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Nanotechnology-Mediated Drug Delivery for the Treatment
of Obesity and Its Related Comorbidities

Yung-Hao Tsou, Bin Wang, William Ho, Bin Hu, Pei Tang, Sydney Sweet, Xue-Qing Zhang,*

and Xiaoyang Xu*

Obesity is a serious health issue affecting humanity on a global scale.
Recognized by the American Medical Association as a chronic disease, the
incidence of obesity continues to grow at an accelerating rate and obesity
has become one of the major threats to human health. Excessive weight
gain is tied to metabolic syndrome, which is shown to increase the risk

of chronic diseases, such as heart disease and type 2 diabetes, taxing an
already overburdened healthcare system and increasing mortality worldwide.
Available treatments such as bariatric surgery and pharmacotherapy are
often accompanied by adverse side effects and poor patient compliance.
Nanotechnology, an emerging technology with a wide range of biomedical
applications, has provided an unprecedented opportunity to improve

the treatment of many diseases, including obesity. This review provides

an introduction to obesity and obesity-related comorbidities. The most
recent developments of nanotechnology-based drug delivery strategies are
highlighted and discussed. Additionally, challenges and consideration for the
development of nanoformulations with translational potential are discussed.
The overall objective of this review is to enhance the understanding of the

crisis globally. People with a body mass
index (BMI, mass in kilograms divided by
the square of the height in meters) above
30 kg m™ are considered obese.’* The
American Medical Association has classi-
fied obesity as a reversible and preventable
chronic disease, which is accompanied
by a host of related deadly comorbidities
including type 2 diabetes, heart disease,
and several types of cancers.’! Particularly,
diabetic disorders and cardiovascular dis-
eases are the most common comorbidities
associated with obesity.

The causes of obesity are complex and
multivariate. Broadly speaking, behavior
and genetics appear to be the major factors
that cause obesity.®l Current treatments
for obesity focus on lifestyle changes,
reducing energy consumption and
increasing energy expenditure. Other than
lifestyle adjustments such as exercise and

design and development of nanomedicine for treatments of obesity and

related comorbidities.

1. Introduction

Obesity is a deadly condition; =4.5 million deaths worldwide
were estimated to have been caused by overweightness and
obesity in 2013.1 The World Health Organization (WHO) esti-
mated that in 2010, over 700 million youth and adults world-
wide were obese, and 2 billion individuals were overweight.!
It is overwhelmingly clear that obesity has become a health
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diet modification, current clinical strate-
gies to treat obesity give priority to phar-
macotherapy, including the drugs orlistat
and lorcaserin, and surgical interventions
in the form of bariatric surgeries. However, these conventional
treatments have side effects which call out for their improve-
ment.”] Notably, there are challenges concerning the bioavail-
ability and effective delivery of antiobesity drugs (particularly
nucleic acid-based therapeutics) which must be addressed for
their successful incorporation into delivery systems.[®!

To overcome these drawbacks, nanotechnology presents
promising methods to improve drug encapsulation, protect
the payload from degradation, improve solubility, and target
specific disease areas.’) Additionally, the delivery challenges
associated with nucleic acid-based therapeutics including small
interfering Ribonucleic acid (siRNA), messenger Ribonucleic
acid (mRNA), short hairpin Ribonucleic acid (shRNA), anti-
sense oligonucleotides, and clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein 9
(CRISPR/Cas9) components can be addressed via encapsula-
tion into nanoparticles.'% Advancements in nanomedicine
research have led to methods that reduce toxicity, improve
biocompatibility, prolong the halflife of drugs, and reduce
side effects through modifying nanoparticle properties.'!l In
the last decade, researchers have published articles featuring
promising applications of nanotechnology including nanopar-
ticles and nanopatches inducing the browning of adipocytes to
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Figure 1. Schematic of nanotechnology in the treatment of obesity and
related diseases. This figure shows an overview of nanotechnology medi-
ated treatments of obesity and related diseases, including techniques
such as the conversion of white adipose tissue (WAT) to brown adipose
tissue (BAT), reducing reactive oxygen species (ROS), and lowering
inflammation.

increase fat loss, as well as for the targeted treatment of obe-
sity, diabetes, and heart disease.[']

In Section 1 of this review, we will give an introductory
review of the physiology of obesity and its related comorbidities
such as diabetes and heart disease. The mechanisms and
potential treatment targets recently reported in the literature
will be discussed for each subject. Section 2 will summarize the
recent nanotechnological advances for the treatment of obesity,
diabetes, and heart disease and their different mechanisms of
action (Figure 1). Finally, the scientific, technical, and regula-
tory challenges of developing nanomedicines to treat these dis-
eases are discussed in Section 3. More importantly, in Section 4
we will also give a brief perspective of nanotechnology and
how it can be used in combination with other delivery systems,
which will help improve the treatment and targeting efficiency
of nanomedicines. In addition, we summarize the current tech-
nologies and their in treating obesity and related disease in
recent articles (Table 1).

