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ABSTRACT

Hepatocellular Carcinoma (HCC) is one of the most common and fatal types of liver cancer worldwide; in this
sense, Diethylnitrosamine (DEN) has been established as a potent carcinogen affecting the development and pro-
gression of this disease. The present work focused on determining whether phosphodiesterase (PDE) enzymes,
especially PDE5, may serve as targets in the therapeutic treatment of DEN-induced HCC. PDES5 inhibitors, widely
used as therapeutic drugs for cardiovascular diseases and erectile dysfunction, have recently been found to be
promising in preclinical cancer models through the modulation of key signaling pathways implicated in the pro-
gression of tumors, such as the cGMP-PKG, JNK, and MAPK pathways. These pathways are very important for
cell proliferation, apoptosis and metastasis, and their dysregulation contributes to the aggressive nature of HCC.
This study assessed the potential of PDES5 inhibitors to suppress proliferation, induce apoptosis, and alter the tumor
microenvironment, thus potentially improving standard chemotherapy and immunotherapy interventions. By in-
hibiting certain PDE isoforms with these drugs, an anticancer response might occur as part of a complex mecha-
nism that acts on both cancer cells and the microenvironment favorable for tumor growth. A preliminary review
indicated that PDE inhibitors may be a promising therapeutic approach for overcoming some of the shortcomings
of current treatments, particularly the development of resistance and the toxic effects of these treatments. Addi-
tional clinical investigations are necessary to determine the safety profile, appropriate amount of Osage, and long-

407


mailto:drx.kanil@gmail.com
mailto:harpreetproctor@rediffmail.com
https://dx.doi.org/10.17179/excli2024-7941
https://dx.doi.org/10.17179/excli2024-7941
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9830-6232
https://orcid.org/0009-0008-6569-3393
https://orcid.org/0000-0001-7964-1414
https://orcid.org/0000-0002-5292-9183
https://orcid.org/0000-0001-5229-6569
https://orcid.org/0000-0002-8569-988X
https://orcid.org/0000-0002-2871-086X
https://orcid.org/0000-0001-8867-7603

EXCLI Journal 2025;24:407-429 — ISSN 1611-2156

Received: October 18, 2024, accepted: March 03, 2025, published: March 07, 2025

term efficacy of these agents in the treatment of HCC, particularly in DEN-induced animal models. This study
contributes to the expanding body of evidence supporting the use of PDE inhibitors in cancer treatment.

Keywords: HCC, Diethylnitrosamine (DEN), Phosphodiesterase (PDE) inhibitors, PDE5, cGMP-PKG pathway,
JNK pathway, MAPK pathway, tumor microenvironment, cancer therapy

INTRODUCTION

Carcinoma is a type of cancer originating
from epithelial tissue that lines various organs
and internal passageways in the body (such as
the esophagus) as well as the skin. It is the
most prevalent type of cancer and accounts
for 80 to 90 % of all cancer diagnoses. Carci-
nomas can manifest as tumors in diverse loca-
tions, including the skin, lungs, liver, breasts,
prostate, colon, kidneys, and pancreas (Fan et
al., 2022).

Typically, cancers are identified by their
origin within the body; however, this is
merely one aspect of cancer classification.
Cancers can also be categorized based on the
tissue type where the cells proliferate. For in-
stance, carcinoma originates from epithelial
tissue. Myeloma originates from cancerous
plasma cells in the bone marrow. Leukemia
develops in the blood-producing cells of the
bone marrow. Lymphoma can also spread to
organs of the lymphatic system, such as the
spleen and lymph nodes. Sarcoma arises from
various supportive and connective tissues, in-
cluding muscles, bones, and cartilage. Cancer
can manifest in diverse tissue types, resulting
in a spectrum of mixed forms (NIH, 2024a).

Multiple types of cancer are grouped to-
gether as carcinomas. Numerous types of car-
cinomas are found in the human body (Parikh
et al., 2018). Adenocarcinoma originates
from glandular epithelial cells that line vari-
ous organs. It is widespread in several types
of malignancies, such as prostate, breast, col-
orectal, and pancreatic tumors (Selves et al.,
2018). Renal cell carcinoma (RCC) is a kind
of adenocarcinoma that accounts for approxi-
mately 85 % of all kidney malignancies. It
specifically affects renal cells located within

the kidneys (Barata and Rini, 2017). HCC is
an extremely prevalent kind of cancer that
originates in the liver. It arises from hepato-
cytes (liver cells) and is classified as an ade-
nocarcinoma (Greaves, 2012). Basal cell car-
cinoma (BCC) arises in the basal cell layer of
the epidermis. It isa common kind of skin car-
cinoma. Basal cell carcinoma (BCC) fre-
quently manifests as a partially translucent
protuberance on the skin, particularly in sun-
exposed regions such as the face, head, neck,
and arms. Its growth tends to be slow, and it
rarely spreads to other parts of the body
(Kasper et al., 2012).

Carcinoma cells often invade nearby
healthy tissues and can form secondary
growths (metastases) far from the original tu-
mor. Symptoms of carcinoma vary depending
on the affected body part but generally in-
clude fatigue, skin lumps or thickening, and
weight changes, also shown in Figure 1.
Treatment options include surgery, radiation
and chemotherapy (Jiang et al., 2015; Kara-
kus et al., 2018). HCC is the most common
type of liver cancer and usually develops in
individuals with advanced liver disease, espe-
cially those with cirrhosis. Chronic infections
caused by hepatitis B or C play a substantial
role in the development of cirrhosis and can
increase the likelihood of HCC (EI-Serag,
2012). HCC is responsible for more than
90 % of liver cancer cases worldwide and re-
sults in more than 750,000 deaths each year.
This makes it the fifth most prevalent form of
cancer and the third major trigger of cancer-
related mortality (death) on a global scale.
While breast, lung, and large intestine cancers
are also significant, liver and lung cancers
have the highest mortality rates (Davis et al.,
2008).
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Figure 1. Multiple types of carcinomas in humans and rats

Global statistics

HCC accounts for 80 % of all primary
liver cancer cases globally, with approxi-
mately 661,000 cases reported in 2018. It is
most prevalent in Eastern Asia, Northern Af-
rica, and South-Eastern Asia (Rumgay et al.,
2022).

In India, inadequate documentation and
suboptimal registry practices in national can-
cer registries pose significant challenges. The
Indian Council of Medical Research (ICMR)-
National Cancer Registry Programme
(NCRP) includes data from 21 population-
based cancer registries and 6 hospital-based
cancer registries. HCC has a prevalence of 7
to 75 cases per million indigenous adults aged
40 to 70 years and affects more males than
women (ICMR, NCDIR, 2020). This infor-
mation is supported by esteemed organiza-
tions such as the WHO, ICMR and IARC
(World Health Organization, the Indian
Council of Medical Research, and the Inter-
national Agency for Research on Cancer).

Notably, men have a markedly greater sus-
ceptibility to HCC than women do, with an
incidence ratio of 4:1. Recent findings sug-
gest that HCC linked to cirrhosis develops at
a modest annual rate of only 1.6 % (Acharya,
2014). Several common culprits—such as
nonalcoholic fatty liver disease, infections
from hepatitis B and C, cirrhosis itself, and
heavy alcohol use—play a significant role in
determining the incidence of HCC. These risk
factors also influence age-adjusted rates of
HCC, which range from 1 to 7.5 per 100,000
for men and from 0.2 to 2.2 per 100,000 for
women. In India, the situation is worsened by
delayed diagnosis, often pushing potentially
curative treatments such as surgery or liver
transplants out of reach (Castellanos et al.,
2024).

