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ABSTRACT
Background: Interleukin‑6  (IL‑6) is a multifunctional glycoprotein that 
regulates the growth of some tumors, including prostate carcinomas due 
to signal transducer and activator of transcription 3  (STAT3), extracellular 
signal‑regulated kinases 1/2  (ERK1/2), and AKT signaling pathways. 
Hesperetin, as a flavanone, has several biological properties such as 
antitumor and anti‑inflammatory. Objective: This study was carried out to 
evaluate the biological effects of hesperetin on the IL‑6 gene expression and 
phosphorylated STAT3, AKT, and ERK1/2 signaling pathways in PC3 prostate 
cancer (PC) cells. Materials and Methods: In this study, we used real‑time 
quantitative polymerase chain reaction  (RT‑qPCR) and ELISA to evaluate 
IL‑6 gene expression and IL‑6 protein secretion, respectively, in the treated 
PC3 cells with 0, 400, 450, and 500 µM of hesperetin. Cell survival studies 
were done by 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
assay after 48 h treatment with hesperetin, and cell apoptosis was determined 
by flow cytometry. The protein levels of activated signaling molecules 
(pSTAT3, pAKT, and pERK1/2) analyzed by immunoprecipitation technique. 
Results: Hesperetin‑treated PC3  cells resulted in reduction of cell viability. 
Hesperetin led to the elevation of phosphorylated STAT3, ERK1/2, and AKT 
signaling proteins after 48 h in a dose‑dependent manner as compared to 
the control cells. IL‑6 gene expression, as well as protein level, significantly 
increased (P < 0.05) in a dose‑dependent pattern in treated PC3 with hesperetin 
compared to the control cells. Further, hesperetin exposure resulted in the 
induction of cell cycle arrest at G0/G1 phase. Conclusion: Hesperetin in 
PC3 cells led to elevation IL‑6 gene expression, IL‑6 protein secretion, pSTAT3, 
pERK1/2 and pAKT intracellular signaling proteins. Our results indicate that 
hesperetin treatment leads to the inhibition of cell proliferation and the 
induction of cell cycle arrest at the G1 phase. Hesperetin can be considered a 
potent agent which synchronizes and stops cell cycle at G0/G1 phase to apply 
suitable chemotherapeutic agents and radiotherapy in PC cells.
Key words: Hesperetin, interleukin‑6, pAKT, phosphorylated extracellular 
signal‑regulated kinases 1/2, phosphorylated signal transducer and 
activator of transcription 3, prostate cancer

SUMMARY
•  This study evaluates biological effects of hesperetin on the cell cycle, 

interleukin‑6 gene expression and some phosphorylated signaling pathways 

in PC3 prostate cancer cells. Hesperetin resulted in the inhibition of cell 
proliferation via inducing G0/G1 phase arrest in spite of the elevation of 
interleukin‑6 gene expression and phosphorylated AKT, STAT3, and ERK1/2 
intracellular signaling proteins. Therefore, hesperetin can be considered a 
potent agent which synchronizes and stop cell cycle at G0/G1 phase so that 
suitable chemotherapeutic agents can be applied in PC3 prostate cancer 
cells.

Abbreviations Used: PC: Prostate cancer, IL‑6: Interleukin‑6,  
STAT3: Signal transducer activator of transcription 3, ERK1/2: Extracellular 
signal–regulated kinases 1/2, IC50: Inhibitory 
concentration of 50%.
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INTRODUCTION
Prostate cancer (PC) is one of the most common malignancies and the 
second highest cause of cancer‑related deaths among men in the United 
States.[1] In the past two decades, PC has increased strikingly in many 
countries.[2] Recent studies have exhibited the role of interleukin‑6 (IL‑6, 
a multifunctional glycoprotein including 212 amino) in the etiology 
and progression of PC.[3] In addition, IL‑6 regulates some biological 
responses and in a cell type‑dependent manner stimulates or inhibits 
cellular growth due to its activating of the signaling pathways, especially 
Janus kinase‑signal transducer and activator of transcription 3 (STAT3) 
and extracellular signal‑regulated kinases 1/2  (ERK1/2).[4,5] IL‑6 is a 
suitable candidate for progression of targeted therapies for PC. Therefore, 
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the suppressors of cytokine signaling lead to inhibiting phosphorylation 
of STAT3.[4,5]