2. Mechanisms of Obesity and Potential Targets

The interactions between genetic, environmental, and psy-
chosocial factors determine body weight and fat deposition.
In terms of behavior, a person’s diet (especially the high-
fat “Western” diet), low physical activity, unfavorable energy
balance (if calorie consumption exceeds expenditure), and use
of some medications are all factors that influence obesity.3!
This leads to the storage of excess energy as lipids in white adi-
pose tissue (WAT).'¥l Strategies aiming to dissipate this excess
energy have attracted continuing interest, and one of the most
studied mechanisms is WAT browning, during which white
adipocytes are converted into brown fat cells.’> Brown adipose
tissue (BAT) is generated through the expression of uncou-
pling protein 1 and induces energy expenditure through ther-
mogenesis within WAT.'® Considerable numbers of browning
agents and techniques have been investigated, including
drugs, foods, gene ablation, and transgene methods.'”) Obe-
sity often leads to the excessive production of reactive oxygen
species,'® and therefore changes the redox equilibrium of the
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cellular microenvironment.*! Oxidative stress damages cel-
lular structures and generates inflammation and adipokines, 2"
which in turn further contributes to the development of obe-
sity. Obesity is closely associated with inflammation, which is
tied to insulin resistance and type 2 diabetes.?!] Obesity-related
inflammation often presents as metaflammation, defined as
chronic inflammation regulated by metabolic cells in response
to excess nutrients and energy.?? Studies have shown that dis-
ruption of the link between obesity and its related comorbidi-
ties can suppress inflammatory signaling through knocking out
key pathways, including components of the NF-xB and c-Jun
N-terminal kinase pathways,/?l as well as numerous other pro-
inflammatory signaling molecules, scaffolding proteins, and
cytokines in obese mice.*¥

In terms of genetics, several genes have been proven
to be positively correlated with obesity. Li et al. found the
dominant role of FTO and TMEM18 as genes involved in
increasing the risk of obesity.?’l Furthermore, Chambers et al.
carried out a GWAS of over 12 000 individuals and identi-
fied MC4r as a locus which contributes to obesity.?®! Luo
et al. also found that the C2-domain protein AIDA-mediated
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endoplasmic-reticulum-associated degradation system may rep-
resent an “antithrifty” mechanism mediating the downregula-
tion of enzymes for intestinal fat absorption and systemic fat
storage.?”] Two typical gene-silencing strategies to treat obesity
have been reported recently. SREBP, a sterol regulatory element-
binding protein, is involved in activation of cholesterol produc-
tion-related genes, the development of diabetic hepatic steatosis
as well as carbohydrate-induced hypertriglyceridemia.”?®! Mean-
while, fatty acid-binding proteins (FABPs) influence fatty-acid
uptake and lipid storage in adipocytes through the regulation of
diverse lipid signals.?! Therefore, silencing the expression of
SREBP or FABPs may potentially provide therapeutic effect for
diseases such as obesity, diabetes, and atherosclerosis that will
be discussed in the following sections.

3. Nanotechnology as a Treatment for Obesity

Traditionally, the treatment of obesity is centered around diet,
physical exercises, and variation of lifestyle, yet increasingly,
medical intervention is becoming a significant treatment.*%l
Current clinical treatments of obesity focus on pharmaco-
therapy treatments and surgical interventions.” The most
common antiobesity drugs include orlistat, lorcaserin, liraglu-
tide, phentermine-topiramate, and naltrexone-bupropion.B!
Each of these drugs is accompanied by a host of side effects.
Common adverse reactions of these pharmacotherapy drugs
include gastrointestinal discomfort or pain, nausea, insomnia,
constipation, headaches, and vomiting.?? Bariatric surgeries
have proven to be significantly more effective in reducing
BMI than pharmacotherapies. The three main types or bari-
atric surgery are gastric banding, Roux-en-Y gastric bypass,
and vertical sleeve gastrectomy.>*! These treatments, however,
are often accompanied by adverse side effects including intes-
tinal bleeding, and in rare cases, suicide.’ Nanotechnology
has become a promising solution to the drawbacks of currently
available therapies due to their superior properties, which
include specific cellular targeting, protection of therapeutics
from physiological degradation, as well as sustained release
of therapeutic.l® Nanotechnology therefore represents a revo-
lutionary technology that can reduce side effects and increase
the efficacy of antiobesity therapies as well as treat related
comorbidities.