Present status

PDE inhibitors have been increasingly
studied, particularly in connection with DEN-
induced HCC; these compounds have shown
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great promise regarding cancer treatment in
the last decade (Zheng et al., 2024). Molecu-
lar targeted therapies and immunotherapies
have revolutionized the way HCC is currently
treated; despite the progress made, specific
challenges remain present, such as drug re-
sistance, primarily concerning Sorafenib
treatment (Han et al., 2023). Resistance leads
to disease progression, placing significant im-
portance on developing better solutions (Wil-
helm et al., 2006; Kondo et al., 2017). Atten-
tion to their therapeutic properties has been
growing towards natural plant-derived anti-
cancer agents, such as curcumin from Cur-
cuma longa (Gull et al., 2022). PDES5 inhibi-
tors, which are commonly used in the treat-
ment of erectile dysfunction and pulmonary
hypertension, include drugs such as sildenafil,
tadalafil, and vardenafil. These agents have
potential expanded therapeutic applications in
cardiovascular health because of their ability
to increase levels of cGMP and because they
are localized in cardiac muscle cells (Huang
and Lie 2013; EIHady et al., 2023). These in-
hibitors are being studied for a range of med-
ical conditions, such as COPD, cardiovascu-
lar diseases, neurological disorders, and in-
fections including HIV and mycobacterial
diseases (Bondarev et al., 2022). Initial find-
ings indicate that PDE-5 inhibitors may ex-
hibit anticancer properties in HCC; however,
additional animal studies are required to elu-
cidate their function in DEN-induced HCC
(Chhonker et al., 2021). Translating preclini-
cal success into clinical treatment for HCC
presents challenges related to dosing, safety,
and molecular structure—activity relation-
ships. Current research focuses on creating
more effective and patient-friendly treatments
that enhance bioavailability while minimizing
toxic side effects.

HCC AND DEN AS CARCINOGENS

Approximately 75-85 % of primary liver
malignancies originate from hepatocytes,
which are the major cellular component of the
liver (Llovet et al., 2021). The liver lies be-
neath the ribcage on the right side of the

abdominal cavity and performs more than 500
important functions, including nutrient meta-
bolism, blood coagulant protein synthesis,
bile production, and detoxification. Hepato-
carcinogenesis, or the path to HCC, begins
with genetic alterations in hepatocytes due to
carcinogens and includes DNA interactions.
Continuous exposure to chemicals such as
phenobarbital enhances tumor growth while
simultaneously inducing the proliferation of
already genotypically transformed hepato-
cytes, hence producing hyperplastic nodules
that eventually progress to fully blown HCC
(Chidambaranathan-Reghupaty et al., 2021).
Chronic infections with hepatitis B and C, al-
cohol use, and nonalcoholic fatty liver disease
(NAFLD) are the major causes of HCC. Due
to its etiologic association with liver cancer,
DEN is a nitrosamine that is frequently used
in the study of HCC in laboratory settings.
DNA damage and chronic inflammation cou-
pled with oxidative stress due to exposure to
DEN favor the formation of tumors in the
liver, also shown in Figure 2. Many additional
molecular insights are needed to design treat-
ments and preventive strategies.

Evolution of hepatocellular carcinoma
HCC progresses through a multistep pro-
cess during the carcinogenesis of normal
hepatocytes to neoplastic cells. Initiation, pro-
motion, and progression are a triad of phases
that specify genetic mutation as an initiation
oncogenic process, further alterations at the
cellular level with increased proliferation as a
promoter, and aggressive invasive properties
leading to advanced HCC. The other signifi-
cant diagnostic modalities include tumor di-
mensions (T), lymph node participation (N),
and metastatic dissemination (M), which are
identified through the TNM staging system.
"TX' denotes an unmeasurable tumor, 'TO' de-
notes no tumor, and 'T1' to 'T4' denote in-
creasing tumor size. In addition, 'NX' denotes
lymph nodes without detectable cancer, 'NO'
denotes no cancer in the lymph nodes, and
'‘N1' to ‘N3’ denote increasing presence in the
lymph nodes. ‘MX’ denotes unmeasurable
metastasis, ‘MO0’ indicates no metastasis, and
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Figure 2: Stages of normal liver to hepatocellular carcinoma

‘M1’ indicates distant metastasis. Early detec-
tion (stage 0) often leads to curability, while
subsequent stages show progressive tumor
growth, lymph node involvement, and distant
spread, culminating in stage 4, with metastatic
cancer impacting other body areas (ACS,
2024(b).

Symptoms

Individuals with chronic liver diseases,
particularly cirrhosis, have an increased risk
of developing HCC. Persistent hepatitis B or
C infections further amplify this risk. Other
contributing factors include excessive alcohol
consumption and liver fat accumulation
(Samman et al., 2022). Early-stage HCC
might not exhibit symptoms. In advanced
stages, symptoms such as unintended weight
loss, decreased appetite, abdominal swelling,
weakness, fatigue, nausea, vomiting, jaundice
(yellowing of the skin and eyes), abdominal
fluid buildup (ascites), and liver failure can
manifest. Patients may also report abdominal
pain, easy bruising or bleeding due to clotting
problems, and swelling in the abdomen and
legs. These symptoms are not specific to HCC

and may indicate other liver conditions, un-
derscoring the need for a comprehensive med-
ical assessment to ensure accurate diagnosis
and treatment (Attwa and El-Etreby 2015;
Yang, 2019).

Risk factors associated with the
development of HCC

Risk factors for DEN-induced hepatocel-
lular carcinoma are of multifactorial nature,
encompassing environmental as well as ge-
netic factors. The carcinogen denatured virus
is potent. Through the metabolism by
CYP450 enzymes, it becomes active, and sub-
sequent DNA alkylation, oxidative damage
caused by the chemical leads to an increased
possibility of developing HCA and, if not
halted in time, continues to HCC. Variables
that influence the progression of DEN-in-
duced liver cancer include injection dosage,
duration, mouse strain, sex, and age (Healy et
al., 2015; Liu et al., 2022).

Primary risk factors for DEN-induced
HCC include chronic liver disease and cirrho-
sis, primarily due to alcohol use and viral hep-
atitis worldwide (Fattovich et al., 2004).

411




EXCLI Journal 2025;24:407-429 — ISSN 1611-2156

Received: October 18, 2024, accepted: March 03, 2025, published: March 07, 2025

Chronic infections with hepatitis B (HBV)
and hepatitis C (HCV) may result in cirrhosis
and HCC. HBV infection can induce HCC in
the absence of cirrhosis, and antiviral thera-
pies or immunizations markedly diminish the
risk of HCC. Exposure to aflatoxins, espe-
cially in areas with inadequate grain storage,
constitutes a significant risk factor, as aflatox-
ins are powerful carcinogens, particularly in
conjunction with HBV or HCV infections
(Healy et al., 2015).

