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Abstract 

Introduction: Imidazo[1,2-a]pyridine derivatives with diverse pharmacological properties and 

Curcumin, as a potential natural anti-inflammatory compound, are promising compounds for cancer 

treatment. This study aimed to synthesize a novel imidazo[1,2-a]pyridine derivative, (MIA), and 

evaluate its anti-inflammatory activity and effects on nuclear factor-kB (NF-κB) and signal transducer 

and activator of transcription 3 (STAT3)  pathways, and their target genes, alone and in combination 

with curcumin, in MDA-MB-231 and SKOV3 cell lines.  

Methods: We evaluated the interaction between imidazo[1,2-a]pyridine ligand, curcumin, and NF-

κB p50 protein using the molecular docking studies. MTT assay was used to investigate the impacts of 

compounds on cell viability. To evaluate the NF-κB DNA binding activity and the level of inflammatory 

cytokines in response to the compounds, ELISA-based methods were performed. In addition, 

quantitative polymerase chain reaction (qPCR) and western blotting were carried out to analyze the 

expression of genes and investigate NF-κB and STAT3 signaling pathways. 

Results: Molecular docking studies showed that MIA docked into the NF-κB p50 subunit, and 

curcumin augmented its binding. The MTT assay results indicated that MIA and its combination with 

curcumin reduced cell viability. According to the results of the ELISA-based methods, MIA lowered 

the levels of inflammatory cytokines and suppressed NF-κB activity. In addition, real-time PCR and 

Griess test results showed that the expression of cyclooxygenase-2 (COX-2) and inducible NO synthase 
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(iNOS) genes, and nitrite production were reduced by MIA. Furthermore, the western blotting analysis 

demonstrated that MIA increased the expression of inhibitory κB (IκBα) and B-cell lymphoma 2 (Bcl-

2)-associated X proteins (BAX), and suppressed the STAT3 phosphorylation, and Bcl-2 expression. 

Our findings revealed that curcumin had a potentiating role and enhanced all the anti-inflammatory 

effects of MIA. 

Conclusion: This study indicated that the anti-inflammatory activity of MIA is exerted by 

suppressing the NF-κB and STAT3 signaling pathways in MDA-MB-231 and SKOV3 cancer cell lines.  

 

Keywords: Imidazo[1,2-a]pyridine, Curcumin, NF-κB, Inflammation, Breast Cancer, Ovarian 

Cancer 

 

Introduction 

Breast cancer is the most prevalent malignancy with the greatest fatality rate, and ovarian cancer is 

the third most common cancer among women globally according tp the statistics of 2020.1, 2 

Chemotherapy has been conducted for the treatment of cancer patients: however, it has several 

significant drawbacks, such as high dosage requirements, serious side effects, and multiple drug 

resistance.3 Consequently, the development of unique and effective compounds and strategies, such as 

novel combination therapies for cancer treatment is essential. 

In oncology, the medical significance of natural products is well recognized, especially as a 

substitute for the disadvantages of routine chemotherapy.4-6 Curcumin, the active ingredient in turmeric  

extracted from the Curcuma longa plant, is a member of the polyphenol superfamily with anti-cancer 

and anti-inflammatory activities.7 Many investigations have shown that curcumin, either alone or in 

combination with other agents, acts as a potent compound for cancer treatment by modulating signaling 

pathways, inflammatory cytokines, and transcription factors.8-11  

Imidazo[1,2-a]pyridine (IP), a promising bicyclic 5–6 heterocyclic ring, has recently attracted much 

attention due to its wide variety of medicinal chemistry applications, including anti-cancer and anti-

inflammatory properties. Regarding reamrkable inhibitory activity of IP-based compounds against 

various cancer cell characteristics such as proliferation and migration, they have gained substantial 

consideration as possible drugs against breast cancer. 12 Modifications in the structure of Ips, make them 

potent substances to arrest cell cycle, induce apoptosis, modulate signal transduction pathways and 

cause DNA damage.13, 14 For example, IP-based compounds, such as IP-Se-05, HS-106, HS-104, HS-

173, IP-6, and IPD-196 are able to inhibit the proliferation of breast cancer cells as well as 

PI3K/Akt/mTOR signaling pathway, evern at low concentrations. 15-17 Despite efforts that have been 

made to modify the scaffold structure of IPs to develop new IP-based compounds, none of them have 

been approved as anti-cancer therapeutics. 14, 18-20   
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Inflammation has been shown to be linked to the development of breast and ovarian cancers.21, 22 

The nuclear factor-κB (NF-κB), as a key inflammatory response mediator, controls the expression of 

crucial regulatory genes such as immunity and inflammation.23, 24 The NF-κB controls the expression 

of many genes, including the cyclooxygenase-2 (COX-2), inducible nitric oxide (iNOS), and 

inflammatory cytokines, such as the tumor necrosis factor alpha (TNF)-α, interleukin (IL)-6, and IL-

1β.25, 26Studies have shown that inflammatory stimuli, such as Lipopolysaccharide (LPS), activate the 

