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Abstract: Epigallocatechin 3-O-gallate (EGCG) is a predominant component in green tea with various
health benefits. The 67 kDa laminin receptor (67LR) is a nonintegrin cell surface receptor that is
overexpressed in various types of cancer; 67LR was identified a cell surface EGCG target that plays
a pivotal role in tumor growth, metastasis, and resistance to chemotherapy. However, the plasma
concentration of EGCG is limited, and its molecular mechanisms remain unelucidated in colon
cancer. In this study, we found that the phosphodiesterase 5 (PDE5) inhibitor, vardenafil (VDN),
potentiates EGCG-induced apoptotic cell death in colon cancer cells. The combination of EGCG
and VDN induced apoptosis via activation of the endothelial nitric oxide synthase/cyclic guanosine
monophosphate/protein kinase Cδ signaling pathway. In conclusion, the PDE5 inhibitor, VDN, may
reduce the intracellular PDE5 enzyme activity that potentiates EGCG-induced apoptotic cell death
in Caco-2 cells. These results suggest that PDE5 inhibitors can be used to elevate cGMP levels to
induce 67LR-mediated, cancer-specific cell death. Therefore, EGCG may be employed as a therapeutic
candidate for colon cancer.

Keywords: epigallocatechin 3-O-gallate; vardenafil; phosphodiesterase 5; cyclic guanosine
monophosphate; endothelial nitric oxide synthase

1. Introduction

Epigallocatechin 3-O-gallate (EGCG) is an effective anticancer polyphenol in green
tea [1]. Previously, we identified a cell surface protein, 67 kDa laminin receptor (67LR), for
EGCG [2]. Several types of cancer cells overexpress 67LR at cell surfaces [3]. Therefore,
the plasma concentration of EGCG is limited to induce a killing effect in cancer cells [4].
In addition, little is known about the molecular mechanisms underlying EGCG-induced
effects in colorectal cancer cells. Previous studies focused on the inhibitory effect of EGCG
on PDEs [5], and those concentrations are quite high considering the clinical settings.
Our scope is focused on the inhibition of PDE5, which may be helpful for enhancing the
anticancer effect of EGCG on colon cancer cells. Our results showed that PDE5 knockdown
is sufficient to enhance the effect of EGCG in colon cancer. Moreover, we provide a clinical
evaluation of its effects.

Phosphodiesterase 5 (PDE5) is a specific negative regulator of cyclic guanosine
monophosphate (cGMP) [6]. It is overexpressed in several cancer cells [3]. The inhibi-
tion of PDE5 activity to induce intracellular cGMP production might be a useful therapeutic
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approach for various diseases and conditions, including erectile dysfunction [7–9]. Nitric
oxide (NO) is a gasotransmitter that regulates soluble guanylyl cyclase (sGC), which acti-
vates endothelial nitric oxide synthase (eNOS) to induce intracellular cGMP levels [10–13].
We confirmed that the PDE5 inhibitor, vardenafil (VDN), did not induce eNOS phosphory-
lation, whereas a single treatment of EGCG induced eNOS phosphorylation.

In this study, we showed that the inhibition of PDE5 potentiated EGCG-induced
apoptosis in colorectal adenocarcinoma cells via the activation of the eNOS/cGMP/protein
kinase Cδ (PKCδ) signaling pathway.

2. Materials and Methods
2.1. Cell Culture and Cell Viability

Cell density at 2 × 104 cells/mL of Caco-2 cells was cultured in DMED supplemented
with 1% fetal bovine serum, at 37 ◦C in 5% CO2 and 100% humidity. Cell viability was
measured after treatment at 96 h through trypan-blue analysis in Caco-2 cells. EGCG was
purchased from Sigma-Aldrich (St. louis, MO, USA). VDN was purchased from Toronto
Research Chemicals (Toronto, ON, Canada). Bay 41-2272 was purchased from Enzo Life
Sciences (Exeter, UK). Anti-PKCδ antibody was purchased from abcam. PDE1 inhibitor
8-Met-IBMX, PDE4 inhibitor rolipram, and PDE5 inhibitor VDN were purchased from
Sigma-Aldrich. PDE2 inhibitor EHNA hydrochloride was purchased from abcam.

2.2. Analyzed Apoptotic Cell Death

Caco-2 cells (2 × 104 cells/mL) were cultured in DMED supplemented with 1% fetal
bovine serum, in 5% CO2 and 100% humidity at 37 ◦C. Apoptotic cell death was determined
using a flow cytometric test; the Annexin-V+ cells were evaluated by combining Annexin-
regret V+/propidium iodide+ (early Annexin V+ propidium iodide-positive) and Annexin-
V+/propidium iodide+ (late Annexin V+ propidium iodide- positive) cells after treatment
with EGCG, Bay 41-2272, and/or VDN at 96 h analyses on a VerseTM system from BD.