3.1. Nanoparticle-Based Obesity Therapies

Nanoparticles (NPs) feature tremendous qualities such as
large surface-to-volume ratio, ability to encapsulate drugs,
and tunable surface chemistry, which make them very attrac-
tive delivery vehicles to treat many diseases.l** Surface modi-
fication with targeting ligands allow for navigation of the
complex in vivo environment through active targeting, their
small size allows for passive targeting of tissues, and novel
formulations have shown the capability for controlled drug
release, which underscores their growing numbers of use
in modern medicine.?”! Nanoparticle therapeutics can be
divided into several broad categories, including the inorganic
class, the lipid class, and the polymer class. Each category of
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NP has unique properties which factor into decisions about
their use.

3.2. Inorganic Nanopatrticles

Inorganic nanoparticles, including gold GNPs, iron
oxide, mesoporous silica (MSNs), and calcium phosphate
nanoparticles are extensively implicated with the treatment
of obesity, and either serve as delivery vectors for therapeutic
agents, or directly treat obesity by virtue of their superior phys-
icochemical properties. Thovhogi et al. functionalized GNPs
with a synthetic adipose homing peptide (AHP) for targeted
delivery to the WAT of rats with obesity. Compared to rats
treated with GNPs alone, those treated with AHP-GNPs had
a much higher concentration of Au in WATs.®® Although in
vivo degradation and toxicity-related experiments of AHP-
GNPs were not mentioned in this research, it is a promising
platform for targeted delivery of antiobesity therapeutics
using gold nanoparticles with good loading capacity. The uti-
lization of inorganic nanoparticles with inherent properties
which benefit the treatment of obesity can reduce adverse
side effects and simplify treatment procedures. For example,
taking advantage of the magnetocaloric effect of superpara-
magnetic iron oxide nanoparticles, Marinozzi et al. exploited a
hyperthermia treatment to modulate the lipid content of 3T3
adipocytes after nanoparticle uptake. This treatment achieved
a significant delipidation lasting more than 24 h without cell
death, damage or dedifferentiation, representing a physi-
ologically mild strategy to safely counteract obesity.’%] Further
experiments in vivo are necessary to ensure that the magnetic
field can overcome somatic barriers to stimulate heat produc-
tion reliably in nanoparticles. Since increased oxidative stress
has been shown to contribute to obesity, Rocca et al. developed
antioxidative cerium oxide nanoparticles as a potential pharma-
ceutical approach against obesity. Cerium oxide nanoparticles
inhibit adipogenesis through reducing both mRNA transcrip-
tion of related genes and triglyceride accumulation, resulting
in reduced weight and lowered insulin, leptin, glucose, and
triglycerides in blood plasma.*!! In general, inorganic nano-
particles show a broad applicability for the treatment of obesity
due to their dual role as carrier and therapeutic agent, which
also indicates a possibility for synergistic therapy. Even though
they have many advantageous qualities, inorganic nanoparti-
cles have some potential concerns; they are less compatible in
bodily environments and display slower degradation rates in
comparison with other delivery systems. Therefore, different
aspects of in vivo research should be carried out to further
explore their preclinical safety.

3.3. Lipid Nanoparticles

Lipid nanoparticles are biocompatible, form bilayers to encap-
sulate payloads, and fuse with the cell membrane to deliver
payloads.*! Lipid nanoparticles are ideal delivery vectors for
drugs that require improved solubility, due to amphiphilic com-
ponents in their structure. Numerous approaches have been
developed to solve the poor bioavailability of antiobesity drugs
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due to their nonideal aqueous solubility. For example, to over-
come poor solubility and bioavailability of trans-resveratrol (R),
an antiobesity drug that induces browning in WAT, Zu et al.
synthesized R encapsulated lipid nanocarriers (R-nano), and R
encapsulated liposomes (R-lipo). Nanoencapsulation of R-nano
and R-lipo increased the aqueous solubility and stability of
R, as well as the uptake by 3T3-L1 cells, leading to enhanced
browning activities of R and improved efficiency of obesity
treatment.”l However, the therapeutic features as well as
molecular mechanisms of R-nano and R-lipo should be thor-
oughly characterized before they are clinically translated to
methods of obesity treatment. Additionally, Sullivan et al.
encapsulated nuclear factor-kB inhibitor curcumin (curcu-
somes) with egg phosphatidylcholine (Northern Lipids) coated
Ag. In the case of a leptin deficient (0b/ob) mouse model, cur-
cusome nanoparticles targeting hepatic tumor necrosis factor
(TNF)/inducible nitric oxide synthase-producing dendritic cells
(Tip-DCs) and adipose tissue macrophages showed reduction
of NF-kB/RelA DNA binding activity, therefore reducing TNF
and increasing interleukin-4 production. The results suggest
a promising treatment for insulin resistance in obese mice
by targeting inflammatory DCs.*¥l Considering the possible
instability of lipid nanoparticles in the gastrointestinal tract,
the administration protocol should also be carefully designed
to ensure that the desirable therapeutic effects are not out-
weighed by side effects the treatment may cause. Most of these
studies rely on parenteral administration, which usually shows

Angiogenesis Swich
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poor patient compliance; therefore, transdermal approaches,
including microneedles and patches, could be an ideal alterna-
tive and will be discussed in further detail.

