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ABSTRACT

Background: Curcumin, a naturally occurring anti-inflammatory compound, has shown promise in pre-clinical
studies to treat erectile dysfunction (ED) associated with type-1 diabetes. However, poor bioavailability following
oral administration limits its efficacy. The present study evaluated the potential of topical application of
curcumin-loaded nanoparticles (curc-np) to treat ED in a rat model of type-2 diabetes (T2D).

Aim: Determine if topical application of curc-np treats ED in a T2D rat model and modulates expression of
inflammatory markers.

Methods: Curc-np (4 mg curcumin) or blank nanoparticles were applied every 2 days for 2 weeks to the shaved
abdomen of 20-week-old Zucker diabetic fatty male rats (N ¼ 5 per group). Lean Zucker diabetic fatty male rat
controls were treated with blank nanoparticles (N ¼ 5). Penetration of nanoparticles and curcumin release were
confirmed by 2-photon fluorescence microscopy and histology. Erectile function was determined by measuring
intracorporal pressure (ICP) normalized to systemic blood pressure (ICP/BP) following cavernous nerve stim-
ulation. Corporal tissue was excised and reverse transcription and quantitative polymerase chain reaction used to
determine expression of the following markers: nuclear factor (NF)-kb, NF-kb-activating protein (Nkap), NF
erythroid 2-related factor-2, Kelch-like enoyl-CoA hydratase-associated protein-1, heme oxygenase-1 (HO-1),
variable coding sequence-A1, phosphodiesterase-5, endothelial and neuronal nitric oxide synthase, Ras homo-
log gene family member A, and Rho-associated coiled-coil containing protein kinases-1 and -2.

Outcomes: Erectile function by determination of ICP/BP and expression of molecular markers in corporal tissue
by RT-qPCR.

Results: Nanoparticles penetrated the abdominal epidermis and persisted in hair follicles for 24 hours. Curc-np-
treated animals exhibited higher average ICP/BP than animals treated with blank nanoparticles at all levels of stim-
ulation and this was statistically significant (P< .05) at 0.75 mA. In corporal tissue,Nkap expression decreased 60%
and heme oxygenase-1 expression increased 60% in curc-np- compared to blank nanoparticleetreated animals. ICP/
BP values inversely correlated with Nkap and directly correlated with HO-1 expression levels.

Clinical Translation: These studies demonstrate the potential for topical application of curc-np as a treatment
for ED in T2D patients.

Conclusions: The T2D animal model of ED represents a more prevalent disease than the more commonly
studied type-1 diabetes model. Although there is improved erectile response in curc-np-treated animals, only at
the lower levels of stimulation (0.75 mA) was this significant compared to the blank nanoparticleetreated an-
imals, suggesting more studies are needed to optimize protocols and evaluate toxicity. Topical application of curc-
np to a rat model of T2D can systemically deliver curcumin, treat ED, and modulate corporal expression of
inflammatory markers. Draganski A, Tar MT, Villegas G, et al. Topically Applied Curcumin-Loaded
Nanoparticles Treat Erectile Dysfunction in a Rat Model of Type-2 Diabetes. J Sex Med
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Copyright � 2018, International Society for Sexual Medicine. Published by Elsevier Inc. All rights reserved.

Key Words: Erectile Dysfunction; Curcumin; Inflammation; Nanoparticle; Diabetes

Received December 9, 2017. Accepted March 9, 2018.
1Department of Physiology and Biophysics, Albert Einstein College of
Medicine, New York, NY, USA;
2Department of Urology, Albert Einstein College of Medicine, New York, NY,
USA

*These authors made equal contributions to the article.

Copyright ª 2018, International Society for Sexual Medicine. Published by
Elsevier Inc. All rights reserved.
https://doi.org/10.1016/j.jsxm.2018.03.009

J Sex Med 2018;15:645e653 645

https://doi.org/10.1016/j.jsxm.2018.03.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsxm.2018.03.009&domain=pdf


INTRODUCTION

Orally administered phosphodiesterase (PDE)-5 inhibitors
are commonly used as first-line therapy for men with erectile
dysfunction (ED). However, certain patient groups, such as
diabetics or men who have undergone radical prostatectomy,
are often refractory to this treatment.1 In addition, a significant
percentage of men have difficulty swallowing medications2 or
cannot tolerate the side effects associated with PDE-5
inhibitors. There is therefore a real need to identify novel
strategies to treat ED.

