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ABSTRACT

Introduction: The use of current available treatment for male erectile dysfunction (ED) has some limitations
that are related to efficacy and adverse effects. Nanotechnology has been used as a new tool in medicine to
improve these limitations and new medications potentially to alleviate and cure ED.

Aim: To review the currently literature on new nano medications for ED based on scientific and clinical studies,
efficacy, safety, mechanisms of action, and to identify gaps for future research.

Methods: A comprehensive literature review was conducted via Google Scholar, Science Direct, and PubMed on
English publications using different keywords such as “erectile dysfunction”, “emerging treatments”, “nanotech-
nology”, and “herbal medicine”. The retrieved papers were organized into groups according to the sections cov-
ered in this review paper.

Main Outcomes Measures: We reviewed novel ED treatments such as nanotechnological phosphodiesterase
inhibitors, papaverine hydrochloride, sialorphin, adipose tissue-derived stem cells, sonic hedgehog, and herbal
medicine.

Results: Numerous preclinical studies have addressed novel phosphodiesterase 5 inhibitors nanoparticle, and
their recent delivery systems. Nitric oxide, sialorphin, sonic hedgehog, and herbal medicine loaded nanoparticles
and nano adipose tissue-derived stem cells as a potential new treatment for ED. In addition, papaverine-contain-
ing nanoparticles have been reported. A limited number of randomized clinical studies have determined the
mechanism of these treatments.

Conclusion: A literature review on the application of nanotechnology in ED therapy was successfully conducted.
New nano medications are promising to treat ED. However, further studies are warranted to further assess their
efficacy and safety. Masuku NP, Unuofin JO, Lebelo SL. Advances in Nanoparticle Delivery System for
Erectile Dysfunction: An Updated Review. Sex Med 2021;9:100420.
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INTRODUCTION
Male erectile dysfunction (ED) or impotence can be defined

as incompetence to reach and retain sufficient penile tumescence
for sexual intercourse.”” Worldwide, there are more than
152 million men affected by ED and are expected to be 322 mil-
lion in 2025." The likelihood of developing ED increases with
age, it is most prevalent in men aged 40 years old and above.””
ED has been reported to be associated with diabetes® and radical
prostatectomy (RP) used in the treatment of prostate cancer.””’
Other risk factors for ED include hypertension, cardiovascular
diseases, obesity, alcohol intake, cigarette smoking, drug abuse,
and poor physical activity.'’

Currently, oral phosphodiesterase type 5 (PDES5) inhibitors
for example, sildenafil have been endorsed for use by the United
States Food and Drug Administration (FDA) as the initial medi-
cations for the alleviation and treatment of male ED.”'"'* This
drug class plays an essential role in penile erection. Sexual stimu-
lation leads to the synthesis of nitric oxide (NO) from L-arginine
and oxygen by nitric oxide synthase (NOS). NO is released from
endothelium and nitrergic nerves then diffuses through the cell
membrane into corpora cavernosa smooth muscle and activates
the guanylate cyclase. This catalyzes the conformational modifi-
cation of guanosine-5-triphosphate (GTP) to form a second
messenger called 3’-5" cyclic guanosine monophosphate
(cGMP). In turn, cGMP activates the cGMP-dependent protein
kinase (PKG) which causes decreased levels of intracellular cal-
cium, smooth muscle relaxation and vasodilation, and subse-
quently penile erection. An enzyme, PDE5 degrades the cGMP
leading to smooth muscle contraction, vasoconstriction, and
penile detumescence. Oral treatment for ED, PDES5 inhibitors
bind to the catalytic site of PDE enzymes and block the degrada-
tion of 3’,5’-cyclic guanosine monophosphate (cGMP), thus pre-
vents premature penile detumescence and ED.>' 1514

PDES5 inhibitors have some limitations. The drugs are not
effective, safe, and tolerated by all patients diagnosed with
ED.!>1? They are associated with several adverse effects (AEs)
attributed to poor aqueous solubility, and low bioavailability."”
The most dominant AEs including headache, dizziness, stufty
nose, feverish, and indigestion.z’l]’13’15 PDES5 inhibitors should
not be administered with organic nitrates, due to their synergic
effect may result in hypotension and fatal.''” Besides, some
patients discontinued using these drugs.'” For these reasons,
PDES5 inhibitors should be modified.”'* Also, there is a need

. L 2,10,18
for more effective and safe treatment options.

Nanotechnology has emerged as a common tool used in med-
icine, to improve the efficacy and safety of the treatments includ-
ing minimizing their AEs. It involves the application of
nanoparticles (NPs). These have exclusive properties such as pos-
sess different shapes, small size (1—100 nm), high surface area to
volume ratio, chemical, and physical properties.'””' Encapsula-
tion of drugs into NPs enhance drugs solubility, reduce toxicity,
facilitate delivery at the specific site, control and sustain their
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release.”””** At the moment, there are numerous scientific reports
on the different nanoparticle delivery systems for the treatment
and recuperation of male ED. However, what is insufficient is
the comprehensive review that assembles the experimental evi-
dence and logical comments that provides recommendation for
the future research in the drug development. Therefore, this arti-
cle aims to review the current literature on new nano medications
for ED based on scientific and clinical studies, efficacy, safety,
mechanisms of action, and identify gaps for future research.

NANOMEDICINE FOR MEN ERECTILE
DYSFUNCTION

PDES5 Inhibitors NPs

Phosphodiesterase 5 (PDE5) inhibitors are commonly used
treatment for ED include avanafil, sildenafil, tadalafil, and varde-
nafil have been approved for the recuperation and treatment of
male ED.”"" Recently, novel PDE5 inhibitors loaded NPs and
various drug delivery systems have been developed. Hosny and
Aldawsari”® developed liposomes as multilamellar vesicles com-
posed of cholesterol and more solid phospholipids containing
avanafil to optimize the delivery of this drug across the skin
(Table 1). Incorporation of avanafil in liposomes improved the
avanafil encapsulation efficiency, up to 95.61% EE achieved.
The ex vivo skin permeation using the Franz diffusion cell
method revealed a significant increase in the absorption with ava-
nafil liposomal suspension (25%) compared to avanafil aqueous
suspension (4%). The in vivo pharmacokinetic findings from
direct application of the avanafil liposomal and avanafil aqueous
suspensions on the shaved patch at the back of male rats showed
a significant increase in the bioavailability (7-fold) compared to
avanafil aqueous suspension. Avanafil liposome formulation dis-
played a significantly higher value of C,. and AUC, longer
mean residence time (MRT) (9.2 hours), and T, (3.5 hours)
compared to aqueous suspension (1, 5 hour, and 2.15 hours,
respectively). The authors concluded that the avanafil liposomal
transdermal delivery system is promising for ED therapy.”
However, to date there are no clinical trials have confirmed the
efficacy and safety of transdermal delivery of avanafil liposomes
are available. Therefore, well-designed clinical studies are

needed.

