carcinoma (IDC) with no prior treatment with chemotherapy or radiotherapy and no history of autoim-
mune disorders. Breast cancer tumor samples were collected during surgery and maintained in a transfer media 
containing culture media, penicillin (100 units/mL), streptomycin (100 mg/mL), and Amphotericin B (2.5 ng/
mL) during transfer to the Immunology cell culture lab at Kerman medical university. Informed consent was 
obtained from all patients, and they received standard care and treatment.

Simultaneously, 10 ml of blood was collected from each patient and transferred on ice to the Immunology 
cell culture lab at Kerman Medical University. The samples were processed immediately, and peripheral blood 
mononuclear cells (PBMCs) were isolated using the Ficol (Biosera) separation technique. PBMCs were counted, 
and viability was evaluated using trypan blue staining. Isolated PBMCs were frozen in liquid nitrogen until 
further analysis.

CAF isolation and characterization
Breast cancer tumor samples were collected in transfer media and processed immediately. Tumor samples were 
washed in cold PBS, and excess tissues such as fat, necrotic tissue, and visible vasculature were removed. The 
tissue was minced into 1–3 mm pieces and placed into a T75 tissue culture flask (SPL, South Korea) containing 
DMEM (Gibco, Germany) supplemented with 30% FBS (Gibco, Germany). The outgrowth of fibroblastic colonies 
started after two days, and after 3 Weeks, the flask had reached 80% confluence.

Isolated CAFs were immune-stained for the expression of FAP. Briefly, CAFs were cultured in 4-well tissue 
culture plates (SPL, South Korea) and fixed with 4% paraformaldehyde (PFA) (Sigma Aldrich, MO). Cells were 
washed with 0.1% PBS-tween 20, blocked with 5% goat serum, and stained with rabbit anti-human FAP antibod-
ies (eBioscience) overnight at 4ºC. Afterward, cells were washed with 0.1% PBS-tween 20, stained with FITC con-
jugated goat anti-rabbit IgG secondary antibody (eBioscience), and counterstained with DAPI (Sigma Aldrich, 
MO). Cells were visualized using a fluorescent microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

Cell viability and chemosensitivity assay
3(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT; Melford, UK) assay was used to assess cel-
lular response to Curcumin. Previous studies have shown that CAFs are sensitive to high doses of Curcumin (over 
20uM) and time over 48  h31–33. As this study aimed to evaluate the inhibitory effects of Curcumin on COX-2 in 
CAFs, the treatment was not extended over 24 h to avoid further damage to cell viability. Three isolated CAF cells 
were seeded (8*103 cells per well) in 96-well plates (SPL, South Korea) and exposed to varying concentrations 
(0, 5, 10, 20 and 25 μM) of Curcumin. After 24h, the optical density was determined at 570 nm using an ELISA 
plate reader (Biotek 800, Vermont, USA). The cellular viability was calculated with the following formula: % 
viability = (mean OD of treated cells *100)/ (mean OD of control cells). Each assay was performed in triplicate 
in three independent experiments, and the 50% inhibitory concentration (IC50) was calculated using sigmoidal 
log(concentration)-inhibition curve fitting models using GraphPad 9.0 software (GraphPad, CA).

Treatment with CUR and co‑cultures
Curcumin (Sigma, USA) powder was used to prepare a stock solution of 100 µM in DMSO and stored at -20°C 
until use. Further dilution of the stock solution was made in PBS to keep the final concentration of DMSO below 
0.5% in cell culture. Isolated CAFs were cultured in 24-well plates at  105 cells/well and treated with 10µM of 
Curcumin (CUR-CAF), the equivalent concentration of DMSO, or PBS for 24 h, which after the cells were washed 
with media, and Curcumin was removed and CAFs were inactivated with Mitomycin C. These cells were used in 
co-coculture experiments for proliferation, cytokine production, and gene expression assays.

Evaluation of PBMC proliferation and cytokine production
The ability of Curcumin-treated CAFs to affect immune cell proliferation, as the initial response of immune 
cell activation, was evaluated using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay 
(Melford, UK). PBMCs were treated for 4 h with 5µg/mL Phytohemagglutinin (PHA) (GIBCO, Germany), 
washed and were cocultured with CAFs in cell–cell contact at three ratios of 1/5, 1/10, and 1/50 (CAFs/ PBMCs) 
in RPMI (Gibco, Germany) supplemented with 10%  FBS. After 72 h, PBMC proliferation was assessed. Briefly, 
MTT was added at 5mg/ml concentration, and after 4 h of incubation, the media was replaced with DMSO. The 
formazan crystal formation was evaluated using a plate reader at 570 nm. Co-culture ODs were corrected with 
mono-CAF culture. PBMCs were activated by 5µg/mL PHA as a positive control, and the negative control was 
untreated PBMCs. The optical density was recorded, and PBMC proliferation was calculated and expressed as 
a stimulation index (SI) as follows:

where  ODcc-P is the optical density of co-culture of CAFs and stimulated PBMCs,  ODCAF is the optical density 
of CAFs alone,  ODPBMC-P is the optical density of stimulated PBMCs alone, and  ODPBMC is the optical density 
of unstimulated PBMCs.

Curcumin-treated CAFs were co-cultured with PBMCs at a 1/10 (CAFs/ PBMCs) ratio in RPMI supplemented 
with 10% FBS for cytokine evaluation. After 48 h, the supernatant was collected, and the levels of IFN-ɣ, IL-4, 

StimulationIndex = (ODcc−P − ODCAF)/(ODPBMC−P − ODPBMC)



4

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20770  | https://doi.org/10.1038/s41598-023-48073-w

www.nature.com/scientificreports/

IL-10, TGF-β1, and PGE2 were assessed by ELISA (DuoSet ELISA Development kit, R&D Systems, Minneapolis, 
MN, USA). All procedures were followed according to the manufacturer’s protocol.

