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Abstract
Curcumin is assumed to be a plant-derived therapeutic drug that triggers apoptotic cell death in vitro and in vivo by affecting 
different molecular targets such as NF-κB. Phase I/II trial of curcumin alone or with chemotherapeutic drugs has been accom-
plished in pancreatic, colon, prostate and breast cancer cases. Recently, autocrine growth hormone (GH) signaling-induced 
cell growth, metastasis and drug resistance have been demonstrated in breast cancer. In this study, our aim was to investigate 
the potential therapeutic effect of curcumin by evaluating the molecular machinery of curcumin-triggered apoptotic cell 
death via focusing on NF-κB signaling and polyamine (PA) metabolism in autocrine GH-expressing MCF-7, MDA-MB-453 
and MDA-MB-231 breast cancer cells. For this purpose, a pcDNA3.1 (+) vector with a GH gene insert was transfected by a 
liposomal agent in all breast cancer cells and then selection was conducted in neomycin (G418) included media. Autocrine 
GH-induced curcumin resistance was overcome in a dose-dependent manner and curcumin inhibited cell proliferation, inva-
sion–metastasis and phosphorylation of p65 (Ser536), and thereby partly prevented its DNA binding activity in breast cancer 
cells. Moreover, curcumin induced caspase-mediated apoptotic cell death by activating the PA catabolic enzyme expressions, 
which led to generation of toxic by-products such as H2O2 in MCF-7, MDA-MB-453 and MDA-MB-231 GH+ breast cancer 
cells. In addition, transient silencing of SSAT prevented curcumin-induced cell viability loss and apoptotic cell death in 
each breast cancer cells. In conclusion, curcumin could overcome the GH-mediated resistant phenotype via modulating cell 
survival, death-related signaling routes and activating PA catabolic pathway.
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Introduction

Breast cancer is one of the leading types of cancer among 
women and the fifth most common cause of cancer death 
worldwide (Siegel et  al. 2012). The molecular mecha-
nism of breast cancer is controlled by various growth fac-
tors, including hormones such as HER2/Neu, estrogen and 
prolactin (Sternlicht 2006). Recently, besides prolactin, 
growth hormone (GH) has also been shown to be related 

to mammary gland development and takes a major role in 
ductal epithelial differentiation during puberty (Sternlicht 
2006). Positive expression levels of both GH and its recep-
tor (GHR) were determined in breast cancer samples (Wu 
et al. 2011). Although active GH signaling affects muscle 
and bone development through insulin-like growth factor-I 
(IGF-I), active autocrine GH signaling was demonstrated in 
mammary carcinoma (Kaulsay et al. 2001). GH expression 
was remarkable in aggressive breast cancer cases compared 
to healthy breast tissues (Mol et al. 1995) and these find-
ings were supported by the high occurrence of breast cancer 
cases among acromegaly patients, who have excess serum 
GH levels after puberty (Raccurt et al. 2002).

A number of studies have shown that the signaling of 
autocrine GH led to epithelial to mesenchymal transition 
(EMT) and triggered a metastatic profile by increasing 
occludin and fibronectin expression levels in MCF-7 breast 
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cancer cells (Mukhina et al. 2004). Similar to this finding, 
forced GH expression-mediated tumorigenesis and metasta-
sis was reported in estrogen receptor (ER)-negative MDA-
MB-453 and SK-BR-3 breast cancer cells (Chen et al. 2015). 
In addition, autocrine GH signaling-triggered oncogenic 
transformation as a result of increased expression of c-myc, 
cyclin-D1 and Bcl-2 in MCF-10 breast epithelial cells was 
reported (Zhu et al. 2005a). A high expression rate of GH-
mediated chemoresistance against various drugs such as 
doxorubicin, mitomycin C and tamoxifen has been deter-
mined in breast cancer cells (Bougen et al. 2011; Minoia 
et al. 2012; Mojarrad et al. 2010; Zatelli et al. 2009). How-
ever, GH might also produce a sensitive phenotype against 
arsenic trioxide, a Chinese patented-drug in MCF-7 breast 
cancer cells (Zekri et al. 2013). Clinically approved chemo-
therapeutic drugs, commonly used in the treatment of meta-
static breast cancer cases, may promote the chemoresistance 
phenotype. For this reason, new drug candidates are needed 
for the treatment of metastatic breast cancer cases.

One of the promising functional food derivative is cur-
cumin isolated from Curcuma longa, which has been shown 
to be an anti-inflammatory, and antioxidant, and has an anti-
tumorigenic effect on colon, cervical, prostate and breast 
cancer cells (Chauhan 2002; Duvoix et al. 2005; Guo et al. 
2013; Liao et al. 2008). A number of reports have shown 
that curcumin possesses an anti-carcinogenic effect that sup-
presses cell proliferation, invasion and metastasis. In addi-
tion, curcumin-induced caspase-dependent apoptotic cell 
death by modulating different molecular targets including 
nuclear factor kappa B (NF-κB), signal transducer and acti-
vator of transcription (STAT), cyclin-D and matrix metal-
loproteinase-1 (MMP-1) was demonstrated (Liu et al. 2009). 
Supporting these observations, it was reported that curcumin 
triggered reactive oxygen species (ROS) generation through 
downregulation of ornithine decarboxylase (ODC) gene 
expression in HL-60 leukemia cells (Liao et al. 2008).

The natural PAs, putrescine (Put), spermidine (Spd) and 
spermine (Spm), are amine-derived organic cations, which 
have essential roles in cell proliferation, growth, differ-
entiation and cancer progression (Cohen 1978; Igarashi 
and Kashiwagi 2000). Since high intracellular PA levels 
are associated with cancer development and progression, 
PA catabolic pathway-targeting chemotherapeutics have 
gained importance as new anticancer therapy models (Pegg 
1988). Curcumin induced apoptotic cell death by depletion 
of intracellular PA level, downregulation of ODC gene 
expression and also upregulation of PA catabolic enzyme 
(SSAT and PAO) gene expressions in MCF-7 wt and Bcl-
2+ breast cancer cells (Berrak et al. 2016). Although cur-
cumin has been evaluated as a powerful apoptotic agent in 
pre-clinical cancer studies, phase I/II trials on curcumin 
are contradictory because of the stability problems of cur-
cumin in human studies. However, combinational therapy 

of curcumin with chemotherapeutic drugs (docetaxel, 
gemcitabine) increased the potential therapeutic effect 
of curcumin due to its inhibitory effect on carcinogenic 
molecules, especially NF-κB (Bayet-Robert et al. 2010; 
Kanai et al. 2011). Therefore, to evaluate the therapeutic 
efficiency of curcumin in clinical trials, previous in vitro 
studies should be conducted to demonstrate the molecular 
targets in curcumin-mediated apoptotic cell death in breast 
cancer cells, especially with high metastatic profile. In this 
study, our aim was to investigate the potential molecu-
lar targets of curcumin-triggered apoptotic cell death in 
GH-mediated aggressive breast cancer cells regarding the 
NF-κB and EMT pathway and also to demonstrate the role 
of PA metabolism as a final consequence of curcumin-
mediated apoptotic cell death.