Medicinal plants have long been used worldwide for treating a variety 
of diseases due to their flavonoids.[6‑8] Flavonoids are polyphenolic 
compounds with various pharmacological properties which act as 
eliminator of free radicals by OH groups in their molecular structures. 
Hesperetin (3’,5,7‑trihydroxy‑4‑methoxyflavanone) is a member of the 
flavanone subclass of flavonoids which is found in large amounts in citrus 
fruits, including oranges and grapefruit. Hesperetin and its metabolites 
have several biological properties such as antitumor, antioxidant, 
anti‑inflammatory, and lipid lowering effects.[9‑11] Further, hesperetin 
possesses estrogenic properties and exerts an anti‑atherogenic effect 
through estrogen receptor  (ER)‑mediated actions.[12,13] On the other 
hand, a previous study demonstrated that all ER‑β isoforms, particularly 
ER‑β2, are present in large amounts in PC3 cells.[14,15] Moreover, another 
study indicated that hesperetin can interact with estrogen‑receptor on 
the cell surface.[16] In addition, many studies have shown that some 
antitumor effects of flavonoids, especially hesperetin, are exerted by 
modulating STAT3, AKT, and ERK1/2 cell signaling molecules.[17‑19] 
There is accumulating evidence that flavonoids, especially hesperetin, 
regulate the activity of several protein kinases that control a number 
of various intracellular signaling proteins such as AKT/protein kinase 
B  (AKT/PKB), protein kinase C, tyrosine kinases, phosphoinositide 
3‑kinase  (PI3K), and mitogen‑activated protein kinase  (MAPK). This 
regulatory function is interfered due to the interaction of the flavonoids 
with the ATP‑binding sites on enzymes.[18,20,21] On the other hand, it 
is demonstrated that IL‑6 is related to the activation of STAT3, AKT, 
and STAT3 cell signaling molecules in PC.[22,23] Therefore, considering 
the antioxidant properties of hesperetin, this study was carried out 
to evaluate the effects of hesperetin on the changes of the cellular 
phosphorylated STAT3, AKT, and ERK1/2 signaling pathways and the 
IL‑6 gene expression in PC3 cells.

MATERIALS AND METHODS
The human PC3 cells were purchased from Pasteur Institute of 
Iran (Tehran, Iran). RPMI1640 medium, penicillin/streptomycin 
(PEN/STREP), 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT), dimethyl sulfoxide  (DMSO), trypan blue, and 
hesperetin were obtained from Sigma  (St. Louis, MO). Fetal bovine 
serum (FBS) was prepared from Gibco (Rockville, MD, USA). Antibodies 
were purchased from Abcam Co. (San Francisco, CA, USA), and Biozol 
was prepared from BioFlux Kit Bioer Technology. All other chemicals 
used were of analytical grade.

Cell culture and 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑
diphenyltetrazolium bromide assay
The human PC3  cells were maintained in RPMI 1640  supplemented 
with 10% FBS, 100 U/mL PEN, and 0.1 mg/mL STREP. The cells were 
maintained at 37°C in a humidified incubator with 5% carbon dioxide. 
The cytotoxic effects of hesperetin on the human PC3  cells were 
determined by MTT assay. This technique depends on the capacity 
of living cells to reduce tetrazolium salt to a formazan crystal in their 
metabolizing mitochondria. Briefly, PC3  cells were seeded in 96‑well 
culture plates at the density of 5 × 103 cells per well and were allowed to 
grow overnight. Then, the cells were treated with different concentrations 
of hesperetin (0–1000 µM in DMSO with final concentration of 0.1%) in 
their media. Each test was repeated 3  times. After treatment for 48 h, 
the medium was removed and 100 µL colorless RPMI and 10 µL MTT 
(5 mg/mL in phosphate‑buffered saline [PBS]) were added to each well 
and incubated for 4 h.[24] The medium was removed and formazan was 
solubilized in 150 µL DMSO. Then, formazan absorbance was assessed at 

490 nm using a microplate reader (Stat Fax 3200, Awareness Technology, 
USA).