qRT‑PCR and gene expression
Gene expression analysis was performed on CAFs and PBMCs before and in treatment with Curcumin. Total 
cellular RNA was extracted using the Trizol technique (Yekta Tajhiz Azma, Tehran, Iran). Random hexamer-
primed reverse transcription (Yekta Tajhiz Azma Tehran, Iran) was performed on aliquots (1 µg) of total RNA. 
The resulting cDNA was used for Real-Time PCR amplification. Primers (Metabion, GmbH) for PTGS2 prosta-
glandin-endoperoxide synthase 2 (COX-2), alpha-smooth muscle actin (α-SMA), and beta-actin in CAFs and 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), T-box protein expressed in T cells (T-bet), Forkhead 
box-p3 (FoxP3), and GATA Binding Protein 3 (GATA-3) for PBMCs were synthesized based on the reported 
sequences and are as follows:

• Beta-actin: Forward5ʹ-CTT CCT TCC TGG GCA TG-3ʹ, Reverse5ʹ-GTC TTT GCG GAT GTC CAC -3ʹ;
• Alpha smooth muscles actin: Forward5ʹ-GGA CGC ACA ACT GGC-3ʹ, Reverse5ʹ-CGG ACA ATC TCA CGCT -3ʹ;
• COX-2 (ptgs2): Forward5ʹ-CGG ACA GGA TTC TAT GGA -3ʹ, Reverse5ʹ-TCT GGA TGT CAA CAC ATA ACT -3ʹ;
• GAPDH: Forward5ʹ-CTC TCT GCT CCT CCT GTT CG-3ʹ, Reverse5ʹ-ACG ACC AAA TCC GTT GAC TC-3ʹ;
• T-bet: Forward5ʹ-TGC TCC AGT CCC TCC ATA AGT A-3ʹ, Reverse5ʹ-TCT GGC TCT CCG TCG TTC  A-3ʹ;
• GATA-3: Forward5ʹ-GAG ACA GAG CGA GCAAC-3ʹ, Reverse5ʹ-CTC GGG TCA CCT GGGTA -3ʹ;
• FOXP3: Forward5ʹ-TGG CAT CAT CCG ACAAG-3ʹ, Reverse5ʹ-AGG AAC TCT GGG AAT GTG -3ʹ.

Real-time PCR reaction mixtures (final volume of 30 µl) contained the following: 1 µl cDNA, 50 pmol of each 
primer, 3 µl of 200 µM dNTP, and 1U Taq-DNA polymerase (MBI Fermentas Inc., Burlington, ON). Amplifi-
cation conditions were as follows: 40 cycles of 95°C for 30 s, 60 °C for 30 s, and 72 °C for 30 s, followed by 72 
°C incubation for 10 min (Corbett Life Sciences, Australia). The results of primer amplification were analyzed 
using Rotor-Gene 6000® (Qiagen AG Hilden, Series Software 1.7, build 34) and REST software version  200934.

Statistical analysis
All data are presented as mean ± SD otherwise stated. After performing the Shapiro–Wilk test for normality, 
data were analyzed by ANOVA-Tukey post hoc test or Kuskal-Wallis test using SPSS v.19 software. GraphPad 
Prism v.8 was used for visualization. For paired comparisons, the paired T-test was used. The relative expressions 
were analyzed using REST software v. 2009. A P-value less than 0.05 was considered statistically significant. All 
experiments detailed above were performed under relevant guidelines and regulations of the Kerman University 
of Medical Sciences.

Ethical statement
This study was approved by the ethical committee of the Kerman University of Medical Sciences with the refer-
ence number IR.KMU.REC.1398.326. Informed consent was obtained from all participants before the procedure.

Results
Patients and PBMC and CAF isolation
Twenty-nine breast cancer tissues diagnosed with stage II or III IDC between September 2019 and August 2020 
were collected, from which 12 samples yielded tangible CAFs and were included in this study. The patient’s 
demographic data is shown in Table 1. Tumor tissue and blood samples were collected from patients undergo-
ing surgery by a specialized surgeon. The immunostaining results showed that all isolated CAFs were positive 
for expression of FAP, indicative of CAF phenotype (Fig. 1). The outgrowth of fibroblastic cells from tumor 
tissue began on day two and reached 80% confluency on day 21. These cells were passaged and maintained for 
Curcumin treatment and co-culture experiments. Passage 2 or 3 CAFs were used in all experiments. Trypan 
blue viability assay of PBMCs revealed 99% viability after isolation and 85% after de-freezing, before co-culture. 
Each patient’s CAFs were co-cultured with the respective PBMCs.

Cell viability assay and  IC50 calculations
To determine the appropriate dose of Curcumin, the IC50 value was evaluated in CAFs to assess chemosensitiv-
ity. The MTT assay showed that the isolated CAF cells were sensitive to high doses of Curcumin. As the results 
of the curve-fitting analysis showed, the IC50 of Curcumin was 15.15 μM (95% CI 14.03–16.34) (Fig. 2). In 
addition, reports indicate that the inhibitory concentration of Curcumin on COX-2 starts at 5 μM and as early 
as 6  h35. Therefore, considering the IC50 value and inhibition of COX-2, the chosen optimum concentration of 
Curcumin used to treat CAFs was 10 μM for 24 h.

Treatment with Curcumin was effective in the suppression of CAF phenotype
The changes in CAF phenotype and function in treatment with Curcumin were evaluated using cytokine produc-
tion and gene expression by ELISA and Real-Time PCR, respectively (Fig. 3). Results showed that the production 
of PGE2 and TGF-β decreased significantly. CAFs were assessed for the expression of CAF phenotype genes, 
including α-SMA and COX-2, using real-time PCR, which indicated that their mRNA level decreased in treat-
ment with Curcumin.

Gene expression analysis using real-time PCR indicated that the mRNA level of α-SMA and COX-2 genes 
decreased in Curcumin-treated CAFs (P-value = 0.017 and 0.03, respectively). Curcumin treatment inhibited 
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the expression of CAF phenotype-related genes by as much as 50%. Whether extended treatment time presented 
higher inhibition rates requires further studies. PGE2 was evaluated in the supernatant of Curcumin-treated, 
DMSO-treated, and non-treat CAFs. The decrease in the production of PGE2 in Curcumin-treated CAFs was as 
much as three-fold (Fig. 4). TGF-β, another cytokine product of CAFs, was also inhibited by Curcumin (P-value 
for PGE2 = 0.009 and TGF-β = 0.04). Results revealed that treatment with Curcumin did not significantly affect 
the production of IL-10 from CAFs (P value > 0.05).