2.3. The siRNAs Targeting PDE5

The siRNAs targeting PDE5 were purchased from Qiagen. Target sequences were as fol-
lows: siPDE5-1, 5′-CCAGCTTTACTGCCATTCAAT-3′; siPDE5-2, 5′-GCCATCTGCTTGCA-
ACTGTAT-3′. Scrambled control siRNA or PDE5 siRNA and LipofectamineTM RNAiMAX
Transfection Reagent were used for RNAi transfections (Life Technology, Carlsbad, CA,
USA), which were performed according to the manufacturer’s instructions, as previously
described [13].

2.4. Western Blotting Analysis

Caco-2 cells were seeded at 1 × 106 cells/mL or 2 × 104 cells/mL and treated with
5 µM EGGC and/or 5 µM VDN for 3 h or 96 h for each experiment. Cells were lysed
in lysis buffer (50 mM Tris-HCl (pH 7.5), 30 mM Na4P2O7, 1 mM pervanadate, 150 mM
NaCl, 1% Triton X-100, 50 mM NaF, 1 mM ethylenediaminetetraacetic acid, 2 mg/mL
aprotinin, and 1 mM phenylmethanesulfonyl fluoride). Protein (approximately 50 µg)
was suspended in Laemmli sample buffer (0.1 M Tris-HCl buffer, pH 6.8; 0.05% mercap-
toethanol; 1% SDS; 0.001% bromophenol blue; and 10% glycerol). After boiling, the sample
was electrophoresed on SDS-polyacrylamide gels. Gels were then electroblotted onto
Trans-Blot nitrocellulose membranes (Bio-Rad, Berkeley, CA, USA). Incubation with the
indicated antibodies (primary antibody) was completed in Tween 20-PBS containing BSA
(1%). Blots were washed with Tween 20-PBS and incubated in antirabbit HRP conjugates
(secondary antibody). After washing, indicated proteins were detected using an enhanced
chemiluminescence system according to the manual from Amersham Life Sciences [13].
Samples were incubated overnight at 4 ◦C with the primary antibody that was used at
1:1000 dilution. Secondary antibody at 1:10000 dilution was incubated for 1 h. p-PKCδ

at Ser664 antibody was obtained from Thermofisher. Anti-eNOS antibody was obtained
from abcam. P-eNOS at Ser1177 antibody was obtained from BD Biosciences (San Jose, CA,
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USA). Cleaved caspase-3 antibody (Asp175) was obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-β actin antibody was purchased from Sigma-Aldrich, St. Louis,
MO, USA. The siRNAs targeting PDE5 were purchased from Qiagen.

2.5. Statistical Analysis

Our data are indicated mean ± SEM compared with the controls. The IC50 val-
ues and isobologram methods were determined by using GraphPad Prism 5 software.
The significant differences were assessed using Tukey’s test. Statistical analyses were
assessed using KyPlot 6.0 software (Kyens Lab, Tokyo, Japan). The level of synergistic
effects was assessed by isobologram analyses using Graphpad prim 5 software (Dotmatics,
Boston, MA, USA).

3. Results
3.1. Combination of EGCG and VDN Synergistically Induces Cell Death in
Colorectal Adenocarcinoma

EGCG induces an anticancer effect by targeting the cell surface protein, 67LR [2].
However, the physiological concentration of EGCG is limited [4]. We evaluated the viability
of Caco-2 cells treated with EGCG and VDN. We showed that EGCG dose-dependently
suppressed the growth of Caco-2 cells with IC50 of 21.7 µM (Figure 1A). Our data also
showed that the PDE5 inhibitor dose-dependently inhibited the growth of Caco-2 cells
with an IC50 of 31.6 µM (Figure 1B). Moreover, VDN potentiated the cell death effect of
EGCG, with 50% inhibitory concentration (IC50) values of 11.8 or 5.7 µM (Figure 1C,D).
The results of the isobologram method indicated that the combination of EGCG and VDN
synergistically induced cell death in colon cancer cells, including Caco-2 cells (Figure 1E)
and HCT116 cells (Figure 1F).
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Figure 1. Combination of EGCG and VDN synergistically induces cell death in colorectal adenocarci-
noma. (A–D) Viability of Caco-2 cells cultured with EGCG and the PDE5 inhibitor vardenafil (VDN)
for 96 h. (E,F) Synergistic effects of EGCG and VDN measured using the isobologram analyses. Data
are presented as mean ± SEM (n = 3); * p < 0.05, *** p < 0.001.
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3.2. Combination of EGCG and VDN Induces Apoptosis in Colorectal Adenocarcinoma