Real‑time quantitative polymerase chain reaction 
for interleukin‑6 gene expression
Cells were harvested after treatment with different concentrations of 
hesperetin (0, 400, 450, and 500 µM) in a six‑well plate for 48 h. Then, 
the media were removed for IL‑6 protein levels determination. Then, the 
total RNA of cells was extracted using Biozol reagent according to the 
manufacturer’s instructions. Total mRNA concentration and quality were 
analyzed by a NanoDrop spectrophotometer (Thermo‑USA). cDNA was 
prepared from RNA using a synthesis Kit (Takara Bio, Japan) using 1 µg 
total mRNA according to the manufacturer’s instructions. Then, cDNA 
was amplified by real‑time polymerase chain reaction using (RT‑PCR) 
SYBR® Green PCR Master Mix  (Qiagen). The cDNA was subjected to 
RT‑quantitative PCR  (RT‑qPCR) using specific primers for IL‑6 gene 
expression (Forward: 5’‑AAGCCAGAGCTGTGCAGATGAGTA‑3’; 
Reverse: 5’  TGTCCTGCAGCCACTGGTTC‑3’) and 
glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) 
(Forward: 5’‑ACACCCACTCCTCCACCTTTG‑3’; Reverse: 
5’‑CCACCACCCTGTTGCTGTAG‑3’). The primers were designed using 
Oligo 6.0 software (Molecular Biology Insights, Cascade, CO), confirmed 
by blast (NCBI), and were purchased from Eurogentec  (Seraing, 
Belgium). GAPDH, a housekeeping gene, was used as an internal control. 
IL‑6 gene expression was detected using a Rotor‑Gene 3000  (Corbett, 
Australia) for each experimental concentration. Amplification involved 
a first denaturation at 95°C for 5 min and RT‑qPCR reaction was done 
for 40 cycles in a 3‑step program (including 15 s at 95°C, 20 s at 62°C, 
and 25 s at 72°C).[18]

Western immunoblotting
The cells were cultured with different concentrations of hesperetin 
(0, 400, 450, and 500 µM) and they were harvested after 48 h. Then, the 
cells were lysed in RIPA buffer (50 mM Tris‑HCl pH 7.5, 150 mM NaCl, 
1% Triton 100X, 0.5% sodium deoxycholate, 1 mM EDTA, 0.1% sodium 
azide, 50 mM NaF, and 0.1% sodium dodecyl sulfate  [SDS], 1 mM 
PMSF). Protein concentrations were determined by the NanoDrop 
spectrophotometer. The protein lysates were mixed with an equal volume 
of Lameli buffer (0.125 M Tris‑HCl pH 6.8, 4% SDS, 20% glycine, 10% 
2‑mercaptoethanol) and boiled for 5 min. The denatured proteins were 
separated on 10% SDS‑polyacrylamide gel electrophoresis. Prestained 
blue protein markers  (Bio‑Rad) were used for molecular weight 
determination. The gels were blotted onto polyvinylidene difluoride 
membranes and were immediately placed in a blocking solution (5% w/v 
skim milk powder in tris‑buffered saline (TBS)‑Tween buffer containing 
10 mM Tris pH 7.4, 100 mM NaCl, and 0.1 mM Tween‑20) for overnight 
at 4°C. The membranes were washed in TBS‑Tween buffer for 30 min 
and then incubated with primary antibodies against either pSTAT3, 
phosphorylated p44/42ERK1/2, and phosphorylated AKT or β‑actin 
according to the manufacturer’s instructions at room temperature for 
3  h. Then, membranes were washed with TBS‑Tween buffer 3  times 
for 10  min and incubated with an appropriate dilution of horseradish 
peroxidase‑conjugated secondary antibody at room temperature for 2 h. 
After washing the membrane 3 times for 10 min in TBS‑Tween buffer, 
the bands were revealed by adding BM blue POD substrate.

