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Introduction
Phosphodiesterases (PDEs, EC 3.1.4.17) are metallohydro-
lases that regulate the intercellular levels of 2 important sec-
ond messengers, cyclic adenosine 3′,5′ monophosphate 
(cAMP) and cyclic guanosine 3′,5′ monophosphate (cGMP), 
by controlling their degradation.1–3 Phosphodiesterases, 
including the 11 families (PDE1-PDE11) encoded by 21 dif-
ferent genes, produce more than 80 enzyme variants by dif-
ferent messenger RNAs (mRNAs) to process multiple 
promoters, alternative mRNA splicing, and posttranslational 
protein modulations.3 These 11 families of PDEs consist of 3 
groups: some specific for cAMP (PDE4, PDE7, and PDE8), 
some specific for cGMP (PDE5, PDE6, and PDE9), and 
some specific for both cAMP and cGMP (PDE1, PDE2, 
PDE3, and PDE10).4,5

The PDE5 gene is located in the long arm of chromosome 
4 (4q.26) and consists of 23 exons.6 Phosphodiesterase 5, a 
homodimer PDE enzyme, is a major regulator of the intercel-
lular concentration of cGMP.3,7 Cyclic guanosine 3′,5′ 
monophosphate plays a key role in physiologic functions, 
including platelet aggregation, neurotransmission, vascular 
smooth muscle modulation, and cell proliferation, differentia-
tion, and apoptosis.8 Previous studies have reported that PDE5 
overexpression occurs in multiple cancer cell types, including 

colon, breast, bladder, and lung cancers. Conversely, PDE 
inhibitors (PDEIs) have potential anticancer effects on differ-
ent types of cancer, including acute promyelocytic leukemia 
and malignant glioma.3,9–11 It has also been recently found that 
PDE5 expression increases breast cancer cells’ invasive poten-
tial, indicating that this enzyme is a novel prognostic candidate 
and a target for breast cancer therapy.12

Achillea wilhelmsii C. Koch has various components, includ-
ing flavonoids, alkaloids, bornel, and cineol.13 This herb is used 
as a traditional drug to ease stomach pain, weakness, neurologi-
cal disease symptoms, and epilepsy. Furthermore, the aerial 
parts of A wilhelmsii C. Koch have antioxidant properties.14 In 
addition, flavonoids are reported to have PDE5 inhibitory 
(PDE5I) properties.15 For example, Dell’Agli et  al16 showed 
that Vitis vinifera, which has flavonoids, inhibits PDE5. Many 
plants have flavonoids with PDEI activity, such as Betula 
alnoides and Ginkgo biloba,1 and some plants have alkaloids 
with inhibitory effects on PDE; for example, viscolin in Viscum 
coloratum has shown PDEI effects.15,17 This study was con-
ducted to evaluate the effect of the PDE5I properties of 
hydroalcoholic Achillea wilhelmsii C. Koch extract (HAWE) on 
estrogen receptor (ER)-positive and ER-negative MCF-7 and 
MDA-Mb-468, respectively.
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Methods and Materials
The Ethics Committee of the Zahedan University of Medical 
Sciences approved the protocol of the study (Ethical code: 
7526).

Plant materials

Achillea wilhelmsii C. Koch was collected during Spring 2015 
from the Taftan area (ie, the southeast of Iran) of the province 
of Sistan and Baluchistan. The taxonomic determination of the 
plant was confirmed by the Research Institute of the University 
of Sistan and Baluchistan.18

Preparation of hydroalcoholic extract

The collected plant was dried in a dark place. The aerial sec-
tions of the plant were separated from the roots to be pow-
dered; then, a Soxhlet extractor was used to obtain the 
hydroalcoholic extract (alcohol 70%) described previously.19 
The plant powder (20 g at a time) was extracted from the alco-
holic (70%) solvent (300 mL, 5 hours) using the Soxhlet extrac-
tor. After extraction, it was filtered (Whatman No. 41) and the 
alcohol solvent was evaporated completely using a centrifu-
gal evaporation (MAXI DRY-LYO, Heto-Holten, Allerød, 
Denmark). Then, the solid extracts were mixed to make uni-
form solution, which was stored at −20°C.