A study performed by Fahmy et al** prepared a self-nanoe-
mulsifying drug delivery system (SNEDDS) for avanafil delivery
across the gastrointestinal (GI) tract membrane (Table 1). The in
vivo pharmacokinetic study was evaluated using male rats and
were given an oral dose of avanafil SNEDDS and avanafil pow-
der in an aqueous. The avanafil-SNEDDS displayed a consider-
able increase in GI tract bioavailability by 1.4-fold, an increase in
maximum avanafil plasma concentration (C,,,,) and reduction
Cinax corresponding time (T,.) compared to pure avanafil.
Delivery as nanoemulsion formulation improved the onset of
action of avanafil previously reached about 30—45 minutes
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Table 1. Summary of therapeutic agents used for male ED using nanoparticles

Route and dosage of

Therapeutic agents ~ Nanoparticles used Experiment model administration used Significant findings Year References
Avanafil Liposomes Male Wistar rats Franz diffusion cell, Liposomes enhanced skin permeation of avanafil 2015 Hosny and
abdominal skin. 50 mg. compared with avanafil alone. Aldawsari®®
Male Sprague- Topical 10 mg/kg. Avanafil liposomal resulted in a sevenfold increase
Dawley rats in bioavailability compared to the avanafil group.
Self-nanoemulsifying Male Wistar rats Oral 10 mg/kg/2 mL.  SNEDDS increased avanafil bioavailability by 1.4- 2014 Fahmy et al.?*
drug delivery system fold compared to the avanafil group.
(SNEDDS)
Solid lipid nanoparticles Male Wistar rats’ Franz diffusion cells,  Avanafil SLNS HPMC showed a significant increase 2016 Kurakula et al*®
(SLNs) hydrogel films skin 150 ug. in skin penetration compared to chitosan film.
(HPMC and chitosan)
Polymeric nanoparticles Healthy males Single oral dose NPs PLCA improved avanafil solubility, 2020  Aldawsari et al*®
(NPs) poly (lactic-co- 50 mg. bioavailability, and reduced the frequency of
glycolic acid) (PLGA) administration.
Sildenafil citrate Solid lipid nanoparticles Albino male rats Oral 50 mg/kg. SLD SLNs showed >1.8-fold increase in 2014 Hosny and
(SLD) bioavailability compared to the SLD group. Aljaeid®’
Nano-transfersomal films ~ Wistar male rats Oral 10 mg/kg. Nano-transfersomal films improved the oral 2016 Badr-Eldin and
Rat abdominal Franz diffusion cell. bioavailability of SLD. Ahmed?®
skin Nano-transfersomal films caused a 1.54-fold
increase in SLD penetration through the skin
compared with the SLD group.
Tadalafil Nanoparticles (NPs) Aging-induced ED Topical 10 mg gel. Electrostimulation of CN elicited an upsurge in the 2010 Han et al*”
Sprague-Dawley ICP/BP ratio and a visible penile erection after an
rats hour of tadalafil NPs treatment.
Nanostructured lipid Sprague-Dawley Franz diffusion cells.  Tadalafil NLC with ethanol and limonene exhibited 2015 Baek et al*®
carrier (NLC) rats’ skin. Cytotoxicity increased permeation through the skin compared
HaCaT cells 0.001-10 uM gel to the drug alone.
Exposure to tadalafil NLC various concentrations
were safe and tolerated by cells.
Alpha-lipoic acid (ALA) Rats’ skin. Franz diffusion cells.  Tadalafil-ALA showed a significant increase in 2018 Fahmy and
Self-nanoemulsion drug EA. hy926 Cytotoxicity percutaneous absorption and greater fluorescence Aljaeid™
delivery system 0.001-10 mg/mL. intensity compared to the drug alone.
(SNEDD) Exposure to tadalafil-ALA formulation was safe,
and defensive against glucose stress.
Vardenafil Nanoethosomes (NEs) Wistar male rats Topical 2 mg/kg. Vardenafil NEs films caused a 3.05-fold increase in 2015 Fahmy*?

film

Rat skin.

Franz diffusion
cells.

skin penetration and a 2-fold increase in
bioavailahility as compared to vardenafil powder
film and oral agueous vardenafil suspension.
Vardenafil NEs film showed accelerated diffusion
through the skin compared to unprocessed film.

(continued)
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Table 1. Continued

Route and dosage of

Therapeutic agents ~ Nanoparticles used Experiment model administration used Significant findings Year References
Lipomers New Zealand Oral 5 mg/kg. Vardenafil lipomers showed a considerable increase 2018 Tawfik et al*
albino male in bioavailability than the vardenafil group.
rabbits
Self-microemulsifying Male Sprague- Intestinal drug SMEDDS improved vardenafil penetration through 2019 Parikh and
drug delivery system Dawley rats’ absorption, the intestinal epithelium. Sawant™
(SMEDDS) small intestine. 10 mg/kg. Exposure to vardenafil SMEDDs was safe and
Male Sprague- Cytotoxicity, 10, nontoxic.
Dawley rats’ 50, 100, and 500 SMEDDS enhanced bioavailability of vardenafil.
Caco? cell line ug/mL.
Oral 1.027 mg/kg.
Zein-alpha-lipoic acid Healthy male Oral 10 mg. Zein-ALA nanosphere vardenafil subjects showeda 2018 Ahmed*”
(ALA) nanospheres subjects .5-fold increase in bioavailability compared to the
control group.
Papaverine Lyotropic liquid crystal Synthetic Franz diffusion cell Both synthetic membrane and human epidermis 2018 Berké et al*®
hydrochloride (LLO) membrane and 2.5,3,and 4 w/ revealed the highest diffusion and permeation at
(PaHCl) human epidermis w%. 2.5 w/w% PaHCl concentration.
Transferosomes ED male patients Topical 1-2 g gel. 33% of patients achieved a score 3and 11% score 4 2015 Ali et al*
of erection and no changes in the control group.
No serious adverse effects were noticed.
Sialorphin Nanoparticles Aging-induced ED Topical 1 mg gel. Sialorphin NPs gel elicits a spontaneous increase in 2010 Han et al.?®
rats (Sprague- ICP/BP and a visible spontaneous erection in the
Dawley) absence of CN stimulation.
Nitric oxide (NO) Nanoparticle gel Aging-induced ED Topical 10 nMoles NO-NPs gel initiate an increase in ICP/BP and a 2010 Han et al*®
Sprague-Dawley gel. spontaneous penile erectile response without CN
rats stimulation.
Nanoparticles Radical Topical 1.49 g /200 NO-NPs gel results in an increase in ICP/BP and 2014 Tar et al*®
prostatectomy- ul gel. spontaneous penile erection.
induced ED rats
(Sprague
Dawley)
Nanoemulsions (NEs) Male beagle dogs Topical 800 mM. NO-NEs improved erection, increased penis 2018 Nam et al*®

vasodilation, and diameter.
No clinical signs of methemoglobinemia occurred.
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(avanafil powder) and 15 minutes when prepared as avanafil-
SNEDDS, enhanced drug half-life by 45% and area under the
plasma concentration-time curve (AUC) by 18%. The study
concluded that SNEDDS improved avanafil bioavailability.”*
However, there limited data confirm the efficacy of oral delivery
of avanafil using SNEDDS.

Kurakula et al*’ developed solid lipid nanoparticles (SLNs)
incorporated in transdermal hydrogel-based films such as
hydroxyl methylcellulose (HPMC) and chitosan for transdermal
delivery of avanafil (Table 1). The ex vivo skin permeation of
hydrogel films was assessed using Franz diffusion cells. Herein,
avanafil SLNs loaded in HPMC displayed 65.48 and 47.23% in
chitosan after 24 hours confirmed enhanced permeation of ava-
nafil from SLNs HPMC.”” Therefore, more research investigat-
ing the therapeutic dose and toxicity of avanafil SLNs hydrogel
film is needed.

