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Highlights
There are three main weaknesses in the
available antiobesity treatments: (i) lack
of specificity and therefore harmful side
effects, (ii) unknownmechanismof action
in many cases, and (iii) they mainly target
either intestinal absorption or feeding/ap-
petite and not energy expenditure.

Small extracellular vesicle (sEV)-based
therapeutics are already undergoing clin-
ical trials, although as yet no sEV-based
therapy has been approved by the FDA.
There are currently several pharmacological therapies available for the treatment
of obesity, targeting both the central nervous system (CNS) and peripheral tis-
sues. In recent years, small extracellular vesicles (sEVs) have been shown to be
involved in many pathophysiological conditions. Because of their special nano-
sized structure and contents, sEVs can activate receptors and trigger intracellu-
lar pathways in recipient cells. Notably, in addition to transferring molecules
between cells, sEVs can also alter their phenotypic characteristics. The purpose
of this review is to discuss how sEVs can be used as a CNS-targeted strategy for
treating obesity. Furthermore, we will evaluate current findings, such as the sEV-
mediated targeting of hypothalamic AMP-activated protein kinase (AMPK), and
discuss how they can be translated into clinical application.
Targeting of specific sets of hypotha-
lamic neurons with engineered sEVs
would provide: (i) increased specificity
and therefore reduced side effects, (ii)
knowledge of the mechanism of action,
and (iii) an integral targeting of energy bal-
ance, modulating both feeding and en-
ergy expenditure.

Current preclinical evidence has demon-
strated that specific targeting of hypotha-
lamic cell populations using sEVs
ameliorates diet-induced and genetic
obesity.
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Obesity treatment: an unmet clinical need
Environmental and genetic factors interact with global food system drivers to create wide varia-
tions in the prevalence of obesity (see Glossary) among populations [1–5]. Future predictions
are alarming, with overweight – bodymass index (BMI) ≥25 – and obesity (BMI ≥30) estimated
to reach pandemic proportions [1–5]. Cancer, cardiovascular diseases, and type 2 diabetes
(T2D) are among the direct and indirect comorbidities linkedwith obesity [1–5]. In terms of treating
morbid obesity, bariatric surgery is undoubtedly the most effective intervention [6,7]. However,
this surgery is highly invasive and not without risk for adverse effects, so it cannot be recom-
mended for obesity-induced metabolic complications in the broader obese population, and it is
currently applicable only for those who have BMI >40 or BMI >35 if comorbidities are present.
Furthermore, surgery effectiveness varies from patient to patient, with many experiencing poor
long-term results, such as reoccurrence of weight gain [6,7]. Pharmacological treatment repre-
sents an alternative strategy to surgery, and a growing number of innovative antiobesity drugs
are being developed [2–5]. However, the main weaknesses of the currently available antiobesity
treatments in the clinic are three: (i) low specificity and therefore undesired harmful side effects, (ii)
in many cases unknown mechanism of action, and (iii) in most instances they exclusively target
either intestinal absorption (with unpleasant side effects) or feeding/appetite, and therefore elicit
a nonintegral approach to energy homeostasis [2–5] (Figure 1). Furthermore, it is well established
that obesity is a heterogeneous condition regarding etiology, phenotype, and response to treat-
ment [1–5]. Consequently, there is a need for personalized adaptions in obesity treatment. In this
reviewwewill discuss the advantage of nanotechnology-mediated drug delivery and assess the
effectiveness of sEVs as nanocarriers to modulate specific hypothalamic neurons to combat obe-
sity (Figure 1).