Materials and methods

Drugs, chemical and antibodies

Curcumin was purchased from Sigma (St. Louis, MO, USA) 
and dissolved in DMSO to prepare a 10 mM stock solution 
of which aliquots were kept at − 20 °C. N-Acetylcysteine 
(NAC) and wedelolactone were purchased from Sigma (St. 
Louis, MO, USA). Rabbit anti-GH, anti-Src, anti-STAT5, 
anti-pSTAT5, anti-STAT1, anti-pSTAT1, anti-STAT3, 
anti-pSTAT3, anti-SOCS-1, anti-SOCS-2, anti-PIAS-3, 
anti-PI3K, anti-Akt, anti-pAkt, anti-pFOXO3a, anti-p38, 
anti-pp38, anti-p44/42, anti-pp44/42, anti-Ras, anti-c-Raf, 
anti-c-fos, anti-c-jun, anti-c-myc, anti-N-cadherin, anti-snail, 
anti-vimentin, anti-β-catenin, anti-IKK-α, anti-IKK-β, anti-
IκBα, anti-pIκB α, anti-NF-κB, anti-pNF-κB, anti-NIK, 
anti-TRAF2, anti-TRAF3, anti-RelB, anti-Histon-3, anti-
p53, anti-p21, anti-Rb, anti-pRb, anti-Fas, anti-FADD, 
anti-TRADD, anti-pro-caspase-2, anti-pro-caspase-8, anti-
Bax, anti-Bak, anti-Bad, anti-Puma, anti-Bcl-2, anti-Bcl-xL, 
anti-Mcl-1, anti-PARP, anti-β-actin, anti-pro-caspase-9 and 
anti-pro-caspase-7 antibodies (each 1:1000 dilution) were 
purchased from Cell Signaling Technology (CST, Danvers, 
MA, USA), whereas rabbit anti-JAK-2, anti-pJAK-2, anti-
SSAT and anti-PAO antibodies (each 1:1000 dilution) were 
purchased from Santa Cruz (Santa Cruz, CA, USA). Mouse 
anti-MMP-2, anti-MMP-9, anti-TIMP-1 and anti-TIMP-2 
antibodies were purchased from CalBioChem (San Diego, 
CA, United States). ODC, AZ and AZI primary antibodies 
(each 1:1000 dilution) were gifted by Prof. Chaim Kahana 
from Weizmann Institute of Science, Israel. HRP-conjugated 
secondary anti-rabbit and anti-mouse antibodies (1:5000) 
were purchased from CST (Danvers, MA, USA).
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pcDNA3.1‑GH plasmid generation

Total DNA was isolated from venous blood by the salting 
out method (Miller et al. 1988). Genomic GH gene was 
amplified by PCR according to the 5′-TCT​AAG​CTT​AGG​
ATC​CCA​AGG​CCC​AACTC-3′ and 5′-AAG​AAT​TCC​TAG​
AAG​CCA​CAG​CTG​CCC​TCC​AC-3′ primers (IDT, Iowa, 
USA). The PCR protocol included an initial denaturation 
step at 94 °C for 3 min, followed by 30 cycles with 30 s of 
denaturation at 94 °C, 30 s of annealing at 65 °C and 45 s 
of elongation at 72 °C, followed by a final elongation step 
at 72 °C for 10 min. PCR results were electrophoresed at 
1% agarose gel and visualized by gel detection system 
(Bio-Rad, California, USA). Both GH PCR product and 
pcDNA3.1 (+) (Invitrogen, Waltham, MA, USA) plas-
mid were double digested by EcoRI and HindIII restric-
tion enzymes (Thermo Scientific, Waltham, MA, USA). 
Digestion products were purified from agarose gel elec-
trophoresis using Gel extraction kit (Qiagene, Valencia, 
CA, USA) and ligated by T4 ligase (Thermo Scientific, 
Waltham, MA, USA). The GH gene-inserted pcDNA3.1 
(+) plasmids were transformed to E. coli HB101 compe-
tent cells and selected by ampicillin. Positive clones were 
determined by both colony PCR and DNA sequencing.

Cell lines and culture conditions

MCF-7 (ATCC-HTB-22), MDA-MB-453 (ATCC-
HTB-131) and MDA-MB-231 (ATCC-HTB-26) breast 
cancer cells were purchased from the American Type 
Culture Collection (ATCC, Manassas, USA). Stable GH-
expressing MCF-7, MDA-MB-453 and MDA-MB-231 
breast cancer cells were generated by transfection of GH-
inserted pcDNA3.1 (+) plasmid by Lipofectamine 2000 
(Thermo Fisher Scientific, Waltham, MA, USA). Follow-
ing transfection, neomycin selection was performed and 
the highest GH-expressing positive clone was selected by 
immunoblotting and GH ELISA results. The selected GH-
expressing clones for MCF-7, MDA-MB-453 and MDA-
MB-231 breast cancer cells were used in all experiments 
in this study. MCF-7, MDA-MB-453 and MDA-MB-231 
wild-type (wt) and GH+ breast cancer cells were main-
tained in DMEM medium (PAN Biotech, Aidenbach, 
Germany) supplemented with 2 mM l-glutamine, 10% 
fetal calf serum (PAN Biotech, Aidenbach, Germany), 1% 
non-essential amino acids (Biological Industries, Kibbutz 
Beit-Haemek, Israel) and 100 U/100 mg/ml penicillin/
streptomycin (Biological Industries, Kibbutz Beit-Hae-
mek, Israel) in the presence of 5% CO2 in a humidified 
atmosphere at 37 °C.

Determination of GH expression by GH ELISA

1 × 106 MCF-7, MDA-MB-453 and MDA-MB-231 wt and 
GH+ breast cancer cells were incubated 24 h without FBS 
serum, the cell-free media were filtered by Amicon Ultra-15 
Centrifugal Filter (Millipore Darmstadt, Germany) and the 
concentration of the secreted GH was determined by GH 
ELISA Assay (Abcam, Cambridge, MA, USA) according 
to manufacturer’s instructions.

MTT cell viability assay

The dose-dependent effect of curcumin alone and/or siRNA 
transfection (SSAT siRNA) on cell viability was determined 
using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-tetrazolium bromide (MTT) assay (Roche, Indianapolis, 
IN, USA) in each wt and GH + breast cancer cells. Cells 
were seeded at a density of 4 × 103 cells per well in a 96-well 
plate. 20 pmol SSAT siRNA (Santa Cruz Biotechnology, 
CA, USA) transfection was performed for 48 h and follow-
ing transfection selected doses of curcumin were applied to 
cells for 24 h.

Trypan blue dye exclusion assay

Each cell line was seeded at a density of 5 × 104 cells/well 
in a six-well plate and treated with selected curcumin con-
centration for 72 h. Every 24 h, cells were trypsinized and 
stained with trypan blue; viable and death cells were counted 
under light microscopy. The obtained data were placed on 
a graph for the number of cells (y-axis) and time (x-axis).

Soft agar assay

The base agar was prepared creating a mixture with equal 
amounts of 2× DMEM medium (20% FBS and 2% penicil-
lin/streptomycin) and 0.5% agarose in PBS and the mixture 
was dispersed 1 ml into each well in six-well plates. After 
solidification of gel, 2.5 × 105 cells/ml in a 1:1 mix of 2× 
DMEM medium and 0.3% agarose were added on top of the 
base gel. After solidification, 500 µl media in the presence 
or absence of drugs was added on the gel and incubated at 
37 °C for 15 days and cells were stained with 0.05% crystal 
violet for 30 min.

In vitro cell migration and invasion assays

Assays were performed in BioCoat Matrigel invasion cham-
bers (BD Biosciences, Bedford, MA, USA) according to the 
manufacturer’s instructions, with uncoated porous filters 
(8 μm pore size) for estimation of cell migration and filters 
pre-coated with Matrigel to examine cell invasion. Cells 
were serum deprived for 24 h before the experiment. Values 
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for cell migration or invasion were denoted as the average 
number of cells per microscopic field over four fields per 
one filter for triplicate experiments, as described previously 
(Hazan et al. 2000).

siRNA‑mediated SSAT silencing

Each breast cancer cell was seeded at a density of 4 × 105 
in 60 mm Petri dishes and allowed to adhere overnight at 
37 °C. Next, 80 pmol SSAT siRNA (Santa Cruz Biotech-
nology, CA, USA) in 1:3 siRNA transfection reagent (Santa 
Cruz Biotechnology, CA, USA) was prepared in 200 μl 
serum-free culture medium and incubated for 30 min at 
room temperature. The mixture was gently added dropwise 
to the cells in 800 μl culture medium with 10% FBS and 
incubated for 0–48 h at 37 °C in a CO2 incubator. Following 
transient silencing for 48 h, the cells were treated with deter-
mined doses of curcumin for 24 h after which total proteins 
were extracted.

RNA isolation, cDNA synthesis, RT‑PCR and qRT‑PCR

Total RNA was isolated from each cell line using TRIPure 
(Roche, Indianapolis, IN, USA) according to the manufac-
turer’s indications. First-strand cDNA was transcribed using 
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). 
MMP-2, MMP-9, TIMP-1 and 18S genes were amplified 
using synthesized cDNAs by RT-PCR, electrophoresed at 
2% agarose gel and visualized by Gel Detection System 
(Bio-Rad, Hercules, CA, USA). Following 24 h of selected 
doses of curcumin treatment in each breast cancer cells, total 
RNA was isolated by using TRIPure (Roche, Indianapolis, 
IN, USA) according to the manufacturer’s indications. First-
strand cDNA was transcribed by using iScript cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA, USA). ODC, PAO and 
SSAT primers (Santa Cruz Biotechnology, CA, USA) were 
used to amplify the ODC, PAO and SSAT gene expression 
profile by using Bio-Rad CFX Connect (Bio-Rad, Hercules, 
CA, USA). The mean of the Ct levels was analyzed using 
the 2ΔΔCt method and the 18S primer was used as a refer-
ence gene.