To evaluate the combination of EGCG and VDN that induces apoptosis in Caco-2 cells,
the cells were treated with 5 µM EGCG and 5 µM VDN. We found that the combination
of EGCG and VDN induced apoptotic cell death in approximately 61.75% of cells, while a
single treatment of EGCG or VDN did not affect the apoptosis levels relative to those of the
control group (7.2%) (Figure 2A). Moreover, the combination of EGCG and VDN increased
the levels of cleaved caspase-3, a crucial mediator of apoptosis (Figure 2B).
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Figure 2. Combination of EGCG and VDN induces apoptosis in colorectal adenocarcinoma. (A) Caco-
2 cells treated with 5 µM EGCG and 5 µM VDN for 96 h. Cells were stained with Annexin V–Alexa
Fluor 488 and propidium iodide. Apoptotic cells were measured using flow cytometric analysis. Data
are presented as mean ± SEM (n = 4); *** p < 0.001 (B) Cells were treated with 5 µM VDN and 5 µM
EGCG was added for 96h. Levels of the apoptosis mediator cleaved caspase-3 were measured using
Western blotting. Data are presented as mean ± SEM (n = 3); *** p < 0.001.

3.3. Expression of PDE5 Attenuates EGCG-Induced Apoptotic Cell Death in
Colorectal Adenocarcinoma

We hypothesized that the PDEs protect colon cancer cells from EGCG-induced apop-
totic cell death by downregulating the intracellular cGMP production. To determine the
effect of various PDEs on the anti-colon-cancer effect of EGCG, Caco-2 cells were pretreated
with PDE1 inhibitor 8-Met-IBMX (10 mM), PDE2 inhibitor EHNA hydrochloride (5 µM),
PDE4 inhibitor rolipram (10 µM), or PDE5 inhibitor VDN (5 µM), then treated or not with
EGCG (5 µM) for 96 h. Caco-2 cell death was induced by the combination of EGCG and
selective PDE5 inhibitor VDN. This result suggested that PDE5 is a major negative regulator
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of cGMP signaling (Figure 3A). To establish the role of PDE5 in the resistance of EGCG, we
evaluated the effect of PDE5 knockdown in Caco-2 cells (Figure 3B left). We found that
only PDE5 inhibitor VDN potentiated EGCG-induced cell death (Figure 3B right).
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noma. (A) Caco-2 cells were pretreated with PDE1 inhibitor 8-Met-IBMX (10 µM), PDE2 inhibitor
EHNA hydrochloride (5 µM), PDE4 inhibitor rolipram (10 µM), or PDE5 inhibitor VDN (5 µM) for
96 h, then treated or not with EGCG (5 µM) for 96 h. (B) Left: Immunoblot analyses of PDE5 in Caco-2
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3.4. Activation of cGMP with Inhibition of PDE5 Activity Induces Cell Death in
Colorectal Adenocarcinoma

To investigate whether the activation of cGMP signaling pathway induces cell death,
Caco-2 cells were treated with Bay 41-2272 for the activation of intracellular cGMP produc-
tion and VDN to inhibit PDE5 enzyme activity.

We found that the inhibition of PDE5 activity potentiated cGMP-mediated cell death,
with the IC50 values of Bay 41-2272 being 5.1 µM (combination treat with 1 µM VDN) or
3.2 µM (combination treat with 5 µM VDN), while the IC50 for single treatment of Bay
41-2272 was 7.3 µM in Caco-2 cells (Figure 4A,B). The combination of Bay 41-2272 and
VDN synergistically induced cell death (Figure 4C).
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carcinoma. (A,B) Viability of Caco-2 cells cultured with the cGMP activator Bay 41-2272 and the
PDE5 inhibitor VDN for 96 h. (C) Synergistic effects of Bay 41-2272 and VDN were measured using
isobologram method. Data are presented as mean ± SEM (n = 3); * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Inhibition of PDE5 Potentiates cGMP-Mediated Apoptosis in Colorectal Adenocarcinoma

We determined whether the combination of Bay 41-2272 and VDN induces apop-
tosis. We found that the combination of Bay 41-2272 and VDN induced apoptosis in
73.57% of cells, while a single treatment of VDN did not affect apoptosis levels in Caco-2
cells (Figure 5).
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Figure 5. Inhibition of PDE5 potentiated cGMP-mediated apoptosis in colorectal adenocarcinoma.
Caco-2 cells cultured with 5 µM Bay 41-2272 and 5 µM VDN for 96 h. Cells were stained with
Annexin V–Alexa Fluor 488 and propidium iodide for flow cytometric analysis. Data are presented as
mean ± SEM (n = 4); *** p < 0.001.