Treatment with Curcumin was able to restore proliferation in PBMC and increase the 
TH1‑phenotype
The changes in CAF’s function and its effects on PBMC responses were assessed using PBMC proliferation, 
cytokine production, and gene expression. Curcumin-treated CAFs and the respective controls were inactivated 
with Mitomycin-C and co-cultured with PBMCs in 3 different ratios. PBMCs were stimulated with PHA, and 
proliferation was measured using MTT assay. Figure 5 shows that treatment with Curcumin could restore PBMC 
proliferation; however, it was not statistically significant (P-value > 0.05).

The gene expression and cytokine profile of PBMCs were analyzed after co-culture with Curcumin-treated 
CAFs. Real-time PCR (Fig. 6) revealed that the mRNA of transcription factor T-bet increased 15-fold in PBMCs 
cultured with Curcumin-treated CAFs compared with the no-treatment controls (P-value = 0.004). In addition, 
the levels of FoxP3 mRNA decreased significantly in PBMCs (P-value = 0.03). The production of IFN-ɣ also 
increased in the supernatant of PBMCs co-cultured with Curcumin-treated CAFs (Fig. 7) (P-value = 0.01). This 
was followed by a decrease in TGF-β, IL-10, and IL-4 production (P-value = 0.001, 0.05, and 0.01, respectively). 
No alteration was observed in the expression of GATA-3 and PGE2 between the treatment and control groups 
(P-value = 0.7 and 0.5, respectively).

Discussion
The dysregulation of protective inflammation leading to destructive inflammation is one of the culprits of 
increased incidence of inflammation-related diseases such as  cancer36. Clinical and experimental studies indi-
cate that chronic re-activation of inflammatory pathways leads to increased growth factor production, neo-
angiogenesis, and immune suppression in the TME. Chronic or destructive inflammation management has 
shown protective effects in cancers such as  colon37,38. However, in other types of malignancy, where the role of 
chronic inflammation is much less prominent, activation of inflammatory pathways can contribute to the onset 
and progression of cancer. Evidence has shown that destructive inflammation includes activating various signal-
ling pathways, such as NF-kB, and the expression of inflammatory enzymes and  cytokines39. COX-2, IDO, and 
iNOS are among the enzymes whose expression correlates with cancer  progression40–42.

In addition to cancer cells, the cells of TME, including activated fibroblasts, contribute to the inflamma-
tory milieu and immune suppression. CAFs are the principal stromal cells in the TME. It has been shown that 
compared to quiescent fibroblasts, CAFs express α-SMA and produce pro-inflammatory cytokines and COX-2, 
assisting tumor progression. Studies employing sorted flow cytometry and single-cell RNA sequencing have 

Table 1.  Demographic information of patients and tumor type entered the study. The results are based on 
pathology specialist lab reports.

Variable Mean ± SD

Age 46.7 ± 9

 Max 62

 Min 34

Tumor size n (%)

 T1 2 (16.6)

 T2 10 (83.4)

Lymph node involvement n (%)

 N0 7 (58.2)

 N1 3 (25)

 N2 1 (8.4)

 N3 1 (8.4)

TNM staging n (%)

 At least IIA 9 (75)

 At least IIB 2 (16.6)

 At least IIIC 1 (8.4)

Differentiation n (%)

 Well 2 (16.6)

 Moderate 3 (25)

 Moderate/poorly 4 (33.4)

 Poorly 3 (25)



6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20770  | https://doi.org/10.1038/s41598-023-48073-w

www.nature.com/scientificreports/

Figure 1.  Isolation and characterization of CAFs. (a) The outgrowth of fibroblastic cells from tumor tissue 
began on day two and reached 80% confluence on day 21. These cells were passaged and maintained for 
Curcumin treatment and co-culture experiments. (b) Passage 2 or 3 CAFs were used in all experiments. 
Fibroblastic colonies were cultured in 4-well plates and immune stained with rabbit anti-human FAP, and (c) 
nuclei were counterstained with DAPI. Cells showed expression of FAP.

Figure 2.  IC50 value of Curcumin in 3 isolated CAFs. CAFs were cultured in standard conditions and treated 
with different concentrations of Curcumin. Log(inhibition)-curve fitting model was used to calculate the  IC50 
value. Data represents the mean of triplicates of 3 isolated CAFs. Results showed that the  IC50 = 15.15 μM ± 1.15 
with an  R2 of 0.8591.
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revealed subpopulations within the CAF population. With varying marker expression and production of crucial 
mediators, CAFs’ subpopulations are mainly the myofibroblastic myCAFs activated with TGF-β and the inflam-
matory iCAFs induced in NF-kB activation. myCAF and iCAF states are essentially unique. However, the two 
subpopulations are presumably to be interconvertible in response to TME, resulting in different cells in various 
activated polarizations, allowing an intermediate property with plasticity in  CAFs43. Other subpopulations of 
CAFs have been described, including antigen-presenting MHC-II positive apCAFs, which also have an immu-
nosuppressive property. In this study, a crude population of isolated CAFs was used. Although they may have 
phenotype diversities, CAFs show a common immunosuppressive property, which was the aim of Curcumin 
treatment, showing effects on both NF-kB activation and the TGF-β signaling  pathway44–47.

Studies have shown that inhibition of COX-2 has direct anti-growth properties, and there is a close association 
between PGE2 and immune suppression. In colon cancer, PGE2 can suppress the function of various immune 
cells such as macrophages, neutrophils, Th1, CTL, and NK cells, and on the other hand, augment the activity of 
cells such as TSLP-dependent Th2, Th17, and  Treg48. CAFs and their subtypes are also the primary producers of 
TGF-β in the cancer  microenvironment49,50, which inhibits anticancer immune responses. Over-expression of 
immune-regulating cytokines such as TGF-β and VEGF by myCAFs induces Tregs in the stroma and creates a 
micro-inhibitory environment in Pulmonary adenocarcinoma with poor  prognosis15. CAFs have been the target 

Figure 3.  Effect of Curcumin on CAF phenotype. (a) The effect of Curcumin treatment on the mRNA 
expression of COX-2 and αSMA was analyzed using Real-Time PCR. Results showed that CUR could decrease 
the functional markers associated with CAF phenotype, COX-2 and αSMA. (b) Each sample’s gene expression 
fold changes were analyzed using the paired T-test in three replicates. Individual comparisons also showed a 
significant reduction in the expression of COX-2 and α-SMA. Data represents mean ± SD. Significant changes 
are indicated with asterisk *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001.
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of therapy since their role as advocates of cancer growth has been established. Targeting the surface expression 
of FAP in a murine colon carcinoma model showed increased chemotherapy responsiveness and  survival51. 
However, the results of studies targeting CAFs are inconsistent, and CAFs may have immune-beneficial proper-
ties depending on the cancer  type52. Therefore, although the elimination of CAFs may not be feasible, however 
their function and mediators may.