Cell cycle and apoptosis
PC3 cells were cultured in a 6‑well plate and allowed to attach to plate 
for overnight. Then, the cells were treated with 0, 400, and 450 µM of 
hesperetin for 48 h. Apoptosis was analyzed by flow cytometry (Cyflow® 
space flow cytometer, Partec, Münster, Germany) using a fluorescein 
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isothiocyanate (FITC) Annexin V Apoptosis Detection Kit (BD 
Biosciences) according to the manufacturer’s instructions. The 
excitation and emission wavelengths were 450 nm and 519 nm for FITC, 
respectively. The excitation and emission wavelengths were 540 nm and 
620 nm for propidium iodide, respectively. Briefly, the treated PC3 cells 
with hesperetin were trypsinized, washed in PBS, diluted in 500 µL of 
binding buffer, and incubated in 10 µL of Annexin‑binding buffer with 
2 µL of Annexin V‑FITC for 20 min in the dark.

Measurement of interleukin‑6 protein level
Levels of the protein IL‑6 in the different hesperetin‑treated culture 
medium (0, 400, 450, and 500 µM) were determined by ELISA kit 
(AViBion Human IL‑6 ELISA kit) according to the manufacturer’s 
protocol.

Statistical analysis
The results were presented as the mean ± standard deviation. Statistical 
analysis was performed using SPSS version 20.0 software (SPSS, Chicago, 
IL, USA). For expression analysis, the relative quantitation of gene 
transcripts was estimated with the ΔΔCT method and was normalized 
by GAPDH expression in each sample and data were expressed as fold 
change. Melting curves for each PCR reaction were generated to ensure 
the purity of the amplification product. The experiments of western blot 
were repeated for 3 times. A value of P < 0.05 was considered to indicate 
a statistically significant result.

RESULTS
Effects of hesperetin on PC3 cells viability
Figure 1 shows that cell proliferation and viability in hesperetin‑treated 
PC3  cells decreased after 48  h in a dose‑dependent manner. Further, 
hesperetin‑treated PC3  cells show fewer cells and more cell shrinkage 
as opposed to untreated cells  [Figure  2]. PC3  cells that were exposed 
to hesperetin  (0–700 μM) exhibited an inhibitory concentration of 
50% (IC50) of about 450 μM.

The effect of hesperetin on interleukin‑6 gene 
expression in PC3 cells line
Hesperetin reinforced IL‑6 transcriptional activity in PC3 cells. Figure 3 
shows the treated PC3  cells with/without hesperetin for IL‑6 mRNA 

expression using RT‑qPCR. mRNA expression of IL‑6 with hesperetin 
treatment significantly upregulated  (P  <  0.05) in a dose‑dependent 
pattern. As shown in Figure 3, there was a significant elevation (P < 0.05) 
in IL‑6 gene expression by almost 6.2, 9.1, and 10.5 fold at 400, 450, and 
500 µM of hesperetin when compared with control cells, respectively. 
Further, there was a significant increase (P < 0.05) in IL‑6 gene expression 
in hesperetin‑treated PC3 cells at 450 and 500 µM when compared with 
400 µM of hesperetin.

Effect of hesperetin on the phosphorylated AKT, 
extracellular signal‑regulated kinases, and signal 
transducer and activator of transcription 3 signaling 
pathways
Figure 4 shows the effect of hesperetin on the cellular levels of pSTAT3, 
pERK1/2 and pAKT signaling proteins. Our western blots data showed 
an increase in the expression of pSTAT3, pAKT, and pERK1/2, signaling 
pathway proteins in a dose‑dependent manner compared with control 
cells after treatment with different doses of hesperetin for 48 h.

Effect of hesperetin on cell cycle
Hesperetin reduced the percentage of viable apoptotic cells in a flow 
cytometry analysis. Figure 5 shows the effect of hesperetin on the cell 
cycle of PC3 cells. Our data showed that hesperetin arrested PC3 cells 
at G0/G1 phase of the cell cycle. After exposure to 450 µM of hesperetin 
for 48  h, a significant increase  (P  <  0.05) in the number of G1‑phase 
cells was seen from 61.6% to 79.4%. Further, the proportion of S‑phase 
cells significantly decreased (P < 0.05) from 21.1% to 16.3%. In addition, 
Figure  6 shows the effect of hesperetin on the apoptosis of PC3  cells. 
Apoptosis in PC3  cells was slightly induced  (not significantly) 5.4%, 
7.8%, and 9.1% at 400, 450, and 500 µM of hesperetin, respectively. 
On the other hand, hesperetin significantly restrained the PC3 cell 
proliferation whereas the apoptosis of PC3 was not significant.