Chemicals and regents

The culture media, Roswell Park Memorial Institute medium 
(RPMI 1640), trypan blue, EDTA, trypsin, penicillin, strepto-
mycin, phosphate-buffered saline (PBS), and fetal bovine 
serum (FBS) were all purchased from Gibco (Rockville, MD, 
USA). The Annexin V/PI Apoptosis Detection Kit was 
obtained from BioVision (San Francisco, CA, USA). The 
cGMP Direct Immunoassay Kit was procured from R&D 
Systems (Minneapolis, MN, USA). The 3-(4,5-dimethylhia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and dime-
thyl sulfoxide (DMSO) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). The RevertAid M-MuLV Reverse 
Transcriptase (RT) was procured from Fermentas (Vilnius, 
Lithuania). All other materials were of analytical grade and 
were obtained locally.

Cell culturing

The human breast cancer cell lines MCF-7 (ER-positive) and 
MDA-Mb-468 (ER-negative) were purchased from the 
National Cell Bank of Iran; both cell lines were grown adher-
ently in a medium consisting of RPMI 1640, 10% FBS, 100 
U/mL of penicillin, and 100 mg/mL of streptomycin under 
standard culturing conditions (95% humidified air, 37°C, 5% 
carbon dioxide).

Cell treatment

The HAWE powder was dissolved in DMSO (high-perfor-
mance liquid chromatography grade) and stored at −20°C. 
Depending on the type of test, the cell lines were seeded almost 
equally in 6- or 96-well plates; then, the plates were kept in an 
incubator overnight under standard culturing conditions (95% 
humidified air, 37°C, 5% carbon dioxide). Next, the used 
medium was removed, and then, different concentrations of 
HAWE were added to the medium. All measurements were 
repeated in triplicate.

Cell viability
MTT assay. The MTT reduction assay was conducted to 
obtain the effective dose (ED50) of HAWE on both cell 
lines.20 Approximately, 5000 cells per well were seeded in 
96-well plates and incubated for 24 hours to reach 70% to 80% 
confluence; the prior medium was replaced with a new medium 
containing different concentrations of HAWE (0, 12.5, 25, 50, 
and 100 µg/mL) and incubated for 24, 48, and 72 hours. Then, 
20 µL of MTT was added to each well and incubated for 3.5 
hours at 37°C; the culture medium was then replaced carefully 
with 200 µL of DMSO to dissolve the formazan crystals. Then, 
the plates were set in a dark place for 10 minutes and absor-
bance was measured using a microplate reader (Stat Fax 2100; 
Awareness Technology, Los Angeles, CA, USA) at a 570-nm 
wavelength. All assays were repeated at least in triplicate.

Apoptosis assay. The apoptotic cell death induced by HAWE 
was quantified by flow cytometry using an Annexin V/PI 
Apoptosis Detection Kit according to the manufacturer’s pro-
tocol. In brief, 1 × 105 cells per well were kept in 6-well plates 
and incubated in different concentrations of HAWE (0, 12.5, 
25, 50, and 100 µg/mL) for 48 hours. Then, they were har-
vested and washed twice with cold PBS and stained by Annexin 
V/propidium iodide (PI). Double staining was done according 
to the manufacturer’s protocol. (The cell pellets were stained in 
500 µL of 1× binding buffer, 5 µL of Annexin V, and PI, and 
then they were gently vortexed and incubated for 15 minutes in 
a dark room at room temperature.) The samples were analyzed 
using Partec Flow Cytometry and the software supplied with 
the instrument. The apoptosis assay resulted in 4 sections: liv-
ing cells (unstained with Annexin V or PI), early apoptotic 
cells (stained with Annexin V), late apoptotic cells (stained 
with Annexin V or PI), and necrotic cells (stained with PI).