The anticancer effects of Curcumin have been studied in a variety of cancers. Curcumin inhibits cancer-
associated fibroblast-driven prostate cancer invasion, EMT, ROS production, and decreased CXCR4 and IL-6 
receptor expression through MAOA/mTOR/HIF-1α  signaling53. Curcumin increases the expression of p16 and 
inactivates the JAK2/STAT3 pathway, resulting in decreased expression of α-SMA and, consequently, the migra-
tion/invasion54, and suppresses NF-κB, Cyclooxygenase-2, and IL-8 expression in pancreatic carcinoma both 
in vitro and in vivo55. Curcumin, alone or in combination with Celecoxib, inhibited the growth of colorectal 
cancer cells in vitro by reducing COX-2 and  PGE248. Co-delivery of Curcumin and Doxorubicin in nano-micelles 
for Human non-small cell lung cancer, A549, significantly reduced NF-κB and COX-2 activity and tumor growth 
in lung carcinoma tumor-bearing mice while reducing the side effects of  Doxorubicin56. In the present study, the 
expression of α-SMA and COX-2 genes in CAFs was reduced as a result of treatment with Curcumin. Conse-
quently, the amount of PGE2 has been reduced in CAFs’ supernatant. However, Curcumin is not able to inhibit 

Figure 4.  Effect of Curcumin on CAFs’ cytokine production. Production of cytokines IL-10, TGF-β, and 
PGE2 was evaluated using ELISA. Results indicated that after treatment with Curcumin, the production of 
cytokines associated with CAF phenotype and function, including TGF- β, was significantly reduced. The 
production of PGE2 from Curcumin-treated CAFs also showed a significant decrease. However, the level of 
IL-10 was unaffected. Data represents mean ± SD. Significant changes are indicated with asterisk *P-value < 0.05, 
**P-value < 0.01, ***P-value < 0.001.

Figure 5.  Increased Stimulation Index (SI) of PBMCs co-cultured with CAFs treated with Curcumin. The 
stimulation index of PBMCs co-cultured with corresponding CAFs and their respective control groups 
indicated that treatment with Curcumin restored the proliferation of PBMCs. However, this increase was not 
statistically significant. The highest SI was observed in the 1:5 ratio of CAF: PBMC co-cultures. As shown, in the 
no-treatment group, the highest SI corresponds to the lowest ratio, indicating the suppressive effects of CAFs. 
Data represents mean ± SD. Significant changes are indicated with asterisk *P-value < 0.05,
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the COX-1 isoform, which is also expressed in  CAFs57. Curcumin also shows immune-modulatory properties. 
In this regard, Shafabakhsh et al. observed that by inhibiting regulatory T cells (FoxP3 +) and shifting their phe-
notype to T helper 1 (T-bet +) cells, Curcumin was able to inhibit tumor  growth58. Also, oral administration of 
Curcumin for one month in patients with advanced colon cancer significantly reduced FoxP3 expressing Tregs 
and increased T-bet expressing Th1 in the peripheral blood.59. In this study, it was observed that treatment with 
Curcumin reduced the production of TGF-β in CAFs. This decrease in TGF-β production may aid in reducing 
the suppressive microenvironment and the differentiation towards regulatory T cells and augment anti-tumor 
responses. Our study also showed that Curcumin treatment was also capable of reducing the expression of the 
FoxP3 in PBMCs. In addition, IL-10 was also reduced in PBMCs, which, together with a reduction in FoxP3 and 
TGF-β in PBMCs, could indicate reduced Treg function. On the other hand, we observed that the production 
of IL-10 in CAFs, another suppressive cytokine in TME, was unaffected by Curcumin. It should be noted that 
CAFs are not considered IL-10-producing cells in the tumor  microenvironment60,61.

Qing Wang et al. observed that Curcumin at high doses (30, 40, 50 μM) has cytotoxic effects, but at low doses 
(1, 5, 10 μM) with a treatment duration of 48–72 h significantly increases lymphocyte  proliferation31. In general, 
the PBMCs of cancer patients have lower proliferation potential and are in a suppressive  state62. It is expected that 
alterations in dose and duration of treatment may benefit the alleviation of the immunosuppression of the tumor 
environment, which requires further investigation. Considering our results, it can be concluded that inhibition 
of PGE2 in CAFs increases the expression of the T-bet gene and the production of IFN-γ. Additionally, the sup-
pressive microenvironment is alleviated by reducing the levels of the FoxP3 gene and reducing the production of 
cytokines IL-10, TGF-β, and IL-4. Decreased TGF-β and FoxP3 production in PBMCs may indicate decreased 

Figure 6.  PBMCs gene expression analysis. The expression of transcription factors associated with Th 
differentiation, including FOXP3, T-BET, and GATA-3, was analyzed using Real-Time PCR. (a) Results 
indicated that treatment with Curcumin increased the expression of markers associated with Th1, including 
T-BET, and decreased the expression of markers associated with Tregs (FoxP3). (b) Individual changes in gene 
expression were analyzed with the paired-T test of 3 replicates. Results showed that treatment with Curcumin 
increased the expression of Tbet in all treated co-cultures efficiently. Data represents mean ± SD. Significant 
changes are indicated with asterisk *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001.
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regulatory T phenotype. Therefore, by reducing inflammation in the tumor microenvironment, the pro-tumor 
phenotype is inhibited, and the anti-tumor phenotype is augmented in immune cells. Considering the results of 
this study, the limitations of this study was the missing in vivo analysis which can further our understanding of 
the anticancer mechanisms of curcumin.