The effect of hesperetin on interleukin‑6 protein 
secretion
IL‑6 protein secretion by hesperetin‑treated PC3  cells is shown in 
Figure 7. Hesperetin significantly resulted in IL‑6 protein levels rising 
in culture supernatants PC3 cells media in a dose‑dependent manner as 

Figure  1: Inhibition of cell proliferation by hesperetin. PC3  cells 
were treated with different concentrations of hesperetin for 48  h. 
At the end of treatment times, cell viability was measured by 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
assay as described under materials and methods section. Each bar 
represents the mean  ±  standard deviation of three independent 
observations

Figure 2: Morphological changes of cell by hesperetin in PC3 cells after 
treatment with various concentrations of hesperetin (a: 0; b: 400; c: 450; 
and d: 500 μM) after 48 h

a b

c d
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compared to control cells. There was a significant increase (P < 0.05) in 
IL‑6 protein levels by almost 35.91%, 64.80%, and 83.22% at 400, 450, 
and 500 μM in hesperetin‑treated PC3 cells when compared with control 
cells, respectively.

DISCUSSION
In the past decade, investigations on PC chemoprevention have increased 
considerably which makes PC a better target for chemoprevention. PC 
is initially androgen dependent, but it will progress to become a more 
aggressive and androgen‑independent form.[25] IL‑6 plays a key role 
in proliferation, apoptosis, and differentiation of PC3  cells.[3,4] Our 
results indicated that hesperetin treatment has anti‑proliferative effects 
and results in the reduction of PC3 cells viability  [Figures 1 and 2] as 
reported by other investigators.[9,10] Further, our findings indicated that 
IC50 of the potential cytotoxic effects of hesperetin was 450 µM, which 
is in accordance with other investigations.[26] On the other hand, IC50 in 
treated PC3 cells with hesperetin was 40 µM in the study of Sambantham 
et  al.[18] The difference between our results and those of Sambantham 
et  al. study may be, at least in part, due to using different media, 
experimental conditions, and the source preparation of hesperetin. In 
addition, apoptosis in PC3 cells treated with hesperetin by flow cytometry 
revealed that apoptosis increased slightly  (not significant) in treated 
PC3 cells compared to the control group [Figure 6]. Apoptosis at 450 μM 
of hesperetin was about 8% in treated PC3 cells. It seems that the results 
of apoptosis is in line with elevated IL‑6 protein secretion by PC3 cells. In 
our study, hesperetin led to the elevation of IL‑6 protein level secretion by 
PC3 cells [Figure 7]. The elevation of IL‑6 can be resulted from an internal 
reaction PC3  cells against hesperetin because IL‑6 protein leads to an 
increase in cancer cell resistance against chemotherapeutic agent,[15,27] 
which leads to the induction of anti‑apoptosis effects. On the other 
hand, previous studies have shown that all ER‑β isoforms, particularly 
ER‑β2, are present at high levels in PC3 cell lines.[14,28] In a study, it 
was demonstrated that hesperetin can interact with estrogen‑receptor 
on the cell surface.[16] In addition, previous studies have depicted that 
hesperetin possesses estrogenic properties and it might act on receptors 
and modulate the activation of AKT/PKB, ERK1/2, and c‑Jun N‑terminal 
kinase (JNK) for pro‑survival signaling responses.[17,19] Therefore, in our 
study, the reduction of apoptotic effects of hesperetin in PC3  cells, at 