Gene expression assay

The effects of HAWE on PDE5 overexpression and inhibition 
were determined using a quantitative real-time polymerase 
chain reaction (qRT-PCR). Both cell lines were seeded in 
6-well plates with a density of 1 × 105 cells per well and were 
incubated for 24 hours under standard culturing conditions. 
Then, the medium was replaced with a fresh medium contain-
ing the ED50 of HAWE and was incubated for 0, 4, 8, 12, and 
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24 hours. Then, the cell lines were washed with cold PBS and 
their total RNA was extracted using RNX (SinaClon, Tehran, 
Iran). UV spectrophotometry was used to obtain the RNA 
concentration and purity. Complementary DNA was synthe-
sized from the total RNA using a random hexamer according 
to the manufacturer’s protocol (RevertAid ™ First Strand 
cDNA Synthesis Kit, Fermentas, Vilnius, Lithuania). The pol-
ymerase chain reaction (PCR) amplification of the first strand 
of complementary DNA (cDNA) was performed in 20 µL of 
reaction mixture with 5 µg of RNA (~2 µL) in a time-dependent 
manner (0 [control], 4, 8, 12, and 24 hours), 1 µL of random 
hexamer, 9 µL of nuclease-free water, 4 µL of 5× reaction 
buffer, 1 µL of RiboLock RNase inhibitor (20 U/µL), 2 µL of 
10 mM deoxynucleotide Mix, and 1 µL of RevertAid M-MuLV 
RT (200 U/µL). Then, PCR amplification was conducted at 
25°C for 5 minutes, followed by 42°C for 60 minutes. Each 
reaction was terminated by heating for 5 minutes at 70°C.

The levels of PDE5 expression were determined by qRT-
PCR using PDE5 primers (forward primer: 5-TGTTGGT 
GTAGCACAGACCA-3, reverse primer: 5-GCAGTGAAG 
TCTGATAGAGC-3) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) primers (forward primer: 5-GAGCCACA 
TCGCTCAGACAC-3, reverse primer: 5-CATGTAGTTGA 
GGTCAATGAAGG-3). The PDE5 primers were designed to 
ensure that the PDE5 isoforms (PDE5A1, PDE5A2, and 
PDE5A3) would be amplified.

The qRT-PCR amplification reaction mixture consisted 
of 2 µL of cDNA, 1 µL of forward primer, 1 µL of reverse 
primer, 10 µL of SYBR Green EXTaq II (2×) PCR Master 
Mix, and 6 µL of diethyl pyrocarbonate water. ABI Sequence 
Detection System (Applied Biosystems, Foster City, CA, 
USA) was used to perform qRT-PCR amplification follow-
ing the manufacturer’s protocol. The optimal reaction profile 
was observed to have initial denaturation at 95°C for 10 min-
utes, followed by 40 cycles of denaturation at 95°C for  
15 seconds, annealing and polymerization at 58.5°C for  
30 seconds, and extension at 72°C for 45 seconds. The house-
keeping gene GAPDH was used to normalize the relative 
expression level of the PDE5 gene. The 2−ΔΔct analysis method 
was used to determine the relative mRNA expression level.

cGMP assay

The cGMP Direct Immunoassay Kit provided by R&D 
Systems was used according to the manufacturer’s instructions 
to quantitatively determine the cGMP expression.21 The cell 
lines were cultured for 24 hours to reach almost 80% conflu-
ence; then, they were treated with HAWE in a time-dependent 
manner (0, 4, 8, 12, and 24 hours). Afterward, the cells were 
lysed using a cell lysis buffer and were transferred to a 96-well 
plate coated with a goat anti-rabbit antibody. The excess con-
jugate and the unbound sample were removed via washing,  
and then the substrate solution was added to each well and 

incubated for 30 minutes at room temperature. Then, stop 
solution was added to each well. Finally, a microplate reader 
(Stat Fax 2100; Awareness Technology, Los Angeles, CA, 
USA) was used to measure cGMP at a 450-nm wavelength.

Statistical analysis

SPSS version 22 (SPSS Inc., Chicago, IL, USA) was used for 
the statistical analysis; the findings were reported as mean ± 
SD. The statistical analysis was conducted by a nonparametric 
analysis of variance between the groups and the Dunnett post 
hoc test. P < .05 was considered statistically significant.

Results
Antiproliferative effect of HAWE on human breast 
cancer cell lines

The effect of HAWE on the breast cancer cell lines’ viability 
was examined with MTT test; both cell lines (MCF-7 and 
MDA-Mb-468) were treated with different concentrations of 
HAWE (0, 12.5, 25, 50, and 100 µg/mL) for 24, 48, and 72 
hours (Graph 1) to detect the ED50. This study showed that 
the ED50 of HAWE in MCF-7 and MDA-Mb-468 was 25 
µg/mL after treatment for 48 hours with HAWE.