Although Curcumin has numerous anticancer properties, its hydrophobic nature, biotransformation, and deg-
radation limit delivery, bioavailability, and therapeutic  effects27. Therefore, modulations in molecular structure or 
delivery systems have attracted much attention. Utilizing various nano-delivery systems such as  dendrosomes63, 
nano-albumin64,65,  nano-chitosan66, nano-membranes67, and  liposomes68 have shown increased Curcumin effi-
cacy in experimental  settings69. Also, the addition of a variety of decorations, such as folate  receptor70, poly-
ethylene  Glycol71, and PD-L164, can enhance targeted delivery to tumor tissue. On a broader perspective, the 
anti-inflammatory effects of Curcumin and Curcumin-derived formulations can have additional therapeutic 
indices in other inflammatory diseases where activated fibroblasts show immune-modulating effects such as 
fibrotic and autoimmune diseases such as rheumatoid arthritis and systemic  sclerosis72.

Conclusion
Considering the pivotal role of CAFs in the tumor microenvironment, one of the effective ways to treat cancers is 
to identify and inhibit tumor-promoting pathways in the  TME73,74. The immune system plays an essential role in 
all types of cancer. Cancer cells evolve to escape the immune system. Regulatory T cells are a crucial component 
in tumor immune tolerance and are involved in the immune-escaping of cancer cells.

Even though many drugs have been approved for treating various types of cancer, none are entirely effective 
or free from side effects, especially for long-term applications. Curcumin can be very effective and free of severe 
 toxicity75. Curcumin has multiple medicinal properties and can interact with several molecular targets and 

Figure 7.  Cytokine production in co-cultures of PBMCs and Curcumin-treated CAFs. CAFs were isolated 
and treated with Curcumin. PBMCs were added, and the levels of cytokines were assessed in the supernatant 
after 48 h (a). The production of cytokines associated with Th differentiation, including IL-4, PGE2, TGF-β, 
IL-10, and IFN-γ (b–f), was evaluated in culture supernatants using ELISA. Results indicated that treatment 
with Curcumin increased the production of IFN-γ and reduced the production of TGF-βand IL-10, indicative 
of increased Th1 and inhibited Treg phenotype. Additionally, no significant change in PGE2 was observed. 
Data represent mean ± SD. Significant changes are indicated with asterisk *P-value < 0.05, **P-value < 0.01, 
***P-value < 0.001.
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intracellular signaling  pathways76. However, poor bioavailability limits its therapeutic effects. Curcumin analogs 
and their various formulations, including nanoparticles and liposomes, are extensively studied for maximum 
effectiveness.77,78. For successful cancer treatment, well-controlled and complete clinical trials must be performed 
in more significant numbers to bring this very effective and promising factor to the forefront of cancer treatment.

Data availability
The data supporting this study’s findings are available from the corresponding author upon request.

Received: 27 May 2023; Accepted: 22 November 2023

References
 1. Senga, S. S. & Grose, R. P. Hallmarks of cancer—the new testament. Open Biol. 11, 200358. https:// doi. org/ 10. 1098/ rsob. 200358 

(2021).
 2. Hou, J., Karin, M. & Sun, B. Targeting cancer-promoting inflammation—have anti-inflammatory therapies come of age?. Nat Rev. 

Clin. Oncol. 1, 1–19. https:// doi. org/ 10. 1038/ s41571- 020- 00459-9 (2021).
 3. Boland, G., Butt, I., Prasad, R., Knox, W. & Bundred, N. COX-2 expression is associated with an aggressive phenotype in ductal 

carcinoma in situ. Br. J. Cancer 90, 423–429. https:// doi. org/ 10. 1038/ sj. bjc. 66015 34 (2004).
 4. Zappavigna, S. et al. Anti-inflammatory drugs as anticancer agents. Int. J. Mol. Sci. 21, 2605 (2020).
 5. Mantovani, A., Allavena, P., Sica, A. & Balkwill, F. Cancer-related inflammation. Nature 454, 436–444. https:// doi. org/ 10. 1038/ 

natur e07205 (2008).
 6. Chandrasekharan, N. & Simmons, D. L. The cyclooxygenases. Genome Biol. 5, 1–7. https:// doi. org/ 10. 1186/ gb- 2004-5- 9- 241 (2004).
 7. Catz, S. D. & Johnson, J. L. Transcriptional regulation of bcl-2 by nuclear factor κB and its significance in prostate cancer. Oncogene 

20, 7342–7351. https:// doi. org/ 10. 1038/ sj. onc. 12049 26 (2001).
 8. Tak, P. P. & Firestein, G. S. NF-κB: A key role in inflammatory diseases. J. Clin. Investig. 107, 7–11. https:// doi. org/ 10. 1172/ JCI11 

830 (2001).
 9. Sanchavanakit, N., Saengtong, W., Manokawinchoke, J. & Pavasant, P. TNF-α stimulates MMP-3 production via PGE2 signalling 

through the NF-kB and p38 MAPK pathway in a murine cementoblast cell line. Arch. Oral Biol. 60, 1066–1074. https:// doi. org/ 
10. 1016/j. archo ralbio. 2015. 04. 001 (2015).

 10. Romieu-Mourez, R. et al. Mouse mammary tumor virus c-rel transgenic mice develop mammary tumors. Mol. Cell. Biol. 23, 
5738–5754. https:// doi. org/ 10. 1128/ MCB. 23. 16. 5738- 5754. 2003 (2003).

 11. Gregory, C. et al. Isolation of a normal B cell subset with a Burkitt-like phenotype and transformation in vitro with Epstein-Barr 
virus. Int. J. Cancer 42, 213–220. https:// doi. org/ 10. 1002/ ijc. 29104 20212 (1988).

 12. Hu, M. et al. Role of COX-2 in epithelial–stromal cell interactions and progression of ductal carcinoma in situ of the breast. Proc. 
Natl. Acad. Sci. 106, 3372–3377. https:// doi. org/ 10. 1073/ pnas. 08133 06106 (2009).