3.6. Inhibition of PDE5 Potentiates EGCG-Induced Apoptotic Cell Death via the
eNOS/cGMP/PKCδ Signaling Pathway

To determine the effect of inhibition of PDE5 activity and EGCG on the up- and
downstream signals of cGMP, we evaluated the effect of 5 µM VDN on EGCG-derived
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eNOS and PKCδ phosphorylation. EGCG induced eNOS phosphorylation, but VDN did
not affect the EGCG-induced eNOS phosphorylation at Ser1177 (Figure 6A). EGCG-induced
cell death was inhibited by NS-2028, a specific sGC inhibitor (Figure 6B). Moreover, the
combination of EGCG and VDN upregulated p-PKCδ phosphorylation at Ser664 (Figure 6C).
Our findings indicated that the inhibition of PDE5 enzyme activity by VDN potentiated
EGCG-induced cell death by increasing the physiological concentration of EGCG through
the activation of the eNOS/cGMP/PKCδ signaling pathway.
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eNOS/cGMP/PKCδ signaling pathway. (A) Caco-2 cells were treated with 5 µM EGCG and 5 µM
VDN for 1 h. Phosphorylation of eNOS at Ser1177 was measured using Western blotting. (B) Cells
were treated with 10 µM EGCG and 5 µM of soluble guanylyl cyclase inhibitor (NS-2028). After
96 h, cell viability was determined. (C) Cells were treated with 5 µM EGCG and 5 µM VDN for 3 h.
Phosphorylation of PKCδ at Ser664 was measured using Western blotting. Data are presented as
mean ± SEM (n = 3); *** p < 0.001.

4. Discussion

Green tea has several health benefits including anticancer effects [14,15]. EGCG is a
major component of green tea [1]. Previously, we showed that 67LR is a cancer-specific
death receptor [2,3]. Moreover, we identified 67LR as a receptor for EGCG that is expressed
in various types of cancers including human colorectal carcinoma Caco-2 cells [2,3,16,17].
In this pathway, cGMP initiates cancer-specific apoptotic cell death. Moreover, induced
cGMP production is a rate-determining process of 67LR-dependent apoptotic cell death
that activated by the EGCG, known as a natural ligand of 67LR [2,3]. However, the plasma
concentration of EGCG is limited, and its anti-colon-cancer effect remains unelucidated.
We showed that knockdown of PDE5 was sufficient to enhance the effect of EGCG. We
demonstrated that the inhibition of PDE5 enzyme activity potentiated EGCG-induced
apoptotic cell death with a physiological concentration of EGCG (5 µM) via the activation
of the eNOS/cGMP/PKCδ signaling pathway in colon cancer cells.

PDE5 is an enzyme and family of PDEs that degrades the phosphodiester bond
in the intracellular second messenger cGMP [5]. A clinical study showed that PDE5
inhibitors are well known for their health benefits in various types of diseases, including
erectile dysfunction, heart failure, and pulmonary hypertension [18–21]. However, not only
these PDE5 inhibitors may be effective in cancer treatment. A preclinical study reported
that widely used PDE5 inhibitors are candidates as anticancer agents [22], and PDE5
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inhibitors could be candidates for anticancer drugs because they are relatively safe [22].
Moreover, the upregulation of the cGMP signaling pathway plays a crucial role in anticancer
effects [23–28].

PDE5 is overexpressed in various cancer cell types including colon cancer, stomach
cancer, chronic lymphocytic leukemia, prostate cancer, acute myeloid leukemia, pancreatic
cancer and breast cancer [3,17,18,21,23,24]. However, little is known about the role of PDE5
in colon cancer cells. We investigated whether PDE5 inhibition is sufficient to enhance the
anticancer effect of PDE5. Caco-2 cells were knocked down of PDE5, and we assessed the
sensitivity to EGCG. Our results directly showed that PDE5 knockdown was sufficient
to enhance the effect of EGCG (Figure 3B). As vardenafil is a clinically used PDE5i and
significantly increased the effect of EGCG (Figure 1), PDE5 is a candidate to enhance the
anticancer effect of EGCG on colon cancer. Because each antibody has a different affinity,
we could not compare the expression levels of different PDEs. Instead of those approaches,
we assessed the effect of different PDEs on the effect of EGCG with PDE5i VDN. Our results
indicated that VDN significantly enhanced the anticancer effect of EGCG. We also showed
that a single treatment of 5 µM EGCG or 5 µM VDN did not show a cell death effect,
while the combination of EGCG and VDN synergistically induced apoptotic cell death. We
confirmed that EGCG induced eNOS phosphorylation at Ser1177, while a single treatment
of VDN did not induce eNOS phosphorylation at Ser1177. These results suggested that the
inhibition of PDE5 activity potentiates the cell death effect of EGCG through enhancing the
downstream molecules of cGMP; nonetheless, the inhibition of PDE5 activity did not affect
the upstream molecules of cGMP in colon cancer cells. The value of our findings is notable
because several PDE5 inhibitors including VDN are approved by the FDA [29].