Fig. 1   Curcumin suppressed the autocrine GH expression in MCF-7, 
MDA-MB-453 and MDA-MB-231 breast cancer cells. a The extra-
cellular expression of GH in each breast cancer after GH-inserted 
pcDNA3.1 (+) vector transfection and neomycin selection was deter-
mined by GH ELISA and immunoblotting in MCF-7 (left), MDA-

MB-453 (middle) and MDA-MB-231 (right) breast cancer cells. b 
Dose-dependent curcumin effect on GH expression was determined 
by immunoblotting in MCF-7 GH+, MDA-MB-453 and MDA-
MB-231 GH+ breast cancer cells. P pellet, M medium. β-actin was 
used as a loading control
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Protein extraction and immunoblotting

Total proteins were isolated from each sample, which was 
treated with the appropriate concentrations of curcumin for 
24 h by using ProteoJET Mammalian cell lysis buffer (Fer-
mentas, St. Leon-Rot, Germany). Following curcumin treat-
ment, nuclear and cytoplasmic proteins were isolated from 
MCF-7, MDA-MB-453 and MDA-MB-231 GH+ breast can-
cer cells using NE-PER Nuclear and Cytoplasmic Extraction 
Reagent kit and following the detailed instructions provided 
(Pierce Biotechnology, Rockford, IL, USA). Protein con-
centrations were determined using a Bradford protein assay 
(Bio-Rad, Hercules, CA, USA) and total protein lysates 
(50 μg) were separated by 12% SDS-PAGE and transferred 
to PVDF membranes (Roche, Indianapolis, USA). After this, 
the membranes were blocked with 5% milk blocking solu-
tion in Tris-buffered saline (TBS)–Tween 20 (Sigma Ultra, 
St. Louis, MO, USA) and incubated with the appropriate 
primary and horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (CST, Danvers, MA, USA) in antibody 

buffer containing 5% (v/v) milk blocking solution. Follow-
ing a gentle washing step with 1× TBS–Tween20, protein 
bands were analyzed using an enhanced chemiluminescence 
reagent (ECL, PierceTM, Thermo Scientific, Waltham, MA, 
USA) and signals from the HRP-conjugated antibodies were 
detected using ChemiDoc MP Imaging System (Bio-Rad, 
Hercules, CA, USA). All results were replicated at least two 
times and representative blots given.

Electrophoretic mobility shift assay (EMSA) 
for NF‑κB

The 3′- end biotin-labeled probe containing the NF-κB anti-
sense: 5′-AGT​TGA​GGG​GAC​TTT​CCC​AGGC-3′, wt sense 
5′-GCC​TGG​GAA​AGT​CCC​CTC​AACT-3′ STAT5 anti-
sense: 5′-AGA​TTT​CTA​GGA​ATT​CAA​TCC-3′ and wt sense: 
5′-GGA​TTG​AAT​TCC​TAG​AAA​TCT-3′ was purchased from 
Integrated DNA Technologies (IDT, Iowa, USA). The bioti-
nylated oligonucleotides were annealed via denaturing at 
90  C for 1 min, followed by cooling to room temperature for 

Fig. 2   The cytotoxic effect of curcumin in autocrine GH-express-
ing MCF-7, MDA-MB-453 and MDA-MB-231 breast cancer cells. 
a The effect of curcumin on cell viability was determined by MTT 
cell viability assay after curcumin (0–100 μM) treatments for 24 h in 
MCF-7 (left), MDA-MB-453 (middle) and MDA-MB-231 (right) wt 
and GH + breast cancer cells. b The effect of curcumin on cell growth 

inhibition effect was determined in MCF-7 (left), MDA-MB-453 
(middle) and MDA-MB-231 (right) wt and GH+ cells by trypan blue 
growth assay. The data shown represent the mean ± S.D. from three 
experiments with four replicates. Statistical difference was analyzed 
using a two-way ANOVA; **p < 0.05, * p < 0.01, ***p < 0.001
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Fig. 3   Autocrine GH induced JAK/STAT and PI3K/Akt/MAPK sign-
aling suppressed by curcumin treatment in breast cancer cells. a The 
effect of autocrine GH expression and curcumin treatment on JAK-
2, pJAK-2 (Tyr1007/1008), Src, STAT5, pSTAT5 (Tyr694), STAT1, 
pSTAT1 (Tyr701), STAT3, pSTAT3 (Ser727), SOCS-1, SOCS-3 and 
PIAS-3 protein expression profiles was determined by immunoblot-
ting in MCF-7 (left), MDA-MB-453 (Middle), MD-MB-231 (right) 
wt and GH+ breast cancer cells. Autocrine GH expression-induced 

STAT-5 activation and potential effect of curcumin on STAT-5 activ-
ity was determined by EMSA assay in b MCF-7 (left), MDA-MB-453 
(Middle), MDA-MB-231 (right) wt and GH+ breast cancer cells. c 
PI3K, Akt, pAkt (Ser473), pFOXO (Ser318/321), p38, pp38 (Thr180/
Ty182), p44/42, pp44/42 (Thr202/Tyr204), Ras, c-raf, c-fos, c-jun 
and c-myc expression alteration due to GH overexpression and the 
curcumin effect was determined by immunobloting. β-actin was used 
as a loading control
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1 h. The EMSA binding reactions were performed by using 
LightShift Chemiluminescent EMSA Kit (Pierce, Biotech-
nology, Rockford, IL, USA) according to the manufacturer’s 
instructions. 3 µg nuclear protein extracts was incubated in 
1× binding buffer containing 2.5% glycerol, 0.05% NP-40, 
50 mM KCl, 5 mM MgCl2, 50 ng Poly (dI-dC) and bioti-
nylated probe with or without protein extracts for 30 min at 
room temperature. The complex was separated on a 6% poly-
acrylamide–0.5 × Tris–borate–EDTA gel and transferred to 
positively charged nylon membrane. Following the transfer 
procedure, the membrane was cross-linked and then biotin-
labeled DNA was detected using ChemiDoc MP Imaging 
System (Bio-Rad Laboratories, Hercules, CA, USA).

FACS flow analysis

DCFH‑DA staining

Each cell line was seeded at a density of 1.25 × 105 cells/
well in a six-well plate. Next, 80 pmol SSAT siRNA (Santa 
Cruz Biotechnology, CA, USA) in 1:3 siRNA transfection 

reagent (Santa Cruz Biotechnology, CA, USA) was pre-
pared in 100 μl serum-free culture medium and incubated 
for 30 min at room temperature. The mixture was gently 
added dropwise to the cells in 900 μl culture medium with 
10% FBS and incubated for 0–48 h at 37 °C in a CO2 incu-
bator. Following transient silencing, the cells were treated 
with determined doses of curcumin for 24 h and harvested 
by trypsinization. The pellets were re-suspended in 1 × PBS 
with 1 µM of DCFH-DA and the cells were incubated in 
a cell incubator [(37°C), high relative humidity (95%) and 
controlled CO2 level (5%)] in the dark for 45 min. 5000 
events were analyzed in FACS flow cytometry [Accuri C6 
Flow Cytometer (BD Biosciences, Bedford, MA, USA)]. 
Fluorescence intensity of DCF staining was analyzed on 
FL-1 (525 nm).

Annexin V/PI double staining

Cells were seeded at a density of 3 × 105 cells/well in a six-
well plate and treated with selected dose of curcumin for 
24 h following with/without siRNA transfection (SSAT 

Fig. 3   (continued)
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siRNA; 80 pmol each) for 48 h. Both floating and adher-
ent cells were collected; after centrifugation, the cell pel-
lets were re-suspended in 1 × PBS, RNase (100 µg/ml) and 
Annexin V (10 µg/ml), incubated for 10 min, followed by 
the addition of PI (40 µg/ml), kept in the dark for 5 min and 
analyzed using an Accuri C6 (BD Biosciences, Bedford, 
MA, USA) Flow Cytometer. Fluorescence emissions were 
collected through 530 and 570-nm band-pass filters for FITC 
and PI, respectively. Data were evaluated using BD Accuri 
C6 software and presented as dot plots (Annexin fluores-
cence on the x-axis; PI fluorescence on the y-axis).