HAWE induction of apoptosis in human breast 
cancer cell lines

To study whether HAWE induced cell population growth 
inhibition related to apoptosis, its effects on apoptosis were 
evaluated. The breast cancer cell lines were exposed to different 
concentrations (0, 12.5, 25, 50, and 100 µg/mL) of HAWE for 
48 hours and then stained with Annexin V and PI; then, they 
were analyzed using flow cytometry. Our findings showed that 
the percentages of early and late apoptosis significantly 
increased in both the MCF-7 and MDA-Mb-468 cell lines 
(Figure 1 and Graph 2).

qRT-PCR assay

The effect of HAWE on the expression of the PDE5-coding 
gene was tested in a time-dependent manner. The results 
showed that PDE5 expression gradually reduced in MCF-7 
cells in the presence of HAWE (ED50 = 25 µg/mL) after 4, 8, 
12, and 24 hours compared with that of the untreated group (P 
< .001). Similar effects were also found in MDA-Mb-468 cells. 
As shown in Graph 3, the mRNA expression level of PDE5 
decreased significantly after 4, 8, 12, and 24 hours in compari-
son with that of the untreated group (P < .001).

cGMP assay

The effect of HAWE on the intercellular level of cGMP in 
MCF-7 and MDA-Mb-468 cells was investigated. As shown 
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in Graph 4, HAWE significantly increased the cGMP level in 
both MCF-7 and MDA-Mb-468 after 4, 8, 12, and 24 hours 
compared with that of the untreated cells (P < .001). The 

results showed that the inhibition of PDE5 by HAWE raised 
the cGMP level and indicated that this gene may be a major 
regulator of the basal cGMP level in MCF-7.

Figure 1. The hydroalcoholic Achillea wilhelmsii C. Koch extract (HAWE) induced apoptosis in MCF-7 and MDA-Mb-468 cell lines. MCF-7 and MDA-

Mb-468 cells were treated with different concentrations of HAWE (0 [control], 12.5, 25, 50, 100 µg/mL). After 48 hours of treatment, (A) MCF-7 and (B) 

MDA-Mb-468 cells were double stained with Annexin V-fluorescein isothiocyanate and propidium iodide, and the cells were analyzed by flow cytometry. 

All experiments were performed independently in triplicate per experimental point, and representative results are shown.
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Discussion
In a previous study, it was shown that the activation of protein 
kinase G by cGMP induces cell inhibition and apoptosis in the 
human breast cancer cell lines MCF-7 and MDA-Mb-468.9,21 
However, cGMP signaling is influenced by many factors, such 
as G-protein–coupled receptors, nitric oxide, and PDE5, as a 
key hydrolysis enzyme can affect the intracellular cGMP level 
in breast cancer cells, whereas other specific PDEs for cGMP, 
namely, PDE6 and PDE9, are most expressed in eye and brain 
tissues, respectively.12,22 In a previous investigation, we found 
that using BAY 73-6691 as a selective PDE9 inhibitor led to 
reduced proliferation through the elevation of the intracellular 
cGMP level in MCF-7 and MDA-Mb-468.9 Recent investiga-
tions showed that breast cancer cell proliferation can be reduced, 
and apoptosis can be induced, using the selective inhibition of 
PDE5 by Sulindac sulfide through the cGMP pathway,3,23,24 
whereas most PDE inhibitors act selectively (not specifically).25 
In addition, some herbs and plants with flavonoids and alka-
loids can inhibit PDE, especially cGMP-specific PDEs.14,15,26 
So, if the HAWE (as a herbal medicine contains flavonoids and 
alkaloids) inhibits PDE5 and promotes intercellular cGMP, it 

will reduce proliferation or even induce apoptosis. In this study, 
both the inhibition of PDE5 and the increase in the cGMP 
level by HAWE in human breast cancer cell lines MCF-7 and 
MDA-Mb-468 were investigated.

The mRNA of cGMP, a specific PDE5, was expressed in 
both breast cancer cell lines, and the PDE5 expression level 

Graph 1. Effect of hydroalcoholic Achillea wilhelmsii C. Koch extract 

(HAWE) on inhibition of cell proliferation of the breast cancer cell lines. 

Cells were treated with different concentrations of HAWE for 24, 48, and 

72 hours, and proliferation was measured by 3-(4,5-dimethylhiazol-2-yl)-

2,5-diphenyltetrazolium bromide assay. HAWE reduced cell proliferation 

in (A) MCF-7 and (B) MDA-Mb-468 breast cells in a time- and dose-

dependent manner. Each value is presented as mean ± SD of 3 

experiments (each triplicate). Error bars represent standard deviation. *P 

< .05 and **P < .01 are significant compared with untreated cells as 

control groups.