Pharmacotherapy as a treatment for obesity
For many people who live with obesity, lifestyle changes such as diets and physical exercise are
not very effective in losing weight, and in recent years there has been an increased focus on phar-
macotherapy options [2–5]. Several drugs have been developed to treat this disease, including
phentermine-topiramate (a noradrenergic sympathomimetic amine), orlistat (a triacylglycerol li-
pase inhibitor), liraglutide [a glucagon-like peptide 1 (GLP-1) receptor (GLP-1R) agonist],
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Figure 1. Pros and cons of available (and possible) antiobesity treatments. To control obesity, the first choice is
normally lifestyle and dietary changes. Most antiobesity drugs are not specific and have a variety of side effects, including
nausea, vomiting, headache, insomnia, and constipation, and some have limitations in clinical practice. So far, bariatric
surgery has proved to be the most effective way to combat morbid obesity. This surgery, however, is very invasive and is
associated with several risks. It is also very costly, and each patient's results are different, with recurrence of obesity and
obesity-related comorbidities representing a major problem. Recent studies have shown that nanotechnology may
improve the delivery of antiobesity drugs. There is, however, a risk of toxicity and carcinogenesis associated with this
method, as most of the nanoparticle (NP) compounds are synthetic. They have a short half-life, and there is a lack of
knowledge in their complete mechanistic pathway. A majority of these NP-mediated antiobesity therapies have not yet
been translated into clinical trials. The use of small extracellular vesicles (sEVs) may overcome many of the problems
associated with the synthetic NPs, and it is highly possible that they could serve as an antiobesity treatment in the future.
The sEVs have more immunological inertness and lack of toxicity, as well as highly specific targeting and known
mechanism of action. However, until this technology is clinically available, the yield, production cost and isolation
technique should be evaluated comprehensively. Figure created with BioRender.
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Glossary
Body mass index (BMI): the measure
of body fat based on a person’s height
and weight. BMI equals a person’s
weight in kilograms divided by the
square of their height in meters.
Brown adipose tissue (BAT): also
named brown fat, BAT is a specialized
adipose tissue comprising several small
lipid droplets (multilocular) and many
mitochondria that express uncoupling
protein 1 (UCP1). BAT regulates energy
expenditure (e.g., by thermogenesis).
Browning: the inducible process of
differentiation of white adipocytes to
brown-like/beige adipocytes.
Glucagon-like peptide 1 (GLP-1): a
peptide hormone derived from the
tissue-specific post-translational pro-
cessing of the proglucagon peptide. It is
produced and secreted by intestinal
enteroendocrine L-cells and certain
neurons within the nucleus of the solitary
tract in the brainstem upon food con-
sumption. The initial product GLP-1-
(1–37) is susceptible to amidation and
proteolytic cleavage which gives rise to
the two truncated and equipotent bio-
logically active forms: GLP-1-(7–36)
amide and GLP-1-(7–37). Alongside
glucose-dependent insulinotropic pep-
tide (GIP), GLP-1 is an incretin; thus, it
can decrease blood sugar levels in a
glucose-dependent manner by enhanc-
ing the secretion of insulin.
Nanotechnology: the manipulation of
matter on a near-atomic scale to pro-
duce new structures, materials, and
devices. This technology promises
scientific advancement in many sec-
tors, medicine among them. Nano-
technology refers to engineered
structures, devices, and systems.
Nanomaterials have a length scale
between 1 and 100 nm; 1 nm = a bil-
lionth (10–9) of a meter. On this scale,
materials begin to exhibit unique
properties that may affect their physi-
cal, chemical, and biological behavior.
Obesity: abnormal or excessive fat
accumulation that presents a risk to
health. A body mass index (BMI) >25 is
considered overweight, and >30 is
obese.
Polyagonist: a unimolecular drug that
combines the activities of two of more
hormones acting on their receptors with
balanced (equipotent) or unbalanced
(not equipotent) activities.
Thermogenesis: the process of heat
production in organisms, including
mechanisms of shivering (via contractile
activity of the skeletal muscle) and
lorcaserin (a selective serotonergic 2C receptor agonist), and naltrexone-bupropion (a noradren-
aline and dopamine reuptake inhibitor/opioid receptor antagonist) [2–5]. The scope of this review
is not to summarize the actions of these drugs, which has been reviewed elsewhere recently [2–
5], but to emphasize that new treatment options are still warranted.

The incretin GLP-1 has received enormous attention during the past decades as a therapeutic tar-
get for the treatment of obesity and T2D. Continuous improvement of the pharmacokinetic profile of
GLP-1R agonists – starting from the natural hormonewith a half-life of approximately 2–3min, to the
development of twice daily, and even once-weekly drugs – highlights the pharmaceutical evolution
of GLP-1-based drugs [3,5]. In peripheral organs, and in the brain as well, the agonism of the GLP-
1R affects both energy and glucose homeostasis [3,5,8]. These drugs were originally developed for
the treatment of T2D, and it is therefore noteworthy that the recently approved GLP-1R agonist se-
maglutide decreases body weight in obese or overweight subjects without diabetes by 14.9% in
comparison to 2.4% for placebo-treated individuals [9]. In contrast to GLP-1, the incretin hormone
Trends in Molecular Medicine, August 2023, Vol. 29, No. 8 623
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nonshivering (mostly dependent on the
uncoupling process in BAT).
White adipose tissue (WAT): themain
adipose tissue and a critical endocrine
and immune organ that stores energy in
the form of triglycerides.
glucose-dependent insulinotropic polypeptide (GIP) initially attracted limited interest as a pharmaco-
logical target, because of conflicting observations that argued whether activation or inhibition of the
GIP receptor (GIPR) provides beneficial effects on systemic metabolism [3,5]. The significance of
GIPR agonism in the treatment of obesity and diabetes recently re-emerged with the clinical suc-
cess of unimolecular dual-agonists (targeting both GIPR and GLP-1R) with significantly improved
body weight and glucose control in patients with obesity and T2D [9–11]. A 72-week clinical
study with 5 mg, 10 mg, and 15 mg once weekly of tirzepatide – a unimolecular coagonist with im-
balanced (not equipotent) activities at GLP-1R and GIPR – was shown to sustain weight loss
among patients with obesity [10]. In another 2-week study in patients with T2D, treatment with
the GLP-1/GIP coagonist RG7697 displayed a dose-dependent decrease in pre- and postprandial
plasma glucose concentration, without causing hypoglycemia [12]. Moreover, the combination of
peptides and nuclear hormones, such as steroids and thyroid hormone, has also shown promising
data as antiobesity therapeutics [13–15]. Finally, very recent results showed encouraging evidence
based on unimolecular peptide triagonist, such as SAR441255. This unimolecular balanced
(equipotent) triple incretin, which combines the activities of GLP-1, GIP, and glucagon, decreases
body weight and improves glycemic control in rodents and monkeys [16]. Importantly,
SAR441255 also improved glycemic control in healthy subjects [16]. Results from other triagonists
are needed to better understand themultiorgan andmolecularmechanisms bywhich triple receptor
agonism drives weight loss. The kind of therapeutic response obtained by these polyagonists is
astonishing, being in a range only previously reached by bariatric surgery. As could be expected,
the response to treatment varied considerably among the patients, with approximately 10% of pa-
tients not reaching the treatment goals in the latest clinical trial with tirzepatide [10]. Nevertheless,
the results are still very promising, and the efficacy numbers of the drugs, when used in routine clin-
ical practice, is eagerly awaited.