Cell cycle analysis by PI staining

Each cell line was seeded at a density of 2 × 105 cells/well 
in a six-well plate and then treated with an appropriate cur-
cumin dose for 24 h. Both floating and adherent cells were 
collected and fixed with 70% ethanol. Following incubation 
on ice for 30 min, the samples were centrifuged at 1200 rpm 
for 5 min, after which the pellets were re-suspended in 1 × 
PBS containing RNase (100 μg/ml) and PI solution (40 μg/
ml). The resulting samples were kept for 30 min at 37 °C in 
the dark and analyzed using Accuri C6 (BD Biosciences, 
Bedford, MA, USA) equipped with a 15 mW, 488-nm air-
cooled argon ion laser. Fluorescence emission was collected 
through a 570 nm band-pass filter. Cell cycle distribution 
analyses were performed using the C6 software (BD Bio-
sciences, Bedford, MA, USA).

PA analysis by HPLC

Intracellular PA levels were determined by HPLC analysis 
following a benzoylation procedure (Berrak et al. 2016). 
MCF-7, MDA-MB-231 and MDA-MB-453 wt and GH+ 
breast cells were seeded at a density of 1.2 × 106 in 100 mm 
Petri dishes and allowed to adhere overnight. Next, the cells 
were treated with curcumin for 24 h. Following washing in 
1 × PBS the cells were collected by scraping and transferred 
to a new microfuge tube, after which 50% trichloroacetic 
acid was added to each sample (1:10, v/v). The samples were 
kept at − 20 °C until benzoylation. Following benzoylation, 
the samples were immediately run on an HPLC system 
(Agilent, Santa Clara, CA, USA) using a UV detector set 
at 226 mV. The results obtained were evaluated against the 
internal standard 1,7-diaminoheptane, and Put, Spd and Spm 
standard curves (each 10 mM stock concentration).

Statistical analysis

All the experiments were analyzed statistically by two-way 
ANOVA using GraphPad Prism 6 (GraphPad Software, La 
Jolla, CA, USA). Statistically significant results by ANOVA 
were further analyzed by Bonferroni post hoc analysis 

(where indicated). p values considered as statistically signifi-
cant were **p < 0.05, **p < 0.01 and ***p < 0.001, respec-
tively. Error bars in the graphs were generated using ± stand-
ard deviation (SD) values. The mean ± SD of the data 
representing ELISA assay, MTT cell viability, growth assay 
and qRT-PCR analysis were achieved from at least three 
experiments with four replicates. All the immunoblotting 
results were repeated at least twice and Image J was applied 
to calculate the band intensities.

Results

Curcumin decreased cell viability in a dose‑ 
and time‑dependent manner

To determine the dose-dependent effect of curcumin on 
GH-expressing MCF-7, MDA-MB-453 and MDA-MB-231 
breast cancer cells, we generated stable cell lines expressing 
GH by pcDNA3.1 (+) vector with the GH gene inserted. 
Selected clones, which were secreting and expressing GH, 
were analyzed using GH ELISA assay and the immunoblot-
ting method, respectively. According to the ELISA assay 
results, selected clones from each cell line, which exerted 
a higher expression profile of GH when compared to wt 
cells, also had positive results for GH secretion in all breast 
cancer cells (Fig. 1a). Increasing concentrations (0–30 µM) 
of curcumin caused the downregulation of GH expression 
in all the breast cancer cell lines. For further experiments, 
we selected an effective anti-hormonal concentration of 
curcumin 20 µM for GH+ MCF-7 and MDA-MB-453 cells 
and 25 µM for MDA-MB-231 cells (Fig. 1b). Although 
autocrine GH expression caused resistant phenotype 

Fig. 4   Forced GH expression-induced colony formation and inva-
sion–metastasis prevented by curcumin treatment via acting on EMT 
marker expression profiles in breast cancer cells. a Curcumin treat-
ment prevents the autocrine GH-induced colony formation in MCF-7 
(left), MDA-MB-453 (middle) and MDA-MB-231 (right) breast 
cancer cells. The effect of curcumin on the diameter of colonies was 
calculated and given as a bar graph. b 0.5 × 104 MCF-7 (left), MDA-
MB-453 (middle) and MDA-MB-231 (right) wt and GH+ breast 
cancer cells with or without curcumin seeded on invasion plate with 
pore size 8 µm, and following 24 h curcumin treatment, invasive cell 
number (Upper chamber) and metastatic cell number (lower cham-
ber) were counted and given as a bar graph. The data shown represent 
the mean ± S.D. from three experiments with four replicates. Statis-
tical difference was analyzed using a two-way ANOVA; **p < 0.05, 
**p < 0.01, ***p < 0.001. c The transcriptional expression profiles 
of MMP-2, MMP-9 and TIMP-1 were determined by RT-PCR in 
MCF-7 (left), MDA-MB-453 (Middle), MD-MB-231 (right) wt and 
GH+ breast cancer cells. 18S RNA was used as loading control in 
RT-PCR. d The translational expression profiles of MMP-2, MMP-
9, TIMP-1, TIMP-2, N-cadherin, vimentin, snail and β-catenin gene 
expressions were determined by immunoblotting in MCF-7 (left), 
MDA-MB-453 (Middle), MD-MB-231 (right) wt and GH+ breast 
cancer cells. β-actin was used as a loading control
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against curcumin-induced cell viability loss compared to 
parental cells, dose-dependent curcumin treatment over-
came this effect in GH+ breast cancer cells. According to 
the MTT cell viability assay, exposure of 20 µM curcumin 
decreased cell viability by 49% in MCF-7 wt and 48% in 
MDA-MB-453 wt breast cancer cells for 24 h. However, cur-
cumin decreased cell viability loss by 74% in MCF-7 GH+ 
and 60% in MDA-MB-453 GH + cells for 24 h (Fig. 2a). 
Similarly, 25 µM curcumin induced 47 and 24% cell viabil-
ity loss in MDA-MB-231 wt and GH+ breast cancer cells, 
respectively (Fig. 2a). Although GH overexpression induced 
cell growth in each cell line as compared to parental breast 
cancer cells, 20 µM (MCF-7, and MDA-MB-453) or 25 µM 

(MDA-MB-231) curcumin suppressed growth inhibition in 
a time-dependent manner (Fig. 2b).

GH‑induced JAK/STAT and PI3K/Akt/MAPK 
activation prevented by curcumin treatment

The major effect of forced GH expression was upregula-
tion of STAT-1, STAT-3 and pSTAT-3 protein expressions 
in GH+ MCF-7, MDA-MB-453 and MDA-MB-231 breast 
cancer cells. Autocrine GH-mediated JAK2, STAT-5 phos-
phorylation and STAT-5 gene upregulation were observed in 
MCF-7 and MDA-MB-231 breast cancer cells. In addition, 
increased phosphorylation status of STAT-1 was determined 

Fig. 4   (continued)
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in MDA-MB-231 and MDA-MB-453 breast cancer cell dur-
ing biologically active GH signaling. When the cells were 
exposed to the selected curcumin concentration, we found 
that the expression levels of STAT-5, STAT-1 and STAT-3 
protein expressions were diminished, and curcumin triggered 
downregulation of pSTAT-1 (Tyr701), pSTAT-3 (Ser727) 
and pSTAT-5 (Tyr694) protein levels in each GH+ breast 
cancer cell. Downregulation of JAK-2 and pJAK-2 pro-
tein expressions were observed in both MCF-7 and MDA-
MB-231 GH+ cells following curcumin treatment. Although 
curcumin treatment upregulated PIAS-3 expression in 
MCF-7 and MDA-MB-453 breast cancer cells, downregula-
tion in SOCS-1 and SOCS-3 expression levels was observed 
in MCF-7 and MDA-MB-453 GH+ breast cancer cells 
(Fig. 3a). To determine the STAT-5 activation in GH + breast 
cells, and the potential effect of curcumin on STAT-5 activ-
ity, we performed EMSA assay (Fig. 3b). According to the 
EMSA assay, nuclear translocation of GH-induced STAT-5 
prevented by curcumin treatment was established. Forced 
GH expression triggered Ras, c-raf, c-fos, c-jun and c-myc 
expression and altered the phosphorylation of Akt, p44/42 
in breast cancer cells. While curcumin treatment led to 
downregulation of Ras and c-raf in all GH+ breast cancer 
cells, GH-mediated c-fos, c-jun and c-myc protein expres-
sions were suppressed by curcumin treatment especially in 
MDA-MB-453 breast cancer cells (Fig. 3c).