3.4. Polymer Nanoparticles

Polymer NPs show diverse chemistries and physical character-
istics and allow for easy modification of their physiochemical
properties.*] In terms of treating obesity, NP therapeutics
are currently being explored with great results. Zhang and
co-workers fabricated two peptide-functionalized poly(lactide-
coglycolide)-b-poly(ethylene glycol) (PLGA-b-PEG) copolymer
nanoparticle platforms to deliver peroxisome proliferator-
activated receptor gamma activator rosiglitazone (Rosi) and
prostaglandin E2 analog (16,16-dimethyl PGE2) (Figure 2).
These nanoparticle drugs combined with angiogenesis
targeting peptides and two browning agents showed effective
transformation of WAT into BAT and further proves the syn-
ergistic effect of combining targeting agents with browning
agents. This targeted strategy may pave the way for further
treatments for obesity and metabolic syndrome.'? Further-
more, Jiang et al. showed that dibenzazepine (DBZ)-loaded
poly(lactide-co-glycolide) NPs could stimulate browning in
white adipose tissue of obese mice (Figure 3).1*°! Notably, focal
injection of DBZ-NPs into the inguinal WAT reduces off-
target side effects and promotes localized sustained release of

On

polymer

poly(lactic-co-glycolic acid) (PLGA)

Hydrophilic Block (Shell)
Hydrophobic Block (Core)

xres—nj\"®
PLGA-PEG-Peptide triblock

® Rosiglitazone

A oA o

0

Figure 2. NP design and characterization. a) A schematic representation of the WAT browning process through a positive feedback drug delivery
system. Released Rosi and PGE2 promote transformation of WAT into brown-like adipose tissue and stimulate angiogenesis. This facilitates the homing
of targeted NPs to adipose angiogenic vessels, thereby amplifying their delivery and hence expediting the WAT browning process. b) Chemical structure
of PLGA-b-PEG-peptide/rosiglitazone NPs. Reproduced with permission.['2?l Copyright 2018, PNAS.
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Figure 3. Schematic illustration of DBZ-releasing NPs for intracellular induction of browning through inhibition of notch signaling after local injection

into inguinal WAT. Reproduced with permission.[*l Copyright 2017, Elsevier.

Notch inhibitor DBZ promote browning. It was suggested that
these DBZ-NPs could efficiently cause Notch inhibition at a
dosage 50 times lower than i.p. injection, and ten times lower
than microsphere delivery methods. The application of FDA-
approved PLGA provides a simple method for local delivery to
induce browning of WAT. However, further modifications with
functional moieties, such as targeting molecules, may enhance
biointeraction between adipose tissue and nanoparticles for
improved therapeutic effects.

Compared to synthetic polymer NPs, natural polymer NPs
are amenable to modification, are biodegradable, present low
toxicity and are not expensive to produce,“®l which make them
great candidates for drug delivery in the treatment of obesity. In
Ma et al. research, dextran (which can be effectively and specifi-
cally internalized by macrophage cells) was modified with con-
trast agents, fluorophores and anti-inflammatory drugs for the
multifunctional treatment of obesity. More than 63% of dextran
conjugates accumulated in visceral adipose tissue 24 h after par-
enteral administration and these nanoparticles were then taken
up by M1 macrophages through receptor-mediated endocytosis.
As a result, intracellular release of drug inhibited the genera-
tion of proinflammatory signals, thus inhibiting critical factors
leading to obesity and related diseases (Figure 4).1’ The delivery
components in this research are all approved by the FDA, which
makes them feasible for clinical applications. Further studies,
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including dosage analysis, long-term treatment efficacy as well
as studies on obesity-related complications should also be per-
formed in order for clinical translation to proceed.