Chronic inflammation, resulting from several disease condi-
tions (eg, obesity or diabetes), or following radical prostatectomy,
is increasingly recognized as a factor in the development of
ED.3,4 Recent studies have also associated improved erectile
function in patients treated with PDE-5 inhibitor with reduced
levels of anti-inflammatory factors.5,6 This has led a number of
research groups to explore the use of agents modulating the in-
flammatory response to improve erectile function. For example,
pre-clinical studies have provided evidence that oral administra-
tion of the anti-inflammatory, curcumin, is effective in treating
ED in a type-1-diabetic (T1D) rat model.7,8

Curcumin is a plant-derived natural phenol with anti-oxidant
and anti-inflammatory properties and has been ascribed various
putative preventive and therapeutic properties.9 Curcumin has
been associated with the modulation of several signaling path-
ways/mechanisms associated with erectile function, such as
down-regulation of pro-inflammatory cytokines, reactive oxygen
species, hyperglycemia, and insulin resistance; and up-regulation
of nitric oxide, cyclic guanosine monophosphate, and insulin
secretion.10 However, curcumin exhibits several chemical char-
acteristics that limit its efficacy and clinical translation. It has low
aqueous solubility, is rapidly degraded, and has poor oral
bioavailability.11 Transdermal drug delivery of curcumin could
potentially overcome several of these limitations and allow sus-
tained release into the systemic blood circulation.12

Our group recently developed a novel silane-based hydrogel
nanoparticle platform that has been used for transdermal delivery
of a variety erectogenic agents, such as nitric oxide, the opiorphin
peptide, and tadalafil across the penile dermis with significant
improvement in erectile function in both aging and nerve-
injured animal models of ED.13,14 Topical application of
curcumin-loaded nanoparticles (curc-np) exhibits anti-microbial
activity and promotes burn-wound healing.15 Many of the lim-
itations for clinical translation of curcumin as a treatment for ED
could be overcome through the use of topically applied curc-np.
These include sustained release of curcumin (extending the short
systemic lifetime of orally administered curcumin), low fre-
quency of application, avoidance of gastrointestinal inactivation,
and non-invasive administration.16 Detailed characterization and
subsequent optimization of nanoparticle-skin interaction
and rate of drug release can be achieved through the use of
imaging techniques, such as 2-photon fluorescence microscopy,
which enables both non-invasive, high-resolution, real-time

imaging of treatment response and direct visualization of nano-
particle migration through the skin in live animals at up to
approximately 200-mm depth.17e19

Preliminary studies (unpublished) by our group have
demonstrated a systemic effect by curc-np when topically applied
to mouse models that is significantly more pronounced than
animals treated with pure curcumin. Given published studies on
a rat model of T1D demonstrating that oral administration of
curcumin shows a positive effect on erectile function, we per-
formed the following studies to demonstrate in a type-2 diabetes
(T2D) rat model of ED that: (1) curc-np is able to penetrate
abdominal skin with subsequent release of systemically active
curcumin; (2) curcumin released from curc-np can treat ED; and
(3) the impact on erectile function correlates with curcumin-
induced modulation of the inflammatory response.

METHODS

Animal Model
All protocols using animals were approved by the Institutional

Animal Care and Use Committee of the Albert Einstein College of
Medicine. 10 Zucker diabetic fatty (ZDF) male rats (Gmi-fa/fa)
and 5 lean rats (ZDF/Gmi-fa/þ), 11e12 weeks of age, were
procured from Charles River Laboratories (Wilmington, MA) and
housed until 20 weeks of age; all were fed with Purina no. 5008
diet as recommended to induce development of T2D. The Purina
no. 5008 diet was purchased from LabDiet Inc (St Louis, MO)
with the detailed composition available on their website: (http://
www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_
content/mdrf/mdi4/wedisp/ducm04_028444.pdf). Rats were
divided into 3 groups (N ¼ 5 per group): ZDF rats treated with
curc-np, ZDF rats treated with blank nanoparticles, and lean ZDF
rats treated with blank nanoparticles. Animals were weighed and
blood glucose determined at 18, 20, and 22 weeks of age using
One Touch Ultra Blue test strips and a hand-held glucometer
(Life Scan Inc, Milpitas, CA).

Treatment
On the day prior to the first treatment, the abdomen of each

animal was shaved and depilated with Nair (Ewing, NJ, USA).
Nanoparticles (200 mg) were applied to the abdomen of a rat
under isoflurane anesthesia as a coconut oil paste; the paste was
gently massaged until the coconut oil melted and the nano-
particles were absorbed by the skin. The curc-np contained 4 mg
curcumin, equivalent to approximately 2 mg curcumin/kg body
weight. In prior studies free curcumin was given orally at a dose
of 10 mg/kg body weight.7 The schedule consisted of 6 appli-
cations over a 2-week period.

Curcumin-Loaded Nanoparticles
Porous, silane-based curc-np were fabricated by modification

of a previously published process,15,20 wherein a curcumin-
doped silicate sol-gel was lyophilized and wet-milled to
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