NF-κB signaling pathway.27 Additionally, transforming growth factor beta (TGF-β) triggers the NF-κB 

pathway by sequentially controlling the TGF-β-activated kinase 1(TAK1) and IkappaB kinase.28 Due 

to the importance of the NF-κB function, its activity is strictly controlled and in unstimulated cells, 

inhibitory kappa B (IκB) keeps the NF-κB inactive in the cytoplasm.29 

The signal transducer and activator of transcription 3 (STAT3) controls the transcription of 

numerous genes, such as inflammatory cytokines, COX-2, iNOS, B-cell lymphoma 2 (Bcl-2), and Bcl-

2-associated X protein (BAX).30-32 Phosphorylation of the tyrosine residue (Tyr 705) activates STAT3 

and leads to STAT3 dimerization.33 The collaboration between NF-κB and Signal transducers and 

activators of transcription 3 (STAT3) has an important role in regulating the communication between 

inflammatory and cancer cells.34, 35 The IL-6 has a significant role in cancer and inflammation and acts 

primarily through the IL-6/STAT3 pathway. The IL-6 is one of the targets of NF-κB, thus when STAT3 

and NF-κB are simultaneously activated, the IL-6-STAT3 axis induces an NF-κB activation positive 

feedback loop.36 

 In the current study, we synthesized a novel imidazo[1,2-a]pyridine derivative, chemically named 8-

methyl-2-(4-(methylsulfonyl)phenyl)-N-(p-tolyl)imidazo[1,2-a]pyridin-3-amine, which we 

abbreviated as MIA for simplicity, and assessed its possible anti-inflammatory activity in breast and 

ovarian cancer cell lines.  

Materials and Methods 

Materials 

Cell culture materials, including culture media and the supplements were provided from 

Thermo Fisher Scientific (Waltham, MA, USA). Plates, flasks and comsumables were obtained 

from SPL Life Sciences, Gyeonggi-do, Korea. Each of the specific kits and reagents are 

mentioned in their relevant section. All the other chemicals were purchased from 

Sigma/Aldrich (St. Louis, MO, USA). 
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Synthesis of 8-methyl-2-(4-(methylsulfonyl)phenyl)-N-(p tolyl)imidazo[1,2- 

a]pyridin-3-amine  

For this synthesis procedure, first -bromo-4-(methylsulfonyl)acetophenone was prepared 

according to the literature procedure.37 Then, -bromo-4-(methylsulfonyl)acetophenone was 

reacted with p-toluidine in the presence of NaHCO3 in anhydrous methanol (MeOH) to produce 

1-(4-(methylsulfonylphenyl-2-(p-tolylamino))ethan-1-one. Subsequently, 1-(4-

(methylsulfonylphenyl-2-(p-tolylamino))ethan-1-one underwent a condensation reaction with 

2-amino-3-methylpyridine in isopropylalcohol (i-PrOH) at 80 °C to yield 8-methyl-2-(4-

(methylsulfonyl)phenyl)-N-(p tolyl)imidazo[1,2- a]pyridin-3-amine (MIA) as the final 

product, which was used for the subsequent cellular treatments. The synthesis process is 

depicted in Scheme 1.  

 

Scheme 1. The process of the synthesis of 8-methyl-2-(4-(methylsulfonyl)phenyl)-N-(p tolyl)imidazo[1,2- 

a]pyridin-3-amine (MIA). The first row shows the reaction of 1) -bromo-4-(methylsulfonyl)acetophenone 

with 2) p-toluidine in the presence of a) NaHCO3 in anhydrous MeOH, at room tempreture, producting 3) 1-

(4-(methylsulfonylphenyl-2-(p-tolylamino))ethan-1-one. The second row shows the condensation of the 

product from the first reaction with 4) 2-amino-3-methylpyridine in the presence of b) ZnI2 (30 mol %), air, 

4 Å MS, i-PrOH, at 80oC, producing 5) 8-methyl-2-(4-(methylsulfonyl)phenyl)-N-(p tolyl)imidazo[1,2- a]pyridin-

3-amine (MIA) as the final product.  

 

Molecular Docking Studies 

Using AutoDock software version 4.0, docking investigations were carried out to predict the 

interactions between imidazo[1,2-a]pyridine ligand, curcumin, and protein NF-κB p50. These 

investigations were conducted using the high-resolution complex NF-κB-DNA (PDB ID: 1NFK) 

retrieved from Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank. The 

cocrystallized DNA macromolecule and the protein's water molecules were eliminated, nonpolar 
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hydrogens were combined, Kollman charges were added, and the AutoDock 4 atom type was chosen to 

create the protein's PDBQT format. Using AutoDock tools, the ligand structure was first minimized in 

HyperChem8.0 (MM+ technique) and then converted to PDBQT file format. The docking grid box was 

built from the set of active site residues involved in hydrogen bonds (30×30×30). The docking run was 

set to 100 and the Lamarckian genetic search algorithm was used. For improved efficiency, protein 

residues from the docking box with atom counts larger than 6.0 Å were deleted.  