A clinical study by Aldawsari et al.”® prepared optimized ava-
nafil-biodegradable polymeric NPs (AVA NPs) loaded in poly
(lactic-co-glycolic acid) (PLGA) and evaluated its efficacy in male
healthy volunteers (Table 1). Twelve (12) healthy male volun-
teers age between 25 and 45 years were randomized to receive a
single oral dose of AVA PLGA NPs formulation and pure AVA.
Formulation of AVA as PLGA NPs improved AVA solubility,
and bioavailability, and reduced frequency of administration.
The results showed a significantly higher maximum AVA plasma
concentration (Cy,.,) (1.3-fold), area under the AVA plasma con-
centration-time curve (AUC) (1.68-fold), half-life (t;/,) (12.14
hours), and Ty, (1.25 hour) compared to pure AVA. It was
concluded that optimization and preparation of AVA as PLGA
NPs successfully improved AVA bioavailability.”® However, fur-
ther clinical trials are required to confirm the long-term efficacy
and safety of AVA-NPs PLGA in male patients with ED.

Hosny and Aljacid®” prepared sildenafil citrate (SLD) encap-
sulated in SLNs to enhance oral delivery of SLD (Table 1).
Albino male rats were used in their study. Oral administration of
SLD SLNs resulted in a significant increase in bioavailability
(>1.8-fold), a significant increase in maximum plasma concen-
tration (C,,.), an extended corresponding time (T,,,) (1.5
hour), and a higher MRT (17 hours) compared to that of com-
mercially available SLD tablets. The study concluded that SLNs
sustained the release of SLD as well as enhancing the bioavailabil-
ity of SLD. It has the potential to be used as a novel drug delivery
system.”” However, to date there are no clinical studies investi-
gated the efficacy and safety of SLD containing SLNs. Thus, to
use SLD SLNs, more studies are needed to prevent their toxicity
during ED therapy.

Research by Badr-Eldin and Ahmed”® prepared optimized
nanotransfersomal films for SLD delivery (Table 1). In an ex
vivo study, direct application of SLD nanotransfersomal film
(7 mL in phosphate buffer) on the abdominal skin of rats
induced a significant increase in drug permeation through the
skin (1.54-fold) compared to SLD films. In the in vivo study,
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oral administration of optimized SLD nanotransfersomal film in
male Wistar rats improved the oral bioavailability, showed an
increase in drug plasma concentration (C,,,,), longer time to
reach maximum plasma concentration (Tp,,) (15 hours), and a
significantly higher area under the curve (AUC). This study con-
cluded that optimization of nano-transfersomal films displayed
improved transdermal permeation and oral bioavailability of
SLD compared with SLD films.”® To date, there are no pub-
lished clinical trials to substantiate the efficacy and safety of SLD
nano-transfersomal films.

Han et al”” developed a gel containing tadalafil with NPs and
it was evaluated in a rat model of ED caused by aging (Table 1).
Tadalafil nanoparticle gel was applied on the penis glans and
shaft of the anesthetized male rats (>650 g). The intracavernous
pressure/blood pressure (ICP/BP) ratio demonstrated increased
after electrostimulation of the cavernous nerve (4 mA), the aver-
age peak of ICP/BP was 0.737 % 0.029. A visible erection was
observed an hour after treatment. The authors concluded that
nanoparticle gel is promising for transdermal delivery of erecto-
genic agents ? To date, no randomized clinical studies have

assessed the efficacy and safety of tadalafil nanoparticle gel.

A study conducted by Back et al’ also prepared tadalafil
loaded nanostructured lipid carrier (NLC) as a gel for the trans-
dermal delivery of tadalafil (Table 1). The in vitro skin perme-
ation study was carried out using skin cut from the dorsal shaved
patch on rats and confirmed by Franz diffusion cells. Ethanol
and ethanol with limonene were used as permeation enhancers.
The tadalafil- NLC dispersion with ethanol and limonene
enhancers showed higher permeation (~ 4.8-fold) than tadalafil
alone. The cytotoxicity of tadalafil loaded NLC was assessed on
keratinocyte cell lines (HaCaT cells) using MTT dye for 72
hours. The results confirmed that all tadalafil formulations were
nontoxic to HaCaT cells, all exhibited >50% cell viability. This
study concluded that NLC plus ethanol and limonene as skin
permeation enhancers are promising for transdermal delivery of
tadalafil.”’ At present, there are no clinical studies confirmed the

efficacy and safety of tadalafil-NLC have been found.

Fahmy and Aljacid”' developed tadalafil-loaded Alpha-lipoic
acid (ALA) in the form of a self-nanoemulsion drug delivery sys-
tem (SNEDD) as a transdermal patch to improve the percutane-
ous absorption of tadalafil (TFL) for the treatment of ED in
diabetic patients to prevent the penile cavernous endothelium
from oxidative damage attribute to high glucose level (Table 1).
The solubility of TFL ALA was studied, TFL and ALA were
mixed with each of these, anise oil, Tween 20, polyethylene gly-
col (PEG 200). Anise oil and Tween 20 displayed the highest sol-
ubility for both TFL and ALA. The in vitro release study was
evaluated by Franz diffusion cell and fluorescent (Rhodamine B
dye) imaging. The results exhibited a higher percentage of TFL
release from the TFL-ALA patch (80%) compared to plain
(TFL) film (20%). TFL-ALA displayed greater fluorescence
intensity after an hour confirmed the enhanced TFL percutane-
ous absorption in the rat skin layers. Finally, the protective



6

activity and cytotoxicity of TFL- ALA SNEDDS on endothelial
cells (EA. hy926) under glucose stress for 72 h were assessed
through MTT assay, the results showed 88.54% cell viability
confirmed no-toxic and protective effect on endothelial cells.
The study concluded that TFL-ALA SNEDDS as a transdermal
patch could be used in the alleviation of ED in patients with dia-
betes.”’ However, there are no published clinical trials that vali-
dated the use of TFL-ALA SNEDDS in the treatment of ED in
diabetic patients, therefore more studies are needed.

In another study by Fahmy™* developed vardenafil-incorpo-
rated nanoethosomes (VRD-NE) film for delivery of vardenafil
across the skin (Table 1). The ex vivo skin permeation results
using Franz diffusion cell showed fast diffusion with VRD
(~30%) from NE film compared to VRD (4%) from the unpro-
cessed film after an hour. The pharmacokinetic investigations,
topical application of VRD-NE film on the shaved patch at the
back of male Wistar rats showed a significant increase in penetra-
tion (3.05-fold) compared with that of VRD powder film. In
comparison with oral administration of aqueous suspension of
VRD (2 mg/kg), the application of VRD NE film revealed a 2-
fold increase in bioavailability, extended half-life (t;,) (14
hours), and higher MRT (17 hours), reduction in corresponding
time (T ., (2 hours), and a significant increase in AUC. These
confirmed that enhanced drug deposition occurred through the
skin. The results were concluded that a low dosage of VRD
incorporated in NE film can be used in the treatment of ED and
used over for a prolonged period, enhance patient compliance
and minimize the side effects.’ Currently, there are no clinical
trials to substantiate the use of VRD-NE films for the treatment
of male ED.