Hypothalamic neuronal circuitry and metabolic homeostasis
A widespread belief is that hormone action in peripheral tissues is responsible for nutrient han-
dling. However, a large body of evidence suggests that the CNS, and particularly the hypothala-
mus, contributes more to metabolic homeostasis throughout the body [17–19] (Box 1). A key
Box 1. Hypothalamic nucleus specificity

The hypothalamus is the brain region located below the thalamus, comprising the major portion of the ventral dienceph-
alon [17–19]. The role of the hypothalamus in the regulation of homeostasis is essential for survival and reproduction of
the individual [17–19]. One of the most remarkable features of the hypothalamus is its cytoarchitecture. Opposite to other
brain areas, which are organized in layers (e.g., the cortex or the cerebellum, among others), the hypothalamus is orga-
nized in anatomically defined neuronal clusters called nuclei, forming interconnected neuronal circuits via axonal projec-
tions [17–19]. Notably, the cellular specificity of the hypothalamus does not end with its organization in nuclei [17–19].
Within each nucleus there are populations of neurons (and possibly glial cells) with genetic profiles and, what is more im-
portant, with different functions [17–19,64]. Even more, molecular profiling at single-cell resolution has shown that there
are different subsets of neurons within those specific populations [18,19,65–67]. Taking advantage of this neuronal spec-
ificity has allowedmodulation of the expression, activity, and function of discrete populations of hypothalamic neurons. For
example, Cre-mediated recombination under the control of specific promoters has provided genetic access to overex-
press and delete genes, and to modulate neuronal function with designer receptors exclusively activated by designer
drugs (DREADD)-based chemogenetics and optogenetics [18,19,68,69]. Several hypothalamic specific promoters are
known. Agouti-related peptide (AgRP) – an orexigenic (feeding-promoting) neuropeptide encoded by the Agrp gene –

and proopiomelanocortin (POMC) – an anorexigenic (feeding-inhibiting) neuropeptide encoded by the Pomc gene – in
the arcuate nucleus (ARC), as well as steroidogenic factor 1 (SF1; an orphan nuclear receptor, although phospholipids
can be its ligands [70], encoded by the gene Nr5a1) in the ventromedial nucleus (VMH) are likely the most widely used
[18,19,69]. Extensive evidence showed that manipulation of several genes in transgenic mice and optogenetic/chemoge-
netic approaches regulating the activity of these neurons elicits major changes in feeding, energy expenditure, and periph-
eral lipid and glucose metabolism [17–19,69]. Moreover, recent data have allowed the specific genetic modulation of
protein activities using peripheral injections of small extracellular vesicles (sEVs) (Box 2) as nanocarriers of expression plas-
mids under the control of the SF1 promoter [53,54]. All this evidence suggest that specific targeting of hypothalamic cell
populations might be a feasible strategy for obesity treatment.
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component of the hypothalamus is the arcuate nucleus (ARC), which regulates metabolism and
feeding [17–19]. ARC neurons are located near the median eminence, a circumventricular organ
whose fenestrated capillaries leave a ‘leaky’ blood–brain barrier (BBB) [18,19]. Consequently, the
ARC receives hormonal, nutritional, and neuronal signals from the periphery and processes them
in a coordinatedmanner to provide feedback. Twomajor neuronal clusters have been identified in
the ARC: orexigenic neurons expressing neuropeptide Y (NPY) and agouti-related peptide
(AgRP), and anorexigenic neurons expressing proopiomelanocortin (POMC) and cocaine- and
amphetamine-regulated transcript (CART) [17–19] (Box 1). These first-order neurons sense pe-
ripheral metabolic hormones and nutrients, and contact second-order neurons in other hypotha-
lamic sites, including the paraventricular (PVH) and ventromedial (VMH) nuclei, the lateral
hypothalamic area (LHA), as well as autonomic preganglionic nerve cells in the brainstem and spi-
nal cord [17–19] (Box 1).

The specific targeting of these cell populations implies three major constraints: (i) the search for a
clinically suitable way of administration to reach them, (ii) the crossing of the BBB, and (iii) the
redundance of hypothalamic mechanisms, which is an obvious evolutionary advantage, but a
major challenge in terms of treatment that makes difficult to select an ‘ideal’ target. In this regard,
many of the currently available antiobesity drugs are designed mainly for targeting the effectors
(hormones, neuropeptides, receptors, signaling pathways, etc.) [2–5]. However, this approach
disregards the fact that obesity is a chronic state of positive energy balance, and consequently,
targeting the mechanisms of hypothalamic energy sensing could be a more relevant treatment
strategy.