Cell culture 

The MDA-MB-231 and SKOV3 cell lines were provided by the Pasteur Institute of Iran. The MDA-

MB-231 cells were grown in DMEM cell culture medium containing streptomycin (100 μg ml-1), 

penicillin (100 U ml-1), and 10% fetal bovine serum (FBS). The SKOV3 cells were cultured in RPMI-

1640 medium with 1% penicillin/streptomycin and 10% FBS. The cell flasks were then incubated at 37 

°C in a humid environment with 5% CO2.  

MTT assay 

The MTT test was performed to evaluate the impacts of MIA alone and combined with curcumin on 

the viability of MDA-MB-231 and SKOV3 cell lines. Cell treatment was performed with various 

concentrations of MIA (10-50 μM), alone and together with curcumin (10 μM), and incubated for 24 

hours (h). The chemicals were solubilized in DMSO, followed by dilution in the cell culture media. A 

group of cells received only the solvent (DMSO) and no chemical and served as the negative control. 

Cyclophosphamide (Cpm), a cytotoxic drug against breast and ovarian cancer cells, was also used as the 

positive control. Afterward, each well received 5 mg/ml MTT solution (Thermo Fischer Scientific, 

Waltham, MA, USA) and then was incubated for 4 h. Finally, the absorbance of formazan was 

calculated by an ELISA reader at 570 nm. Curcumin was purchased from Sigma-Aldrich (St. Louis, 

MO, USA) and dissolved in ethanol. 

NF-κB activity assay 

The p65 and p50 subunits form the NF-κB heterodimer. In inflammatory conditions and during cell 

development, NF-κB p65 subunits move to the cell nucleus.29 In this study, the effects of MIA alone or 

in combination with curcumin on NF-κB translocation in LPS-stimulated cells were investigated by the 

NF-κB p65 Transcription Factor Assay Kit (Abcam, Cambridge, UK) based on enzyme-linked 

immunosorbent assay (ELISA) method, using a double-stranded DNA sequence that contained the NF-

κB response element. Using a nuclear extraction solution containing protease and phosphatase 

inhibitors, cells were harvested, and nuclear extracts were made. The nuclear extracts were added to the 

immobilized DNA that contains the NF-κB response element. The NF-κB primary antibody was used 

for detection, followed by the horseradish peroxidase (HRP)-conjugated secondary antibody. After 
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incubation and washing, the absorbance was calculated by a plate reader at 450 nm. The absorbance rate 

of each treatment group and the control group were compared. 

Measurement of cytokines 

The levels of released cytokines (TGF-β1, IL-6, TNF-α, and IL-1β) were measured in LPS-induced 

cells in response to MIA alone or in combination with curcumin. Using ELISA kits (Sigma-Aldrich, St. 

Louis, MO, USA), cytokines were quantified in the cell culture supernatants according to the guidelines 

provided by the manufacturer. An ELISA plate reader (PerkinElmer, USA) calculated the absorbance 

at 540 nm.  

Gene expression analysis 

qPCR technique was used to assess COX-2 and iNOS genes expression in LPS-stimulated cells in 

response to MIA and co-treatment with curcumin. The RNeasy mini kit (Qiagen, Hilden, Germany) 

was used to extract RNA, and the first-strand cDNA synthesis kit (Bio FACT, Daejeon, South Korea) 

reverse transcribed the RNA into cDNA. The SYBR Green Master Mix kit (Ampliqon, Odense, 

Denmark) and the specific primers (Table 1) were used to perform real-time PCR. The GAPDH gene 

served as a reference gene, and the outcomes were analyzed using the 2-ΔΔCt method using the formula 

ΔΔCT = ΔCT(target sample)−ΔCT(control sample). 

Table 1. Primers sequences in real-time PCR  

Gene name Sequence (5'->3') product 

length 

Tm 

COX-2 

NM_000963.4 

F 5′-TTCAAATGAGATTGTGGGAAAAT-3′ 

R 5′- AGATCATCTCTGCCTGAGTATCTT -3′ 

305 55.01  

58.60 

iNOS 

NM_000625.4 

F 5′-GTTCTCAAGGCACAGGTCTC-3′ 

R 5′-GCAGGTCACTTATGTCACTTATC-3′ 

127 58.20 

57.02 

GAPDH 

NM_001256799.3 

F 5′-CAAATTCCATGGCACCGTCAAG-3′ 

R 5′-AGAGATGATGACCCTTTTGGCT-3′ 

205 

 

60.67 

59.42 

 

Griess test  

NO has a short half-life and direct measurement is challenging. Therefore, the amounts of nitrate 

and nitrite, which are stable end products of NO breakdown, are measured to assess NO generation.38 

For this purpose, a nitrite assay kit (Sigma-Aldrich, Munich, Germany) based on the Griess Reagent 

was used to assess the effects of MIA and its combination with curcumin on nitric production in LPS-

induced cells. The cells were given a 24-hour incubation period with LPS (10 ng/ml) 39 in the presence 

of different doses of MIA alone and in combination with curcumin (10 μM). According to the 
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instructions, the procedures were carried out. Finally, the absorbance was calculated at 540 nm by an 

ELISA plate reader (PerkinElmer, USA). 