Tawfik et al’” have developed vardenafil hydrochloride incor-
porated lipomers for oral delivery of vardenafil (Table 1). The in
vivo pharmacokinetic results from oral treatment with vardenafil
lipomers in male albino rabbits demonstrated a significantly
higher bioavailability (170%), reduction in C,,,,, delayed T ..
(2 hours), and extended MRT (11.37 hours) compared to an
aqueous suspension of powdered Levitra or vardenafil tablets.
They concluded that lipomers displayed efficient delivery of var-
denafil compared with pure drugs.”” However, there are no clini-
cal data to support this finding; therefore, more studies are
needed to confirm the efficacy as well as safety.

Parikh and Sawant®* developed a self-microemulsifying drug
delivery system (SMEDDS) using Cremophor EL and Tween 20
as surfactants for the delivery of vardenafil (VDN) hydrochloride
(HCl) trihydrate (Table 1). The ex vivo permeation study was
assessed using the intestinal gut method. Filled up of intestine
tissue with VDN SMEDDS showed rapid absorption through
the intestinal epithelium than VDN suspension. The Caco2 cell
line (Homo sapiens colon colorectal cancer cells) and MTT dye
were used to confirm the in vitro cytotoxicity of VDN
SMEDDS. The exposure of the Caco2 cell line to increasing
doses of VDN SMEDDS displayed nontoxicity, cell viability

above 80%. The in vivo study was assessed via crypto sectioning
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of the intestinal tissue isolated from a rat after an oral dose of
VDN SMEDDS and fluorescent imaging exhibited enhanced
drug permeation for Tween 20 than Cremophor EL. The in vivo
pharmacokinetics, oral administration of VDN SMEDDS
showed higher C,,..,, longer t;/, (3 hours), and higher AUC. The
authors concluded that SMEDDS can be used to enhance oral
drug bioavailability as well as their therapeutic efficiencies.””
However, further clinical studies investigating the efficacy and
safety of VDN SMEDDS are required.

Ahmed” performed a clinical study. The author developed
zein and alpha-lipoic acid (ALA) nanospheres incorporated varde-
nafil (VRD) using liquid-liquid phase separation and evaluated
their efficacy in 20 healthy Egyptian male subjects aged ranges
between 25 and 43 years (Table 1). Patients were randomized into
2 groups to receive an oral dose of zein-ALA nanosphere VRD for-
mulation and marketed VRD tablets. Oral administration of zein-
ALA nanosphere VRD formulation enhanced the oral bioavailabil-
ity (2.5-fold), showed higher C,,,,, delayed T, (2 hours), a sig-
nificantly higher AUC, longer t;/, (9 hours), and MRT (12 hours)
compared to pure VRD tablets. The author concluded that zein-
ALA encapsulated VRD could be useful in the alleviation of
ED.”” However, further well-designed large-scale randomized clin-
ical studies are needed to evaluate the long-term efficacy and safety
in men with ED. Figure 1 provides an overview of the methods
used to improve phosphodiesterase 5 inhibitors.

Papaverine Hydrochloride NPs
Papaverine hydrochloride is a benzylisoquinoline alkaloid iso-
lated from Papaver somniferum (opium poppy). It is a vasodilator

PDES inhibitors

(|
& -

PDES inhibitors
loaded nanoparticles

' | N l

N 7 9
K & \ - A\ A\
's.. 0 / : (}/ \
n n
J { fﬁ
In vitro Ex vivo skin 1n vivo, oral Clinical
cytotoxicity ~Permeation administratiion trials
using Franz in male rats
diffusion cell

Figure 1. Overview of the methods used to improve phosphodies-
terase 5 inhibitors. PDE5S = Phosphodiesterase 5. Figure 1 was cre-
ated with www.biorender.com.
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drug that has been used clinically for the treatment of impotence.
It has been used as an option for patients with poor response to
oral PDES5 inhibitors."">*?” Tt is intracavernous self-injection
therapy. Papaverine not FDA approved for intracavernous injec-
tion; but, it continues to be used in the alleviation of ED.!!?’
The mechanism of action, papaverine increases the production
of cAMP and cGMP by activation of intracellular adenyl cyclase,
leading to decreased levels of calcium, thereby resulting in relaxa-

) . . 11,38
tion of cavernous smooth muscle, and penile erection.

Papaverine has been used as a monotherapy, their therapeutic
efficacy and safety have been evaluated in a study conducted with
135 men aged between 27 and 69 years with ED who received ICI
papaverine treatment, 91 (67.4%) patients reported satisfactory and
44 (32.6%) discontinued using treatment due to several AEs. The
most common AEs have been reported including abnormalities in
liver enzymes in 4 (3%) men, urethral bleeding in 3 (2.2%), penile
hematoma in 37 (27.4%) men, prolonged erections by 15
(11.1%), and penile nodes in 15 (11.1%) men.”

As a combination therapy, papaverine has been used with other
vasoactive agents such as phentolamine, prostaglandin E1 plus
phentolamine, or atropine to improve its efficacy.”®"” The efficacy
and safety of drug combination therapy are evaluated in the compar-
ative studies. A study by Shenfeld et al*' compared the efficacy of a
mixture of papaverine + phentolamine (2-drug mixtures) and
papaverine + phentolamine + prostaglandin E1 (3-drug mixtures) in
20 patients with ED. The treatment with combinations significantly
improved erection, 73% of patents (3-drug combinations) and
28% patients (2-drug combinations) showed penile erection hard
enough for penetration. The side effects include prolonged penile
erection in 1 patient injected with 2-drug combinations and 2
patients who received 3-drug combinations. Severe pain was
observed in 1 patient injected 3-drug combinations.”’ In another
study engaged 60 male patients with ED who were administered
papaverine + phentolamine (2-drug mixture) and prostaglandin E1
(alone) showed that a 2-drug combination is more effective than
prostaglandin E alone. Of the patients injected, 54% (2-drug com-
binations) and 50% (prostaglandin E1) had a full rigid penile erec-
tion. The most common side effects reported include prolonged
penile erection (18 and 15%, respectively), and pain (12 and 35%,
respectively).

Owing to side effects associated with ICI of papaverine has
been ceased in clinics for the treatment.*’ Recently, topical appli-
cation of papaverine was introduced as a noninvasive therapy
option to replace the papaverine ICls. Papaverine gel and or for-
mulations have been developed, were combined with NPs to
enhance the absorption of papaverine (Figure 2).** Berké
et al”® developed and evaluated the efficiency of topical applica-
tion of papaverine (PaHCI) incorporated in lyotropic liquid crys-
tal (LLC) formulation as a delivery system (Table 1). The ex vivo
drug permeation through the skin using the Franz diffusion cell
method and in vivo drug penetration through the excised human
epidermis was studied. The treatment with PaHCI-LLC formula-
tion induced better permeation through the skin at the lower
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Figure 2. Relaxation of corpora cavernosa by topical application of
papaverine hydrochloride nanoparticles gel. NPs = nanoparticles.
Figure 2 was created with www.biorender.com.

concentration (2.5%) compared with other concentrations. The
permeation of PaHCI-LLC through the skin decreases as the
concentration increases. The results of in vitro synthetic mem-
brane and ex vivo human epidermis skin layer demonstrated sim-
ilar permeation. The study concluded that PaHCl LLC
formulation may be effective and safe, hence could be used as an
alternative for injectable formulations.”® Therefore, future clini-
cal trials that investigate the efficacy and safety of PaHCI LLC
formulation will be helpful in the development of new noninva-
sive treatments for ED with fewer or no side effects.