 13. Liu, B., Qu, L. & Yan, S. Cyclooxygenase-2 promotes tumor growth and suppresses tumor immunity. Cancer Cell Int. 15, 106–106. 
https:// doi. org/ 10. 1186/ s12935- 015- 0260-7 (2015).

 14. Thumkeo, D. P. S. et al. PGE2-EP2/EP4 signaling elicits immunosuppression by driving the mregDC-Treg axis in inflammatory 
tumor microenvironment. Cell Rep. 39, 110914 (2022).

 15. Kinoshita, T. et al. Forkhead box P3 regulatory T cells coexisting with cancer-associated fibroblasts are correlated with a poor 
outcome in lung adenocarcinoma. Cancer Sci. 104, 409–415 (2013).

 16. Kim, H.-J. & Cantor, H. CD4 T-cell subsets and tumor immunity: The helpful and the not-so-helpful. Cancer Immunol. Res. 2, 
91–98. https:// doi. org/ 10. 1158/ 2326- 6066. CIR- 13- 0216 (2014).

 17. Yasuda, T. et al. Inflammation-driven senescence-associated secretory phenotype in cancer-associated fibroblasts enhances peri-
toneal dissemination. Cell Rep. 34, 108779. https:// doi. org/ 10. 1016/j. celrep. 2021. 108779 (2021).

 18. Chen, X. & Song, E. Turning foes to friends: Targeting cancer-associated fibroblasts. Nat. Rev. Drug Discov. 18, 99–115. https:// 
doi. org/ 10. 1038/ s41573- 018- 0004-1 (2019).

 19. Balkwill, F. R., Capasso, M. & Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 125, 5591–5596. https:// doi. org/ 
10. 1242/ jcs. 116392 (2012).

 20. Mezawa, Y. & Orimo, A. The roles of tumor-and metastasis-promoting carcinoma-associated fibroblasts in human carcinomas. 
Cell Tissue Res. 365, 675–689. https:// doi. org/ 10. 1007/ s00441- 016- 2471-1 (2016).

 21. Chen, P.-Y., Wei, W.-F., Wu, H.-Z., Fan, L.-S. & Wang, W. Cancer-associated fibroblast heterogeneity: A factor that cannot be 
ignored in immune microenvironment remodeling. Front. Immunol. 12, 671595 (2021).

 22. Zhao, X. X. & Li, H. NSAIDs use and reduced metastasis in cancer patients: Results from a meta-analysis. Sci. Rep. 7, 1 (2017).
 23. Wang, H. L., Rinehart, J. J. & Zhang, R. Dexamethasone as a chemoprotectant in cancer chemotherapy: Hematoprotective effects 

and altered pharmacokinetics and tissue distribution of carboplatin and gemcitabine. Cancer Chemother. Pharmacol. 53, 459–467 
(2004).

 24. Van Wijngaarden, J. V. B., Van Rossum, G., Van der Bent, C., Hoekman, K., Van der Pluijm, G., Van der Pol, M.A., Broxterman, 
H. J., Van Hinsbergh, V. W. M., Löwik, C. W. G. M. Celecoxib enhances doxorubicin-induced cytotoxicity in MDA-MB231 cells 
by NF-κB-mediated increase of intracellular doxorubicin accumulation. Eur. J. Cancer 43, 433–442 (2007).

 25. Anand, P., Sundaram, C., Jhurani, S., Kunnumakkara, A. B. & Aggarwal, B. B. Curcumin and cancer: An “old-age” disease with an 
“age-old” solution. Cancer Lett. 267, 133–164 (2008).

 26. Howard, E. W. et al. Evidence of a novel docetaxel sensitizer, garlic-derived S-allylmercaptocysteine, as a treatment option for 
hormone refractory prostate cancer. Int. J. Cancer 122, 1941–1948 (2008).

 27. Aggarwal, B. B., Sundaram, C., Malani, N. & Ichikawa, H. Curcumin: The Indian solid gold. In The molecular targets and therapeutic 
uses of Curcumin in health and disease, 1–75 (2007).

 28. Yuan, J., Liu, R., Ma, Y., Zhang, Z. & Xie, Z. Curcumin attenuates airway inflammation and airway remolding by inhibiting NF-κB 
signaling and COX-2 in cigarette smoke-induced COPD mice. Inflammation 41, 1804–1814 (2018).

 29. Hosseini, S. et al. The effect of nanomicelle curcumin, sorafenib, and combination of the two on the cyclin D1 gene expression of 
the hepatocellular carcinoma cell line (HUH7). Iran. J. Basic Med. Sci. 22, 1198 (2019).

 30. Bertagnolli, M. M. et al. Five-year efficacy and safety analysis of the Adenoma Prevention with Celecoxib Trial. Cancer Prev. Res. 
2, 310–321 (2009).

 31. Wang, Q. et al. Curcumin suppresses epithelial-to-mesenchymal transition and metastasis of pancreatic cancer cells by inhibiting 
cancer-associated fibroblasts. Am. J. Cancer Res. 7, 125–133 (2017).

 32. Zeng, Y. et al. Curcumin promotes cancer-associated fibroblasts apoptosis via ROS-mediated endoplasmic reticulum stress. Arch. 
Biochem. Biophys. 694, 108613 (2020).

 33. Chen, R., Huang, L. & Hu, K. Natural products remodel cancer-associated fibroblasts in desmoplastic tumors. Acta Pharm. Sin. B 
10, 2140–2155 (2020).

https://doi.org/10.1098/rsob.200358
https://doi.org/10.1038/s41571-020-00459-9
https://doi.org/10.1038/sj.bjc.6601534
https://doi.org/10.1038/nature07205
https://doi.org/10.1038/nature07205
https://doi.org/10.1186/gb-2004-5-9-241
https://doi.org/10.1038/sj.onc.1204926
https://doi.org/10.1172/JCI11830
https://doi.org/10.1172/JCI11830
https://doi.org/10.1016/j.archoralbio.2015.04.001
https://doi.org/10.1016/j.archoralbio.2015.04.001
https://doi.org/10.1128/MCB.23.16.5738-5754.2003
https://doi.org/10.1002/ijc.2910420212
https://doi.org/10.1073/pnas.0813306106
https://doi.org/10.1186/s12935-015-0260-7
https://doi.org/10.1158/2326-6066.CIR-13-0216
https://doi.org/10.1016/j.celrep.2021.108779
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1007/s00441-016-2471-1