High doses of EGCG can induce hepatotoxicity [30]; in clinical trials, elevation of
AST/ALT levels has been observed [4]. Importantly, the combination of EGCG and VDN
did not increase the AST/ALT levels in the serum. From our perspective, PDE5 expression
in cancer cells may one reason why higher concentrations of EGCG are needed to induce
apoptosis in colon cancer cells, although the dissociation constant (Kd) of EGCG that binds
to cell surface protein 67LR is only 0.04 µM [2]. Its poor bioavailability is one of the reasons
why clinical use of EGCG is difficult.

PKCδ plays a crucial role in proapoptotic signaling in many types of cells [31]. For
example, a synthetic sphingosine immunosuppressant, FTY720, promotes the phosphory-
lation of PKCδ at Tyr311, leading to the autophosphorylation of PKCδ at Ser664, which
subsequently activates caspases [32]. We previously reported that PKCδ is essential for
the anticancer effect of EGCG and EGCG-induced cell death [14]. Our study showed that
VDN potentiated EGCG-induced phosphorylation of PKCδ at Ser664 and the upregula-
tion of cleaved caspase-3 levels, indicating the proapoptotic signaling pathway in colon
cancer cells.

Taken together, our findings show that the inhibition of PDE5 activity potentiates
EGCG-induced apoptotic cell death in colon cancer cells, accompanied by the activation of
the eNOS/cGMP/PKCδ signaling pathway. Moreover, in this study, we used the plasma
concentration of EGCG, which is noteworthy and could be effective for chemotherapy in
colorectal adenocarcinoma cells.

Author Contributions: J.B., K.L., H.T., Y.F., M.K., S.-J.L. and S.-J.P. contributed to the research idea
and design. J.B., H.T., Y.F. and M.K. created the search strategy. J.-S.P., J.J., H.T., Y.F., M.K., J.S.L.,
Y.-C.C., S.-J.L. and S.-J.P. screened titles, abstracts, and full texts. J.B., K.L., J.-S.P., J.J. and S.-J.P.
contributed to data extraction and quality assessment. J.B., K.L., J.-S.P., J.J. and M.K. contributed to
the statistical analysis and interpretation of data. J.B. wrote the first draft of the manuscript. H.T.,
J.S.L., Y.-C.C., S.-J.L. and S.-J.P. edited the draft of the manuscript. All authors have read and agreed
to the published version of the manuscript.



Curr. Issues Mol. Biol. 2022, 44 6255

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (NRF-2021R1C1C2095006). This research was supported by
the Korea Institute of Planning and Evaluation for Technology in Food, Agriculture, Forestry and
Fisheries (iPET) through Animal Disease Management Technology Development Program (118097-2)
funded by the Ministry of Agriculture, Food and Rural Affairs (MAFRA) and the KRIBB Research
Initiative Program (KGM5242113), Republic of Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khan, N.; Mukhtar, H. Tea polyphenols for health promotion. Life Sci. 2007, 81, 519–533. [CrossRef] [PubMed]
2. Tachibana, H.; Koga, K.; Fujimura, Y.; Yamada, K. A receptor for green tea polyphenol EGCG. Nat. Struct. Mol. Biol. 2004, 11,

380–381. [CrossRef] [PubMed]
3. Kumazoe, M.; Sugihara, K.; Tsukamoto, S.; Huang, Y.; Tsurudome, Y.; Suzuki, T.; Suemasu, Y.; Ueda, N.; Yamashita, S.;

Kim, Y.; et al. 67-kDa laminin receptor increases cGMP to induce cancer-selective apoptosis. J. Clin. Investig. 2013, 123, 787–799.
[CrossRef] [PubMed]