 

Western Blotting 

To assess the effects of compounds on IκBα protein expression, cells were treated with the 

substances for 30 min before exposure to LPS (1 μg/ml) for one hour.40 Also, to investigate the 

expression of STAT3, p-STAT3, BAX, and Bcl-2 proteins, cells received IL-6 (50 ng/mL) for four 

hours after treatment with compounds 41. The supernatant of centrifuged lysates was used for western 

blot analysis. The protein content was evaluated using a BCA test kit (Thermo Fisher Scientific, Oxford, 

UK). The samples were electroblotted onto a polyvinylidene fluoride (PVDF) membrane (Millipore, 

St. Louis Missouri, USA) after loading on 10% SDS-PAGE gels. After membrane blocking, the 

membranes were coated with the primary antibodies at 1:1000 dilution against BAX, Bcl-2, IκBα, 

STAT3, p-STAT3, and β-actin (Sigma-Aldrich, Munich, Germany) overnight at 4°C. Afterward, the 

membranes were then coated with HRP-conjugated anti-mouse immunoglobulin G secondary 

antibodies (Santa Cruz Biotechnology, Santa Cruz, California, USA). Eventually, enhanced 

chemiluminescence (ECL) (SuperSignal, Thermo Fisher Scientific, Oxford, UK) was used for 

detection. 

 

Analytical statistics 

GraphPad Prism was used for data analysis. After comparing experimental groups using a one-way 

analysis of variance (ANOVA), Tukey's post-Hoc analysis was done. P < 0.05 was considered 

statistically significant, and data were displayed as mean ± standard deviation (SD). 

 

Results 

Chemistry 

The target compound, 8-methyl-2-(4-(methylsulfonyl)phenyl)-N-(p-tolyl) imidazo[1,2-a]pyridine-

3-amine was synthesized and characterized using infrared (IR), liquid chromatography–mass 

spectrometry (LC-MS), hydrogen-1 nuclear magnetic resonance (1H NMR), and carbon-13 nuclear 

magnetic resonance (13C NMR). The 1H NMR and 13C NMR results are presented in Figure 1.  

Yield, 59%; dark yellow powder; mp: 200-202 oC; IR (KBr disk): νcm-1 1156, 1315 (SO2), 1632 

(C=N), 3370; 1H NMR (DMSO-d6): δ ppm 2.15 (s, 3H, 4-CH3), 2.58 (s, 3H, 8-CH3), 3.21 (s, 3H, 
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SO2Me), 6.41-6.43 (d, 2H, J = 8.0 Hz, phenyl H3 & H5), 6.84-6.87 (t, 1H, J = 6.8 Hz, imidazopyridine 

H6), 6.94-6.96 (d, 2H, J = 8.0 Hz, phenyl H2 & H6), 7.14-7.16 (d, 1H, J = 6.8 Hz, imidazopyridine H7), 

7.80-7.82 (d, 1H, J = 6.8 Hz, imidazopyridine H5), 7.93-7.95 (d, 1H, J = 8.4 Hz, methylsulfonylphenyl 

H2 & H6), 8.20 (s, 1H, NH), 8.30-8.32 (d, 1H, J = 8.4 Hz, methylsulfonylphenyl H3 & H5); 13C NMR 

(DMSO-d6): δ ppm 16.64, 20.55, 44.01, 113.10, 113.50, 121.55, 121.79, 124.68, 127.22, 127.36, 

127.69, 127.83, 130.48, 135.52, 139.25, 139.49, 142.78, 143.27; LC-MS ESI m/z: 392 ([M+H]+, 100). 

 

 

 

MIA docked into the NF-κB p50 subunit, and curcumin reinforced its binding 

Docking experiments revealed an interaction between MIA and NF-κB p50 subunit. The findings of 

the docking experiment were visualized and analyzed using AutoDock4 and PyMOL (open-Source). 

The docking simulations were performed on p50 monomers (chains A and B). The orientation of the 

ligand in the active site is shown in Figure 2. The ligand occupied the active site surrounded by several 

amino acids (i.e., Arg54, Arg56, Tyr57, Glu60, His141, and Lys241). As demonstrated in Figure 2 (A), 

the oxygen atom of the SO2Me group plays a role as a hydrogen bond acceptor and forms a hydrogen 

bond with the amine group of Lys241 (distance = 2.52 Å). Moreover, the NH of His141 can interact 

with the NH group of 3-phenylamino (distance = 2.86 Å). Curcumin fits into the same pocket of the 

NF-κB p50 active site. Two OH groups of curcumin bond with NH groups of Lys241 as hydrogen bond 

donors and acceptors (distance = 2.14 and 2.16 Å). Also, the other OH forms a hydrogen bond with the 

NH group of Ser208 (distance = 2.73 Å). The oxygen atom of carbonyl forms a hydrogen bond with 

NH of Thr143 amine moiety. 