Ali et al™* conducted a clinical research to investigate the effi-
cacy and safety of topical application of transfersomal gel as a
delivery system for papaverine hydrochloride across the penile
skin, scrotum, and perineum in 9 male patients aged ranges from
32—60 years with a 1-month history of ED or organic ED
(Table 1). They were grouped to receive topical application of
transfersomal papaverine hydrochloride (TPH) gel on the penis,
scrotum, and perineum on day 1, free PH gel on day 4, and gel
without PH (placebo) at day 8. Color flow Doppler ultrasound
was used to assess the blood flow. Penile erection was evaluated
using score 1 to 5: no effect (i); tumescence without rigidity (ii);
tumescence with 70 degrees or less of erection (iii); tumescence
with 70—90 degrees of erection (iv); and tumescence with more
than 90 degrees of erection (v). For safety profile, patients were
checked for signs of AEs such as skin irritation, rash on the face,
dizziness, erythema, facial flushing, dizziness, as well as pain was
gel applied. Topical application of TPH gel improved erectile
function, 3 (33%) patients had penile tumescence with 70
degrees, and 1 (11%) patient had penile tumescence with 70
—90 degrees. Five (5%) patients showed no changes of erection
in response to the application of placebo. It was concluded that
TPH gel can be used in the diagnosis and attenuation of male
ED.** However, to use TPH gel for medical care, large-scale ran-
domized clinical trials are required to confirm its effectiveness
and safety before approved to treat men with ED.

Sialorphin NPs

Sialorphin is also known as SMR;-pentapeptide is the final
matured peptide derived from submandibular rat; protein
(SMR,).*> The peptide is produced and released into the blood
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circulation in response to androgen steroid and environmental
stress. It is also found in the saliva.”>*® Sialorphin is encoded by
variance coding sequence a 1 (Vesal) gene also called submandib-
ular rat; gene. The expression of the Vesal has been reported to
be higher in the prostate gland, submandibular gland, and cor-
pora cavernosa of adult rats.””*” It was reported that a decrease
in the expression of Vesal in the corpora cavernosa is associated
with ED. Based on this, the downregulated Vesal is often used
in rat models of ED.">*” Davies et al*” evaluated the efficiency
of sialorphin in the recovery of erectile function in aging rats by
relaxation of corporal smooth muscles. Intracorporal injection of
sialorphin (100 pg) into retired breeder male Sprague-Dawley
rats (>500 g) significantly increased the ICP/BP ratio (~6.0)
when measured from 55 to 65 minutes after injection. After con-
traction of corporal smooth muscle tissue by phenylephrine,
treatment with sialorphin (1 pg/mL) increased the relaxation
(2.5-fold) of corporal smooth muscle tissue by activation of
C-type natriuretic peptide. The results were concluded that sia-
lorphin enhances erectile function by relaxation of corporal
smooth muscle tissue. Tong et al*® proposed that the Vesal gene
regulates male rat erectile function by acting on G-protein cou-
pled receptor (GCPR). In corporal smooth muscle, inhibition of
neutral endopeptidase by sialorphin results in decreased GCPR
expression. In contrast, suppression of Vesal results in activation
of GCPR.*® Moreover, the findings of Messaoudi et al*® sug-
gested that sialorphin control male rat sexual behavior by regulat-
ing the balance of excitation and inhibition mechanism.

Recently, a study conducted by Han et al*” developed novel
sialorphin-containing nanoparticle gel and investigated its effi-
cacy in a rat model of ED induced by aging (Table 1). In their
study, sialorphin nanoparticle gel was applied directly on the
anesthetized male rats (>650 g) penis glans and shaft. The
application of gel initiated a spontaneous increase in ICP/blood
pressure (BP) in the absence of electrostimulation of the cavern-
ous nerve, and the authors suggested that erectile response was
induced by sialorphin nanoparticle gel. The average peak of the
ICP/BP ratio was 0.72 % 0.13. A visible spontaneous erection
was observed at an average of 4.5 minutes, with a duration of
action of persisted for 8 minutes, and ICP/BP of 0.6 after
administration of gel.”” Considering the results, sialorphin
nanoparticle gel is promising for the treatment of ED. How-
ever, there have been no clinical data found to substantiate the
use of sialorphin for sexual dysfunction.

NO-Loaded NPs

NO is a free radical and effective vasodilator produced from
endothelium. It plays an essential function in penile erection.
The release of NO stimulates a pathway leading to relaxation of
the corpus cavernosum and subsequent erection.”'* Han et al”’
developed a gel containing NO with NPs and evaluated the effi-
cacy of this gel in a rat model of ED caused by aging (Table 1).
They applied a gel on the penile shaft and glans of the 7 anesthe-
tized male rats (>650 g). The ICP/blood pressure (BP)

Masuku et al

spontaneously increased in the absence of electrostimulation of
cavernous nerve in 5 rats, and the authors suggested that erectile
response was induced by NO nanoparticle gel. The first visible
erection was observed at an average of 4.5 minutes £ 5 minute)
after the application of gel, which persisted for a duration of <2
minutes, the average was 1.42 minutes. The average peak ICP/
BP of the first erection was 0.67 &£ 0.14. Other several erections
were observed showed diminishing.

Tar et al.”” prepared NO-NPs in dimethylsulfoxide (DMSO)
gel or coconut oil and investigated the effects of NO-NPs on ED
in a rat model of radical prostatectomy (Table 1). Male rats
underwent bilateral transection of the cavernous nerve. After one
week, they applied the NO-NPs on the penile shaft of rats. The
ICP/BP significantly increased in 8 of 10 rats were applied NO-
NPs in DMSO gel, from the average peak of 0.182 £ 0.03 to
0.317 = 0.12 after treatment. The spontaneous erections were
observed in 6 of 10 rats with a duration of 1 minute and the aver-
age peak ICP/BP ratio was >0.6. The time to onset of spontane-
ous erections was observed at the average of 15 £ 11 after
treatment. Similar findings were observed in rats treated with
coconut oil. NO without NPs treated rats did not produce spon-
taneous erections. The study suggested that NO-NPs should be
used in the recovery of penile erectile function after radical pros-
tatectomy.”” However, there have been no published clinical
studies found to confirm the efficiency. Shortly, we should con-
duct clinical research that evaluates the efficacy and safety of this
novel NO nanoparticle gel for the mitigation of male ED.