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20770  | https://doi.org/10.1038/s41598-023-48073-w

www.nature.com/scientificreports/

 34. Pfaffl, P. W. Technical University of Munich, Germany.
 35. Binion, D. G., Otterson, M. F. & Rafiee, P. Curcumin inhibits VEGF-mediated angiogenesis in human intestinal microvascular 

endothelial cells through COX-2 and MAPK inhibition. Gut 57, 1509–1517 (2008).
 36. Murata, M. Inflammation and cancer. Environ. Health Prev. Med. 23, 1–8 (2018).
 37. Newman, P. & Muscat, J. Potential role of non-steroidal anti-inflammatory drugs in colorectal cancer chemoprevention for inflam-

matory bowel disease: An umbrella review. Cancers 15, 1102 (2023).
 38. Tomić, T., Domínguez-López, S. & Barrios-Rodríguez, R. Non-aspirin non-steroidal anti-inflammatory drugs in prevention of 

colorectal cancer in people aged 40 or older: A systematic review and meta-analysis. Cancer Epidemiol. 58, 52–62 (2019).
 39. Piotrowski, I. & Suchorska, W. Interplay between inflammation and cancer. Rep. Pract. Oncol. Radiother. 25, 422–427 (2020).
 40. Vannini, F. & Nath, N. The dual role of iNOS in cancer. Redox. Biol. 6, 334–343 (2015).
 41. Cesario, A. & Rutella, S. The interplay between indoleamine 2, 3-dioxygenase 1 (IDO1) and cyclooxygenase (COX)-2 in chronic 

inflammation and cancer. Curr. Med. Chem. 18, 2263–2271 (2011).
 42. Le Naour, J., Zitvogel, L., Kroemer, G. & Vacchelli, E. Trial watch: IDO inhibitors in cancer therapy. Oncoimmunology. 9(1), 1777625. 

https:// doi. org/ 10. 1080/ 21624 02X. 2020. 17776 25 (2020).
 43. Mezawa, Y. & Orimo, A. Phenotypic heterogeneity, stability and plasticity in tumor-promoting carcinoma-associated fibroblasts. 

FEBS J. 289, 2429–2447 (2022).
 44. Zhang, L. et al. Curcumin inhibits metastasis in human papillary thyroid carcinoma BCPAP cells via down-regulation of the 

TGF-β/Smad2/3 signaling pathway. Exp. Cell Res. 341, 157–165 (2016).
 45. Joshi, P. et al. Curcumin: An insight into molecular pathways involved in anticancer activity. Mini Rev. Med. Chem. 21, 2420–2457 

(2021).
 46. Ghasemi, F. et al. Curcumin inhibits NF-kB and Wnt/β-catenin pathways in cervical cancer cells. Pathol. Res. Pract. 215, 152556 

(2019).
 47. Mohankumar, K., Francis, A. P., Pajaniradje, S. & Rajagopalan, R. Synthetic curcumin analog: Inhibiting the invasion, angiogenesis, 

and metastasis in human laryngeal carcinoma cells via NF-kB pathway. Mol. Biol. Rep. 48, 6065–6074 (2021).
 48. Karpisheh, V. et al. Prostaglandin E2 as a potent therapeutic target for treatment of colon cancer. Prostagland. Other Lipid Mediat. 

144, 106338 (2019).
 49. Sun, D.-Y., Wu, J.-Q., He, Z.-H., He, M.-F. & Sun, H.-B. Cancer-associated fibroblast regulate proliferation and migration of prostate 

cancer cells through TGF-β signaling pathway. Life Sci. 235, 116791 (2019).
 50. Langroudi, L., Soleimani, M. & Hashemi, S. M. Functional disparity of carcinoma associated fibroblasts in different stages influ-

ences immune response in cancer. Clin. Oncol. 4, 1–10 (2021).
 51. Li, M. et al. Targeting of cancer-associated fibroblasts enhances the efficacy of cancer chemotherapy by regulating the tumor 

microenvironment. Mol. Med. Rep. 13, 2476–2484 (2016).
 52. Kilvaer, T. K. et al. Tissue analyses reveal a potential immune-adjuvant function of FAP-1 positive fibroblasts in non-small cell 

lung cancer. PLoS One 13, e0192157 (2018).
 53. Du, Y. et al. Curcumin inhibits cancer-associated fibroblast-driven prostate cancer invasion through MAOA/mTOR/HIF-1α 

signaling. Int. J. Oncol. 47, 2064–2072 (2015).
 54. Hendrayani, S.-F., Al-Khalaf, H. H. & Aboussekhra, A. Curcumin triggers p16-dependent senescence in active breast cancer-

associated fibroblasts and suppresses their paracrine procarcinogenic effects. Neoplasia 15, 631-IN611 (2013).
 55. Li, L., Braiteh, F. S. & Kurzrock, R. Liposome‐encapsulated Curcumin: in vitro and in vivo effects on proliferation, apoptosis, 

signaling, and angiogenesis. Cancer: Interdiscip. Int. J. Am. Cancer Soc. 104, 1322–1331. https:// doi. org/ 10. 1002/ cncr. 21300 (2005).
 56. Gu, Y. et al. Nanomicelles loaded with doxorubicin and Curcumin for alleviating multidrug resistance in lung cancer. Int. J. 

Nanomed. 11, 5757 (2016).
 57. Zidar, N. et al. Cyclooxygenase in normal human tissues–is COX-1 really a constitutive isoform, and COX-2 an inducible isoform?. 

J. Cell. Mol. Med. 13, 3753–3763. https:// doi. org/ 10. 1111/j. 1582- 4934. 2008. 00430.x (2009).
 58. Shafabakhsh, R. et al. Targeting regulatory T cells by Curcumin: A potential for cancer immunotherapy. Pharmacol. Res. 147, 

104353 (2019).
 59. Xu, B., Yu, L. & Zhao, L.-Z. Curcumin up regulates T helper 1 cells in patients with colon cancer. Am. J. Transl. Res. 9, 1866 (2017).
 60. O’Connell, J. T. et al. VEGF-A and Tenascin-C produced by S100A4+ stromal cells are important for metastatic colonization. Proc. 