Graph 2. Flow cytometric evaluation of apoptosis in (A) MCF-7 and (B) 

MDA-Mb-468 cells using Annexin V and propidium iodide double 

staining. After 48 hours of treatment, hydroalcoholic Achillea wilhelmsii 

C. Koch extract resulted in a significant increase in early and late 

apoptotic cells, in a concentration-dependent manner. Results: mean ± 

SD 3 independent experiments. Error bars represent standard deviation. 

*P < .05 and **P < .01 compared with control.

Graph 3. In quantitative real-time polymerase chain reaction analysis of 

PDE5 messenger RNA (mRNA) expression in MCF-7 and MDA-Mb-468 

cells following the hydroalcoholic Achillea wilhelmsii C. Koch extract 

treatment (25 µg/mL) in a time-dependent manner, expression levels 

were normalized to human glyceraldehyde-3-phosphate dehydrogenase 

mRNA. Error bars represent standard deviation.*P < .05 and **P < .001 

compared with untreated control.
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significantly decreased in a time-dependent manner through 
HAWE. There was a significant difference between MCF-7 
(ER+) and MDA-Mb-468 (ER−) breast cancer cell lines’ 
mRNA expression of PDE5 after 8 and 12 hours of treatment 
with HAWE (Graph 3). The mRNA expression of PDE5 was 
at its minimum in both cell lines after 12 hours. In addition, the 
mRNA expression of PDE5 in MDA-Mb-468 (ER−) and 
MCF-7 (ER+) was almost equal 24 hours after treatment with 
HAWE.

The ability of HAWE to modulate the cGMP-signaling 
pathway was investigated. The results indicated that HAWE 
significantly increased the intercellular cGMP level. Although 
the increase in the cGMP level in MCF-7 (ER+) was much 
higher than that in MDA-Mb-468 (ER−), the mRNA expres-
sion of PDE5 was correlated with the intercellular cGMP level 
in both cell lines.

The data showed that HAWE promotes cGMP reposition-
ing as an inhibitor of PDE5 and suggest that this enzyme 
could be a major regulator of a basal cGMP intracellular con-
centration in these breast cancer cell lines. Previous studies 
have demonstrated that the intercellular cGMP level increases 
by inhibiting PDEs.27,28 Other investigations have found that 
different PDEs are involved in the regulation of either the 
intracellular cGMP level or the intercellular cAMP level by the 
negative feedback control of the cyclic nucleotide pathway.29 
However, the current data demonstrated that the inhibition of 
PDE5 by HAWE leads to the accumulation of intercellular 
cGMP and likely activates the cGMP-signaling pathway.

The intercellular cGMP level of MCF-7 is higher than that 
of MDA-Mb-468 after using HAWE to inhibit PDE5, likely 
due to their different cell types. The intracellular cGMP level 
is most dependent on some PDEs, such as PDE5, PDE6, and 
PDE9, which are cGMP-specific PDEs.29

The results here indicate that HAWE, as a traditional 
herbal medicine, can decrease the mRNA expression of PDE5 
in MCF-7 and MDA-Mb-468 in a time-dependent manner. 
Various studies have been conducted on the effects of natural 
compounds with plant origins in terms of their PDE inhibi-
tory activity. For example, Orallo et  al30 showed that citrus 
fruits with naringenin, a flavonoid compound, can inhibit the 
activity of PDE1, PDE4, and PDE5. Furthermore, Ning 
et al31 found that icariin from Epimedii herba, a flavonoid, can 
inhibit PDE5 even more effectively than the standard PDE5I 
medicine zaprinast. In addition, Lines and Ono reported the 
PDE5I activity of quercetine in Allium cepa, which is similar to 
that of alkaloids. Finally, Hwang et al observed that viscolin, 
an alkaloid in Viscum coloratum, had inhibitory effects on 
PDE.17

Conclusions
This research revealed that the hydroalcoholic extract A wil-
helmsii C. Koch inhibits PDE5 mRNA expression and increases 
the intercellular cGMP level in both the MCF-7 and 
MDA-Mb-468 human breast cancer cell lines. The results 
provided valuable information regarding HAWE, which has 
potential as an anticancer agent to inhibit PDE5. In future 
work, it is recommended to further isolate and elucidate the 
structures of PDEIs in A wilhelmsii C. Koch.
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