Fig. 1. The 1H NMR (A) and 13C NMR (B) of 8-methyl-2-(4-(methylsulfonyl)phenyl)-N-(p-tolyl) 

imidazo[1,2-a]pyridine-3-amine (MIA).  
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Curcumin enhanced the cytotoxicity of MIA in both cell lines 

We assessed the cytotoxic activity of compounds using the MTT test. The MTT assay results 

demonstrated that MIA reduced cell viability after 24 h in a dose-dependent manner, which was 

significant at concentrations of 30 μM, 40 μM, and above in MDA-MB-231 and SKOV3 cell lines, 

respectively (Figures 3A and B). Moreover, the combination of MIA and curcumin caused a greater 

cytotoxicity compared to MIA treatment alone, and the presence of curcumin decreased the minimum 

effective concentration of MIA to 20 μM in MDA-MB-231 and 30 μM in SKOV3 cell lines.  

 

 

Fig. 2. The ligands docked into the NF-κB p50 monomer 

Imidazo[1,2-a]pyridine (A), curcumin (B) and superimposition of imidazo[1,2-a]pyridine on curcumin (C). 
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Fig. 3. MIA and its combination with curcumin reduced the viability of MDA-MB-231 and SKOV3 cells. 

 The effects of different concentrations of MIA (10-50 μM) and its combination with curcumin (10 μM) on the viability 

of MDA-MB-231 (A) and SKOV3 (B) cells. Negative control cells received only the solvent (0). Cyclophosphamide (Cpm) 

was used as the positive control. MIA: imidazo[1,2-a]pyridine derivative,  Cur: curcumin. The presented data are the mean ± SD 

of three separate experiments. The values were evaluated in comparison with the control. *P < 0.05, ** P < 0.01 compared 

with control. 

 

Co-administration of MIA and curcumin was more effective than MIA alone in 

decreasing NF-κB DNA binding activity  

We investigated the NF-κB activity in response to MIA and its combination with curcumin in LPS-

stimulated cells using an ELISA-based method. The data showed that LPS alone significantly enhanced 

the DNA binding activity of NF-κB compared to cells that did not receive LPS (Figures 4A and B). At 

concentrations of 20 μM, 30 μM, and above, MIA significantly decreased NF-κB DNA binding activity 

in LPS-induced MDA-MB-231 and SKOV3 cell lines, respectively. Additionally, co-treatment with 

curcumin boosted the suppressive effect of MIA on NF-κB activity compared to MIA treatment alone 

in both cell lines, and curcumin decreased the lowest effective concentration of MIA to 10 μM in MDA-

MB-231 and 20 μM in SKOV3 cell lines.  

 

a 

b 
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 Fig. 4. The combination of MIA and curcumin attenuated nuclear translocation of the NF-kB p65 subunit in 

LPS-stimulated cells. 

 NF-κB DNA binding activity in response to different concentrations of MIA ( 10-50 μM)  and MIA+curcumin (10 μM) 

in LPS-induced MDA-MB-231 (A) and SKOV3 (B) cell lines. Cur: curcumin. MIA: imidazo[1,2-a]pyridine derivative. The 

standard deviation of three distinct experiments is represented by the error bar. # P < 0.05 compared with untreated 

unstimulated control cells;  * P < 0.05, ** P < 0.01 , *** P < 0.001 compared with LPS-stimulated untreated cells. 

  

Cytokine levels were attenuated by MIA, and curcumin increased its 

inhibitory effects in LPS-stimulated cells 

We used an ELISA-based assay to measure the effects of MIA and its combination with curcumin 

on the inflammatory released cytokines in LPS-induced MDA-MB-231 and SKOV3 cell lines. The 

results indicated that LPS considerably raised the levels of cytokines (IL-6, TNF-α, IL1-β, TGF-β1) in 

the extracellular fluids in both cell lines. MIA meaningfully reduced the relative levels of all assessed 

cytokines stimulated by LPS in both cell lines (Figures 5A-H). Furthermore, these inhibitory effects 

were more remarkable in the combined treatment with MIA and curcumin, and curcumin augmented 

the suppressive impacts of MIA on cytokine production. 

 

 

a 

b 
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Curcumin increased the suppressive effects of MIA on the COX-2 and iNOS 

gene expression  

As demonstrated in Figures 6A-D, LPS raised the expression of both genes in breast and ovarian 

cancer cell lines. On the contrary, MIA downregulated the expression of both genes and counteracted 

the stimulatory effects of LPS.  MIA had significant inhibitory effects on the expression of COX-2 and 

iNOS genes at concentrations of 30 μM, 40 μM, and higher in both LPS-stimulated cell lines. 

Additionally, the expression of genes  was further reduced by the combination of MIA and curcumin 

(10 μM) and was more effective compared to MIA treatment alone.  

Fig.  5. Cytokine levels were decreased by MIA and co-treatment with curcumin increased its suppressive effects in 

LPS-treated cells.  