Alcohol consumption is associated with a
time-dependent increase in the risk of HCC,
and higher levels of alcohol intake result in an
increased likelihood of developing the disease
(Fattovich et al., 2004). Obesity and diabetes
mellitus (DM) are major concerns, as DM al-
ters hepatic glucose metabolism and is linked
to an increased incidence of HCC. Iron over-
load disorders, such as hemochromatosis and
thalassemia, have been linked with an in-
creased rate of hepatocellular carcinoma pro-
gression (Fattovich et al., 2004). Finally, diet
components, high fructose intake, were asso-
ciated with increased liver tumor incidence in
DEN-treated mice, independent of fat content
(Healy et al., 2015). All these risk factors may
act additively or synergistically to contribute
to the HCC risk.

Pathophysiology of HCC

Diagnostic
These include detailed clinical examina-

tions, imaging studies, and laboratory investi-

gations for the diagnosis of DEN-induced

HCC.

= Clinical examination: The doctor takes
medical history and conducts a physical
examination to observe the symptoms
manifested by a patient for any signs and
symptoms related to liver disease or HCC
(Buechter and Gerken, 2022).

» Blood tests: Blood tests are essential for
assessing liver function and measuring tu-
mor markers such as alpha-fetoprotein
(AFP), which are elevated in some cases of
HCC (Edoo et al., 2019).

» Imaging: All forms of imaging go a long
way in diagnosing hepatic carcinoma.

Modality-specific liver imaging included
US, CT, and MRI. Currently, little use of
angiography is used, and if an HCC is di-
agnosed through angiography, biopsy is
not needed. Ultrasound, particularly when
combined with contrast media (CEUS) and
better yet through noninvasive modalities
such as multidetector computed tomogra-
phy (MDCT), MRI, and positron emission
tomography, greatly contributes to the de-
tection of hepatic nodules. The vascular
nature of HCC can be diagnosed by dy-
namic imaging techniques, characterized
by the presence of a greater number of ves-
sels in the arterial phase followed by wash-
out, that is, a reduction in the flow in the
portal vein or late phases, and this helps to
differentiate HCC from the surrounding
hepatic tissue (Marrero et al., 2005; Char-
tampilas et al., 2022).

= Biopsy: In several circumstances, a liver
biopsy is taken to obtain a histopathologi-
cal sample, which always confirms the di-
agnosis of HCC (Di Tommaso et al.,
2019).

= Molecular analysis: Since DEN-induced
HCC is caused by chemical carcinogene-
sis, molecular analysis of liver tissue can
reveal some specific changes in genes and
epigenetics related to this kind of HCC

(Dhanasekaran et al., 2016).

DEN-induced HCC is one of the most
commonly used models for the induction of
liver cancer experimentally, and in a clinical
setting, the mode of diagnosis needs to be tai-
lored to each individual case.

ROLE OF PHOSPHODIESTERASE
IN CANCER BIOLOGY

Phosphodiesterase inhibitors are drugs
that enhance the widening of blood vessels
(vasodilation) and relaxing of smooth mus-
cles in certain areas of the body, such as the
heart, lungs, and genitals. These inhibitors
function by inhibiting the degradation of cy-
clic adenosine monophosphate-cAMP and
cyclic guanosine  monophosphate-cGMP
within cells. By doing so, they help regulate
physiological processes and reduce calcium
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levels in cells. While they are well known for
treating erectile dysfunction, they also have
other applications related to the heart and cir-
culatory system (Konstantinos and Petros,
2009; Butrous, 2014).

PDE inhibitors function by blocking
phosphodiesterase enzymes, thereby prevent-
ing the breakdown of cAMP and cGMP,
which are essential for regulating various
physiological processes by reducing intracel-
lular calcium levels. The cAMP and cGMP
second messengers mediate numerous physi-
ological processes, including cell prolifera-
tion, apoptosis, and differentiation. Abnormal
expression or dysregulation of specific PDE
isoforms is implicated in the pathogenesis of
many cancers, including HCC. PDE5 has
been previously associated with cancer
through its regulation of the cGMP-PKG sig-
naling pathway. These inhibitors are catego-
rized based on the PDE subtype they target:
PDES5 inhibitors are employed to alleviate
erectile dysfunction and pulmonary hyperten-
sion by promoting smooth muscle relaxation
and enhancing blood circulation; PDE4 inhib-
itors elevate CAMP levels and are effective
for pulmonary diseases such as asthma and
COPD by targeting the airways, skin, immune
system, and brain. Nonspecific inhibitors af-
fect all PDEs to varying extents (Keravis and
Lugnier, 2012; Ahmad et al., 2015).

Currently, U.S. FDA-approved PDE in-
hibitors are used for treating heart failure and
pulmonary hypertension and for treating pe-
ripheral artery disease and prophylaxis after
surgery for thromboembolism (Sheng et al.,
2022).

Furthermore, in the case of HCC, PDE in-
hibitors are suggested to act as anticancer
agents. The reasons for this difference in-
cluded the overexpression of the tumor sup-
pressor gene PDE7B, which contributes to
slowing the growth and metastasis of HCC-
induced tumors. However, PDE4D inhibition
reportedly affects the proliferation of HCC

cells. Thus, PDE inhibitors may be potential
therapeutic targets for the treatment of HCC
(Ragusa et al., 2021; Du et al., 2024).

Phosphodiesterase inhibitors work by ob-
structing particular enzymes, which stops the
degradation of the intracellular second mes-
senger’s cyclic adenosine monophosphate-
CAMP and cyclic guanosine monophosphate-
cGMP. The inhibition of PDEs, primarily
PDEDS5, has been shown to be effective in pre-
clinical models of cancer by inhibiting im-
portant pathways, such as the MAPK and
JNK pathways, that influence the growth and
death of cancer cells and metastasis. Some in-
hibitors are selective and target a particular
type of PDE, while others are nonselective
and affect multiple PDEs to varying degrees,
see also Table 1.

PDES5 inhibitors are quite promising for
the treatment of HCC and prostate cancer.
These proteins achieve this by modulating the
cGMP-PKG, MAPK, and JNK pathways.
This process inhibits tumor growth, acceler-
ates apoptosis, and alters the microenviron-
ment around the tumor. Since PDE4 regulates
both the function of immune cells and cellular
proliferation, inhibiting PDE4 is a promising
approach for treating inflammation-driven
cancers. PDE7 and PDES are more recent tar-
gets of drugs that may be targeted specifically
against liver cancer, especially in the context
of hepatocellular carcinoma and immune-re-
lated pathways of cancer. Dysregulation of
phosphodiesterase isoforms, especially of
phosphodiesterase 5, is among the several key
causes of tumor growth, and blockade of these
enzymes has enormous potential as a disease
treatment. PDE inhibitors are a novel class of
anticancer agents that target pathways indis-
pensable for ensuring the viability and metas-
tasis of tumor cells. These agents can be used
in combination with other treatments, espe-
cially in severe conditions such as HCC.
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Table 1: Role of phosphodiesterase inhibitors in cancer biology