Hypothalamic regulation of energy balance: a matter of energy sensing
AMPK is a highly conserved heterotrimeric serine/threonine kinase composed of a catalytic (α)
and two regulatory (β and γ) subunits. AMPK functions as an energy sensor, being activated: (i)
upon a decrease in the cellular energy status (reduced ATP levels) as reflected by an increased
AMP/ATP and ADP/ATP ratios, (ii) by the action of upstream kinases/phosphatases, and (iii)
also during conditions of glucose starvation without change in the adenine nucleotide ratio
[17,20,21]. By modulating hypothalamic fatty acid and complex lipid metabolism, AMPK regu-
lates the whole-body energy balance [17,22]. Thus, genetic ablation of AMPKα2 in POMC and
AgRP neurons can activate hyperphagic and hypophagic characteristics, respectively [23]. De-
creased food intake could also be reached by genetic inhibition of AMPKα2 function within the
VMH [24,25]. Notably, pharmacological/adenovirus-mediated stimulation of hypothalamic
AMPK has been shown to impact homeostatic and hedonic food intake by modulating NPY
and AgRP in the ARC [25–27] and corticotropin-releasing hormone (CRH) in the PVH [28], re-
spectively. A particular function of AMPK in steroidogenic factor 1 (SF1) neurons of the VMH is
to regulate energy expenditure based on its actions on brown adipose tissue (BAT) thermo-
genesis and white adipose tissue (WAT) browning via the sympathetic nervous system
(SNS) [17,29], as well as lipogenesis via the parasympathetic nervous system (PSNS). The mod-
ulation of AMPK in the context of BAT thermogenesis has been analyzed in different experimental
models. For example, 3,3′,5-triiodothyronine (T3) specifically in the VMH triggered BAT thermo-
genesis, linked with a significant decline in phosphorylated AMPKα (pAMPKα) levels in the
VMH and increased SNS firing on BAT [29,30]. This integrative VMH AMPK–SNS–BAT axis is
valid for other hormones as well. Estradiol (E2) [31], leptin [32], bone morphogenetic protein 8B
(BMP8B) [33,34], and, importantly, pharmacological agents with well-known antiobesity action
(such as liraglutide [8] and nicotine [35]), all acting (among other mechanisms) by inhibiting hypo-
thalamic AMPK signaling in the VMH to elicit a BAT and, in some cases, WAT thermogenic acti-
vation. Notably, SF1 AMPKα1 knockout (KO) mice on a high-fat diet (HFD) exhibit lower body
weight, with increased energy expenditure, higher BAT activity, and thermogenesis than
Trends in Molecular Medicine, August 2023, Vol. 29, No. 8 625
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littermate controls, which is independent of food consumption [24]. Furthermore, we have found
that administration of adenoviruses encoding a dominant negative (DN) AMPKα1 isoform
(AMPKα1-DN) into the VMH induces weight loss through increased thermogenesis in HFD-
obese [24] and in ovariectomized (and therefore obese) female rats [31]. Notably, in none of
these studies were undesired side effects related to increased SNS tone or elevated BAT thermo-
genesis reported [24,31].

A one-sided approach to treat obesity is challenging due to the homeostatic nature and multifac-
eted regulation of energy balance mechanisms [1–5]. Interestingly, this problem has been partially
overcome with the development of incretin-related drugs, such as liraglutide and tirzepatide,
which likely target BAT thermogenesis, in addition to their effects on feeding [8,36]. However,
the importance of BAT thermogenic activation by these drugs is still controversial, with studies
showing opposite results or lack of effects of liraglutide and GLP-1R polyagonism in preclinical
models and humans [13,37]. Targeting several signaling mechanisms simultaneously, for exam-
ple, GLP-1Rs and GIPRs, may also have limitations because of a number of possible side effects
(such as nausea, vomiting, and diarrhea) [3,5]. The development of triagonists might increase this
issue [16]. However, the targeting of AMPK may offer an interesting and perhaps a much more
global alternative for obesity treatment. As mentioned above, in addition to affecting thermogen-
esis, hypothalamic AMPK plays a major role in the regulation of homeostatic feeding [23,25–27],
food preference (selection of carbohydrates over fat) [28], and glucose homeostasis. All those ac-
tions result from the specific action of this enzyme, not only in discrete hypothalamic nuclei – such
as the VMH, ARC, and PVH – but even in very precise hypothalamic neurons inside those areas,
such as SF1 (VMH), POMC, and AgRP (ARC), and CRH (PVH) cells [17,22]. However, the crucial
question is whether hypothalamic AMPK is a realistic target using a clinically suitable way for ad-
ministration, and sEVS may provide answers here.

Nanotechnology in the treatment of obesity
The use of nanotechnology in medical treatment has so far proved promising. Nanotechnology
may provide extraordinary pharmacological properties, such as cell-specific targeting, preserva-
tion of drugs from physiological/enzymatic decomposition, and stable release [38]. As a result,
nanotechnology represents a groundbreaking direction in medicine, with the potential of reducing
side effects and increasing patient adherence, in addition to efficacy [39,40]. In this regard, there
are numerous advantages of nanoparticles (NPs), including their large surface area-to-volume
ratio, encapsulation properties, and chemically tunable surfaces, making them an excellent deliv-
ery system to specifically target particular organs or cell types, as well as making possible the oral
or transdermal administration of existing drugs [41]. By modifying surfaces with targeting ligands,
specificity can be achieved in vivo [42]. Moreover, due to the small size of NPs, tissues can also be
targeted passively, and novel formulations can deliver drugs in a controlled manner [43]. Numer-
ous categories of NP therapeutics exist, including inorganics, lipids, and polymers. It is important
to consider the unique properties of each category of NP when deciding how to apply them. In
this sense, several types of nanotherapies have been studied for the treatment of obesity and
metabolic diseases (Table 1) including NP injections, nanogels, nanopatches, and liposomes.