The effect of different concentrations of MIA (10-50 μM) and co-treatment with curcumin (10 μM) on IL-6 (A, B), TNF-

α (C, D), IL1-β (E, F), and TGF-β1 (G, H) cytokine levels in LPS-induced MDA-MB-231 and SKOV3 cell lines. Cur: 

curcumin. MIA: imidazo[1,2-a]pyridine derivative.  # P < 0.05 compared with untreated unstimulated control cells; * P < 

0.05, ** P < 0.01, ** P < 0.001 compared with LPS-stimulated untreated cells 

d 
e 
f 

g 

h 
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MIA and its combination with curcumin diminished nitrite production in LPS-

induced cells 

As shown in Figures 7A and B, the presence of LPS significantly enhanced nitrite production 

compared to control cells without LPS stimulation. MIA decreased nitrite production, which was 

significant at concentrations of 30 μM, 40 μM, and above in LPS-induced MDA-MB-231 and SKOV3 

cell lines, respectively. Furthermore, these reduction effects were more remarkable in the combined 

treatment with curcumin compared to when the cells were treated with MIA alone. These findings 

Fig. 6. MIA alone and together with curcumin diminished COX-2 and iNOS gene expression in LPS-stimulated MDA-MB-231 

and SKOV3 cell lines. 

The fold change levels of COX-2 (A, B) and iNOS (C, D) genes were determined by RT-PCR in response to various concentrations of 

MIA (10-50 μM) alone or in combination with curcumin (10 μM) in LPS-induced MDA-MB-231 and SKOV3 cells. The presented data 

are the mean ± SD of at least three separate experiments. # P < 0.05 comparison with untreated unstimulated control cells; * P < 0.05 , 

** P < 0.01, *** P < 0.001 compared with LPS-stimulated untreated cells. 

a 

b 

c 
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suggest that the inhibitory impact of MIA on LPS-stimulated nitrite generation might be due to the 

suppression of iNOS mRNA expression. 1400W (N-(3-(Aminomethyl)benzyl)acetamidine), which a 

slow and irreversible inhibitor of human iNOS42, was used as positive control. 

 

 

MIA and co-treatment with enhanced IκBα protein expression in LPS-

stimulated cells 

We examined the effects of MIA, either alone or combined with curcumin, on IκBα protein 

expression in LPS-induced cells using western blotting analysis. The results indicated that LPS caused 

a remarkable reduction in IκBα expression compared to the control in breast and ovarian cancer cell 

lines (Figures 8 A and B). In contrast, MIA boosted the IκBα expression and blocked IκBα degradation 

by LPS in both cell lines. Treatment with MIA and curcumin further increased the IκBα protein 

expression compared to treatment with MIA alone.  

 

Fig. 7. MIA lowered nitrite production in LPS-induced MDA-MB-231 and SKOV3 cell lines. 

The effects of various concentrations of MIA and its combination with curcumin (10 μM) on nitrite production were 

evaluated by Griess reagent in LPS-stimulated MDA-MB-231 (A) and SKOV3 cells (B). An iNOS inhibitor, called 1400W 

was used as positive control. # P < 0.05 compared to untreated, unstimulated control cells. * P < 0.05, ** P < 0.01, *** P 

< 0.001 compared with untreated control cells. At least three times, the experiment was carried out separately. 
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MIA and its combination with curcumin suppressed p-STAT3 and Bcl-2 and 

enhanced BAX protein expression in IL-6-stimulated cells 

The effects of MIA, either alone or in combination with curcumin, on the STAT3, p-STAT3, Bcl-2, 

and BAX protein expression were evaluated in IL-6-induced cells by western blotting analysis. Western 

blotting results revealed that IL-6 as an activator of the STAT3 signaling pathway enhanced the STAT3 

phosphorylation at Tyr705 (Figure 9) in both MDA-MB-231 and SKOV3 cells, without affecting the 

total STAT3 level. Treatment of cells with MIA caused a significant decline in STAT3 phosphorylation. 

IL-6 also remarkably enhanced Bcl-2 expression and reduced BAX expression in MDA-MB-231 and 

Fig. 8. MIA and co-treatment with curcumin boosted the IκBα expression in LPS-induced cells. 

The effects of LPS, MIA, and MIA+curcumin on IκBα protein expression in MDA-MB-231 (A) and SKOV3 (B) cell lines. The cells 

were treated with MIA (30 μM for MDA-MB-231 and 40 μM for SKOV3 cells) alone and in combination with curcumin (10 μM) for 30 

min before exposure to LPS (1 μg/ml) for 1 h. The results of western blotting showed that MIA reduced IκBα degradation and curcumin 

enhanced its effects. LPS served as the negative control. 
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SKOV3 cell lines (Figures 10). On the other hand, MIA suppressed IL-6-induced Bcl-2 protein 

expression and up-regulated BAX protein expression in both studied cell lines. Furthermore, combined 

treatment with curcumin augmented the effects of MIA on protein expression compared to MIA 

treatment alone. These findings suggest that MIA may induce apoptosis by suppressing the IL-6/STAT3 

signaling pathway, and curcumin potentiates the induction of apoptosis by MIA. However, this study 

does not specify the mechanism of apoptosis induction. 

  

 

 

 

a 
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Fig. 9. MIA and its combination with curcumin suppressed the IL-6-induced phosphorylation of STAT3. 