PDE Primary Role Signaling Cancer Rele- Therapeutic Potential in = Reference
Iso- Pathways vance Cancer
form
PDE1 Regulates cAMP  Influences cal- = Dysregulation Early-stage research; po- Reneerkens
and cGMP in cium signaling linked to cancers tential for targeting neu- et al., 2009;
heart, brain, and = and smooth affecting cardiac  rological tumors and car- = Ahmad et al.,
other tissues muscle function = and neural tis- diac-related cancers 2022
sues
PDE2 Controls cAMP Modulates Limited data on Limited clinical data; Zuo et al.,
and cGMP lev- stress-related direct cancer ef- early research indicates 2019; Mokra
els in brain, pathways fects; potential potential for neuro-oncol- = and Mokry,
heart, and ad- role in neurologi-  ogy applications 2021
renal gland cal and adrenal
cancers
PDE3 Modulates Involved in Role in cancers Potential use in combina- = Asif, 2012
cAMP and blood clotting with vascular ab- | tion with vascular-tar-
cGMP in cardio- = and cardiac normalities, such = geted cancer therapies
vascular and cir- = contractility as vascular tu-
culatory systems mors
PDE4 Increases Linked to im- PDEA4D overex- PDE4 inhibitors (e.g., Lietal.,
cAMP, reduces mune system pression linked Roflumilast) show poten- = 2018; Kawa-
inflammation in modulation, T- to HCC, lung tial in treating inflamma- matawong,
airways, immune  cell function cancer, and colo- tion-driven cancers, in- 2021
cells, and brain rectal cancer cluding HCC
PDES5 Regulates cGMP-PKG Overexpression PDES inhibitors (e.g., Huang and
cGMP in lungs, pathway, influ-  linked to tumor- sildenafil) reduce tumor Lie, 2013
blood vessels, ences MAPK igenesis in HCC,  cell proliferation, induce
and reproductive = and JNK sig- prostate, and co- = apoptosis, and modulate
tissues naling lon cancer the tumor microenviron-
ment
PDEG6 Involved in sig- Affects visual Limited cancer No known therapeutic Auso et al.,
nal transduction = pathways relevance, potential in cancer 2021
in the retina mainly affects
phototransduc-
tion
PDE7 Modulates im- PISK/AKT path- Downregulation Early-stage research for Morales-Gar-
mune re- way involve- linked to immune  potential in immune-mod- cia et al.,
sponses, affects = ment, impacts escape in can- ulating cancer therapies 2011
CAMP levels in T-cell activation = cers; role in liver
immune cells cancer progres-
sion
PDES8 Controls cAMP Associated with  Dysregulation Potential therapeutic tar-  Vang et al.,
in testes, liver, metabolic regu- = linked to liver get for liver cancer, still 2016
and other tis- lation and liver  cancers, particu- = under investigation
sues function larly HCC
PDE9 Regulates Associated with  Dysregulation Research exploring po- Wu et al.,
cGMP levels, in- = signaling path-  linked to liver fi- tential for treating liver 2021; Zheng
volved in meta- ways in meta- brosis and meta- = cancer and metabolic-re- = and Zhou,
bolic and cogni- | bolic disorders | bolic-linked can-  lated cancers 2023
tive functions cers
PDE10 @ Found in the Impacts neural  Dysregulation PDE10 inhibitors under Zagorska et
brain, regulates and behavioral associated with research for brain tumors | al., 2018
cAMP and pathways neurological can-  and psychiatric-related
cGMP cers, such as gli- = cancer pathways
omas
PDE11 @ Affects cAMP Linked to re- Overexpression Potential therapeutic tar-  Francis,
and cGMP in productive implicated in get for prostate cancer; 2005
testes, prostate, health and prostate cancer limited clinical data

and muscle tis-
sues

muscle function

and reproductive
cancers
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PDE INHIBITORS IN EXPERIMENTAL
CANCER MODELS

In vivo studies have demonstrated the ef-
ficacy of PDE inhibitors in regulating cancer
progression using many tumor models in ani-
mals, including genetically engineered mice,
xenograft models, and chemically generated
cancer models. The impact of PDE inhibitors
on tumor start and progression in genetically
engineered mice models was examined con-
cerning apoptosis regulation and cell cycle ar-
rest. In xenograft models, in which human
cancer cells are implanted in immunocompro-
mised mice, PDE inhibitors, among them
PDES inhibitors, such as sildenafil, have been
shown to suppress the expansion of tumor
bulk by inhibiting angiogenesis and by acti-
vating apoptosis (Simeonova and Huillard,
2014). In chemically induced cancer models,
PDE inhibitors showed considerable potential
for reducing growth in tumors by modulating
both cAMP/PKA and cGMP/PKG pathways.
Generally, PDE inhibitors cause the inhibi-
tion of tumor growth through apoptosis induc-
tion and anti-angiogenesis. Their anticancer
effects also relate to the increased intracellu-
lar levels of cAMP or cGMP, which activate
cell cycle arrest and apoptosis pathways (Iva-
nina Foureau et al., 2024).

In vitro investigations utilizing cancer cell
lines provide significant understanding of the
molecular pathways by which PDE inhibitors
influence cancer cell dynamics, encompass-
ing proliferation, apoptosis, and metastasis
(Mohan Shankar et al., 2022). These results
indicate that PDE inhibitors can diminish can-
cer cell growth and enhance apoptosis by ele-
vating CAMP or cGMP levels, thereby acti-
vating protein kinase pathways (PKA, PKG)
(Li et al., 2024a) and modulating apoptotic
markers such as caspase-3, caspase-9, BAX,
and BAD (Olsson and Zhivotovsky, 2011).
Moreover, deletion and overexpression mod-
els have been employed to elucidate the func-
tion of various PDE isoforms in cancer pro-
gression, demonstrating that PDE inhibition
can augment apoptosis and diminish tumor
growth. Selective PDE inhibitors, exempli-
fied by PDES5 inhibitors, directly inhibit

individual isoforms and effectively impede
cancer proliferation, but broad-spectrum in-
hibitors, such as theophylline, influence many
PDE isoforms and offer more extensive tumor
suppression (Savai et al., 2010).

In addition, both in vivo and in vitro stud-
ies have been able to document considerable
evidence regarding the anti-cancer efficacy of
PDE inhibitors as presented in Table 2. PDE
inhibitors emerge as a potential therapy in
cancer treatment due to their ability to sup-
press tumor growth, induce apoptosis, and in-
terfere with metastasis. Further research, es-
pecially with specific and non-specific PDE
inhibitors, will be crucial to determine their
particular mechanisms at the molecular level
and in the scope of clinical use in cancer.

HCC AND BEYOND:
REASSESSING SCOPE

PDE inhibitors have recently attracted
much attention in oncological research be-
cause they can modulate key signaling path-
ways that are involved in the development of
cancer. Most of the studies on PDE inhibitors
have been conducted in the context of HCC,
but these drugs have been active in many
other types of cancers. The following over-
view of findings from a variety of cancers pre-
cedes discussion of the possible extension of
PDE inhibition into cancer therapy beyond
HCC (Table 3).

Justifying or expanding the scope beyond
HCC

PDE inhibitors have shown significant ef-
ficacy in HCC, and their application in other
cancer types is justified by many critical fac-
tors. Many cancers share common signaling
pathways, including cyclic nucleotides
(CAMP and cGMP), nitric oxide (NO), and
growth factors such as VEGF. PDE inhibitors
regulate these pathways, providing a compre-
hensive strategy for addressing tumor devel-
opment, metastasis, and angiogenesis in sev-
eral malignancies. Furthermore, increased
PDE expression and activity in malignancies
like prostate, colon, breast, and lung cancer
indicate that PDE inhibition may function as
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a universal therapeutic approach. The ability
to target multiple PDE isoforms strengthens
the case for more general applicability. Inhib-
itors of PDE have shown promise for aug-
menting current therapy, both for chemother-
apy and for radiotherapy, by elevating levels
of oxygen in the tumor, reducing drug re-
sistance, and elevating drug sensitivities. Pre-
clinical and early-phase clinical investiga-
tions in malignancies such as prostate, lung,
and colorectal cancer demonstrate encourag-
ing outcomes, endorsing the potential of PDE
inhibitors as supplementary therapies to exist-
ing cancer treatments. Nonetheless, further

research is required to validate their efficacy
and determine ideal treatment protocols (Sa-
vai et al., 2010).