Curcumin prevented active GH signaling‑mediated 
invasion and metastasis

Although autocrine GH signaling increased colony formation 
as compared to wt cells, exposure of cells to curcumin was 
effective to decrease colony formation in all cell lines regard-
less of the GH expression profile (Fig. 4a). Concomitantly, 
the increased colony formation due to active GH signaling 
triggered metastatic and invasive cell phenotype. Similar to 
previous results, curcumin acted as a negative modulator on 
metastasis and invasion. In all breast cancer cells, although 
GH expression caused an increase in the invasive and meta-
static cell populations compared to wt cells, curcumin pre-
vented the GH-mediated aggressive cell phenotype (Fig. 4b). 
Although forced GH expression elevated mRNA levels of 
MMP-2 and TIMP-1 in each breast cancer cell, curcumin 
treatment suppressed MMP-2 expression levels in MCF-7 
and TIMP-1 expression levels in MDA-MB-453 GH+ breast 
cancer cells (Fig. 4c). While a distinct increase was observed 
for MMP-9 and TIMP-2 protein expressions in GH+ breast 
cancer cells as compared to wt cells, curcumin treatment 
effectively prevented this effect only in MDA-MB-453 cells. 
Moreover, forced GH expression induced vimentin, snail and 
ß-catenin protein expression as compared to wt cells. How-
ever, curcumin treatment decreased vimentin and snail, and 
ß-catenin expressions in each cell line (Fig. 4d).

GH‑induced NF‑κB signaling prevented by curcumin 
in breast cancer cells

Autocrine GH signaling triggered the upregulation of NF-κB 
p65 and RelB protein levels through increasing phospho-
rylation of NF-κB p65 (Ser536) compared to parental 
cells, but curcumin treatment decreased the GH-induced 
NF-κB p65 and RelB expression levels in all breast cancer 
cells (Fig. 5a). Although autocrine GH signaling upregu-
lated the expression levels of p100 and p52 in MCF-7 and 
MDA-MB-453 breast cancer cells, respectively, curcumin 
induced downregulation of these protein expression levels. 
GH overexpression induced translocation of pNF-κB and 
RelB from the cytoplasm to the nucleus in all breast cancer 
cells, but curcumin treatment prevented their translocation 
in each GH+ breast cancer cell line (Fig. 5b–d). Moreo-
ver, the transcriptional activity of NF-κB was determined 
by EMSA assay in curcumin-treated and -untreated MCF-7, 
MDA-MB-231 wt and GH+ breast cancer cells. According 
to the NF-κB EMSA assay, while NF-κB p65 nuclear DNA 
binding was noticeably higher in GH-expressing MCF-7, 
MDA-MB-453 and MDA-MB-231 breast cancer cells, cur-
cumin treatment sharply decreased the GH-triggered bio-
logical activity of NF-κB in MDA-MB-453 breast cancer 
cells (Fig. 5e).

Curcumin treatment depletes intracellular PA levels 
via modulating PA metabolism

Forced GH expression triggered the expression of ODC 
gene in GH+ cells as compared to wt breast cancer cells, 
but curcumin treatment suppressed ODC gene expression in 
both wt and GH+ breast cancer cells. However, this effect 
was clear in wt breast cancer cells as compared to GH+ 
breast cancer cells in transcriptional and translational level 
(Fig. 6a–d). Similarly, curcumin decreased the expressions 
of AZ and AZI in MDA-MB-231 wt and GH+ breast cancer 
cells. When we checked the expression levels of the PA 
catabolic enzymes, PAO and SSAT, upregulation in PAO 
and SSAT gene expressions was determined following cur-
cumin treatment in each breast cancer cell. According to 
HPLC results, autocrine GH expression induced intracel-
lular Put and Spd levels, but curcumin distinctly depleted 
autocrine GH-mediated PA level in MCF-7 breast cancer 
cells. However, in MDA-MB-453 breast cancer cells, active 
GH signaling was not effective in altering PA levels as 
compared to parental cells. When we compared the effect 
of curcumin on intracellular PA levels, we observed that 
curcumin significantly depleted the Spd and Spm levels in 
MDA-MB-453 breast cancer cells (Fig. 6e, f). Although 
curcumin treatment depleted intracellular Put, Spd and 
Spm levels in MDA-MB-231 wt cells, curcumin clearly 
depleted only Put and Spm levels in forced GH-expressing 
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MDA-MB-231 breast cancer cells (Fig. 6g). To modulate 
the curcumin-induced ROS generation in GH+ MCF-7, 
MDA-MB-453 and MDA-MB-231 breast cancer cells, we 
performed DCFH-DA staining. According to the fluores-
cence microscopy of DCFH-DA staining, curcumin induced 
ROS generation in wt and GH+ MCF-7, MDA-MB-453 
and MDA-MB-231 breast cancer cells. Flow cytometry 

analysis of DCFH-DA staining also confirmed these results. 
To demonstrate the reversible effect of curcumin-induced 
ROS generation, we performed N-acetylcysteine (NAC) 
pre-treatment with curcumin in MCF-7, MDA-MB-453 
and MDA-MDA-MB-231 wt and GH+ breast cancer cells 
by DCFDH-DA staining (Fig. 6h).

Fig. 5   Curcumin prevented autocrine GH-induced classical and alter-
native NFκB signaling and nuclear localization of NF-κB in MCF-7, 
MDA-MB-453 and MDA-MB-231 breast cancer cells. a The effect of 
curcumin on IκKα, IκKβ, pIκKα/β (Ser176/180), Iκ-B, pIκ-B (Ser32), 
NF-κB, pNF-κB (Ser536), NIK, TRAF2, TRAF3, p100, pp100 
(Ser866/870) and RelB gene expression profiles were determined by 
immunoblotting in MCF-7 (left), MDA-MB-453 (middle), MDA-
MB-231 (right) wt and GH+ breast cancer cells. NF-κB and ReblB 
translocation due to autocrine GH expression and the curcumin treat-

ment-induced suppression were determined in nuclear and cytoplas-
mic extracts by immunoblotting. Wedelolactone (10  µM) was used 
as a positive control for nuclear NF-κB and RelB translocation in b 
MCF-7, c MDA-MB-453, d MDA-MB-231 GH+ breast cancer cells. 
β-actin was used as a cytoplasmic loading control, Histon-3 was used 
as a nuclear loading control. e Biological activity of nuclear trans-
located NF-κB was determined by EMSA Assay in MCF-7 (left), 
MDA-MB-453 (middle) and MDA-MB-231 (right) breast cancer cells
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Fig. 6   Curcumin induced PA depletion by preventing ODC expres-
sion and triggering SSAT expression in autocrine GH-expressing 
breast cancer cells. a PA metabolic enzymes, ODC, AZ, AZI, SSAT 
and PAO, expression profiles following curcumin treatment were 
investigated in MCF-7 (left), MDA-MB-453 (middle), MDA-MB-231 
(right) wt and GH+ breast cancer cells by immunoblotting. β-actin 
was used as a loading control. The transcriptional expression levels of 
b ODC, c SSAT and d PAO were determined by qRT-PCR in MCF-7, 
MDA-MB-453 and MDA-MB-231 breast cancer cells. 18S was used 
as a housekeeping and fold of alteration in expression profile calcu-
lated by the ΔΔCt method. The effect of curcumin on intracellular PA 

pool was determined by HPLC analysis in e MCF-7, f MDA-MB-453 
and g MDA-MB-231 wt and GH+ breast cells. The data shown 
represent the mean ± S.D. from three experiments with four repli-
cates. Statistical difference was analyzed using a two-way ANOVA; 
**p < 0.05, **p < 0.01, ***p < 0.001. h Curcumin and curcumin with 
NAC (5 mM) pre-treatment-induced ROS generation was determined 
by fluorescence microscopy and FACS flow cytometer after DCFD-
HA staining in MCF-7, MDA-MB-453, MDA-MB-231 wt and GH+ 
breast cancer cells. Statistical difference was analyzed using two-way 
ANOVA; **p < 0.05, **p < 0.01, ***p < 0.001
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Transient silencing of SSAT expression prevented 
curcumin‑mediated cell viability loss, apoptotic cell 
death and ROS generation in GH+ breast cancer cells