4. Shanafelt, T.D.; Call, T.G.; Zent, C.S.; LaPlant, B.; Bowen, D.A.; Roos, M.; Secreto, C.R.; Ghosh, A.K.; Kabat, B.F.; Lee, M.J.; et al.
Phase I trial of daily oral polyphenon E in patients with asymptomatic rai stage 0 to II chronic lymphocytic leukemia. J. Clin.
Oncol. 2009, 27, 3808–3814. [CrossRef]

5. Álvarez, E.; Campos-Toimil, M.; Justiniano-Basaran, H.; Lugnier, C.; Orallo, F. Study of the mechanisms involved in the
vasorelaxation induced by (-)-epigallocatechin-3-gallate in rat aorta. Br. J. Pharmacol. 2006, 147, 269–280. [CrossRef]

6. Lugnier, C. Cyclic nucleotide phosphodiesterase (PDE) superfamily: A new target for the development of specific therapeutic
agents. Pharmacol. Ther. 2006, 109, 366–398. [CrossRef]

7. Keravis, T.; Lugnier, C. Cyclic nucleotide phosphodiesterase (PDE) isozymes as targets of the intracellular signalling network:
Benefits of PDE inhibitors in various diseases and perspectives for future therapeutic developments. Br. J. Pharmacol. 2012, 165,
1288–1305. [CrossRef]

8. Porst, H.; Rosen, R.; Padma-Nathan, H.; Goldstein, I.; Giuliano, F.; Ulbrich, E. The efficacy and tolerability of vardenafil, a new,
oral, selective phosphodiesterase type 5 inhibitor, in patients with erectile dysfunction: The first at-home clinical trial. Int. J. Impot.
Res. 2001, 13, 192–199. [CrossRef]

9. Huang, S.A.; Lie, J.D. Phosphodiesterase-5 (PDE5) inhibitors in the management of erectile dysfunction. Pharm. Ther. 2013,
38, 407.

10. Linder, A.E.; McCluskey, L.P.; Cole, K.R.; Lanning, K.M.; Webb, R.C. Dynamic association of nitric oxide downstream signaling
molecules with endothelial Caveolin-1 in rat aorta. J. Pharmacol. Exp. Ther. 2005, 314, 9–15. [CrossRef]

11. Russwurm, M.; Wittau, N.; Koesling, D. Guanylyl cyclase/PSD-95 interaction: Targeting of the nitric oxide-sensitive α2β1
guanylyl cyclase to synaptic membranes. J. Biol. Chem. 2001, 276, 44647–44652. [CrossRef] [PubMed]

12. Schoser, B.G.H.; Behrends, S. Soluble guanylyl cyclase is localized at the neuromuscular junction in human skeletal muscle.
Neuroreport 2001, 12, 979–981. [CrossRef] [PubMed]

13. Zabel, U.; Kleinschnitz, C.; Oh, P.; Nedvetsky, P.; Smolenski, A.; Müller, H.; Kronich, P.; Kugler, P.; Walters, U.; Schnitzer, J.E.; et al.
Calcium-dependent membrane association sensitizes soluble guanylyl cyclase to nitric oxide. Nat. Cell Biol. 2002, 4, 307–311.
[CrossRef] [PubMed]

14. Tsukamoto, S.; Hirotsu, K.; Kumazoe, M.; Goto, Y.; Sugihara, K.; Suda, T.; Tsurudome, Y.; Suzuki, T.; Yamashita, S.;
Kim, Y.; et al. Green tea polyphenol EGCG induces lipid-raft clustering and apoptotic cell death by activating protein kinase
Cδ and acid sphingomyelinase through a 67 kDa laminin receptor in multiple myeloma cells. Biochem. J. 2012, 443, 525–534.
[CrossRef]

15. Naganuma, T.; Kuriyama, S.; Kakizaki, M.; Sone, T.; Nakaya, N.; Ohmori-Matsuda, K.; Hozawa, A.; Nishino, Y.; Tsuji, I. Green tea
consumption and hematologic malignancies in Japan: The Ohsaki study. Am. J. Epidemiol. 2009, 170, 30–738. [CrossRef]

16. Umeda, D.; Yano, S.; Yamada, K.; Tachibana, H. Involvement of 67-kDa laminin receptor-mediated myosin phosphatase activation
in antiproliferative effect of epigallocatechin-3-O-gallate at a physiological concentration on Caco-2 colon cancer cells. Biochem.
Biophys. Res. Commun. 2008, 371, 172–176. [CrossRef]

17. Bae, J.; Kumazoe, M.; Murata, K.; Fujimura, Y.; Tachibana, H. Procyanidin C1 Inhibits Melanoma Cell Growth by Activating
67-kDa Laminin Receptor Signaling. Mol. Nutr. Food Res. 2020, 64, e1900986. [CrossRef]

