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Introduction
Nowadays, prostate cancer is known as 
second leading cause of cancer death in 
the US.[1] The proliferation of prostate 
cancer cells in the early stage is androgen 
dependent, so androgen deprivation therapy 
can prevent the progression of prostate 
cancer in this stage,[1,2] but after a period 
of time, prostate cancer cells become 
resistant to this treatment and  tumor cells 
begin to grow again. Studies have shown 
the role of some cytokines including 
interleukin‑6  (IL‑6) in the process of 
growth, differentiation, and apoptosis of 
prostate cancer cells.[2‑4] Several studies 
have shown that IL‑6 causes growth of 
prostate cancer cells.[4] Many researches 
have reported that IL‑6 contributes to 
prostate cancer progression through 
activation of several important signaling 
pathways including ERK, JAK‑STAT, Src, 
MAPK, β‑catenin, erbB1‑3, and PI3k‑AKTs 
in prostate cancer cells.[5] Therefore, 
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Abstract
Background: One of the most effective parameters in the progression of the prostate cancer is 
interleukin (IL)‑6 through affecting pSTAT3, pERK1/2, and pAKT cell signaling proteins. Carvacrol 
is an herbal antioxidant with antitumor effects. The purpose of this study was to investigate the 
effects of carvacrol on IL‑6 gene expression, pSTAT3, pAKT, pERK1/2 cellular signaling proteins, 
and invasion in human prostate cancer PC3  cells. Methods: PC3 cell viability was evaluated by 
MTT assay with different concentrations of carvacrol  (0–800 µM). IL‑6 gene expression and 
cellular concentration of pSTAT3, pERK1/2, and pAKT were investigated using the real‑time 
reverse transcription quantitative polymerase chain reaction  (RT‑qPCR) and western blotting 
technic, respectively. PC3 cell invasion was determined by invasion assay test. Results: Carvacrol 
IC50 for PC3 prostate cancer cells was 360 μM. Carvacrol led to a significant reduction  (P  <  0.05) 
for IL‑6 gene expression in a dose‑dependent manner compared to control. IL‑6 protein reduced 
41.5% and 52.7% when compared with control cells at 360 and 420 μM of carvacrol, respectively. 
Carvacrol led to a decline in pSTAT3, pAKT, and pERK1/2 above 360 μM compared to control. 
PC3 potential invasion was significantly reduced after treatment with carvacrol in a dose‑dependent 
manner. Conclusions: Decreased IL‑6 protein level by carvacrol resulted in diminishing of 
pSTAT3, pERK1/2, and pAKT signaling proteins, which leads to the reduction of the cell survival, 
proliferation, and invasion in PC3 cells.
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examining IL‑6 expression and inhibition 
of its signaling pathways may be helpful 
for treating prostate cancer.

Carvacrol is a monoterpenoid phenolic 
compound which is approved by the 
Food and Drug Administration and 
the Council of Europe for food use, 
category B, in the list of chemical 
flavorings.[6] The therapeutic effects of 
antioxidants and plant extracts have 
been proven in numerous researches.[7‑10] 
Carvacrol has antioxidant, antimutagenic, 
antiplatelet, analgesic, anti‑inflammatory, 
antiangiogenic, antielastase, insecticidal, 
and antiparasitic properties.[11] Furthermore, 
carvacrol has antiproliferative effects on 
many cancer cell lines such as gastric 
adenocarcinoma, HeLa, SiHa, Caco‑2, 
HepG2, LNCaP, and MCF‑7.[11‑15] Other 
investigations have shown that carvacrol 
increases regeneration of liver cells after 
hepatectomy in mice and decreases the 
expression of IL‑6 and tumor necrosis 
factor alpha  (TNF‑α) by anti‑inflammatory 
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properties.[11] Furthermore, it has been observed that 
carvacrol can suppress the growth and proliferation 
of human hepatocellular carcinoma cells  (HepG2) by 
reducing phosphorylated ERK1/2.[11] Based on the latest 
studies, carvacrol reduces cell survival through induction 
of apoptosis in prostate cancer cells.[15] Therefore, in this 
study, we evaluated the possibility effects of carvacrol on 
the expression of IL‑6, phosphorylated cellular signaling 
proteins  (pAKT, pSTAT3, and pERK1/2), and invasion of 
PC3 prostate cancer cells.