Despite this, there are still some limitations in NP-mediated drug delivery. As the surface area in-
creases during the transformation from microparticles to NPs, problems – such as increased
penetration in the cells, reactivity, and sticking – occur, leading to cytotoxicity and DNA damage
[38,44]. Moreover, because of their small size, NPs usually have a large clearance rate from the
body, which may make them ineffective for drug delivery. Furthermore, most drugs are loaded
on the outer surface of the nanocarriers, and they are sometimes degradable, or they have
shorter circulation half-life [38,45]. Aside from these challenges, nanomedicine is hindered by
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Table 1. Current nanomaterial technologies in obesity and metabolic diseasea

Type of
delivery

Materials Advantages Disadvantages Disease Effects

Nanoparticle
(NP) injection

Dextran, YSK05, PEG,
cholesterol, egg yolk,
oligopeptide, lipid,
phosphatidylcholine
Zein nanoparticle

Controlled and
sustained drug
release [75]
Tunable
physicochemical
properties [75]
High level of
penetration across
biological barriers
[76]

There is a greater risk of
toxicity from NPs
compared to large
particles of the same dose
and liposomes [77,78]

Diabetes Specific targeting, reduces inflammation
in adipose tissue of obese mice [79],
gene silencing action in obese mice [80],
reduces inflammation [81], controlled
release of insulin [82]
Zein-based NPs improve glycemic
controls in rats [83]; also currently in a
clinical trial (NCT05560412)

NP injection PLGA, PVA, PEG, egg yolk,
phosphatidylcholine,
cholesterol, peptide
conjugated PEG-lipid,
MSN, PCL

Obesity-lipid
accumulation

Browning of adipocytes inhibition of
Notch signaling in adipocytes of obese
mice [84], nontoxic to liver in HFD-fed
mice [85,86]

NP oral
delivery

GLP-1 analog, chitosan,
γ-PGA

Diabetes Oral absorption, sustained release and
improved T2D [87]; increased oral
bioavailability of insulin in diabetic rats
[88]

Nanogel CHC Biologically
controlled
degradation [89]

As it is diffusion-based, the
rate of release can be too
fast [90]

Diabetes Balanced insulin release in diabetic
mouse model [89]

Microneedle
patch

PVA, dextran, CMC, silk Administration by
self, compact size,
painless
application [91]
Increased drug
delivery efficacy,
and increased
drug stability [91]

Delivery may be affected
by skin types (hydration)
[92]

Diabetes Efficient metformin and insulin delivery in
rodent models [93,94]

Microneedle
patch

Dextran, HA, PVP/PVA,
alginate

Diabetes Efficient delivery of insulin and liraglutide
in rodent model [95,96]

Microneedle
patch

HA Obesity HA-microneedle patch assists in
improving lipolysis [97], ensures
consistent drug levels in the blood, and
helps in adipose tissue browning [98]

Liposomes Egg yolk,
phosphatidylcholine,
PEG, LITA

Controlled and
sustained release
of drugs [78]
Improved
biocompatibility
and
biodegradability
[78]
Low level of
toxicity and
antigenicity when
compared with
other
nanoparticles [78]

Possibility of oxidation and
hydrolysis of
phospholipids [99]

Obesity Liposome-coated peptide shows
effective control of obesity in obese mice
[100]

aCurrent NP-mediated drug delivery strategies for the treatment of obesity and diabetes. The following chemicals are being used to encapsulate the antiobesity drugs:
dextran, YSK05, cholesterol, egg yolk, oligopeptide (ATS-9R), phosphatidylcholine, poly(dl-lactic-co-glycolic acid) (PLGA), polyvinyl alcohol (PVA), cholesterol, peptide-
conjugated PEG–lipid, mesoporous silica nanoparticles (MSNs), polycaprolactone (PCL), liposome acetate NP (LITA), chitosan, γ-polyglutamic acid (γ-PGA), carboxy-
methylcellulose (CMC), hyaluronic acid (HA), and polyvinylpyrrolidone (PVP). NP-assisted delivery has the advantage of being efficient, specific, and reducing side effects
for unspecific targets, reducing inflammation, controlling adipose tissue activity and obesity, and reducing type 2 diabetes (T2D).
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the fact that NPs do not share any universal characteristics other than their size. Therefore, it is
necessary to evaluate the suitability of each type of particle separately. As they are made up of
synthetic materials, there may be a risk of toxicity. Furthermore, in most cases they have only
been developed for use in preclinical settings. In this sense, it is then more appropriate to use im-
munologically inert vesicles derived from biological sources, such as sEVs.
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Modulation of sEVs for targeted drug delivery
sEVs are small (30–200 nm in diameter) lipid-bilayer-bound vesicles released from living cells into
the extracellular environment by the fusion of multivesicular bodies (MVBs) with the plasmamem-
brane. sEVs lack functional nuclei and cannot replicate. They can be part of the intercellular com-
munication systems and can carry distinct cargos such as miRNAs, mRNAs, noncoding RNAs,
lipids, and proteins (Box 2 and Figure 2) [46–50]. This property of sEVs can be useful in different
ways. sEV cargos can be used as biomarkers for different diseases such as cancer, cardiovascu-
lar disorders, rheumatoid arthritis, T2D, and obesity [46–50]. In addition, sEVs can be biochem-
ically engineered to deliver specific molecules to target cells to change their mode of action.
Due to their special structures, modifications of their surface can be done via genetic/biologi-
cal/chemical manipulation [51–54]. By chemically altering lipids or membrane-bound proteins,
different moieties – such as lipids, proteins, peptides, polymers, aptamers, or small molecules –
can be added [51–54].