Following SSAT transient silencing for 48 h, each cell 
line were treated with selected curcumin doses for 24 h. 
Using an MTT assay, we observed a significant decrease 
in the curcumin-mediated cell viability loss following 
SSAT silencing when we compared with only curcumin 
exposure in MCF-7, MDA-MB-453 and MDA-MB-231 
breast cancer cells (***p < 0.001) (Fig. 7a–c). Subsequent 
Annexin V/PI staining performed to assess apoptotic cell 
death under SSAT silencing conditions revealed that 
curcumin-induced apoptotic cell death was overcome by 
SSAT silencing in each breast cancer cell. The curcumin-
induced apoptotic cell death rate decreased from 6.7 to 
0.8% in MCF-7 wt, and from 2.2 to 0.6% in MCF-7 GH+ 
breast cancer cells. Similarly, curcumin-triggered apop-
totic cell death was prevented by SSAT silencing condi-
tions in MDA-MB-453 wt and GH+ breast cancer cells. 
Moreover, transient silencing of SSAT declined the apop-
totic cell death population from 11.8 to 4.6% in MDA-
MB-231 wt and from 7.3 to 3.8% in MDA-MB-231 GH+ 
cells (Fig. 7d). To demonstrate the inhibition of curcumin-
induced ROS generation under SSAT silencing condition, 
DCFDH-DA FACS flow analysis was performed for each 
breast cancer cell (Fig. 7e). MTT cell viability assay and 
Annexin V/PI analysis results were confirmed by DCFDH-
DA FACS flow analysis.

Curcumin induced cell cycle arrest at the G2/M 
phase in autocrine GH expressing breast cancer cells

Curcumin treatment led to a significant increase in the per-
centage of G2/M population compared to untreated cells 
in both MCF-7 wt and MCF-7 GH+ breast cancer cells 
(Fig. 8a). In MDA-MB-453 cells, curcumin triggered sig-
nificant accumulation of the subG1 population in both wt 
and GH+ breast cancer cells. When we checked the potential 
effect of curcumin on wt and GH+ MDA-MB-231 breast 
cancer cells by PI FACS flow cytometer analysis, curcumin 
triggered the accumulation of the subG1 population in wt 
and GH+ MDA-MB-231 breast cancer cells. Moreover, 
exposure of curcumin not only induced subG1 population 
accumulation, but also triggered G2/M arrest in both wt and 
GH+ breast cancer cells. Curcumin treatment induced p53 
and p21 expression, and downregulated the expression of 
Rb and pRb (Ser780) in autocrine GH-expressing MCF-
7, MDA-MB-453, and MDA-MB-231 breast cancer cells 
(Fig. 8b).

Curcumin is a strong apoptotic agent by modulating 
Bcl‑2 family members

Similar to Annexin V/PI staining, curcumin treatment trig-
gered PARP cleavage in GH+ MCF-7, MDA-MB-453 and 
MDA-MB-231 breast cancer cells. While curcumin upregu-
lated Fas expression, on the contrary FADD downregula-
tion was observed in GH+ MCF-7 and MDA-MB-231 breast 
cancer cells. Although TRADD expression was downregu-
lated in GH+ MCF-7 and MDA-MB-453 breast cancer cells, 
upregulation of TRADD expression was demonstrated fol-
lowing curcumin treatment in MDA-MB-231 GH+ cells. 
In addition, curcumin activated caspase-2, -8, -7 and -9 in 
each autocrine GH-expressing breast cancer cell (Fig. 8c). 
Moreover, curcumin treatment induced Bax expression and 
downregulated Bcl-XL expression in autocrine GH-express-
ing MCF-7, MDA-MB-453 and MDA-MB-231 breast cancer 
cells. However, in MCF-7 GH+ cells, curcumin treatment 
upregulated Bak and Puma expression, and downregulated 
Mcl-1 protein expression. However, no distinctive effect 
on Bad and Bcl-2 expression was detected as compared 
to MCF-7 wt breast cancer cells. In MDA-MB-453 GH+ 
breast cancer cells, curcumin-induced downregulation of 
Bak, Bcl-2 and Mcl-1 protein expression was established. 
Although curcumin had no obvious effect on Bak expres-
sion, upregulation in Bad, Puma expression, Bcl-2 and 
Mcl-1 downregulation were determined in MDA-MB-231 
GH+ breast cancer cells (Fig. 8d). As a result, curcumin 
modulated the key players of the extrinsic and intrinsic 
apoptotic pathways, which led to increased apoptotic cell 
death in GH-expressing MCF-7, MDA-MB-453 and MDA-
MB-231 breast cancer cells.

Discussion

Curcumin is a pleiotropic plant-derived molecule that 
exhibits anti-inflammatory, antioxidant and anticarcino-
genic activity by targeting various signaling pathway such 
as PI3K/Akt, mTOR, NF-κB and JAK/STAT signaling. As 
a potential chemotherapeutic agent, curcumin induces cell 
death in various cancer cells such as prostate, melanoma, 
pancreatic, colon and breast cancer (Chauhan 2002; Guo 
et al. 2013; Liao et al. 2008). Due to in vivo studies dem-
onstrating the effective antitumorigenic and antimetastatic 
potential of curcumin in colon, prostate and breast cancer, 
curcumin has been assumed o be a promising plant-derived 
therapeutic drug in cancer therapy. Although pre-clinical 
studies increase the potential of curcumin as a chemothera-
peutic drug, the results from phase I/II trials of curcumin 
are contradictory and frustrating for the treatment potential 
of curcumin in cancer cases (Nelson et al. 2017). Accord-
ing to phase I trials of curcumin in colon cancer cells, poor 
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detection of curcumin and its metabolite levels in urine 
attenuated the benefit of curcumin in gastrointestinal tract 
cancer therapy (Sharma et al. 2004). However, phase II tri-
als of curcumin in advanced pancreatic cancer is promising 
because of its inhibitory effect on inflammatory cytokine 
levels such as IL-6, IL-10, IL-8 and IL-1 receptor antagonist 
(Dhillon et al. 2008). Although the therapeutic potential of 
curcumin was demonstrated to be a failure because of cur-
cumin instability, and the low half-life in cancer patient’s 
circulation, a number of biological evidences obtained from 
in vitro and in vivo studies have gained attention for the 
evaluation of the apoptotic efficiency of curcumin, especially 
in drug-resistant in vitro cancer models to improve the effec-
tive chemotherapeutic strategy of curcumin (Bahadori and 
Demiray 2017; Nelson et al. 2017).

Recently, autocrine GH signaling-triggered invasion and 
metastatic profile has been demonstrated in MCF-10 mam-
mary epithelial cells (Zhu et al. 2005a) and in MDA-MB453-
GH+ xenograft mice models (Chen et al. 2015). Moreover, 
resistance against well-known chemotherapeutics such as 
tamoxifen (Mojarrad et  al. 2010), doxorubicin (Minoia 
et al. 2012; Zatelli et al. 2009), daunorubicin (Zhu et al. 
2005b), mitomycin C (Bougen et al. 2011) and its radiore-
sistance potential (Bougen et al. 2012) have been reported 
for MCF-7, T47D and BT474 breast cancer cells. In this 
study, we demonstrated that although autocrine GH signal-
ing revealed a resistance phenotype against low curcumin 
doses, increased doses of curcumin overcame the autocrine 
GH expression-mediated drug resistance in MCF-7, MDA-
MB-453 and MDA-MB-231 breast cancer cells. Similar 
to our results, it was reported that an active autocrine GH-
signaling mechanism in MDA-MB-231 and T47D breast 
cancer cells provided resistance to mitomycin C treatment 
(Bougen et al. 2011). However, contrary to all these data, 
it was established that GH expression might also cause a 
dose-dependent sensitivity for arsenic oxide treatment in 
MCF-7 breast cancer cells (Zekri et al. 2013). Thus, auto-
crine GH signaling has been assumed to be an obstacle for 
the therapeutic effect of drugs by triggering cancer drug 
resistance profile. However, curcumin managed to overcome 
GH-induced aggressiveness in a dose-dependent manner in 
breast cancer cells.