Methods
The human PC3 prostate cancer cells were prepared 
from Pasteur Institute of Iran  (Tehran, Iran). Carvacrol, 
Pen/Strep, trypan blue, dimethyl sulfoxide, and 3‑(4, 
5‑dimethylthiaztol‑2‑yl)‑2, 5‑diphenyltetrazolium bromide 
(MTT) were purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). Fetus bovine serum and RPMI1640 medium were 
obtained from Gibco  (Rockville, MD, USA). Antibodies 
were prepared from Abcam (San Francisco, CA, USA). All 
other chemicals used were of analytical grade quality.

Cell culture and viability

Cell viability was evaluated with media containing different 
concentrations of carvacrol (0–800 µM) for 48 h as described 
previously.[7] The percentage viability was calculated as 
follows: Percentage viability  =  A  (sample)/A  (control) 
× 100.

Real‑time quantitative polymerase chain reaction for 
interleukin 6

RT‑qPCR for IL‑6 was conducted as described previously[16] 
with 0, 230, 360, and 420 µM of carvacrol for 48  h 
in the presence of specific primers for IL‑6  (Forward: 
5 ' ‑ A A G C C A G A G C T G T G C A G AT G A G TA ‑ 3 ' ; 
Reverse: 5'  TGTCCTGCAGCCACTGGTTC‑3') and 
GAPDH (Forward: 5′‑ACACCCACTCCTCCACCTTTG‑3′; 
Reverse: 5′‑CCACCACCCTGTTGCTGTAG‑3′). The 
temperature profile for the reaction was an initial 
denaturation stage of 95°C at 10  min; then, a three‑step 
program was developed for 40  cycles including 95°C 
for 15 s, 60°C for 20 s, and 72°C for 25 s, respectively. 
GAPDH was used as an endogenous control gene for the 
normalization of IL‑6 gene expression.

Western blotting

PC3  cells were treated with different concentrations of 
carvacrol (0, 230, 360, and 420 µM) for 48 h. Then, western 
blot analysis for pERK1/2, pSTAT3, and pAKT cellular 
signaling proteins were conducted as described previously.[16]

Invasion assay

Invasion assay was conducted with different 
concentrations of carvacrol  (0, 130, and 360 µM) for 
48  h in 24 well plates as described previously.[7] Briefly, 
transwell with 8 μm pores, 24‑well plates, and matrigel 

were used for invasion assay. PC3‑treated cells (5  ×  104 
per well) were added into the upper chamber of the 
transwell and were incubated at 37°C in 5% CO2 for 24 h. 
Then, cells on the bottom side of the transwell  (migrated 
cells) were fixed by 5% glutaraldehyde and were stained 
with 0.5% toluidine blue solution. Finally, the fixed cells 
in the low chamber of the transwell were counted using 
inverted microscope.

Measurement of interleukin‑6

PC3  cells were seeded with different concentrations 
of carvacrol  (0, 230, 360, and 420 µM) for 48  h at a 
density of 2  ×  105 cells/well in 6‑well plates at 37°C in 
a 5% CO2 incubator. Then, the secreted IL‑6 protein 
in the supernatants was assessed using enzyme‑linked 
immunosorbent assay  (ELISA) kit  (AViBion Human IL‑6 
ELISA kit) according to the manufacturer’s instructions.

Statistical analysis

Data are shown as mean  ±  standard deviation. 
Statistical analysis carried out with SPSS software 
version  20.0  (SPSS, Chicago, IL, USA) and  GraphPad 
Prism 5 software (GraphPad Software Inc., San Diego, 
CA). Group means were compared by Kruskal–Wallis 
nonparametric analysis of variance and P  <  0.05 was 
considered statistically significant. Inhibitory concentration 
of 50% (IC50) was calculated by the Probit procedure using 
SPSS. The relative level gene expression was calculated 
with DDCT method, and the data were expressed as fold 
change. Melting curves were generated to ensure the purity 
of the amplification product of each reaction. Western blot 
experiments were repeated three times.