The effects of IL-6, MIA, and MIA+curcumin on the protein expression of STAT3 and its phosphorylated form, p-STAT3 in 

MDA-MB-231 (A) and SKOV3 (B) cells. The densitometric analysis of each blot is presented below the blot image. The cells 

received IL-6 (50 ng/mL) for 4 h after treatment with MIA (30 μM for MDA-MB-231 and 40 μM for SKOV3 cells)  and 

curcumin (10 μM). Western blotting data indicated that MIA reduced the phosphorylation of STAT3 without affecting STAT3 

total proteini level. * P < 0.05, *** P < 0.001 compared with untreated control cells. 
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Discussion 

Breast and ovarian cancers are still the most common cancers among women.43 Despite the advances 

in cancer treatment, there are still many problems and limitations, such as serious side effects of 

chemotherapy drugs and the emergence of drug resistance.44 Therefore, developing innovative 

therapeutic approaches are required to effectively control different carcinogenic processes. Compounds 

with the imidazo[1,2-a]pyridine core have demonstrated remarkable anti-inflammatory activity.45 In 

this study, we evaluated the anti-inflammatory activity of 8-methyl-2-(4-(methylsulfonyl)phenyl)-N-(p-

tolyl) imidazo[1,2-a]pyridine -3-amine, MIA, as a novel synthetic imidazo[1,2-a]pyridine derivative, 

alone and in combination with curcumin in breast and ovarian cancer cell lines, particularly in regards 

to its effects on the STAT3 and NF-κB pathways. We first evaluated the cytotoxic effects of compounds, 

the results of the MTT assay indicated that MIA had dose-dependent cytotoxic effects and reduced cell 

viability in breast and ovarian cancer cells. Previous studies have shown that imidazo[1,2-a]pyridine 

derivatives are able to cause cytotoxicity in breast and ovarian cancer cell lines.46, 47  

Several studies have revealed that curcumin has anti-cancer and anti-inflammatory activities against 

breast and ovarian malignancies by promoting apoptosis and inhibiting cell growth. 48, 49 Curcumin has 

shown beneficial effects, alone or in combination with other drugs.50, 51 Novel imidazo[1,2-a]pyridine 

analogs, inspired by curcumin structure, demonstrated cytotoxicity and antiproliferative activities 

against several cell lines, including breast and cervical cells.52 In the current investigation, we used 

curcumin and a new imidazo[1,2-a]pyridine derivative as a novel combination treatment. We provided 

the first evidence that curcumin can augment the cytotoxic effects of the synthetic imidazo[1,2-

a]pyridine derivative, MIA, against MDA-MB-231 and SKOV3 cell lines. 

Uncontrolled or aberrant NF-κB activity has been linked to the progression of breast and ovarian 

cancer.53, 54 Kamala K. Vasu et al. have demonstrated that a series of new imidazo[1,2-a]pyridine 

possess NF-κB inhibitory activity.55 In this study, our findings showed that MIA diminished the DNA-

binding activity of NF-κB and reduced the effects of LPS on NF-κB in breast and ovarian cancer cells. 

Previous studies have shown that curcumin may be a promising treatment for ovarian and breast cancer 

by suppressing NF-κB activity.56, 57 Furthermore, curcumin was able to enhance the inhibitory effects 

of MIA on NF-κB activity. Docking studies indicated that both MIA and curcumin could be inserted in 

the same pocket in the NF-κB p50 monomer active site and form hydrogen bonds. Curcumin formed 

four strong hydrogen bonds, whereas MIA participated in two hydrogen bonds. Therefore, the docking 

Fig. 10. MIA either alone or with curcumin repressed the expression of Bcl-2 and enhanced BAX protein in IL-6-stimulated 

cell lines. 

The effects of IL-6, MIA, and MIA+curcumin on the protein expression of Bcl-2 and BAX in MDA-MB-231 (A) and SKOV3 (B) 

cell lines. The cells received IL-6 (50 ng/mL) for 4 h after treatment with MIA (30 μM for MDA-MB-231 and 40 μM for SKOV3 

cells) and curcumin (10 μM). The densitometric analysis of blots are presented under each blotting image. Western blotting data 

indicated that MIA reduced the expression Bcl-2 and up-regulated BAX expression. * P < 0.05, ** P < 0.01, *** P < 0.001 

compared with untreated control cells.  
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results could explain that curcumin could enhance the inhibitory effect of this new imidazo[1,2-

a]pyridine derivative. 

Studies have shown that the direct interaction between NF-κB and STAT3 is linked to 

inflammation.58 Recently, the cooperation of these two transcription factors has been demonstrated in 

breast and ovarian cancers,59, 60 STAT3 is a critical activator of NF-κB that regulates the expression of 

pro-inflammatory cytokine, iNOS, COX-2, and TGF-β1 genes.32, 61, 62 Additionally, the significant role 

of activated STAT3 has been demonstrated in the nuclear retention of NF-κB.63  IκB keeps the NF-κB 

transcription factor inactive in the cytoplasm.29 The effect of imidazo[1,2-a]pyridine derivatives on 

IκBα protein expression has not been investigated yet. We investigated for the first time the effects of 