3.5. Self-Assembled Peptides as Nanocarriers

Peptides have been proven as attractive nonviral vectors for
delivery of therapeutic genes due to their capability to overcome
delivery barriers, including specific cell binding, cell-penetration,
and cytosolic transport,*®l which can be applied to the treatment
of gene-related diseases like obesity. Won et al. exploited an
adipocyte-targeting sequence and 9-arginine (ATS-9R) that spe-
cifically binds to prohibitin, which is located on the surface of
adipocytes. ATS-9R was then internalized into endothelial cells
of adipose tissue after biorecognition. Furthermore, a therapeutic
gene, shFABP4, was constructed and formed an oligopeptide
complex with ATS-9R through electrostatic interaction-medi-
ated self-assembly (ATS-9R/shFABP4). ATS-9R/shFABP4 was
proven to be a safe therapy for obesity and obesity-related meta-
bolic syndromes (Figure 5).41 ATS-9R, serving as the targeting
moiety, displays promise, and could be applied to other gene
therapies for obesity treatment. Eldredge et al. delivered siRNA
to primary adipocytes and hepatocytes using dendritic peptide
bolaamphiphiles (bolas), which consists of two r-histidine and
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Figure 4. Proposed mechanism of dextran—dexamethasone conjugate accumulation in obese visceral adipose tissue, macrophage uptake, and uncou-
pling of the paracrine loop between M1 macrophages and adipocytes: a) dextran conjugates (green color) accumulate in the left perirenal adipose tissue
(AT) and left gonadal AT after intraperitoneal left-side injection in obese mouse. The anatomical depiction shows mice, which have one mesenteric, two
perirenal, and two gonadal AT depots. b) Transverse cross-section of mouse abdomen showing green dextran solution location after administration to
the peritoneal cavity. ) Rapid association of dextran conjugate with M1 macrophages in inflamed AT is enabled by transport across the peritoneum
to directly access interstitial cells. d) Simplified summary of inhibition of paracrine loop between M1 macrophages and adipocytes with dextran—dexa-
methasone conjugates. Reproduced with permission.*”] Copyright 2016, American Chemical Society.

L-tryptophan-modified 1-lysine dendrons connected to a fluoro-
carbon core. The bolas-based delivery system achieved improved
uptake by cells, endosomal escape, and stimuli-responsive release
of siRNA, resulting in effective knockdown of GAPDH gene in
primary adipocytes and hepatocytes without interfering with the
metabolic activities of cells.”® Although the biodistribution and
in vivo efficiency of bola have not been definitively proven, bolas
would potentially be a powerful vector for multigene analysis
given its impact on lipid metabolism and energy balance using
RNAI.

3.6. Microneedle Patches and Nanoparticle Hybrid Therapies

Microneedle patches provide a method for localized drug
delivery and therefore may achieve maximum therapeutic
effects with minimum dosage.’! In order to treat obesity, the
utilization of browning drugs with a microneedle patch was
proposed and associated experiments were performed by Gu
and co-workers Here, they fabricated degradable microneedle
patches comprised of hyaluronic acid (HA) and embedded
with rosiglitazone (Rosi) NPs. The Rosi NPs consisted of
pH-sensitive acetal-modified dextran and coated with alginate,
encapsulated with Rosi, glucose oxidase, and catalase pay-
loads (Figure 6).[124 The microneedles contain 121 needles in a
7 x 7 mm? patch with a center-to-center interval of 600 wum. Each
microneedle was of a conical shape, with a depth of 800 and
diameter of 300 um at the base. In a diet-induced obesity in
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vivo mouse model, this patch enabled local browning of WAT,
increasing energy expenditure and improving insulin sensi-
tivity. Notably, patches only allowed the browning agent Rosi to
be released in the targeted region and therefore minimized side
effects on other organs.l'?*>2l The combination of microneedle
and nanoparticles integrates their respective efficacious charac-
teristics. In this model, the delivery of therapeutic agents are
optimized so that antiobesity drugs release at the expected loca-
tion without interference of body fluids, which breaks barriers
in terms of highly efficient administration of unstable, water-
immiscible, and physiological environment-intolerant drugs.

4. Nanotechnology as a Treatment for
Obesity-Related Comorbidities

Applying nanotechnology to human healthcare problems is cer-
tainly not restricted to the treatments of obesity that have been
described above. Nanotechnology also has many additional
applications in obesity-related comorbidities, such as type 2
diabetes and cardiovascular disease. The connection between
obesity, diabetes, and cardiovascular disease can be clearly
related through the metabolic syndrome. Metabolic syndrome
brings together a whole host of symptoms and factors which
increase the risk of cardiovascular disease and type 2 diabetes.
Such symptoms include insulin resistance, visceral adiposity,
atherogenic dyslipidemia, endothelial dysfunction, and high
blood pressure.’3 As all the symptoms are closely linked with
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Figure 5. Mechanism of the targeted gene delivery to adipocytes by ATS-9R. Reproduced with permission.l*l Copyright 2016, Nature Publishing Group.