18. McLarty, J.; Bigelow, R.L.H.; Smith, M.; Elmajian, D.; Ankem, M.; Cardelli, J.A. Tea polyphenols decrease serum levels of
prostate-specific antigen, hepatocyte growth factor, and vascular endothelial growth factor in prostate cancer patients and inhibit
production of hepatocyte growth factor and vascular endothelial growth factor in vitro. Cancer Prev. Res. 2009, 2, 673–682.

http://doi.org/10.1016/j.lfs.2007.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17655876
http://doi.org/10.1038/nsmb743
http://www.ncbi.nlm.nih.gov/pubmed/15024383
http://doi.org/10.1172/JCI64768
http://www.ncbi.nlm.nih.gov/pubmed/23348740
http://doi.org/10.1200/JCO.2008.21.1284
http://doi.org/10.1038/sj.bjp.0706507
http://doi.org/10.1016/j.pharmthera.2005.07.003
http://doi.org/10.1111/j.1476-5381.2011.01729.x
http://doi.org/10.1038/sj.ijir.3900713
http://doi.org/10.1124/jpet.105.083634
http://doi.org/10.1074/jbc.M105587200
http://www.ncbi.nlm.nih.gov/pubmed/11572861
http://doi.org/10.1097/00001756-200104170-00023
http://www.ncbi.nlm.nih.gov/pubmed/11303772
http://doi.org/10.1038/ncb775
http://www.ncbi.nlm.nih.gov/pubmed/11887187
http://doi.org/10.1042/BJ20111837
http://doi.org/10.1093/aje/kwp187
http://doi.org/10.1016/j.bbrc.2008.04.041
http://doi.org/10.1002/mnfr.201900986


Curr. Issues Mol. Biol. 2022, 44 6256

19. Wilkens, H.; Guth, A.; König, J.; Forestier, N.; Cremers, B.; Hennen, B.; Böhm, M.; Sybrecht, G.W. Effect of inhaled iloprost plus
oral sildenafil in patients with primary pulmonary hypertension. Circulation 2001, 104, 1218–1222. [CrossRef]

20. Guazzi, M.; Vicenzi, M.; Arena, R.; Guazzi, M.D. PDE5 inhibition with sildenafil improves left ventricular diastolic function,
cardiac geometry, and clinical status in patients with stable systolic heart failure: Result of a 1-year, prospective, randomized,
placebo-controlled study. Circ. Heart Fail. 2011, 4, 8–17. [CrossRef]

21. Francis, S.H.; Morris, G.Z.; Corbin, J.D. Molecular mechanisms that could contribute to prolonged effectiveness of PDE5 inhibitors
to improve erectile function. Int. J. Impot. Res. 2008, 20, 333–342. [CrossRef] [PubMed]

22. Pantziarka, P.; Sukhatme, V.; Crispino, S.; Bouche, G.; Meheus, L.; Sukhatme, V.P. Repurposing drugs in oncology (ReDO)-selective
PDE5 inhibitors as anti-cancer agents. Ecancermedicalscience 2018, 12, 824. [CrossRef] [PubMed]

23. Tinsley, H.N.; Gary, B.D.; Thaiparambil, J.; Li, N.; Lu, W.; Li, Y.; Maxuitenko, Y.Y.; Keeton, A.B.; Piazza, G.A. Colon tumor cell
growth-inhibitory activity of sulindac sulfide and other nonsteroidal anti-inflammatory drugs is associated with phosphodi-
esterase 5 inhibition. Cancer Prev. Res. 2010, 3, 1303–1313. [CrossRef] [PubMed]

24. Whitt, J.D.; Li, N.; Tinsley, H.N.; Chen, X.; Zhang, W.; Li, Y.; Gary, B.D.; Keeton, A.B.; Xi, Y.; Abadi, A.H.; et al. A novel sulindac
derivative that potently suppresses colon tumor cell growth by inhibiting cGMP phosphodiesterase and β-catenin transcriptional
activity. Cancer Prev. Res. 2012, 5, 822–833. [CrossRef]

25. Kumazoe, M.; Kim, Y.; Bae, J.; Takai, M.; Murata, M.; Suemasu, Y.; Sugihara, K.; Yamashita, S.; Tsukamoto, S.; Huang, Y.;
et al. Phosphodiesterase 5 inhibitor acts as a potent agent sensitizing acute myeloid leukemia cells to 67-kDa laminin receptor-
dependent apoptosis. FEBS Lett. 2013, 587, 3052–3057. [CrossRef] [PubMed]