GH demonstrates its biological activity by activat-
ing JAK2-dependent STAT phosphorylation and nuclear 
translocation of STAT-5 dimers through the GH-targeting 
genes following binding its receptor, GHR (Birzniece 
et al. 2009). Autocrine GH signaling triggered cell pro-
liferation through increasing the expression of JAK-2 and 
STAT-5 without acting on STAT-1 and STAT-3 expressions 
in MCF-7 breast cancer cells (Kaulsay et al. 1999). In a 
previous study, it was shown that JAK-2 was dependent on 
the increased GH expression, which led to invasive and 
metastatic mammary cell carcinoma (Kaulsay et al. 2000). 

Similar to previous data, we also demonstrated the forced 
GH expression increased the expression of STAT-1, -3, -5 
and their phosphorylated forms in each GH+ breast can-
cer cell. However, we demonstrated curcumin prevented 
GH-mediated active JAK2 signaling due to phosphoryla-
tion at Tyr1007/1008 residues. Concomitantly, curcumin 
prevented STAT activation by inhibiting pSTAT5 (Tyr694) 
and pSTAT1 (Tyr701) expression in each GH+ breast can-
cer cell for the first time in this study. Therefore, we con-
cluded that curcumin strongly inhibited the autocrine GH-
mediated JAK2/STAT activation in breast cancer cells and 
might be used as STAT-3 and STAT-5 inhibitor in breast 
cancer therapy.

Besides STAT activation, it was reported that JAK-2 
phosphorylation modulated p44/42 (Winston and Bertics 
1992), c-jun N-terminal kinase (JNK) (Zhu et al. 1998) and 
p38 MAPK (Lanning and Carter-Su 2006). Exogenous GH 
was also demonstrated to activate both the p44/42 and p38 
pathways (Hodge et al. 1998; Moller et al. 1992). p38 and 
p44/42 signaling was dependent on GH-mediated cell pro-
liferation in MCF-7 cells, using the p38 and p44/42 pathway 
inhibitors SB203580 and PD98059, respectively (Kaulsay 
et al. 1999). Moreover, GH-expressing MCF-10A cells dem-
onstrated oncogenic transformation via c-myc-induced cell 
growth and colony formation (Zhu et al. 2005a). Although 
GH overexpression-triggered cell growth and colony forma-
tion in breast cancer cells have been reported, the potential 
preventive effect of curcumin on autocrine GH-mediated 
growth induction in breast cancer cells has not yet been 
investigated. In accordance with previous results, autocrine 
GH-signaling breast cancer cells that exert higher expression 
profiles for key cascade molecules such as pAkt (Ser473), 
p38, pp38, p44/42, pp44/42 and their downstream targets 
c-raf, c-fos, c-jun and c-myc have been demonstrated in this 
study. Therefore, in this study, we evaluated that curcumin 
inhibited the GH-mediated activation of Akt/MAPK sign-
aling axis to limit the cell survival machinery in MCF-7, 
MDA-MB-453 and MDA-MB-231 breast cancer cells.

Forced GH expression induced cell proliferation, inva-
sion and metastasis in MDA-MB-453 and SKBR-3 breast 
cancer cells when compared with wt parental cells and trig-
gered increased tumor volume in vivo (Chen et al. 2015). 
Moreover, GH expression was evaluated to increase cell 
proliferation and colony formation by triggering the expres-
sion of cyclin-D1, Bcl-2 and c-Myc in MCF-7 and NIH-3T3 
as well as in vivo tumor growth in forced GH-expressing 
MCF-10 subcutaneously injected mouse models (Zhu et al. 
2005a). Furthermore, one of the major regulators of angio-
genesis promoting endothelial cell proliferation, survival, 
migration and invasion is vascular endothelial growth factor 
(VEGF-A), which has shown increased expression in auto-
crine GH-expressing MCF-7 cells as compared to mutant 
GH-expressing MCF-7 breast cancer cells (Brunet-Dunand 
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et al. 2009). In addition, the GH-induced invasion and meta-
static profile was reported in MCF-7 breast cancer cell by 
triggering the expression of EMT markers such as vimen-
tin and fibronectin (Mukhina et al. 2004). Besides abnor-
mal EMT marker expressions, loss of E-cadherin was also 
demonstrated to develop a cancer-invasive and metastatic 
profile (Nollet et al. 1999). Snail and slug transcription fac-
tors have been reported to act as repressors on E-cadherin 
expression in breast cancer cells (Hajra et al. 2002). Loss 

Fig. 7   (continued)

Fig. 7   Silencing of SSAT prevented curcumin-triggered cell viability 
loss, apoptotic cell death and ROS generation. The effect of curcumin 
on cell viability was assessed by MTT assay after SSAT silencing 
in a MCF-7, b MDA-MB-453, c MDA-MB-231 wt and GH+ breast 
cancer cells. d The apoptotic cell death after SSAT silencing of MCF-
7, MDA-MB-453, MDA-MB-231 wt and GH+ breast cancer cells 
determined by PI and Annexin V/PI staining and flow cytometry, 
respectively. e Curcumin alone and with SSAT siRNA transfection 
induced ROS generation was determined by FACS flow cytometer 
after DCFDH-DA staining in MCF-7, MDA-MB-453, MDA-MB-231 
wt and GH+ breast cancer cells

◂
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of E-cadherin activity through snail-induced metastasis via 
MMP activations was reported (Hajra et al. 2002). Similarly, 
autocrine GH-expressing MCF-7 cells showed sensitivity 
against arsenic trioxide via downregulation in MMP-2, -9 
and E-cadherin compared to wt MCF-7 cells (Zekri et al. 
2013). Similar to all these findings, autocrine GH expression 
triggers colony formation, invasion and metastasis in MCF-
7, MDA-MB-231 and MDA-MB-453 breast cancer cells by 
inducing the EMT pathway, but curcumin suppressed the 
autocrine GH-induced invasive and metastatic profile by 
acting on MMP-2, vimentin and snail expression in breast 
cancer cells.

The expressions of snail and slug are under the control 
of NF-κB, a transcription factor, which acts on various 
intracellular cell processes such as cell proliferation, inva-
sion, metastasis and angiogenesis. Binding of NF-κB with 
IκB initiates ubiquitin-dependent NF-κB degradation and 
prevents the NF-κB nuclear localization. However, activa-
tion of NF-κB is due to release of IκB from NF-κB through 
phosphorylation of IκB by Iκκ (Perkins 2007). Curcumin 
exposure suppresses nuclear translocation of NF-κB, which 
is one of the key molecules that triggers inflammation and 
carcinogenesis in cancer cells such as melanoma and breast 
cancer (Berrak et al. 2016; Marin et al. 2007). Curcumin 
triggered cell cycle arrest and invasion–metastasis via 
inhibiting the NF-κB-dependent inhibition of MMP-1 and 
-2 expressions in BT-483 and MDA-MB-231 breast cancer 
cells (Liu et al. 2009). Curcumin prevented the NF-κB trans-
location by blocking the IKK activation and triggering the 
IκBα induction agent, leading to the degradation of NF-κB 
(Shishodia et al. 2003). Therefore, one of the major obsta-
cles in the failure of chemotherapy and radiotherapy is the 
insufficient NF-κB inhibition within the carcinogenic cells 
during cancer therapy. Since curcumin is an effective NF-κB 
inhibitor, the apoptotic induction potential of curcumin sup-
ported the application of curcumin as a chemotherapeutic 
agent in advanced pancreatic cancer cells and breast can-
cer (Bahadori and Demiray 2017; Nelson et al. 2017). In 
our in vitro autocrine GH-signaling breast cancer cell line 
models, GH overexpression induced classical and alterna-
tive NF-κB signaling, but the NF-κB inhibition potential of 
curcumin through suppressing the nuclear translocation of 
p65 and RelB in autocrine GH-expressing MCF-7, MDA-
MB-453 and MDA-MB-231 breast cancer cells has been 
evaluated by our study. Therefore, this is the first report 
demonstrating that GH expression induced both classical 
and alternative NF-κB signaling, but curcumin was nega-
tively effective on EMT by acting on NF-κB p65 and RelB 
in autocrine GH-signaling breast cancer cells.