Onemajor challenge when delivering pharmacological compounds to manipulate energy balance
in the CNS is the crossing of the BBB. Bioengineered sEVs carrying the rabies virus glycoprotein
(RVG) peptide bound to lysosome-associated membrane protein 2b (Lamp2b; a protein highly
expressed in sEV membranes) at their surfaces have been reported to allow precise neuronal
targeting [52–54]. Another challenge is to focus on discrete neuronal subsets, but here several
options exist. One example is to use specific promoters expressed in discrete hypothalamic
cell populations [53,54] (Box 1). Hypothalamic AMPK offers a very interesting option in this
sense, with the following nucleus specificity of its actions: (i) AMPK in AgRP and POMC neurons
is involved mainly in homeostatic feeding control [23,25–27], (ii) AMPK in SF1 neurons is involved
mainly in the central control of BAT thermogenesis, browning, and glucose homeostasis
[24,31,33,34], and (iii) AMPK in CRH neurons of the PVH mediates the preference for carbohy-
drate intake [28]. Remarkably, as mentioned earlier, the selective deletion of AMPKα1 in SF1 neu-
rons has been shown to lead to resistance towards diet-induced obesity in mice [24,30]. Thus,
targeting this subunit of AMPK in those hypothalamic populations could serve as an interesting
target to fight obesity via both sides of the energy balance equation, including feeding (by
targeting the ARC and PVH) and energy expenditure and peripheral metabolism (by targeting
the VMH). This strategy, however, requires a considerable level of hypothalamic specificity, be-
cause any side effects associated with inhibiting peripheral signals of AMPK may cause a detri-
mental effect on metabolic status [17,22]. Therefore, considering this issue, Lamp2b RVG-
sEVs from immature dendritic cells were loaded with an AMPKα1-DN plasmid which is under
Box 2. sEV composition and function

sEVs are membrane-bound extracellular vesicles 30–200 nm in diameter released by exocytosis following the fusion of in-
tracellular multivesicular bodies (MVBs) [46–50]. The membranes of sEVs are composed mainly of lysosome-associated
membrane protein 2b (Lamp2b), glucose phosphate isomerase (GPI), and four transmembrane proteins (CD9, CD63,
CD47, and CD81) which can bind to receptors on corresponding target cells, affecting their specific uptake [46–50].
For instance, CD47 has the function of protecting cells from phagocytosis [71]. CD47–signal–regulatory protein (SIRP)
binding usually extends sEVs’ half-life in circulation by emitting a ‘do not eat me’ sign [50]. The presence of sEVs is wide-
spread in all bodily fluids and tissues [46–50]. In cells, sEVs are responsible for mediating intercellular communication [46–
50]. They can transfer exogenous substances to recipient cells, such as proteins, miRNAs, and mRNAs [46–50]. Due to
their naturally equipped properties, these nanocarriers have been shown to be employable as drug delivery agents
[51,53,54,61]. As compared with synthetic drug nanocarriers, sEVs isolated from patients’ own cells are more biocompat-
ible and less toxic [72]. Moreover, sEVs have been demonstrated to penetrate cellular structures, move through the blood-
stream, and can easily cross the blood–brain barrier (BBB) [52–54]. Notably, sEVs are also highly engineerable [51–54]. In
this regard, besides being cell- and tissue-specific, sEV surface proteins can be engineered to confer specificity [51–54].
Compared with lipid nanoparticles (LNPs), sEVs provide better safeguards for drugs during delivery, as drugs are encap-
sulated within the bilayer sEV membrane, while they are usually attached outside in case of the LNPs, making them easily
degradable [73]. Apart from these properties, sEVs can transport both hydrophobic and hydrophilic compounds, and pos-
sess strong homing properties because they display a wide range of cell-derived surface moieties [74].
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Figure 2. Structure, biogenesis, and secretion of small extracellular vesicles (sEVs). The figure shows how
dendritic cells release extracellular vesicles (EVs) and the structure of a sEV. A donor dendritic cell can release three types
of EVs. Apoptotic bodies are the largest EVs, followed by microvesicles and sEVs. Microvesicles are formed when plasma
membranes bud outward and fuse. A sEV develops as an intraluminal vesicle and then incorporates itself into an early
endosome. There are two main pathways for multivesicular bodies (MVBs): either fusion with the lysosomes, or plasma
membrane fusion, allowing the release of their cargo into the extracellular space. sEVs have numerous markers, including
proteins, lipids, and nucleic acids. The figure shows the cargo of a sEV consisting of bilayer lipids, surface markers
lysosome-associated membrane protein 2b (Lamp2b), CD81, CD9, CD63, ALIX, heat shock protein 90 (HSP90), HSP70,
DNA, lipids, amino acids, and RNA. Figure created with BioRender.
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Clinician’s corner
Despite all the efforts, obesity is still a
major health challenge in need of new
therapies.

Until quite recently, most available
weight-loss medications have exhib-
ited unwanted side effects, limited ef-
fectiveness, and in many cases an
unclear mechanism of action.

Recent incretin-based therapies – par-
ticularly GLP-1 agonists and inhibitors
or GLP-1 degradation, acting mostly
at central level – have shown a good
degree of efficacy in patients with obe-
sity.

A new generation of unimolecular
polyagonists targeting GLP-1 and GIP
receptors have shown to be almost
as effective as bariatric surgery.

New nanodelivery sEV-based thera-
pies, acting in specific neuronal popu-
lations at the CNS, are being
developed and are expected to exert
benefits similar to those of current ther-
apies and with fewer side effects.
the control of the SF1 promoter, and these sEVswere peripherally administered into the tail vein of
mice [53,54]. Indeed, the SF1–AMPKα1–DN-containing sEVs triggered significant reduction in
body mass and adiposity without affecting the food intake in obese mice. Moreover, the
weight-reducing effect was primarily due to the increase in SNS-mediated UCP1-dependent
BAT thermogenesis and the subsequent increase in energy expenditure [53,54]. Notably, no
signs of peripheral and systemic inflammation were found with this treatment [53]. Importantly,
the weight-reducing and metabolic improving effect of SF1–AMPKα1–DN-loaded sEVs is
achieved in models of diet-induced obesity and in leptin-receptor-deficient db/db mice, in both
cases through increased SNS-driven BAT thermogenesis [53,54].