26. Bae, J.; Kumazoe, M.; Yamashita, S.; Tachibana, H. Hydrogen sulphide donors selectively potentiate a green tea polyphenol
EGCG-induced apoptosis of multiple myeloma cells. Sci. Rep. 2017, 7, 6665. [CrossRef]

27. Fajardo, A.M.; Piazza, G.A.; Tinsley, H.N. The role of cyclic nucleotide signaling pathways in cancer: Targets for prevention and
treatment. Cancers 2014, 6, 436–458. [CrossRef]

28. Kumazoe, M.; Takai, M.; Bae, J.; Hiroi, S.; Huang, Y.; Takamatsu, K.; Won, Y.; Yamashita, M.; Hidaka, S.; Yamashita, S.; et al.
FOXO3 is essential for CD44 expression in pancreatic cancer cells. Oncogene 2017, 36, 2643–2654. [CrossRef]

29. Jaumann, M.; Dettling, J.; Gubelt, M.; Zimmermann, U.; Gerling, A.; Paquet-Durand, F.; Feil, S.; Wolpert, S.; Franz, C.;
Varakina, K.; et al. CGMP-Prkg1 signaling and Pde5 inhibition shelter cochlear hair cells and hearing function. Nat Med. 2012, 18,
252–259. [CrossRef]

30. Lambert, J.D.; Kennett, M.J.; Sang, S.; Reuhl, K.R.; Ju, J.; Yang, C.S. Hepatotoxicity of high oral dose (-)-epigallocatechin-3-gallate
in mice. Food Chem. Toxicol. 2010, 48, 409–416. [CrossRef]

31. Jackson, D.N.; Foster, D.A. The enigmatic protein kinase Cδ: Complex roles in cell proliferation and survival. FASEB J. 2004, 18,
627–636. [CrossRef] [PubMed]

32. Hung, J.H.; Lu, Y.S.; Wang, Y.C.; Ma, Y.H.; Wang, D.S.; Kulp, S.K.; Muthusamy, N.; Byrd, J.C.; Cheng, A.L.; Chen, C.S. FTY720
induces apoptosis in hepatocellular carcinoma cells through activation of protein kinase C δ signaling. Cancer Res. 2008, 68,
1204–1212. [CrossRef] [PubMed]

http://doi.org/10.1161/hc3601.096826
http://doi.org/10.1161/CIRCHEARTFAILURE.110.944694
http://doi.org/10.1038/ijir.2008.4
http://www.ncbi.nlm.nih.gov/pubmed/18418391
http://doi.org/10.3332/ecancer.2018.824
http://www.ncbi.nlm.nih.gov/pubmed/29743944
http://doi.org/10.1158/1940-6207.CAPR-10-0030
http://www.ncbi.nlm.nih.gov/pubmed/20876730
http://doi.org/10.1158/1940-6207.CAPR-11-0559
http://doi.org/10.1016/j.febslet.2013.07.041
http://www.ncbi.nlm.nih.gov/pubmed/23916810
http://doi.org/10.1038/s41598-017-06879-5
http://doi.org/10.3390/cancers6010436
http://doi.org/10.1038/onc.2016.426
http://doi.org/10.1038/nm.2634
http://doi.org/10.1016/j.fct.2009.10.030
http://doi.org/10.1096/fj.03-0979rev
http://www.ncbi.nlm.nih.gov/pubmed/15054085
http://doi.org/10.1158/0008-5472.CAN-07-2621
http://www.ncbi.nlm.nih.gov/pubmed/18281497

	Introduction 
	Materials and Methods 
	Cell Culture and Cell Viability 
	Analyzed Apoptotic Cell Death 
	The siRNAs Targeting PDE5 
	Western Blotting Analysis 
	Statistical Analysis 

	Results 
	Combination of EGCG and VDN Synergistically Induces Cell Death inColorectal Adenocarcinoma 
	Combination of EGCG and VDN Induces Apoptosis in Colorectal Adenocarcinoma 
	Expression of PDE5 Attenuates EGCG-Induced Apoptotic Cell Death inColorectal Adenocarcinoma 
	Activation of cGMP with Inhibition of PDE5 Activity Induces Cell Death inColorectal Adenocarcinoma 
	Inhibition of PDE5 Potentiates cGMP-Mediated Apoptosis in Colorectal Adenocarcinoma 
	Inhibition of PDE5 Potentiates EGCG-Induced Apoptotic Cell Death via the eNOS/cGMP/PKC Signaling Pathway 

	Discussion 
	References