The application of PDE inhibition in can-
cer treatment should extend beyond HCC
alone. Considering the extensive impact of
PDE inhibitors on several cancer types, there
is a compelling justification for additional re-
search into their application in other malig-
nancies. Broadening this breadth may result
in novel therapeutic alternatives and en-
hanced outcomes for cancer patients, espe-
cially when integrated with other therapy
techniques.

Table 2: A comparative analysis of in vivo and in vitro findings related to the use of PDE inhibitors in

cancer models

Aspect
Model type

Tumor growth inhibition (Sa-
vari et al., 2013)

Apoptosis induction (Olsson
and Zhivotovsky, 2011)

Angiogenesis (Al-Ostoot et
al., 2021)

Metastasis and migration
(Martin and Jiang, 2009)

Chemotherapy enhance-
ment (Cruz-Burgos et al.,
2021)

PDE isoform involvement

Cell cycle regulation (Enge-
land, 2022)

Toxicity and side effects
(Pognan et al., 2023)

Preclinical/clinical evidence
(Wong et al., 2012; Chen
and Pandolfi, 2018)

In Vivo Findings

Animal models (xenografts, genetically
modified, carcinogen-induced) (Onaciu
et al., 2020)

Significant reduction in tumor size and
growth, particularly in xenograft models
Increased apoptosis observed in tu-
mors, with higher levels of caspases
(e.g., Caspase-3, Caspase-9)
Inhibition of angiogenesis and vascu-
larization in tumor microenvironment.
Reduced metastatic spread, particu-
larly in models of prostate and lung
cancer

PDE inhibitors enhance the effective-
ness of chemotherapy and radiother-
apy by improving tumor oxygenation
and reducing resistance

Multiple PDE isoforms (e.g., PDE5,
PDEA4) targeted; specific isoforms
linked to tumor suppression and apop-
tosis

Cell cycle arrest observed, particularly
in cancer models with altered tumor
suppressor genes (e.g., p53 or Rb)
Potential off-target effects and toxicity
in long-term studies, dependent on
dosage

Promising preclinical data, with some
early-phase clinical trials in cancers like
prostate, lung, and colon

In Vitro Findings

Cancer cell lines (e.g., MCF-7,
A549, HT-29) (Duarte et al., 2021)

Reduced proliferation of caner cells
in several cell lines

Increased apoptotic markers (e.g.,
caspases, BAX, BAD) in treated
cells

Reduced migration and tube for-
mation in endothelial cells
Decreased cell migration and inva-
sion in cancer cell lines

Sensitization of cancer cells to
chemotherapeutic agents, increased
drug efficacy

Selective targeting of PDE isoforms
(e.g., PDE5, PDE4) impacts cancer
cell behavior

Cell cycle arrest in specific phases
(e.g., G1 or G2) in response to PDE
inhibition

Lower toxicity observed in short-
term cell culture studies; needs con-
firmation in vivo

Strong preclinical evidence, with
limited early-phase clinical trials
supporting efficacy
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Table 3: Key studies on PDE inhibitors in various cancers

Cancer Type PDE Inhibitor
HCC (Cruz-Burgos et al., Sildenafil (PDES5 inhibi-
2021) tor)

Prostate cancer(Li et al.,
2024b)

Tadalafil (PDES5 inhibi-
tor)

Breast cancer (Bagchi et
al., 2025)

Rolipram (PDE4 inhibi-
tor)

Lung cancer (Domvri et
al., 2017)

Theophylline (Non-se-
lective PDE inhibitor)

Colon cancer (Batan et al.,
2017)

Pentoxifylline (Non-se-
lective PDE inhibitor)

Glioblastoma (Black et al.,
2008)

Sildenafil (PDES5 inhibi-
tor)

Ovarian cancer (Sun et
al., 2014)

Zardaverine (PDE3 in-
hibitor)

Pancreatic cancer (Van-
denberghe et al., 2019)

Cilostazol (PDES inhibi-
tor)

Bladder cancer (Haider et
al., 2021)

Sildenafil (PDES5 inhibi-
tor)

PDES INHIBITORS AND THEIR
MECHANISM IN CANCER THERAPY

PDES inhibitors, including drugs such as
sildenafil, tadalafil, and vardenafil, are widely
recognized for their ability to treat erectile
dysfunction and pulmonary hypertension by
enhancing vasodilation to improve blood
flow. These inhibitors have shown great
promise as anticancer agents, especially
through tumor growth inhibition. These en-
zymes work by inhibiting the breakdown of
the secondary messenger cyclic guanosine
monophosphate (cGMP). PDES5 drugs inhibit
the degradation of cGMP, thereby increasing
the intracellular level of cGMP, which further
activates protein kinase G (PKG). Activating
PKG blocks a cascade of phosphorylation that

Study Design

In vivo xenograft
model

In vivo and in vitro
studies

In vitro cell culture
study

In vivo and in vitro
studies

In vivo and clinical
trial studies

In vitro cell culture
and animal stud-
ies

In vitro cell culture
study

In vivo xenograft
model and clinical
trial

In vivo xenograft
model and clinical
study

Key Findings

Inhibited tumor growth, reduced
angiogenesis, and induced apop-
tosis in DEN-induced HCC
Reduced tumor volume, inhibited
cell proliferation, and induced
apoptosis in androgen-independ-
ent prostate cancer

Suppressed cancer cell prolifera-
tion and induced apoptosis in es-
trogen receptor-positive breast
cancer cells

Inhibited tumor growth and re-
duced metastasis by modulating
cAMP levels and reducing angio-
genesis

Enhanced chemotherapy effects
by improving tumor oxygenation
and increasing drug sensitivity
Increased survival rate and de-
creased tumor growth through
apoptosis induction and vascular
normalization

Suppressed cancer cell prolifera-
tion and migration, induced apop-
tosis in ovarian cancer cell lines
Inhibited tumor growth, reduced
metastasis, and enhanced
chemoresistance

Induced cell cycle arrest and
apoptosis, significantly reduced
bladder tumor growth

affects central signaling molecules, including
MEKKZ1, JNK (c-Jun N-terminal kinase), and
ERK (extracellular signal-regulated kinase).
These molecules play essential roles in con-
trolling cell processes such as proliferation,
apoptosis, and metastasis, all of which are sig-
nificantly related to the propagation of cancer.
JNK and ERK are specifically associated with
signaling pathways that regulate the cell cycle
and apoptosis; therefore, their dysregulation
is generally observed in neoplastic cells. The
ability of PDES inhibitors to induce apoptosis
and decrease the invasive and proliferative
characteristics of tumor cells is related to the
regulation of these pathways. They may also
affect the tumor microenvironment, decreas-
ing the likelihood of cancer proliferation and
growth. This complex action places PDE5
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inhibitors of great interest as repositioned an-
ticancer drugs, especially for the treatment of
cancers such as HCC (Gross, 2010; Kim et al.,
2024).