the initial development of obesity, the research shows a strong  details of how metabolic syndrome affects type 2 diabetes and
association between obesity, diabetes, and cardiovascular dis-  cardiovascular disease has been extensively discussed in the
ease and thus has become a major focus of research.’¥ Further literature.?’!

alginate

Rosi NP

Figure 6. Schematic illustration of nanoparticles (NPs) encapsulating rosiglitazone (Rosi), glucose oxidase (GOx), and catalase (CAT) are prepared
from pH-sensitive acetal-modified dextran and coated with alginate. Reproduced with permission.'2dl Copyright 2017, American Chemical Society.
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4.1. Treatment of Type 2 Diabetes Using Nanotechnology

T2D, which accounts for the vast majority (90-95%) of diabetic
individuals, is heavily correlated with obesity and can lead to
many serious complications and diseases.% The cellular resist-
ance to insulin which characterizes T2D results in increased
blood glucose levels, leading to dysregulation of carbohydrate,
lipid, and protein metabolism as well as f3-cell malfunction.P”!
As a result, T2D has become another massive problem for
human health, and nanotechnology has great potential in
addressing this problem. Current treatment strategies for
T2D are bariatric surgery and insulin pump therapy (though
mainly used for T1D in clinic, studies have shown efficacy of
the insulin pump in T2D treatment). Insulin pump therapy
is based on a store of insulin connected to a catheter which is
installed subcutaneously. The pump along with a blood-glucose
meter regularly monitors and releases insulin into the blood-
stream according to several factors (mainly glycosylated hemo-
globin A, levels of the patient).8 On the other hand, bariatric
surgery works by restricting the amount of food that the diges-
tive system can hold and induces the absorption disorder of
nutrients. This mode of surgery has been established as a safer
and more efficient alternative to the current drug treatments
with a lower risk of complications and higher success rate.?3¢>]

Many efforts have been devoted to treating T2D using nano-
technology. Wang et al. synthesized a new highly intracellular
stimuli-sensitive chitosan-graft-metformin (CS-MET) prodrug
nanoparticle. This nanoparticle carries a short-hairpin RNA
(shRNA) silencing sterol regulatory element-binding pro-
tein (SREBP), which is a major transcription factor involved
in cholesterol and fatty acid metabolism. CS-MET/shSREBP
nanocomplexes allow efficient delivery of metformin (which
is commonly prescribed for T2D patients to attain glycemic

HACANP

o‘l -

B Hydrophilic HA shell
Hydrophobic CA core

Obese adipose tissue

HA-CA NPs @)
LMW HA al ° .
—f—
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control)® and also a gene payload simultaneously, leading to a
synergistic therapeutic effect of reversing insulin resistance
and alleviating the “fatty liver” phenotype. The study sug-
gests a promising treatment for type 2 diabetes using prodrug
nanoparticles.®!] For future studies, the addition of targeting
moieties should be considered in this nanoparticle to optimize
the targeting efficacy.

HA-NPs were shown to display great biocompatibility and
receptor-binding properties, and HA self-assembles into nano-
carriers for hydrophobic drug delivery.l® Interestingly, Rho et al.
showed that HA-NPs without encapsulated therapeutics
accumulated in adipose tissue of diet-induced obesity mice,
inhibit low molecular weight (LMW) HA binding to CD44,
and decrease LMW HA-induced proinflammatory signaling
through induction of CD44 clustering, leading to the normali-
zation of blood glucose levels and insulin sensitivity in obese
mice (Figure 7).l As a result, this nanoparticle could be a
therapeutic agent for the treatment of T2D, targeting the links
between adipose tissue inflammation and insulin resistance.
The nanosystem discussed above attempts to treat T2D through
targeting inflammatory signaling and immunoregulation which
is notably different from the conventional treatment strategy of
normalizing glucose levels with sustained insulin release or
B-cell encapsulation for short-term or long-term treatment of
diabetes. Nevertheless, synergistic effect may be achieved by
combining insulin resistance-lowering strategies with con-
trolled insulin release systems.

4.2. Treatment of Cardiovascular Disease Using Nanotechnology

Cardiovascular diseases are currently the leading cause of death
worldwide, causing approximately about 17.7 million deaths

Step 2. HA-CA NP and CD44 interaction
Blockade of LMW HA binding to CD44 \

-
'

Pro-inflammat
cytokines

3

—— -

~ QQQQ, 1" 3

Step 3. CD44 clustering

Step 4. Anti-inflammatory signaling
.