Results
The effects of carvacrol on PC3 cell viability

Figure  1 shows the effects of carvacrol on PC3  cells 
in different concentrations  (0–800 µM) after 48  h. Cell 
proliferation and viability in carvacrol‑treated PC3 
decreased in a dose‑dependent manner  [Figures  1 and 2]. 
The IC50 calculated for carvacrol was 360 µM on PC3 cells.

Figure 1: Effect of carvacrol on cell viability and proliferation of PC3 cells 
after 48 h. Data indicate mean ± standard deviation, n = 3
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The effects of carvacrol on interleukin‑6 gene expression 
and interleukin‑6 synthesis

Table  1 shows the effects of carvacrol on IL‑6 gene 
expression and IL‑6 synthesis in PC3  cells. Carvacrol 
at 230, 360, and 420 µM resulted in a significant 
reduction  (P  <  0.05) in IL‑6 protein synthesis  (37.1, 41.5, 
and 52.7%, respectively) in a dose‑dependent manner 
compared to control. Furthermore, IL‑6 gene expression 
was significantly declined  (P  <  0.05) at 420 µM of 
carvacrol compared to other concentrations.

The effects of carvacrol on the cellular signaling 
pathways

Figure 3 shows the cellular levels of phosphorylated STAT3, 
ERK, and AKT signaling proteins in carvacrol‑treated 
PC3. Carvacrol partially reduced the levels of pSTAT3 
and pAKT as opposed to the control cells. Moreover, a 
noticeable reduction in the cellular levels of pSTAT3 and 
pAKT was seen after treatment by carvacrol at 360 and 
420 µM compared to control.

The effects of carvacrol on PC3 cell invasion

The potential invasion of carvacrol‑treated PC3  cells was 
significantly declined  (P  <  0.05) in a dose‑dependent 
pattern  [Figure  4]. Carvacrol at 130 and 360 µM 

Table 1: Effect of carvacrol on the secretion and 
expression of interleukin‑6 in prostate cancer cells

Carvacrol (µM) IL‑6 (pg/mL) IL‑6 expression (2−ΔΔCt)
0 402.33±2.71 1
230 253.53±5.41a 15.02±2.14a

360 235.41±5.11a,b 1.75±0.60a,b

420 190.21±4.18a,b,c 0.85±0.10a,b,c

aP<0.05 compared to the control cells, bP<0.05 compared to 230 µM, 
cP<0.05 compared to 360 µM. IL‑6=Interleukin‑6, PC3=Prostate 
cancer

significantly reduced PC3 cell invasion by 52.38% and 
79.42% compared to control cells, respectively.

Discussion
Nowadays, cancer chemotherapy using synthetic drugs has 
demonstrated many side effects. Therefore, researchers 
have done extensive studies on the effects of antioxidants 
and compounds derived from medicinal herbs to modulate 
cancer progression.[14‑16] Based on our results, PC3 cell 
viability was decreased from 56%  (carvacrol at 230 
µM) to 50% after carvacrol treatment in concentration 
of 360 µM  (IC50) which is close to IC50 of carvacrol for 
H1299  cells.[17] Figures  1 and 2 show that PC3 cell death 
and morphology changes increased gradually by the 
addition of carvacrol concentration. These changes are 
conspicuous after exposure to carvacrol at 360 and 420 µM. 
Furthermore, in our study, the effects of carvacrol on IL‑6 
gene expression and its protein synthesis are reported in 
Table  1. Our results indicate that treatment with lower 
concentration of carvacrol resulted in a significant increase 
in IL‑6 gene expression. Many previous published papers 
have demonstrated that prostate cancer cells can acquire 
resistance to apoptosis by increasing the expression of 
IL‑6 protein.[18,19] Therefore, in our study, elevation of IL‑6 
in PC3  cells that were treated with low concentration of 
carvacrol can be an internal reaction of cancer cells against 
apoptotic effects of carvacrol. On the other hand, these 
results show a reduction in IL‑6 protein levels at 360 and 
420 µM of carvacrol  (41.5% and 52.7%, respectively) in 
treated PC3  cells compared to control cells. Nevertheless, 
previous studies have proven that carvacrol can upregulate 
the expression of pro‑inflammatory factors such as TNF‑α, 
cyclooxygenase‑2, IL‑6, and nuclear factor‑kappaB (NF‑kB) 
in D‑galactosamine‑induced hepatotoxic rats due to its 
anti‑inflammatory effects[20] which are consistent with our 
findings. Recently, the effects of other antioxidants on the 
reduction of IL‑6 gene expression in DU‑145  cells were 
confirmed.[21] Furthermore, previous studies related to 