Mechanism of action in cancer cells

Most PDES5 inhibitors combat cancer by
inhibiting cGMP degradation. This elevates
intracellular cGMP levels, subsequently acti-
vating protein kinase G (PKG) (Tiwari and
Chen, 2013). Elevated cGMP in carcinoma
enhances PKG activity, which results in in-
creased apoptosis and decreased cell prolifer-
ation. PKG also plays a role in the regulation
of angiogenesis. Angiogenesis is an important
process for ensuring tumor blood supply and
growth (Calameraet al., 2022). Following the
activation of PKG, several downstream sig-
naling pathways impinge on carcinoma biol-
ogy:
MEKKZ1: The protein that activates the c-
Jun N-terminal kinase is called mitogen-acti-
vated protein kinase kinase 1 (MEKK1). JNK
is among the proteins identified as absolutely
crucial for causing apoptosis and regulating
the cell cycle; hence, the attenuation of JNK
is a potential drug target for inhibiting cell
proliferation (EIHady et al., 2023).

JNK pathway: Activation of the JNK
pathway activates the INK pathway, facilitat-
ing proapoptotic signaling and inhibiting cell
proliferation, thus killing tumor cells. In par-
ticular, this pathway is very important for pre-
venting the uncontrolled growth of HCC cells
(ElHady et al., 2023).

MAPK pathway: Another family of pro-
teins affected by PDES5 inhibitors is the
MAPK pathway. In fact, they abolish
ERK1/2. ERK is important for cell morpho-
genesis and growth. When a PDES5 inhibitor
is inhibited, ERK signaling can be inhibited,
thus inhibiting the metastatic spread of cancer
cells (Yue et al., 2000; Sanati et al., 2022).

PDES inhibitors and combination therapies

Researchers have also considered the role
of PDES5 inhibitors in enhancing the efficacy
of conventional chemotherapies and immuno-
therapies. For instance, they can enhance the

delivery of medicines via normalization of the
vasculature within the tumor and modifica-
tion of the tumor microenvironment, increas-
ing the vulnerability of cancer cells to drug
action as well as the immune response.

Improved chemotherapy: There is
mounting evidence that the combination of
PDE5 inhibitors with chemotherapeutic
agents, such as doxorubicin, enhances the ef-
ficacy of chemotherapy while simultaneously
reducing the cardiotoxicity-toxicity effects of
many anticancer drugs.

Immunotherapy: Some PDES5 inhibitors,
such as PD-1/PD-L1, alter immune check-
point pathways to increase the efficacy of im-
munotherapies for the treatment of advanced
cancers such as HCC (Hao et al., 2023).

They may modulate important pathways
in signaling cascades and could be used as an-
ticancer drugs. The drug can induce apopto-
sis, inhibit cell proliferation, and interfere
with the tumor microenvironment. These
findings could lead to the use of such drugs
for the treatment of hepatocellular carcinoma.
Additional phase 1, phase 2, and preclinical
studies are needed to determine the efficacy
of these regimens, adjust the dosage regi-
mens, and determine the best combination of
therapies.

PDES inhibitors of cell signaling pathways
Cyclic adenosine monophosphate
(cCAMP) and cyclic guanosine monophos-
phate (cGMP) are essential signaling mole-
cules that play crucial roles in several physio-
logical processes. CAMP is produced from
ATP through the action of adenylyl cyclases
(ACs), whereas cGMP is produced from GTP
by guanylyl cyclases (GCs) (Podda and
Grassi, 2014). These enzymes are stimulated
by different hormones, neurotransmitters, and
growth factors, frequently via G protein-cou-
pled receptors (Figure 1). Neurotransmitters
such as noradrenaline, dopamine, and seroto-
nin, as well as neuromodulators such as pitui-
tary adenylate cyclase-activating polypeptide,
vasoactive intestinal peptide, adenosine, and
ATP, cause an increase in intracellular cAMP
levels (Zhou et al., 2019). On the other hand,
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increased cGMP levels are mostly linked to
signaling pathways that are triggered by nitric
oxide (NO) and natriuretic peptides. PDEs,
including cCAMP and cGMP, are involved in
the enzymatic degradation of cyclic nucleo-
tides (Arora et al., 2013).

Figure 3 represents, the production of
CAMP is achieved through adenylyl cyclase
(AC), which can be activated by GPCRs that
are associated with stimulatory G protein
(Gs). After the adenylyl cyclase enzyme is ac-
tivated, the molecule CAMP triggers reactions
in the body. It works with numerous targets,
including cyclic nucleotide-gated channels
(CNGC) through the cyclic nucleotide-bind-
ing domain (CNBD), protein kinase A (PKA),

exchange proteins activated by cCAMP (Epac),
hyperpolarization-activated cyclic nucleo-
tide-gated (HCN) channels, inward rectifier
K+ channels (Kir), and phosphodiesterases
(PDEs), which catalyze the conversion of
CAMP to AMP. In a similar fashion, cGMP
attaches to the CNBD and triggers its activa-
tion. This is generated by guanylyl cyclases,
either membrane-bound particulate cyclases
in response to natriuretic peptides or soluble
cyclases activated by nitric oxide. Protein ki-
nase G (PKG), HCN channels, and PDEs are
among the targets of cGMP. These compo-
nents play a role in the degradation of cGMP
to GMP (Chen and Burnett, 2018; Friebe et
al., 2020).
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Figure 3: Fifty-two signaling pathways that include the cAMP-cGMP transduction cascade were identi-

fied.
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DEN-INDUCED HCC AND POTENTIAL
PDES INHIBITORS

Many studies have been performed on
PDE inhibitors in DEN-induced models of
HCC. According to our review, PDES5 inhibi-
tors can inhibit tumor development, increase
tumor apoptosis, and alter the tumor microen-
vironment. They specifically target oncogenic
pathways such as the Wnt/B-catenin, cyclin
D1, and ERK1/2 pathways. Moreover, they
induce an immunological response against tu-
mors by modifying the tumor environment.

Hepatocellular carcinoma induced by di-
ethylnitrosamine is the most commonly used
model in cancer research for understanding
how liver cancer progresses and how it can be
treated. The reason is that DEN causes DNA
damage, oxidative stress, and chronic inflam-
mation and is considered a potent hepatocar-
cinogen. In an animal model, this leads to the
occurrence of tumors in the organ. Currently,
scientists are investigating alternative thera-
peutic strategies for treating DEN-induced
aggressive HCC, and among the drugs in
question is the inhibition of PDES. Injection
of DEN at various dosages ranging from 10 to
90 mg/kg body weight into rats led to lifelong
carcinogenesis in the rodents under study. Be-
cause DEN has a strong impact on the liver,
this compound has been used frequently as an
experimental model for studying the pathoge-
netic mechanisms that cause liver carcinomas
to develop.

PDES inhibitors in DEN-induced HCC
models
Recent research has investigated the ef-
fects of PDES inhibitors such as sildenafil and
tadalafil in models of DEN-induced HCC.
These studies showed that PDE5 inhibitors
may significantly
» inhibit tumor growth: Inhibition of tumor
growth via PDED5 inhibitors elevates the in-
tracellular concentration of cGMP, thereby
activating PKG. Activated PKG inhibits
crucial cell growth pathways, including the
Wnt/B-catenin and ERK1/2 pathways.
This suppresses the proliferation of liver
tumors (Huang et al., 2021). The NF-xB

pathway plays a crucial role in regulating

this senescence-associated secretory phe-

notype (SASP) (Haga and Okada 2022).

induce apoptosis: PDE5 inhibitors induce

apoptosis in cancer cells through the acti-
vation of apoptotic pathways, including
the JNK pathway. The activity of INK re-
sults in the expression of proapoptotic pro-
teins and the downregulation of cyclin D1,

a protein that is critical for cell cycle pro-

gression. This process significantly in-

creases the apoptosis of HCC cells.
modulate the tumor microenvironment:

While directly affecting tumor cells, PDE5

inhibitors have also been demonstrated to

modulate the tumor microenvironment

(TME). In this regard, these inhibitors nor-

malize the blood vessels of tumors and de-

crease the level of immune-suppressing
substances in the TME. These changes
lead to the easy entry of immune cells, es-
pecially T cells, into tumors and facilitate
amplification of the host defense against
tumors (Catalano et al., 2019; Eulberg et

al., 2022).