As multiple genes targeting transcription factor, NF-κB 
inactivation through curcumin treatment induced apoptotic 
cell death via upregulating the PA catabolic enzyme SSAT 
gene expression in MCF-7 cells (Berrak et al. 2016). Since 

increased intracellular PA levels and accelerated ODC 
expression were reported in cancer cells when compared 
with healthy cells, chemotherapeutic drugs have been sug-
gested with high therapeutic potential due to activation of 
PA catabolic enzymes: PAO, SMO, and SSAT (Battag-
lia et al. 2014). Curcumin-induced cell viability loss and 
apoptotic cell death due to inhibition of ODC activity were 
reported in HeLa cells (Liao et al. 2008). Similarly, chemo-
therapeutic drug-induced apoptotic cell death was evaluated 
due to PA depletion and ROS generation as a by-product of 
induced SSAT activity (Battaglia et al. 2014). Curcumin-
induced ROS generation and intrinsic apoptotic cell death 
were reported in MCF-7 and BT-474 breast cancer cells 
(Berrak et al. 2016; Somasundaram et al. 2002). Moreover, 
drug-induced PA catabolic pathway key enzymes, SSAT and 
PAO, expression upregulation caused ROS generation-medi-
ated apoptotic cell death in the colon (HCT 116 and HT-29) 
(Coskun et al. 2015) and prostate cancer cells (LNCaP and 
DU145) (Obakan et  al. 2014). In addition, silencing of 
SSAT or PAO gene expression prevented drug-triggered 
apoptotic cell death in LNCaP and DU145 prostate colon 
cancer (Arisan et al. 2014). Besides, transient silencing of 
PAO prevented drug-mediated cell viability loss and PARP 
cleavage in HCT 116 colon cancer cells (Gurkan et al. 2013). 
As drugs induced the generation of H2O2 by upregulating 
PA catabolic enzymes in cancer cells, silencing of SSAT 
expression may be used to evaluate the role of PA catabolic 
pathway in the drug-induced apoptotic cell death in cancer 
cells. Thus, this study has evaluated the potential therapeu-
tic effect of curcumin due to SSAT activation-induced ROS 
generation and PA depletion in autocrine GH expression-
induced metastatic profile in breast cancer cells. Moreover, 

Fig. 8   Effects of curcumin on cell cycle progression induced apop-
totic cell death via activating the extrinsic and intrinsic pathway and 
modulating Bcl-2 family members in autocrine breast cancer cells. 
a MCF-7, MDA-MB-453 and MDA-MB-231 wt and GH+ breast 
cancer cells were treated with curcumin for 24 h and then cells were 
harvested, fixed with ethanol and stained with PI. The cellular DNA 
contents were determined by flow cytometry analysis to detect the 
cell cycle distribution. Results shown were representative of three 
independent experiments. The bar graph presents the percentage of 
subG1, G1, S and G2/M phases in each cell line given below the PI 
FACS flow cytometer analysis. Results are shown as the means ±S.D. 
of two independent experiments. Statistical difference was analyzed 
using two-way ANOVA; **p < 0.05, **p < 0.01, ***p < 0.001. b The 
expression profiles of p53, p21, Rb and pRb (Ser 780) proteins were 
determined following curcumin treatment in MCF-7 (Left), MDA-
MB-453 (Middle), MDA-MB-231 (Right) wt and GH+ breast cancer 
cells by immunoblotting. c The effect of curcumin on Fas, FADD, 
TRADD, caspase-2, -8,-3, -9, PARP expressions in MCF-7 (left), 
MDA-MB-453 (middle) and MDA-MB-231 (right) wt and GH+ 
breast cancer cells by immunoblotting. d The expression profiles of 
Bad, Bak, Bax, Bcl-2, Bcl-xL, Mcl-1 and Puma gene were deter-
mined by immunoblotting in MCF-7 (left), MDA-MB-453 (middle) 
and MDA-MB-231 (right) wt and GH+ breast cancer cells following 
24 h curcumin treatment. β-actin was used as a loading control
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this study demonstrates that curcumin induced cell viability 
loss due to ROS generation in both wt and GH-expressing 
MCF-7, MDA-MB-453 and MDA-MB-231 breast cancer 
cells, but SSAT silencing prevented the curcumin-induced 
ROS generation and apoptotic cell death in autocrine GH+ 
breast cancer cells.

Curcumin exhibited a therapeutic effect via inducing 
S and G2/M phase arrest in cancer cells (Ke et al. 2014). 
Additional GH prevented doxorubicin-induced apop-
totic cell death in both ER+ (MCF-7) and ER− (MDA-
MB-231) breast cancer cells without activating or revert-
ing to the doxorubicin-induced G2/M arrest (Minoia 
et al. 2012). Moreover, autocrine GH-expressing MDA-
MB-231, and T47D breast cancer cells resistant to mito-
mycin C treatment were reported (Bougen et al. 2011). 
Doxorubicin-induced apoptotic cell death was reported to 
occur via blocking GHR in both ER− and ER+ breast 
cancer cells (Minoia et al. 2012). In addition, curcumin-
induced apoptotic cell death occurred via activating both 
intrinsic and extrinsic pathway through modulating Bcl-2 
family members in breast cancer cells (Reuter et al. 2008). 
Similar to all these previous data, although autocrine GH 
induced a resistant profile via upregulating snail and 
slug, due to NF-κB activation it triggered an aggressive 
breast cancer in vitro model. Concomitantly, curcumin 
triggered the activation of caspases to trigger extrinsic 
and intrinsic apoptotic cell death through causing G2/M 
cell cycle arrest. In addition, by this study, we evaluated 
the curcumin-induced apoptotic cell death in autocrine 
GH+ MCF-7, MDA-MB-453 and MDA-MB-231 breast 
cancer cells by upregulation of Bax and Bad and down-
regulation of Bcl-xL and Bcl-2 expression. Contrary to 
this result, autocrine GH-expressing MCF-7 cells sensi-
tivity against arsenic trioxide via Bcl-2, c-myc and Bax 
expression prominently accelerated in GH+ MCF-7 cells 
compared to MCF-7 wt cells (Zekri et al. 2013). Thus, 
this is the first report that demonstrates autocrine GH-
induced drug resistance phenotype can be overcome by 
dose-dependent curcumin treatment as a final consequence 
of NF-κB inactivation, ROS generation and PA depletion 
in MCF-7, MDA-MB-453 and MDA-MB-231 breast can-
cer cells. As curcumin acts as a potential NF-κB inhibitor 
and PA catabolic pathway activator, it might be used as a 
chemotherapeutic agent alone or in combination with other 
drugs to increase the apoptotic response in metastatic and/
or drug-resistant breast cancer cases due to autocrine GH 
expression.

In accordance with previous reports, we found that 
autocrine GH signaling triggered aggressive cell pheno-
type via promoting cell growth, proliferation, invasion and 
metastasis under the control of the JAK/STAT and Akt/
MAPK signaling pathway in in vitro forced GH-expressing 
breast cancer cells. As a novel finding, apoptotic dose of 

curcumin prevented autocrine GH-mediated invasion and 
metastasis through acting on both classical and alternative 
NF-κB signaling in ER− and ER+ breast cancer cells. In 
addition, the findings from this study revealed that cur-
cumin induced extrinsic and intrinsic apoptotic cell death 
via SSAT activation-mediated ROS generation in autocrine 
GH-expressing MCF-7, MDA-MB-453 and MDA-MB-231 
breast cancer cells. In this study, silencing of SSAT pre-
vented curcumin-induced apoptotic cell death, and ROS 
generation in autocrine GH-expressing breast cancer cells 
was evaluated. In conclusion, we determined the therapeu-
tic potential of curcumin in GH-mediated aggressive breast 
cancer cells. Further studies are required to illustrate the 
molecular machinary of curcumin-mediated apoptotic cell 
death in drug-resistant breast cancer cells and also evaluate 
the therapeutic potential of curcumin in autocrine GH trig-
gered aggressive breast cancer in vivo models.
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