This novel research demonstrates that the specific control of neural activities in given hypotha-
lamic areasmay provide a highly efficient strategy for drug development [17–19,22]. Furthermore,
these data demonstrate that sEVs can be employed as neuron-specific organic nanovehicles that
act as a suitable alternative to common delivery systems to treat obesity and/or related metabolic
comorbidities. Future strategies using sEVs that contain targeted, promoter-driven plasmids
encoding short hairpin RNAs (shRNAs), as well as DN or constitutively active (CA) isoforms
against the AMPKα1 or AMPKα2 subunits or alternative targets (Figure 3), would allow a global
modulation of energy expenditure and feeding to control whole-body energy homeostasis [22].
As a result, a more effective treatment of obesity will be possible.
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Outstanding questions
sEVs have a limited loading efficiency,
which sometimes makes them
unsuitable for drug delivery. In mice,
the modified Lamp2-b RVG-sEVs
have worked well so far. However, is
it predictable whether the same dose
of sEVs will produce the same results
in rats or higher primates, or finally in
humans?

In terms of body weight maintenance in
mice, sEVs have shown to exert an
antiobesity effect through an increase in
energy expenditure. Will this strategy
provide a better therapeutic approach
than other pharmacologically available
antiobesity drugs in humans?

The formulation of sEVs involves highly
complicated protocols. Could this, and
issues related to the scaling up of
production, hamper the translation of
these sEVs into clinical practice?

Considering tumorigenesis as a
potential side effect induced by native
sEVs, would this affect their possible
translation into already susceptible
(obese) individuals?
Clinical translation of sEV-mediated drug delivery in obesity treatment
sEVs are not without challenges when they are used as delivery vehicles [55,56]. While sEVs have
several advantages over traditional drug delivery systems (DDSs), they are mostly challenged by
complicated large-scale production and poor loading methods, preventing effective and repro-
ducible release [57]. It is also important to note that any change in the physiological environment
may alter functional charges present in sEVs, and they may initiate undesirable side effects, in-
cluding immunosuppression and tumorigenesis [58]. sEVs are also characterized by their cellular
source, which determinesmany of their properties. As a result, it is imperative to identify the safest
and most reliable methods for isolating sEVs. It is possible to functionalize sEVs with exogenous
materials – such as ligands, peptides, and proteins – to achieve target-specific DDSs [51–54]. In
order to optimize the packaging of therapeutic cargos into sEVs, different methods have been
employed to improve the loading efficiency [59]. Even though many studies have explored sEV-
based DDSs, there are still many challenges, including isolation, characterization, and finally
translating the findings into clinical practice [60,61]. There is also a need to enhance the ability
to extract sEVs from cell-conditioned medium; clinical needs largely surpass what can be gener-
ated experimentally in the laboratory [61]. There is no doubt that although this issue can be over-
come, sEVsmust be produced at a sufficiently low cost to make DDSs based on sEVs affordable,
and this is another real challenge [61]. Taken together, if the current shortcomings of sEVs as
DDSs can be overcome, these molecules can have great potential as nanocarriers also in the
clinical setting.

With respect to the treatment of obesity, the primary findings of sEV-based delivery systems are
encouraging. However, some questions need to be validated before clinical use can begin with
the SF1–AMPKα1–DN-loaded sEVs (see Outstanding questions). Clinical trials involving these
strategies will raise some questions about their translatability. It is possible to precisely target hy-
pothalamic AMPK, but there are other issues involved. One of the biggest concerns is the poten-
tial long-lasting effects of targeting AMPK in the brain. In numerous studies, it has been
demonstrated that hypothalamic AMPK plays a major role in several processes, such as glucose
and lipid metabolism [17,20,21]. Another question is whether chronic AMPKmodulation will influ-
ence hypothalamic neuronal health. Although reported evidence did not show alteration in neuro-
nal or glial cells in mice after up to 4 weeks of treatment with sEVs harboring SF1–AMPKα1–DN
[53], further long-term studies of neuronal metabolism, toxicity, and integrity will be needed. Sim-
ilarly, while no hormonal impairment was detected in those settings [53], the possible chronic side
effects on endocrine axes should be further investigated. An explicit understanding of the neuro-
nal and molecular downstream AMPK signaling in specific neurons (which remains mostly un-
known) and all their interconnected mechanisms will be necessary to address these questions
in the years to come to translate these preclinical findings into clinical practice.