In another study by Nam et al”’ prepared NO loaded water-
in-oil (w/0) nanoemulsions (NEs) and examined the safety and
efficacy of topical application of NO-NEs on the penile skin of
anesthetized and unanaesthetised 4 male dogs aged 7 and 8 years
old (~ middle-aged male) (Table 1). The diameter of the penis,
redness of skin, blood NOx concentration in the penis was used
to assess the penile erection. Topical application of NO-NEs on
penis skin showed increased diameter by 15% compared with
diameter before applications. The redness of the skin corresponds
with the dilation of the blood vessels on the mucous membrane.
Application of NO-NEs increased the degree of redness (35%)
than NE without NO (12%). Blood NOx level collected from
the penile corpus cavernosum, and jugular vein was 3-fold higher
than after application with NE without NO. However, NOx
concentration was lower than blood nitrate level cause methemo-
globinemia. Methemoglobinemia is a condition characterized by
elevated methemoglobin in the blood. It is one of the common
side effects of nitric oxide. It prevents the binding of oxygen to
hemoglobin. The clinical signs include dyspnea, penile cyanosis,
tachycardia, and bradycardia. Application of NEs with NO to
dogs did not show clinical signs of methemoglobinemia. The
proposed mechanism of action topically applied NO-NEs
absorbed through the penile skin into the CC. Then NO is
released from the NO and activates the guanyl cyclase-cGMP
pathway leading to penile erection. The study concluded that
NO-NEs could be used as a topical drug delivery system for the
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treatment of ED patients and those who have poor drug reac-
tions to phosphodiesterase 5 inhibitors.”” This study is promis-
ing, but there is limited evidence on its use for the treatment of
ED in humans. However, more clinical research is needed to
evaluate the therapeutic efficacy and safety before is recom-
mended for humans.

Adipose Tissue-Derived Stem Cells-NPs

The use of adipose tissue-derived stem cells (ADSCs) has been
promising treatment of ED for tissue engineering and as a regen-
erative medicine.”’ ”” Numerous preclinical studies have been
published, evaluated the use of ADSCs in the treatment of ED
in animal models of cavernous nerve (CN) injury and diabetes.
In these studies, the intracavernous injection or injection of
ADSC:s into the corpus cavernosum (CC) revealed a significant
improvement in erectile functions for a period of several days or
weeks after injections compared to untreated controls. The ICP/
BP ratio was used to assess the erectile function, increased in
ICP/BP in response to electrostimulation of the corpus nerve
(CN) confirmed the enhanced erectile function (after 4 weeks).
The injections with ADSCs resulted in increased smooth muscle
content in the penis, decreased apoptosis, and prevention of CC
fibrosis. Cell tracking with fluorescent dyes was used to monitor
cell movement and locations. The results revealed a small num-
ber of cells that remained in the CC after injection, confirmed
that cells are carried by systemic blood to other parts of the body,
for instance, bone marrow and major pelvic ganglia. The mecha-
nism of action is not clear; however, it was proposed that the
recovery of erectile function might be due to paracrine factors
such as growth factors and cytokines secreted by cells stimulated
repair in injured CC.”*>* Also, clinical studies involved a small
number of patients have been published to affirm the efficacy
and safety of ADSCs treatment. They revealed a positive effect of
ADSC:s treatment on ED patients. Patients who received ADSCs
therapy demonstrated improved erectile function and maintained

this for several months (maximum 12 months) without serious
AEs,10:18:55-57

Recently, interesting studies have explored the usage of NPs
to retain ADSCs in the CC, prevent them from migrating or car-
ried by the blood to other body parts after injection. Kim et al’*
prepared human ADSCs (hADSC) with nerve growth factor-
incorporated hyaluronic acid-based hydrogel (NGF-hydrogel)
and assessed its effects of their direct administration in a rat
model of bilateral CN crush injury (Table 2). Administration of
the PKH26-labeled hADSCs and NGF-hydrogel on the injured
CN showed enhanced regeneration of CN after 4 weeks. The
treatment demonstrated increased ICP/mean arterial pressure
(MAP) ratio in ADSCs, NGF-hydrogel, and hADSCs NGF-
hydrogel groups compared with control, these confirmed
improved erectile function. Also, the hADSCs were discovered
around the CN surgery after 4 weeks. The study did not discuss
the mechanism of actions underlying CN regeneration; however,
it was proposed that recovery is due to paracrine effects of
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cytokines and growth factors. The study concluded that the use
of hADSCs with NGF-hydrogel is promising for the rehabilita-
tion of erectile function after radical prostatectomy surgery.’”
Yet, no clinical trials have been found.

Lin et al’®

used NanoShuttle magnetic NPs to retain stem
cells in the CC after intracavernous injection in rats (Table 2).
The in vitro study, ADSCs were cultured with a medium con-
taining NanoShuttle for 24 h and labelled with CellTracker
green CMFDA for 30 minutes. The magnet was placed under
the cell culture dish. The NanoADSCs shifted toward the mag-
net. In the in vivo study, rats underwent bilateral CN crush.
After, labeled ADSCs, and NanoADSCs were injected in the
CC. Then magnet was placed outside under the injected CC site
of the NanoADSCs group for 6 hours (Figure 3). The results
exhibited NanoADSCs moved toward the magnetic field. The
cells were retained in the CC for up to 3 days compared to
ADSCs without a magnetic field. The electrostimulation of CN
showed a significantly higher ICP/MAP ratio in NanoADSCs
treated group, showed improvement in erectile function. The
study concluded that NanoShuttle magnetic NPs can retain
ADSCs in the CC and recover the erectile function in male
rats.”® However, there are no clinical studies available to support
these findings.

Another similar research conducted by Zhu et al,”” the
authors labelled ADSCs with superparamagnetic iron oxide
nanoparticles (SPION) and examine their effects on the erec-
tile function in a rat model of streptozotocin-induced diabe-
tes using the external magnetic field. (Table 2) The in vitro
study, ADSCs-labelled SPION containing culture medium
were seeded in a dish, and the magnet was placed at the bot-
tom of the dish for 24 hours. The SPION-labeled ADSCs
more toward the magnet. In the in vivo study, rats under-
went bilateral CN crush, then ADSCs and ADSCs-labeled
SPION were injected in the CC. The magnet was placed
outside underneath the injected CC site of the ADSCs-
labeled SPION group for 30 minutes (Figure 3). The results
showed a significantly increased ADSCs-labeled SPION in
the CC, suggesting that cells were retained in the CC by
magnetic force compared to the ADSCs group without the
magnet underneath. ADSCs were identified in the CC of
rats 4 weeks after ICI. The measurement of erectile function,
ADSCs-labeled SPION group showed a significantly higher
ICP/MAP ratio than ADSCs group, confirmed greater
improvement in erectile function. The mechanism of action,
ADSCs paracrine factors might be responsible for the func-
tional and structural recovery of CN. The study concluded
that NanoADSCs plus magnetic field therapy is an effective
approach for the treatment of diabetes-induced ED.”” How-
ever, there are no published clinical trials have been con-
ducted to validate this finding.

The study by Wu et al* further determined the possible small
concentration of ADSCs for intracavernous injection could be
used to improve ED and simultaneously prevent the likelihood
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Table 2. Summary of regenerative therapy for male ED using nanoparticles

Route and dosage of

References

Year

Experiment model administration used Significant findings

Nanoparticles used

Therapy

Kim et al*

2013

Enhance regeneration of the CN after 4 wks.
ADSCs was observed around the CN 4 weeks after

CN injury administration
1x 10° cells

ED rats (Sprague-

CN crush injury-induced
Dawley)

Hyaluronic acid-based
hydrogel

Human
ADSC

treatment.
Increase ICP/BP ratio and improvement of erectile response.

(hADSQC)

2016 Linetal™®

ADSCs were retained in the CC for up to 3 days compared to

CC injection

Sprague Dawley male

NanoShuttle magnetic

ADSCs

the control group.
Enhance ICP/BP ratio and improve penile erectile response.