Downregulation of oncogenic pathways

o Wnt/B-catenin pathway: This pathway
is important for cell proliferation and
differentiation and is most often aber-
rantly activated in cancer. By reducing
B-catenin levels, PDES5 inhibitors re-
duce progression of the cell cycle in
HCC cells in a timely manner (Klutzny
etal., 2018).

o Cyclin D1: Cyclin D1 is a critical con-
troller of the cell cycle from G; to S
phase. By reducing cyclin D1, PDE5 in-
hibitors cause cell cycle arrest and de-
crease the proliferation of tumor cells
(Liao et al., 2023).

o In addition, ERK1/2 (extracellular sig-
nal-regulated kinases 1 and 2) are the
key molecules of the MAPK (mitogen-
activated protein kinase) pathway and
promote survival and proliferation.
PDES5 inhibitors also block the func-
tions of ERK1/2 that prevent the for-
mation of tumors (Nishi et al., 2009).
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= modulate immune response in HCC:
PDES5 inhibitors not only affect tumor
growth but also modulate the immune re-
sponse within the TME. They increase im-
mune surveillance by enhancing the re-
cruitment and activity of cytotoxic T cells
and NK cells. This enhanced immunity
could induce the cell death machinery
against cancer cells, which can potentially
amplify the therapeutic effect of immuno-
therapies administered in combination
with PDES5 inhibitors (Guerra et al., 2023).
» have potential of combination therapy:

PDES inhibitors have great potential as ad-
juvant treatments for combination therapy
with existing HCC therapies, as these can
not only regulate the growth of tumor cells
but also influence immune responses.
Some examples of targeted therapies in-
clude PDES5 inhibitor chemotherapy or
checkpoint inhibitors, such as PD-1/PD-L1
inhibitors, which could increase the effec-
tiveness of treatment by targeting two
types of tumor cells and the TME (Hao et
al., 2023).

These compounds offer exciting therapeu-
tic opportunities to affect one of the major on-
cogenic pathways in DEN-induced HCC, in-
duce apoptosis, and alter the tumor microen-
vironment. These agents have shown promis-
ing preclinical data; however, further clinical
evaluation is warranted to determine their ef-
ficacy and safety within this treatment ap-
proach for patients with HCC.

CURRENT TREATMENTS FOR HCC
AND LIMITATIONS

For most patients, HCC can be treated via
surgical resection, liver transplantation, or
systemic therapy in the form of sorafenib and
lenvatinib. However, in addition to subopti-
mal survival, drug resistance and side effects
often limit these treatments. Molecularly tar-
geted therapies, including PD-1/PD-L1 inhib-
itors, have improved outcomes in some pa-
tients but still have drawbacks, such as im-
mune-related adverse events. PDE inhibitors,
of course, are PDE5 inhibitors and are only

one group of drugs in this new family of med-
icines; PDES5 inhibitors have not been tested
thoroughly for HCC management until now.
To understand their probable impact, all three
must be compared with the existing treat-
ments for HCC, including surgeries, systemic
treatments, new molecules and immunothera-
pies, as listed in Table 4.

PDES INHIBITORS AS ADJUVANT
AGENTS FOR CURRENT THERAPIES

PDES5 inhibitors could increase the effec-
tiveness of existing HCC therapies by permit-
ting additional immune cells into a tumor,
thereby weakening the immune system's abil-
ity to suppress the tumor and restoring normal
blood flow to the area surrounding the tumor.
Combination therapy utilizing PDE5 inhibi-
tors together with checkpoint inhibitors such
as PD-1 inhibitors may prove useful in the
treatment of advanced HCC (Guerra et al.,
2023).

Table 5 shows that increased immune cell
infiltration and PDES inhibitors may enhance
the infiltration of immune cells into tumors;
hence, the immune system may work better
by targeting more cancer cells.

Reduced Immune Suppression: These
drugs are likely to reduce the immunosup-
pressive environment within the tumor, and
thus, this intense response comes from the im-
mune system.

Blood Vessel Normalization by PDES In-
hibitors: Normalization of blood vessels in the
tumor microenvironment helps improve the
delivery of other therapeutic agents in concert
with the efficacy of the drug.

Synergistic effects: Combining PDES5 in-
hibitors with checkpoint inhibitors, such as
PD-1 inhibitors, may synergistically enhance
treatment efficacy in patients with advanced
HCC.

This approach is still under investigation,
but it holds promise for enhancing the effec-
tiveness of existing therapies and improving
patient outcomes.

421



EXCLI Journal 2025;24:407-429 — ISSN 1611-2156
Received: October 18, 2024, accepted: March 03, 2025, published: March 07, 2025

Table 4: Short overview of PDE inhibitors in comparison to other HCC treatments currently on the mar-

ket
Therapy Type

PDE Inhibitors

Sorafenib

Lenvatinib

Immunotherapy

(e.g.,
Nivolumab)

Liver Trans-
plantation

Radiofrequency
Ablation (RFA)

Mechanism of
Action

Inhibit PDE en-
zymes, leading to
increased levels
of cAMP and
cGMP, modulat-
ing key signaling
pathways in HCC

Multikinase inhib-
itor targeting RAF
kinase, VEGFR,
PDGFR, and oth-
ers

Inhibits VEGFR1-
3, FGFR1-4,
PDGFRa, RET,
and KIT

Blocks PD-1/PD-
L1 interaction,
enhancing T-cell
response against
cancer cells

Complete re-
moval of the liver,
replacing it with a
healthy donor
liver

Destroys tumor

cells through lo-
calized thermal

energy

Advantages

Potential to target
multiple pathways
involved in HCC
progression;
promising in com-
bination therapies

First-line therapy
for advanced
HCC; proven effi-
cacy in extending
survival

Effective in first-

line treatment of
advanced HCC;

alternative to so-
rafenib

Durable re-
sponses in some
patients; can lead
to long-term re-
mission

Curative in early-
stage HCC with
cirrhosis; elimi-
nates both tumor
and diseased liver

Minimally inva-
sive; effective in
early-stage HCC;
preserves liver
function

Limitations

Limited clinical
data; potential
side effects; chal-
lenges in optimiz-
ing dosage for
cancer therapy

High incidence of
side effects; de-
velopment of re-
sistance; limited
efficacy in some
patients

Similar side ef-
fects to sorafenib;
resistance can de-
velop; not suitable
for all patients

Only effective in a
subset of patients;
potential for im-
mune-related ad-
verse effects

Limited by donor
availability; not
suitable for ad-
vanced HCC; risk
of recurrence