MIA, as a synthetic derivative of imidazo[1,2-a]pyridine, on IκBα protein expression in LPS-induced 

cells. Western blotting results revealed that MIA increased IκBα protein expression and counteracted 

the suppressive effects of LPS. Moreover, curcumin potentiated the effect of MIA on IκBα expression 

and reduced IκBα degradation in LPS-induced MDA-MB-231 and SKOV3 cells. Proinflammatory 

cytokines, including IL-1β, TNF-α, and IL-6are related to  the choronic and acute inflammation. Jan 

Rether et al. reported that TNF-α expression was suppressed by imidazo[1,2-a]pyridine derivatives in 

T cells.64  

Our findings showed that MIA, as a new synthetic imidazo[1,2-a]pyridine derivative, reduced 

inflammatory cytokines in breast and ovarian cancer cell lines and curcumin enhanced its inhibitory 

effects. Many studies have demonstrated that increased iNOS expression and NO production are 

associated with tumor development, such as breast and ovarian carcinoma.65 COX-2 is overexpressed 

in different cancers and exerts its effects through modulating immune response and inflammation.66 

Previous studies have demonstrated that novel synthetic imidazo[1,2-a]pyridine derivatives act as 

COX-2 blockers.37, 67 Stefan Gafner et al. have shown that curcumin and its derivatives reduce LPS-

induced iNOS and COX-2 gene expression in a mouse model.68 Until now, the effects on imidazo[1,2-

a]pyridine derivatives have not been evaluated. We investigated for the first time the impacts of a novel 

imidazo[1,2-a]pyridine derivative on iNOS gene expression. The real-time PCR and Griess test results 

demonstrated that our new imidazo[1,2-a]pyridine derivative, suppressed the expression of COX-2, 

iNOS genes, and NO production and curcumin enhanced its inhibitory effects in breast and ovarian 

cancer cells. 

 Qiuyao Huang et al. have reported that a new imidazo[1,2-a]pyridine derivative is able to inhibit 

the phosphorylation of STAT3 at Tyr705 in TNBC cell lines.69 In this study, the western blot analysis 

indicated that MIA suppressed the STAT3 phosphorylation (Tyr705)  without altering STAT3 level in 

IL-6-stimulated breast and ovarian cancer cells, and it was more remarkable in the combination of MIA 

and curcumin. Taken together, considering the interaction of NF-κB and STAT3 in inflammation and 

the commonality of target genes (COX-2, iNOS, and inflammatory cytokines), we hypothesize that the 
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anti-inflammatory activity of MIA are mediated via suppressing the STAT3/NF-κB/iNOS/COX-2 

signaling pathway. 

The IL-6 has been demonstrated to activate STAT3 to promote inflammatory responses in breast 

and ovarian cancers.70-72 Activated STAT3 controls the expression of  target genes, such as the Bcl-2 

family 73. Previous study indicated that a new imidazo[1,2-a]pyridine compound induced apoptosis via 

the p53/Bax pathway in HeLa cells. 74 Also, KumariBhavya et al. have shown that novel imidazo [1,2-

a] pyridine derivatives enhance pro-apoptotic BAX expression, and reduce Bcl-2 expression in A549 

cells.75 In this investigation, the impacts of MIA on the BAX and Bcl-2 protein expression was assessed 

in IL-6-induced breast and ovarian cancer cells. The results of western blotting revealed that MIA 

suppressed Bcl-2 expression while boosting BAX protein expression. Although this study does not 

clarify the mechanism of apoptosis induction by MIA, considering the suppression of STAT3 

phosphorylation by MIA, we suppose that MIA may induce apoptosis through inhibiting the IL-

6/STAT3 signaling pathway. 

 

Conclusion 

Taken together, this study suggests that the anti-inflammatory activity of MIA, a new synthetic 

derivative of imidazo[1,2-a]pyridine, may be mediated by the suppression of the STAT3/NF-

κB/iNOS/COX-2 pathway in MDA-MB-231 and SKOV3 cell lines. Furthermore, curcumin effectively 

potentiated the anti-inflammatory effects of MIA in breast and ovarian cancer cells. Therefore, MIA 

might be a potential candidate with anti-inflammatory activities alongside curcumin for cancer 

treatment. Nevertheless, the therapeutic value of these compounds must first be determined through 

additional pharmacokinetic and in vivo investigations. 
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Study highlights 

What is the current knowledge? 

• Curcumin, either alone or in combination with other agents, exerts significant anti-cancer and 

anti-inflammatory impacts on various cancer cell lines. 

• Imidazo[1,2-a]pyridine derivatives have a broad pharmaceutical activity, such as anti-

inflammatory and anti-cancer effects. 

• STAT3 and NF-κB pathways have a significant collaboration in inflammation and cancer. 

What is new here? 

• MIA as a new imidazo[1,2-a]pyridine derivative is able to reduce cell viability, trigger 

apoptosis and suppress inflammation in breast and ovarian cancer cells. 

• Curcumin-imidazo[1,2-a]pyridine derivative as a novel combination therapy exerts anti-

inflammatory effects in breast and ovarian cancer cells. 

• The anti-inflammatory activity of MIA is exerted by modulating the STAT3/NF-

κB/iNOS/COX-2 signaling pathway in MDA-MB-231 and SKOV3 cell lines. 

• Curcumin enhances the anti-inflammatory effects of MIA. 
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