1 x 10° cells

rats

nanoparticles

Promote proliferation of ADSCs and retaining in the CC after 2016 Zhu et al*®

Intracavernosal injection

Diabetes-induced ED rats

Superparamagnetic iron

ADSCs

injection.
Increased ICP/BP ratio and improved erectile response.

Enhance mean ICP and ICP/MAP ratio and total ICP.

Retain ADSCs in the CC.

1 x 10° cells

(Sprague-Dawley)

oxide nanoparticles

2018 Wuetal®®

Intracavernosal injection

Male Sprague-Dawley

NanoShuttle

ADSCs

2 x 10° cells
CN injury treatment

rats
Male Sprague-Dawley

2017 Choeetal

Prevent apoptosis, neurodegenerative and also inspires

Peptide amphiphiles

Sonic

regeneration of CN.

454 ug

nanofiber hydrogel rats

Hedgehog

Masuku et al

l Isolation of adipose tissue-derived
X : , stem cells from subcutaneous layer

St of the skin

|~

In vitro N4 In vivo

K8

ADSCs-labelled
nanoparticles
containing culture
media in the culture
dish

Attraction of
ADSCs-labelled
nanoparticles usin;
magnet placed at the
bottom of the dish

Injection and
retaining of
ADSCs-labelled
nanoparticles and in
the corpus
cavernosum via
magnetic field

Figure 3. Potential treatment of cavernous nerve-induced male
erectile dysfunction with magnetized adipose tissue-derived stem
cells by retaining in the corpus cavernosum. ADSCs = adipose tissue
derived stem cells. Figure 3 was created with www.biorender.com.

of developing cancer (Table 2). Intracavernous injection of
NanoShuttle-ADSCs in phosphate buffer improved the erectile
function. Electrostimulation of CC was used to determine the
efficacy after 28 days. The stimulation induced a significant
increase in mean ICP and ICP/MAP ratio, and total ICP com-
pared to ADSCs and corpus cavernous nerve injury groups. The
study also revealed that more Nano-ADSCs were retained in the
CC by a magnet from day 0 to 3 than other groups and the num-
ber of cells declined at day 7. It has been concluded that nano-
technology can be used to optimize the efficacy of a small dose of
ADSC:s to alleviate ED. They suggest that the mechanism of
erectile function may be involved the revitalization of the smooth

. . 60
muscle, nerve as well as endothelium tissues.”

Based on the findings, ADSCs can be effective in the treat-
ment of damaged CN-induced ED. NPs and magnetic fields can
help to retain them in the CC. Yet, there is limited data on clini-
cal trials. Therefore, further well-designed studies are needed to
evaluate their long-term efficacy and safety in ED patients.'’
Besides, we still need a very effective and permanent way to
retain ADSC:s in the CC, promote regeneration, and cure ED.

Sonic Hedgehog NPs

Sonic hedgehog (SHH) is a protein expressed in the pelvic
ganglia (PG) neurons and Schwann cells of the cavernous nerve
(CN). It plays a significant role in the regeneration of CN injury
and the prevention of ED. Increased levels of SHH in the PG
and Schwann cells inhibit the degeneration and apoptosis of
penile smooth muscles. Depletion of this protein has been found
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associated with CN injury.'>®" Choe and co-workers'” prepared
a peptide amphiphiles (PA) nanofiber hydrogel for delivery of
SHH protein and evaluated its effects in a rat model of CN crush
injury. (Table 2) Male rats underwent bilateral CN crush injury
and CN was treated with SHH PA hydrogel. SHH PA treatment
resulted in retrograde transport of SHH to the periglomerular
(PG) neurons and prevented PG neurons from apoptosis. The
study concluded that SHH treatment by PA prevents neurode-
generative and also encourages regeneration of CN through sus-
taining normal communication between PG neurons and
satellite glial cells.'? So far, there are no clinical trials have been
found assessing the efficacy and safety of SHH PA-gel in the
treatment of ED. Therefore, more studies are needed to evaluate
the treatment of SHH in ED patients.

Herbal Medicine NPs

Herbal medicine are used worldwide to maintain good health,
to prevent and treat myriad diseases.”” ®* Plant extracts are the
principal sources of ingredients in the pharmaceutical indus-
try.”*®> They are natural, superabundant, sufficient, easy har-
vest, cost-effective, and associated with negligible or no adverse

2,64,6

events. © Plants embrace several diverse phytochemicals such

as polyphenols, terpenoids, alkaloids, and steroids. Such are
found largely in fruits, vegetables, seeds, teas, and nugs. %78
Nanotechnology has been used to enhance the efficacy of herbal
medicine and or their phytochemicals.”” NPs deliver herbal med-
icine to the specific targeted site in a controlled manner and
reduce the concentration of plant extracts. %’ Encapsulation of
medicinal plant extracts and bioactive compounds in NPs is
more effective than their pure counterparts.”””” A few studies
have been published that investigate the use of NPs encapsulated
plant extracts for the mitigation and treatment of male ED.

Curcumin. Curcumin (CURC) or diferuloylmethane is a bio-
active compound produced by Curcuma longa.”’"">"* Curcuma
longa is commonly called turmeric is a member of the Zingibera-
ceae family. The plant has been used medicinally to treat derma-
titis, diabetes, acquired immune deficiency, and erectile
dysfunction.”*”>”° Curcumin is the well-known active ingredi-
ent for its pharmacological activity on the penile erection, it has
anti-ED action.”’® The therapeutic effects of curcumin are lim-
ited by poor aqueous solubility, low bioavailability, and fat
metabolism.”””>7477 To improve the efficiency of curcumin,
water-soluble curcumin derivatives have been developed.”®”®
Abdel Aziz et.al’® investigated a novel water-soluble curcumin
derivative. In their study, oral administration of synthesized
water long-acting CURC derivative (10 mg/kg) resulted in a sig-
nificant improvement in the activity of cavernous tissue heme
oxygenase enzyme-1 (HO- 1) and ¢cGMP, and prolonged dura-
tion of action compared to sildenafil (4 mg/kg), pure CURC (10
mg/kg), and water-soluble long-acting CURC derivative (2 mg/
kg). Intake of water-soluble curcumin derivatives resulted in
improvement of erectile function was confirmed by a significant
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increase in ICP. Another research by Abdel Aziz et al”® compared
the efficacy of novel curcumin derivative (NCD) with that of
natural curcumin (CURC) and tadalafil (Cialis) in an animal dia-
betic model of ED. The study involved 60 adult male albino rats,
of which 10 were used for control and 50 were diabetic rats
caused by a single intraperitoneal injection of streptozotocin
(65 mg/kg body weight). Rats were randomized to receive oral
intake of CURC (10 mg/kg body weight), NCD (2 mg/kg body
weight), tadalafil in distilled water (1.6 mg/kg~ 20 mg dose in
adult), and NCD plus tadalafil. Heme oxygenase-1 (HO-1)
enzyme activity, NOS activity, cGMP, and ICP/MAP were used
to assess the efficacy of the treatment. All therapies resulted in a
significant increase in HO-1 activity, NOS activity, cGMP, and
ICP/MAP. The proposed mechanism of action, HO-1 enzyme
catalyzed the generation of carbon monoxide resulted in erectile
function. NOS stimulated the production of endothelium NO
resulted in an increase in ¢cGMP levels and subsequent erectile func-
tion. The erectile function was confirmed by electrical stimulation
of CN and the results showed an increase in ICP/MAP. The study
concluded that novel curcumin derivative is more effective than
pure curcumin and tadalafil.”® However, there are no published
clinical studies to support the efficacy and safety of curcumin deriva-
tives in the mitigation of ED. Therefore, clinical trials are essential
in the development of effective and safe medication.