Figure  3: The effects of carvacrol with different concentrations on the 
levels of signaling proteins in PC3 cells that were treated with increasing 
doses of carvacrol for 48 h

Figure 2: Morphological changes of PC3 cells after treatment with various 
concentrations of carvacrol (A, 0; B, 130; C, 230; D, 360; and E, 420 µM, 
respectively) for 48 h
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pigs have shown that carvacrol can inhibit the secretion 
of TNF‑α and IL‑1  β from macrophages.[22] According to 
our results, diminished IL‑6  secretion of carvacrol‑treated 
PC3  cells  [Table  1] may be, at least partly, due to 
anti‑inflammatory potential of carvacrol.

Figure  3 shows the levels of signaling proteins, especially 
phosphorylated STAT3 which significantly decreased after 
treatment with increasing concentrations of carvacrol 
(360 and 420 µM) in PC3 cells. IL6 can interfere in 
progression of prostate cancer through STAT3, AKT, and 
MAPK signaling pathways.[3,4,23] In this study, carvacrol 
in the higher concentration of 360 µM led to decrease 
in the levels of phosphorylated forms of STAT3 and 
AKT  [Figure  3]. Recent published papers have proven 
that phosphorylated AKT plays a major role in prevention 
of apoptosis in cancer cells. Furthermore, it has been 
demonstrated that pSTAT3 protein contributes to the 
growth and survival of cells by increasing the expression 
of antiapoptotic factors such as Bcl‑2 and Bcl‑XL.[24] In 
addition, in a study on human hepatocellular carcinoma cell 
line  (HepG‑2), it was observed that carvacrol can inhibit 
cancer cell growth by decreasing phosphorylated ERK1/2 in 
a dose‑dependent manner. Carvacrol also induces apoptosis 
in HepG‑2 cells by increasing the level of P38 and activating 
MAPK pathway.[11] Therefore, based on our results, 
carvacrol led to a reduction in the induced effects by IL‑6, 
activation apoptosis, and reduction of cell viability in PC3 
cells through downregulating the expression of pERK1/2, 
pSTAT3, and pAKT. Therefore, it seems that inhibition of 
the IL‑6 signaling pathways can be considered, at least in 
part, a promising target for the treatment of prostate cancer.

In this research, carvacrol inhibited the ability of invasion 
and migration of PC3 cells by 52.38% and 79.42% at 
360 µM and 130 µM, respectively, compared to control 
cells  [Figure  4]. Nevertheless, it is reported that P2Y 
agonists can stimulate PC3 cells invasion by activating 
ERK1/2 and P38 protein kinases.[25] On the other hand, 

antioxidant compounds can decrease the metastatic ability 
of cancer cells by reducing P38, MAPK, and AKT signaling 
pathways.[21,26] Other researches have reported that gallic 
acid decreases cancer cell invasion in PC3, cervical, and 
glioma cancer cells through reducing the pERK 1/2, pAKT, 
and Ras/MAPK.[27‑29] Thus, the reduction of signaling 
protein pathways and downregulation of IL‑6 by carvacrol 
in this study resulted in diminishing of PC3 cell invasion.

In our study, we did not evaluate the other mechanisms 
which probably play a role in the effects of carvacrol 
on PC3  cells such as apoptosis/necrosis or proapoptotic 
characters such as NF‑κB, protein expression of cleaved 
caspase 3, Bax, and downregulated Bcl‑2 expression. Thus, 
we suggest that future studies focus on other possible 
mechanisms of carvacrol on the mentioned principle factors 
in PC3 cells.

Conclusions
Our findings indicate that IL‑6 downregulation and 
reduction of IL‑6 protein level in PC3  cells by carvacrol 
led to a reduction of pSTAT3, pERK1/2, and pAKT cellular 
signaling proteins which resulted in the reduction of cell 
proliferation, viability, and invasion in PC3 cells. Therefore, 
it seems that carvacrol can be considered as an anticancer 
agent and we suggest that future studies focus on the effects 
of carvacrol on other cell signaling and effector proteins.
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