Insulin resistance |
Blood glucose |

[Adlpose tissue inflammation q
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Figure 7. Schematic illustration of HA-CA NPs for treatment of type 2 diabetes. Reproduced with permission.l®3l Copyright 2018, Elsevier.
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each year.®l Blood pressure is the most important link between
increased BMI and cardiovascular disease, accounting for 31%
of excess risk for coronary heart disease and 65% of excess risk
for stroke.%] Another important contributor, leptin levels, are
related to increased blood pressure and involved in regulating
activities like food intake, energy expenditure, and fat mass,
which are responsible for the correlation between obesity and
cardiovascular disease.l®® Obesity elevates not only the levels of
blood lipid and blood glucose but also the buildup of fatty tissue
which enhances vascular resistance and leads to a high risk of
hypertension. Long-term heightened vascular resistance and
hypertension raises the likelihood of ventricular hypertrophy,
or enlargement of the heart.[’] In addition, the increased low-
density lipoprotein cholesterol and decreased high-density
lipoprotein (HDL) cholesterol levels resulting from obesity con-
tribute to a high risk of atherosclerosis.[°®!

One of the most common treatments for cardiovascular
disease in clinic is percutaneous coronary intervention (PCI).
PCI is a nonsurgical procedure to open areas of the coronary
artery blocked or narrowed by plaque buildup.®! However, up
to 40% of patients have been reported to develop periprocedural
myonecrosis which causes left ventricular dysfunction or even
death in severe cases after this surgery.””) Another common
treatment is coronary artery bypass grafting, a surgical proce-
dure in which a healthy vein or artery is grafted to a blocked
coronary artery so that the blood is able to bypass the area
blocked by plaque.’! After surgery, it is often accompanied by
acute kidney injury because of inadequate blood flow to the kid-
neys resulting in kidney disfunction or even failure.”?

Several emerging biomimetic nanocarriers have been used
in the treatment of cardiovascular disease. It is hypothesized
that apoptosis of macrophages and of smooth muscle cells
play an important role in plaque rupture.”?] Marrache et al.
constructed high-density synthetic lipoprotein-mimicking
nanoparticles which target the mitochondrial membrane
potential that occurs during apoptosis to detect “vulnerable
plaque.” The nanoparticles contain various agents including
a core of biodegradable poly(lactic-co-glycolic acid), choles-
teryl oleate, and triphenylphosphonium, which can detect
the collapse of mitochondrial membrane potential. Moreover,
the lipid layer was tailored with A-I mimetic 4F peptide to
enhance the transport of cholesterol from the lesion. In addi-
tion, quantum dots (QDs) were incorporated in the core to
improve optical imaging (Figure 8).*] Moreover, synthetic HDL
nanoparticles consisting of PLGA, lipids 1-stearoyl-2-hydroxy-
sn-glycero-3-phosphocholine/1,2-distearoyl-sn-glycero-3-phos-
phocholine and apolipoproteins were developed by Davidson
and group.””! This synthetic HDL was utilized by Zhang and
co-workers for biomedical applications. Notably, results
showed that HDL-PLGA nanoparticles accumulated in mac-
rophages and monocytes within the aorta.’®! In conclusion,
HDL-mimicking NPs show great potential for early detection
of vulnerable plaques and as preventative therapies, which
makes them attractive for atherosclerosis therapy. However, the
components of this nanoparticle are not amenable to simple
construction, which presents difficulties in scaling up produc-
tion when translating to the clinic/bringing to market.

Additionally, Zhang et al. invented a new strategy to fabricate
biomimetic nanoparticles coated with platelet membranes.
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Figure 8. Schematic diagram of the mitochondria-targeted biodegradable
HDL mimicking NP platform and various components. Reproduced with
permission.’l Copyright 2013, PNAS.

100 nm PLGA nanoparticles coated with platelet membranes
(PNPs) can selectively deliver various biological motifs to
damaged human and rodent vasculatures as well as display
enhanced binding to platelet-adhering pathogens (Figure 9)."”!
Furthermore, it was found that fabricated PNPs showed an
impressive ability to bind different components of atheroscle-
rotic plaques in vitro. These PNPs also showed an ability to
bind not only areas with serious plaque formation, but corre-
spondingly areas that display light plaque formation and preath-
erosclerotic areas.l’”® The nanoparticle formulations described
above are promising solutions for treating cardiovascular
diseases, especially the targeted treatment of atherosclerotic
diseases utilizing the natural atherosclerotic plaque-targeting
abilities of HDL and platelet membranes, and all speak to the
great ingenuity of NP therapies which are under development.
However, the plaque elimination ability is weak or absent in
both nanosystems, which is a concern as plaque elimination
is important to prevent atherosclerosis progression. Therefore,
the diagnostic and therapeutic functions should both be con-
sidered in the future design of these two nanoparticle systems.