Recently, research conducted by Draganski et al”” developed a
novel curcumin-loaded nanoparticles (CURC-np) and investi-
gated its potential treatment of the topical application in the rat
model of diabetes-induced ED (Figure 4 and Table 3). Direct
application of CURC-np mixed with coconut oil on the male
rats’ abdomen skin resulted in a significantly improved erectile
response after 24 hrs of administration on the skin as compared
to pure curcumin. ICP and systemic blood pressure (BP) ratio
from electrostimulation of the corpus nerve were used to assess
erectile function. The results showed a significant increase in
ICP/BP confirmed enhanced erectile function. The study con-
cluded that direct application of CURC-np could be used for the
treatment of ED in type 2 diabetics. The study suggests that
more research should be done to optimize protocols and deter-
mine the toxicity of curcumin-loaded NPs.”” The topical appli-
cation of curcumin NPs emerges to have the great potential to be
produced as a natural noninvasive medicine for ED treatment.
However, there are no clinical data. Therefore, clinical trials con-
firming its efficacy and safety for the treatment of male impo-
tence are needed.

Myricitrin. Myricitrin (myricetin-3-0-o-rhamnoside) is a fla-
vanol glycoside isolated from Myrica rubra. Myricitrin possesses
biological activities such as antioxidant, anti-inflammatory, and
antifibrotic activities.”**" Tt was reported that the bioavailability
of myricitrin is low and NPs can improve the efficacy of myrici-
trin.”" A study by Oroojan et al”' developed a novel myricitrin-
loaded SLNs to enhance the delivery of myricitrin and evaluated
the effects of myricitrin-loaded SLNs versus pure myricitrin on
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Figure 4. Potential treatment of male erectile dysfunction with
medicinal plant extracts containing nanoparticles LH = luteinizing hor-
mone; FSH = follicle-stimulating hormone; SOD = superoxide dismu-
tase; CAT = catalase. Figure 4 was created with www.biorender.com.

reproductive system disorders caused by diabetes in male mouse
(Figure 4 and Table 3). A single dose of nicotinamide and strep-
tozotocin was injected intraperitoneally to male mice for induc-
tion of type 2 diabetes mellitus. Intraperitoneal injection of
myricitrin and myricitrin SLNs showed an increase in plasma
levels of superoxide dismutase, catalase, and total antioxidant
activity compared with the control group. Administration caused
an increase in the follicle-stimulating hormone, luteinizing hor-
mone, testosterone, as well as spermatogenesis. In conclusion,
the study proposed that oxidative stress and reduction in antioxi-
dant activity are major causes of type 2 diabetes-inducing repro-

1 . « e
7! hence oral intake of myricitrin and

ductive disorder,”
myricitrin SLNs can prevent the ED. However, this was more
significant with solid nanoparticle myricitrin.”' There are no
clinical data has been found. Therefore, more clinical trials are
needed to further investigate the efficacy and safety of myricitrin

SLNis for the treatment of ED.

Panax Ginseng. Panax ginseng belongs to the Araliaceae fam-
ily. The plant has been used in the treatment of diabetes, neuro-
logical disorders, and as an aphrodisiac for erectile
dysfunction.””'"* Ginsenosides are a class of triterpenoid sapo-
nins isolated from P. ginseng.”>*’ Ginsenosides including steroi-
dal saponins, protopanaxatriols, and protopanaxadiols are
believed to be responsible for the healing properties of P. gin-
seng.”'** Tt has been reported that the absorption rate of ginseng

Table 3. Summary of medicinal plants and phytochemicals used to treat male ED using nanoparticles

Route and dosage of
administration

Plant or compound

name

References

Year

Significant findings

Experiment model

Nanoparticles used

Draganski et al’®

Diabetes-induced ED Topical 4 mg. Enhance ICP/BP ratio and improvement 2018

Nanoparticles

Curcumin or

of erectile function.

rats (Zucker diabetic

fatty male rats)
Diabetes-induced ED

diferuloylmethane

Oroojan et al”’

2019

Upsurge in plasma levels of SOD, CAT,

Intraperitoneal

Solid lipid

Myricitrin or

and total antioxidant activity.

nanoparticles mice (Naval Medical injection

myricetin-3-0-
a-rhamnoside

Upsurge in levels of plasma FSH, LH,

and testosterone, as well as

1, 3, and 10 mg/kg.
spermatogenesis.

Research male mice)

Prevents oxidative stress, reduction of

antioxidant activity, diabetes-induced

ED.
Rejuvenation of pituitary gland and

Masuku et al

Linjawi®

2015

improvement of LH, FSH, and

testosterone secretion.

administration
4,10, 20 mg/kg.

Intragastric

Albino male rats

glycolytic acid
nanoparticles

Poly-lactic-co-
(PLGA)

Panax ginseng
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saponins is low when given orally because of their poor mem-
brane permeability and extensive metabolism in the gastrointesti-
nal tract.*® Also, the use of different methods to process ginseng
can change the rate and extent of absorption of ginsenosides.”” A
study by Linjawi*®
more efficacious than natural ginseng (Table 3). The authors pre-
pared a novel Panax ginseng loaded PLGA NPs and evaluated

their protective effect for the treatment of reproductive disorders

revealed that ginseng containing NPs were

induced by nicotine. The intragastric administration of nicotine
(1.5 mg/kg) for 4 weeks in adult albino male rats resulted in
reduced secretion of serum-free luteinizing hormone (LH), folli-
cle-stimulating hormone (FSH), and testosterone that vital for
erectile function.”®® Also, the exposure to nicotine caused a
decrease in the expression of cytochrome P19 genes in the testis,
and LH and FSH genes in the pituitary glands encoding these
genes. However, the intragastric treatment of male rats with nic-
otine (1.5 mg/kg) plus various concentrations of P. ginsengNPs
(4, 10, 20 mg/kg) for 4 weeks induced an increase in serum-free
LH, FSH, and testosterone compared to control and nicotine
alone. A significantly increased in these hormones was observed
with 10 mg/kg and 20 mg/kg P. ginseng NPs. In conclusion, the
study proposed that encapsulation of P. ginseng in PLGA
enhanced the ability of ginsenosides, the major active com-
pounds from P. ginseng to activate the hypothalamic-pituitary-
testicular axis and increasing the secretion of LH, FSH, and tes-
tosterone (Figure 4).°° The results are promising for the treat-
ment of ED-induced hypogonadism. However, well-designed
clinical studies are necessary to evaluate the efficacy and safety of
the treatment of male ED.

CONCLUSION

The application of nanotechnology in ED medicine can revo-
lutionize the treatment of ED. The findings of preclinical studies
demonstrated a tremendous potential therapeutic effect against
ED. PDE5 inhibitors, papaverine hydrochloride, sialorphin,
nitric oxide, adipose tissue-derived stem cells, sonic hedgehog,
and medicinal plant extracts or their phytochemicals are promis-
ing for ED therapy. However, few clinical studies evaluated the
efficacy and safety of these therapies. Therefore, future well-
designed large-scale randomized clinical trials of long-term effects
are useful in the development of new and adequate medications
for ED treatment.
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