least in part, may be resulted from cell cycle processing so that cell cycle 
balance between cell survival and cell death is regulated by both the G1 
and G2/M portions of the cell cycle [Figure 5]. At present, radiotherapy 
is a major therapeutic approach in the treatment of cancer together 
with surgery and chemotherapy. The outcome of irradiation is affected 
by the cell cycle.[29‑31] Mitotic cells are hypersensitive to irradiation. The 
cycle is minimal during the mitotic and late G1 or early DNA synthesis 
phases.[29‑31] Therefore, using a cell sorter, which can be a flavonoid 
such as hesperetin, the cell‑cycle phase in each cell can be selected 
precisely according to the duration of the G0/G1 phase for radiotherapy 
and chemotherapy. Previous studies have indicated that the effects of 
hesperetin on the cell cycle result in the inhibition of cell proliferation at 
G1 phase[32] and the arrest of most cells predominately at G0/G1 phase 
which in agreement with our study. As shown in Figure 5, in this study, 
hesperetin caused the elevation of G0/G1 phase in treated PC3  cells 
and a reduction at the S and G2 phases of the cell cycle which is in line 
with findings of other investigators.[32] It has been shown that flavanone 
exposure also leads to G1 and G2/M arrest in human cancer cells.[33] In 
addition, hesperetin results in cell cycle arrest in G1 phase in MCF‑7 
human breast cancer cells.[34] Therefore, in our study, hesperetin resulted 
in the inhibition of cell proliferation through inducing G0/G1 phase 
arrest in spite of the elevation of IL‑6 protein secretion by PC3  cells. 
This may be, in part, an important molecular mechanism through which 
hesperetin inhibits the growth of cancer cells. On the other hand, in the 
study of Sambantham et  al., they reported that hesperetin resulted in 
evoking apoptosis in PC3 cells at 40 µM.[18] The differences in apoptosis 
in our results with those of Sambantham et al. may be, in part, due to 
higher hesperetin concentration  (450 µM) used in our experiments 
which led to the inhibition of cell proliferation via inducing G0/G1 phase 
arrest in PC3 cells.
Many published studies have reported that IL‑6 protein can inhibit or 
stimulate several cancer cell lines due to its different interactions with 
cellular regulatory signaling pathways.[32] It is reported that in PC12 cells, 
estrogen activates membrane ER‑mediated pro‑survival AKT/PKB, Src/
MEK/ERK, and MAPK/ERK pathways for pro‑survival responses.[35] In 
addition, IL‑6 protein is known to activate STAT3 signaling pathway 
which plays an essential role in the pathogenesis and prevention of 
apoptosis[36] as was observed in our study. In the present study, the 
hesperetin‑treated PC3  cells induced the elevation of phosphorylated 
AKT, STAT3, and ERK1/2 intracellular signaling proteins  [Figure  4], 

Figure  3: The effect of hesperetin on the interleukin‑6 expression. 
Expression of interleukin‑6 was significantly upregulated in PC3 being 
treated with hesperetin at the concentrations of 400, 450, and 500 µM 
after 48 h in a dose‑dependent pattern. mRNA expression of interleukin‑6 
normalized with glyceraldehyde‑3‑phosphate dehydrogenase as 
an internal control. aP  <  0.05 compared to the control cells. bP  <  0.05 
compared to 400 µM hesperetin‑treated PC3 cells

Figure  4: The effects of hesperetin on the level of signaling pathway 
proteins in PC3  cells which were treated with increasing doses of 
hesperetin for 48  h, and cell lysates were collected and subjected to 
Western blotting analysis. Equal amounts of lysate protein were subjected 
to gel electrophoresis. Hesperetin upregulated the expression of 
phosphorylated signal transducer and activator of transcription 3, pAKT, 
and phosphorylated extracellular signal‑regulated kinases 1/2
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which is consistent with increased IL‑6 protein secretion [Figure 7] by 
PC3 cells. Consistent with our observations, hesperetin has shown to lead 
to significant increases in the level of ERK1/2 phosphorylation when used 
at low concentrations.[16] Further, in another study, the protein expression 
of phospho‑ERK, phospho‑AKT, and phospho‑CREB was induced by 
hesperetin which in agreement with our study.[37] Many studies reported 
that ER‑α and β (ER‑α/ER‑β+) expression is increased in PC3 and PC3M, 
a highly metastatic variant of the PC cell line, and acts as oncogenes. 
On the other hand, it is now well established that cellular signals could 
be induced through signaling molecules, receptors, and proteins related 