Natl. Acad. Sci. 108, 16002–16007 (2011).
 61. Erez, N., Truitt, M., Olson, P. & Hanahan, D. Cancer-associated fibroblasts are activated in incipient neoplasia to orchestrate 

tumor-promoting inflammation in an NF-κB-dependent manner. Cancer Cell 17, 135–147 (2010).
 62. Sun, Y.-S. et al. Risk factors and preventions of breast cancer. Int. J. Biol. Sci. 13, 1387 (2017).
 63. Eslami, S. S. et al. Combined treatment of dendrosomal-curcumin and daunorubicin synergistically inhibit cell proliferation, 

migration and induce apoptosis in A549 lung cancer cells. Adv. Pharm. Bull. (2022).
 64. Hasanpoor, Z., Mostafaie, A., Nikokar, I. & Hassan, Z. M. Curcumin-human serum albumin nanoparticles decorated with PDL1 

binding peptide for targeting PDL1-expressing breast cancer cells. Int. J. Biol. Macromol. 159, 137–153 (2020).
 65. Egil, A. C., Kesim, H., Ustunkaya, B., Kutlu, Ö. & Ince, G. O. Self-assembled albumin nanoparticles for redox responsive release 

of Curcumin. J. Drug Deliv. Sci. Technol. 76, 103831 (2022).
 66. Zhang, C. et al. Nano-in-micro alginate/chitosan hydrogel via electrospray technology for orally curcumin delivery to effectively 

alleviate ulcerative colitis. Mater. Des. 221, 110894 (2022).
 67. Kumar, R. S. & Arthanareeswaran, G. Nano-curcumin incorporated polyethersulfone membranes for enhanced anti-biofouling 

in treatment of sewage plant effluent. Mater. Sci. Eng. C 94, 258–269 (2019).
 68. Sheikhpour, M. et al. Co-administration of curcumin and bromocriptine nano-liposomes for induction of apoptosis in lung cancer 

cells. Iran. Biomed. J. 24, 24 (2020).
 69. Gayathri, K., Bhaskaran, M., Selvam, C. & Thilagavathi, R. Nano formulation approaches for curcumin delivery—a review. J. Drug 

Deliv. Sci. Technol. 10, 4326 (2023).
 70. Akbarian, A., Ebtekar, M., Pakravan, N. & Hassan, Z. M. Folate receptor alpha targeted delivery of artemether to breast cancer 

cells with folate-decorated human serum albumin nanoparticles. Int. J. Biol. Macromol. 152, 90–101 (2020).
 71. Charmi, J., Nosrati, H., Amjad, J. M., Mohammadkhani, R. & Danafar, H. Polyethylene glycol (PEG) decorated graphene oxide 

nanosheets for controlled release curcumin delivery. Heliyon 5, 1 (2019).
 72. Rahiman, N., Markina, Y. V., Kesharwani, P., Johnston, T. P. & Sahebkar, A. Curcumin-based nanotechnology approaches and 

therapeutics in restoration of autoimmune diseases. J. Control. Rel. 348, 264–286 (2022).
 73. Muppala, S. Significance of the tumor microenvironment in liver cancer progression. Crit. Rev. Oncogen. 25, 1 (2020).
 74. Hass, R., von der Ohe, J. & Ungefroren, H. The intimate relationship among EMT, MET and TME: AT (ransdifferentiation) E 

(nhancing) M (ix) to be exploited for therapeutic purposes. Cancers 12, 3674 (2020).
 75. Wright, L., Frye, J., Gorti, B., Timmermann, B. & Funk, J. Bioactivity of turmeric-derived curcuminoids and related metabolites 

in breast cancer. Curr. Pharm. Des. 19, 6218–6225 (2013).
 76. Kunnumakkara, A. B. et al. Curcumin mediates anticancer effects by modulating multiple cell signaling pathways. Clin. Sci. 131, 

1781–1799 (2017).
 77. Hatamipour, M., Sahebkar, A., Alavizadeh, S. H., Dorri, M. & Jaafari, M. R. Novel nanomicelle formulation to enhance bioavail-

ability and stability of curcuminoids. Iran. J. Basic Med. Sci. 22, 282 (2019).

https://doi.org/10.1080/2162402X.2020.1777625
https://doi.org/10.1002/cncr.21300
https://doi.org/10.1111/j.1582-4934.2008.00430.x


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20770  | https://doi.org/10.1038/s41598-023-48073-w

www.nature.com/scientificreports/

 78. Ban, C. et al. Enhancing the oral bioavailability of Curcumin using solid lipid nanoparticles. Food Chem. 302, 125328 (2020).

Author contributions
Conceptualization: E.J., L.L. Data curation; E. J. Formal analysis; L.L. Funding acquisition; L.L., A.A. Investiga-
tion; E.J., A.S. Methodology: L.L., A.A. Project administration: L.L., E.J. Resources: L.L., F.A.Z., A.A., H.Z. Soft-
ware: L.L., E.J., A.A., A.S. Supervision: L.L., F.A.Z., A.A. Validation: L.L., F.A.Z., A.A. Visualization: E.J. Roles/
writing—original draft; E.J. Writing—review and editing: L.L., F.A.Z., A.A.

Funding
This study was funded by the University of Medical Sciences research department with the grant reference 
number IR.KMU.REC.1398.326.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Neutralizing tumor-related inflammation and reprogramming of cancer-associated fibroblasts by Curcumin in breast cancer therapy
	Material and methods
	Patients and sample collection
	CAF isolation and characterization
	Cell viability and chemosensitivity assay
	Treatment with CUR and co-cultures
	Evaluation of PBMC proliferation and cytokine production
	qRT-PCR and gene expression
	Statistical analysis
	Ethical statement

	Results
	Patients and PBMC and CAF isolation
	Cell viability assay and IC50 calculations
	Treatment with Curcumin was effective in the suppression of CAF phenotype
	Treatment with Curcumin was able to restore proliferation in PBMC and increase the TH1-phenotype

	Discussion
	Conclusion
	References