Limited to small
tumors; not effec-
tive in advanced
HCC; risk of re-
currence

Comparative Efficacy

PDE inhibitors show po-
tential in preclinical mod-
els, particularly in modify-
ing tumor microenviron-
ment and enhancing ef-
fects of other therapies.
More research is needed
for validation (Massimi et
al., 2019)

Sorafenib remains a
standard treatment but is
often less effective over
time due to resistance
mechanisms. PDE inhibi-
tors may enhance its effi-
cacy when used in combi-
nation (Zhu et al., 2017)

Lenvatinib has compara-
ble efficacy to sorafenib
but may benefit from com-
bination with other thera-
pies, such as PDE inhibi-
tors, to overcome re-
sistance (Tao et al., 2023)

Immunotherapy repre-
sents a promising ap-
proach, particularly when
combined with other treat-
ments like PDE inhibitors
to improve response rates
and overcome resistance
mechanisms (Kumar et
al., 2023)

Liver transplantation is
highly effective in eligible
patients, but for advanced
cases, systemic therapies
like PDE inhibitors may of-
fer additional benefit or be
used as a bridge to trans-
plant (Shimamura et al.,
2022)

RFA is effective for local-
ized HCC but may be
complemented by sys-
temic therapies such as
PDE inhibitors for better
control of disease pro-
gression and metastasis
(Deng et al., 2022)
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Table 5: PDES inhibitors as an adjunct to current HCC therapies

Potential Benefits
Enhance efficacy of cur-
rent HCC treatments
Synergistic effects in treat-
ing advanced HCC

Adjunct Therapy
PDES Inhibitors

Combination with
PD-1 Inhibitors

MOLECULAR INSIGHTS INTO
PDE INHIBITION IN HCC

PDE inhibitors are candidates for the
treatment of hepatocellular carcinoma be-
cause they are specific for a particular PDE.
Molecular docking is an in silico approach to
predict the best binding mode of a chemical
substance, a so-called PDE inhibitor, to a spe-
cific protein, a so-called PDE isoform. Some
of the isoforms of PDE that have been impli-
cated in cancer progression show a high level
of binding affinity to PDE inhibitors. Because
of their strong binding affinity, PDE inhibi-
tors can effectively target and inhibit these
isoforms, which interferes with the processes
that help cancer cells grow.

Binding sites: Docking studies outlining
the active locations of PDE isoforms that can
be targeted by inhibitors. It is a very critical
interaction because it may lead to interference
with enzyme function—a process that is usu-
ally upregulated in cancer cells.

Binding affinity: This parameter is a
measure of the strength of the inhibitor-PDE
isoform interaction. High binding affinities
indicate strong interactions, which are re-
quired for effective blocking of enzyme activ-
ity.

Silico studies: Silico research is based on
computer models used to predict the conse-
quences of PDE inhibitors on cellular activi-
ties. These results suggest that PDE inhibitors
might interfere with crucial signaling path-
ways involved in cell proliferation and apop-
tosis. Apoptosis is an important process in the
initiation and development of cancer. Pro-
grammed cellular death is known as apopto-
sis. Cancerous cells often evade apoptosis, en-
suring survival and rapid proliferation. PDE
inhibitors can reverse the apoptotic process,
killing cancer cells (Kumar et al., 2024).

Mechanism of Action

Improve immune cell infiltration, reduce immune sup-
pression, normalize blood vessels

Enhance immune response, potentially leading to better
tumor control and survival. (Hou et al., 2020)

A molecular review of these studies re-
vealed the promising therapeutic potential of
PDE in HCC. PDE inhibitors could increase
the effectiveness of modern therapies and in-
crease patient recovery rates by affecting the
molecular mechanisms that facilitate cancer
growth.

In combination with other drugs, such as
PD-1 inhibitors, PDE inhibitors enhance the
effectiveness of combination therapy. Syner-
gistic effects of these drugs are believed to re-
sult in an increase in total therapeutic efficacy
due to amalgamation. In immunomodulation,
PDE inhibitors can change the immune re-
sponse so that the tumor microenvironment is
improved for infiltration and activation of im-
mune cells. This approach may be used to im-
prove the body's ability to fight cancer.

Molecular docking and in silico analyses
provide relevant information for the treatment
of HCC via PDE inhibitors (Kumar et al.,
2025). These inhibitors might diminish the
progression of cancer and increase life expec-
tancy through binding to specific isoforms of
PDE and altering important signaling path-
ways. One way to develop a more potent and
better combination treatment may be PDE in-
hibitors in combination with alternative med-
icines, such as immune checkpoint inhibitors.

FUTURE DIRECTIONS

However, additional research is needed to
establish the long-term safety and effective-
ness of PDE inhibitors in the clinic. Studying
more selective PDE inhibitors and combina-
tion therapies, such as immunotherapy and
targeted molecular therapy, may also improve
the treatment outcomes of patients with HCC.
The areas for future research involve several
crucial domains:
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Long-term effects: This goal will be ac-
complished through extensive clinical trials
with HCC patients to determine the long-term
effects of PDE inhibitors. The side effects of
these agents need to be monitored, after which
the most appropriate dosage can be deter-
mined to ensure that therapeutic benefits are
sustainable.

Development of selective PDE inhibi-
tors: Design and synthesis of additional more
selective PDE inhibitors that selectively tar-
get the relevant isoforms involved in HCC
progression. The specificity of such inhibitors
could be improved through rational design to
decrease off-target effects and enhance pa-
tient outcomes.

Combination therapies: To explore
whether PDE inhibitors, such as PD-1/PD-L1
inhibitors, can be combined with these immu-
notherapies to achieve synergistic effects. Re-
search on whether PDE inhibitors can be used
in combination with certain targeted molecu-
lar therapies for greater efficacy is needed.

Mechanistic studies: We conducted the
most molecular and mechanistic studies re-
lated to how PDE inhibitors modulate molec-
ular mechanisms leading to signaling path-
ways in HCC and identified potential bi-
omarkers to predict the response of patients
who would benefit from receiving PDE inhib-
itor-based therapies.

Personalized medicine: Patients can re-
ceive individually tailored treatment ap-
proaches based on the genetic and molecular
profiles of the individual patient. Precision
medicine methods are applied to personalized
PDE inhibitor therapies.

These findings could lead to promising fu-
ture directions for improving the outcome of
HCC treatment, providing better prospects for
more effective and tailored therapeutic mo-
dalities.

CONCLUSION

This review will emphasize the continu-
ally increasing importance of PDE inhibitors
as a potential therapeutic agent in DEN-in-
duced HCC. These agents modulate prolifer-
ation, apoptosis, and immune responses in

tumors by interfering with these essential
pathways in the cell, including cGMP-PKG,
MAPK, and JNK.

PDE inhibitors show a great promise to
induce apoptosis, restrict the growth of tumor,
and change the composition of immune cells
within the TME. Still, despite such a promis-
ing benefit, their clinical use remains limited
by heterogeneous preclinical data, safety is-
sues, and a limited number of mechanistic
studies. So, careful clinical studies and de-
tailed molecular tests are required to prove
how well they work and to create treatment
plans.

Current treatments for HCC are not so ef-
fective, and there is a dire need for new ther-
apies. Therefore, PDE inhibitors appear to be
an exciting option to improve treatment. Their
investigation, whether as a standalone treat-
ment or in combination with current immuno-
therapies and chemotherapeutics, may en-
hance survival prospects and quality of life
for patients with this difficult malignancy.
Further study is necessary to actualize genu-
ine potential and address the unmet needs in
the treatment of HCC.
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