4.3. Advantages and Limitations of Nanoparticle Therapies

Small molecule drugs without any carrier generally distribute
indiscriminately throughout the body, which include both dis-
ease sites and healthy tissue. This is a problem particularly
when toxic compounds are used as therapeutics. Surface modi-
fications and innovative formulations of nanoparticles improve
circulation time, bioavailability, biodistribution, pharmacoki-
netics, and safety profiles.’”?l However, even if the therapeutic
is rendered safer due to NP encapsulation, off-target effects
remain a big issue for effective delivery. Therefore, looking for
effective targeting moieties is an urgently demanding issue.
Although NPs have great qualities such as tunable surface
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Figure 9. Schematic preparation of PNPs. Reproduced with permission.’”} Copyright 2015, Nature Publishing Group.

chemistry for targeting of tissues, and controlled drug release,
a general issue with nanoparticles is that NP biodistribution
primarily sequesters to the liver and spleen due to reticuloen-
dothelial/mononuclear phagocyte system function. Notably,
obesity can interfere with the distribution of nanoparticles.
Due to the associated splenomegaly and complications of obe-
sity, e.g., metabolic syndrome, smaller nanoparticles tend to
deposit in the spleen, especially in obese patients.””) The exact
mechanism of such changes need to be studied for the safe
administration of nanoparticle formulations. Additionally, the
heterogeneities of vascular permeability in tissues and organs
limits nanoparticle penetration and effectiveness.®% Neverthe-
less, “stealth” coating with PEG-PLGA holds great potential in
the delivery of drugs due to nonspecific, reticuloendothelial
system-avoidance properties of PEG. For example, Zhang and
co-workers constructed targeted nanoparticles composed of
PEG-PLGA which showed higher accumulation in WAT and
steady circulation in the blood.['2}!

5. Challenges and Perspective

Nanotechnologies which are utilized in the treatment of obesity
have significantly advanced in recent years. Many nanomedi-
cine-based strategies have shown promising curative effect in
the lab phase for weight control via suppression of nutrient
digestion and enhancement of energy expenditure.®!] Despite
the many existing challenges, there is tremendous promise
in nanomedicine. The continuous discovery of new molecular
targets, our improved understanding of the pathophysiology
of obesity, diabetes, and heart disease, as well as emerging
molecular biological techniques will aid in the prevention and
treatment of these diseases. The potential gene targets pro-
vide new directions for researchers to develop the next genera-
tion of nanomedicines targeting these obesity-related genes to
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improve therapeutic efficiency. For example, improved results
may be achieved through targeted delivery systems or using
gene-editing technologies such as a CRISPR/Cas9 system to
knock down or knock out a specific target. Additionally, the
microneedle patch-nanoparticle hybrid drug delivery system
can overcome the biological barriers by combining nanotech-
nology with other therapeutic strategies.

While the arrival of nanotechnology presents many new
opportunities, there remains much to be learned in the
emerging field of nanomedicine for the treatment of obesity
and related comorbidities, including prominent uncertainties
in regard to optimal nanomedicine formulations, hurdles in
manufacturing, regulation, and approval of nanomedicine for
the clinic. Over the past decade, there has been an overabun-
dance of successful NP preclinical studies, however as of 2017
only 15 passively targeted nanocarriers have been approved for
clinical use, without a single nanomedicine passing into the
clinical stage® due to (1) uncertain potential hazard of nano-
carriers, (2) complex immunological/biological systems lead
to limited understanding of their net effects on spatial kinetics
of the therapeutic nanocarriers, and (3) there exist multiple
challenges in scale-up and regulation. Rosenblum et al. note
that challenges in design, such as scalability, and controlla-
bility of release should be addressed, as well the development
of more predictive preclinical animal models and standardi-
zation guidelines in regard to nanomedicine are needed.®’!
In addition to the technological challenges of nanoparticles
discussed above, obstacles related to commercialization and
approval of nanomedicines by the regulatory authorities are
prominent hurdles that need to be overcome to bridge the
bench-bed gap. Overall, it is essential to meticulously char-
acterize biological barriers such as the reticuloendothelial
system as well as the changes in the body due to obesity, T2D,
and cardiovascular disease for their effects on the delivery
process to be understood, as well as to continue building a
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library of unique markers and targets for treatment. Design
of nanotechnological components in the next generations of
nanodelivery platforms will depend on the close interfacing
of nanocarrier delivery systems and our growing knowledge
of their strengths and limitations. As the demand for obe-
sity treatment continues to grow in the coming years, these
nanomedicines, properly developed, will certainly have a great
opportunity to make a lasting impact on one of the deadly
plagues of our time.
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