to intracellular signal pathways.[28] There is a body of evidence which 
demonstrates that estrogens and its receptors are important regulators 
of the prostate function.[38] Therefore, the elevation of pSTAT3, pERK1/2 
and pAKT in our study  [Figure  4] can result, at least in part, in the 
interaction of hesperetin with ER on the PC3 cell surface. Previous studies 
demonstrated that hesperetin increased protein levels of PI3K isoforms 
and the phosphorylation of AKT through its action on receptors and its 
modulatory role in the activation of AKT/PKB, extracellular ERK, and 
JNK for pro‑survival signaling responses,[12,39,40] which is in accordance 
with our study. AKT is a downstream target of PI3K which is activated 
through the phosphorylation by PI3K‑dependent kinases PDK1 and 
PDK2.[41] Moreover, other published studies have shown that STAT and 
MAPK/ERK1/2 can be associated with cell survival and prevention of 
apoptosis,[42] which is in line with our study. Furthermore, in a study, it 
was shown that the activation of STAT3 by IL‑6 increases gene expression 
of many survival proteins, such as Bcl‑2, Bcl‑X, Mcl‑1, survivin, and 
X‑linked inhibitor of apoptosis protein.[43] In addition, recent findings 
suggest that the MEK‑1/MAPK  (ERK1/2) pathway may play a role in 
suppressing apoptosis due to its interface with survival signaling at the 
level of Bcl2 to directly link these two critical growth pathways.[42] In 
our study, as shown in Figure 4, hesperetin resulted in the elevation of 
pERK1/2 which in turn suppresses apoptosis [Figure 6], which is in line 
with reported studies.[42,44] In another study, it has been demonstrated 
that human SH‑SY5Y neuroblastoma cells or human primary dermal 
fibroblasts  (PromoCells) as a result of exposure to hesperetin led to a 
significant elevation in the level of ERK1/2 phosphorylation,[15] which is 
in agreement with our results. The mechanism underlying these effects 
seems to be related to flavonoid antioxidant properties of hesperetin to 
alter signal transduction protein kinases. Therefore, hesperetin can be 
considered a potent agent which synchronizes and stops cell cycle at 
G0/G1 phase so that suitable chemotherapeutic agents and radiotherapy 
can be applied.
In our study, we did not evaluate the tumor suppressor gene p53 as an 
important key factor in a balance between cell survival and cell death 
through regulation of both the G1 and G2/M portions of the cell cycle. 
In addition, we did not evaluate the multiple caspases. Thus, we suggest 
that future studies focus on other possible mechanisms of hesperetin on 
the mentioned principle factors in PC3 cells.

Figure 5: Effects of hesperetin on cell cycle progression in PC3 cells. (a) Untreated PC3 cells with hesperetin after 48 h incubation. (b) Cells were treated with 
450 µM of hesperetin for 48 h. The cell cycle distribution and proportions of the cells in G0/G1, S, and G2/M were determined using flow cytometric analysis. 
Data are presented as means ± standard deviation of the results from three independent experiments

a b

Figure 6: Apoptotic effects of hesperetin in PC3 cells. Apoptosis induced 
by hesperetin was analyzed by flow cytometry using dual staining with 
propidium iodide and fluorescein isothiocyanate‑conjugated Annexin V 
in PC3  cells.  (a) Control without treatment,  (b‑d) the cells were treated 
with 400, 450, and 500 μM of hesperetin, respectively

a b

c d
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CONCLUSION
Hesperetin in PC3 cells led to elevation IL‑6 gene expression, IL‑6 protein 
secretion, pSTAT3, pERK1/2 and pAKT intracellular signaling proteins. 
Furthermore, hesperetin inhibited cell proliferation due to the elevation 
of G0/G1 phase cell cycle. Our results indicate that hesperetin can be 
considered a potent agent which synchronizes and stop cell cycle at 
G0/G1 phase so that suitable chemotherapeutic agents and radiotherapy 
can be applied in PC3 PC cells.
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