Concluding remarks
During the past few decades we have observed a global obesity epidemic which is imposing a
health as well as a social and economic burden [1–5]. The higher incidence of obesity increases
the risk of cardiovascular disease, cancer, diabetes, inflammatory disease, and many other co-
morbidities [1–5]. The intense research activity fostered by this global obesity pandemic has
also led to a growing understanding of how the CNS contributes to energy homeostasis and me-
tabolism, and has unequivocally demonstrated that the brainmust be a primary target for its treat-
ment [1–5,17,22]. In addition to changes in lifestyle, there are two major types of obesity
treatment currently available on the market: pharmacotherapy and bariatric surgery [2–5]. How-
ever, still waiting for the long-term actions of the last generation of polyagonists, and the exact
knowledge of their mechanisms of action, classical antiobesity drugs and bariatric surgery are
both associated with significant risks and side effects [2–7]. Thus, the development of novel
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Figure 3. Hypothalamic small extracellular vesicle (sEV)-mediated targeting using cell-specific promoters. A
schematic diagram showing the possibilities of modifying lysosome-associated membrane protein 2b–rabies virus
glycoprotein (Lamp2b–RVG) sEVs with different plasmids under various neuronal promoters to control obesity centrally
through the modification of energy expenditure – through brown adipose tissue (BAT) thermogenesis – and appetite (food
preference and homeostatic food intake). Consequently, this method may have a high impact on reducing obesity in
humans. Abbreviations: AgRP, agouti-related peptide; ARC, arcuate nucleus of the hypothalamus; CRH, corticotropin-
releasing hormone; DMH, dorsomedial nucleus of the hypothalamus; PVH, paraventricular nucleus of the hypothalamus;
SF1, steroidogenic factor 1; 3V, third ventricle; VMH, ventromedial nucleus of the hypothalamus. Figure created with
BioRender.
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complementary methods that will effectively reduce obesity, without undesired secondary ef-
fects, is therefore an unmet clinical need [1–5] (see Clinician’s corner). The list of NP-based
drug delivery strategies for obesity and obesity-related metabolic disorders is given in Table 1.
However, these therapies have two major drawbacks: (i) most of them have been tested only in
preclinical settings, with the exception, for example, of Zein NPs for glycemic control
(GLUCOCAPS) which are undergoing a randomized, double-blind, crossover clinical trial cur-
rently in Phase 1 (NIH: NCT05560412i), and (ii) they are synthetic and may have unspecific off-
target effects during obesity treatments that are still unexplored; however there is evidence that
Trends in Molecular Medicine, August 2023, Vol. 29, No. 8 631
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most of the NP compounds are metabolizable polymers that discharge the drugs following deg-
radation, and the therapeutic effectiveness of NPs can be reduced by interactions with macro-
phages in the reticuloendothelial system (RES) or mononuclear phagocytic system [62]. For
example, in the liver and spleen, nanomaterials are trapped by resident macrophages – such
as Kupffer cells, B cells, and sinusoidal cells – leading to inflammation and toxicity [63]. This evi-
dence indicates the need to decrease NP-induced biotoxicity and unwanted immune responses.
Hence, it is imperative to develop therapeutic approaches with greater efficacy and a safer profile
to reach the clinical setting.

In this review we propose sEV-mediated targeting as a novel, highly specific, and promising ap-
proach to treat obesity. Indeed, successful effects of sEV-targeted modulation of AMPKα1 in SF1
neurons to control both diet and genetic-induced obesity have been demonstrated in mice
[53,54]. Of course, the targeting of hypothalamic AMPK may not be exempt from side effects,
and this needs to be carefully evaluated and addressed. However, this technology could be
used for the targeting of other central mechanism, by modulating energy homeostasis in very de-
fined cellular populations using specific promoters. Moreover, the use of Lamp2b RVG-sEVs as
nanocarriers for proteins or other pharmacological agents could be another option to explore.
It can therefore be seen as an innovative nanobiomedical approach that increases specificity of
delivery, while reducing unwanted side effects. Further work will be needed to translate these
findings into clinical practice and maybe other metabolic (anabolic and catabolic) diseases.

Acknowledgments
This work was funded by the Ministerio de Ciencia e Innovación and cofunded by the FEDER Program of EU (PID2021-

128145NB-I00 and PDC2022-133958-I00).

Declaration of interests
M.L. declares holding an International Patent Application entitled ‘Populations of small extracellular vesicles for use in the

treatment of obesity’, PCT/EP2022/071463. The other authors declare no competing interests.

Resources
ihttps://clinicaltrials.gov/ct2/show/NCT05560412

References

1. Loos, R.J.F. and Yeo, G.S.H. (2022) The genetics of obesity:

from discovery to biology. Nat. Rev. Genet. 23, 120–133
2. Dragano, N.R.V. et al. (2020) Recent updates on obesity treat-

ments: available drugs and future directions. Neuroscience 437,
215–239

3. Muller, T.D. et al. (2022) Anti-obesity drug discovery: advances
and challenges. Nat. Rev. Drug Discov. 21, 201–223

4. Angelidi, A.M. et al. (2022) Novel noninvasive approaches to the
treatment of obesity: from pharmacotherapy to gene therapy.
Endocr. Rev. 43, 507–557

5. Müller, T.D. et al. (2018) Anti-obesity therapy: from rainbow pills
to polyagonists. Pharmacol. Rev. 70, 712–746

6. Evers, S.S. et al. (2017) The physiology and molecular under-
pinnings of the effects of bariatric surgery on obesity and diabe-
tes. Annu. Rev. Physiol. 79, 313–334

7. Akalestou, E. et al. (2022) Mechanisms of weight loss after obe-
sity surgery. Endocr. Rev. 43, 19–34

8. Beiroa, D. et al. (2014) GLP-1 agonism stimulates brown adi-
pose tissue thermogenesis and browning through hypotha-
lamic AMPK. Diabetes 63, 3346–3358

9. Wilding, J.P.H. et al. (2021) Once-weekly semaglutide in adults
with overweight or obesity. N. Engl. J. Med. 384, 989–1002

10. Jastreboff, A.M. et al. (2022) Tirzepatide once weekly for the
treatment of obesity. N. Engl. J. Med. 387, 205–216

11. Frias, J.P. et al. (2018) Efficacy and safety of LY3298176, a
novel dual GIP and GLP-1 receptor agonist, in patients with

type 2 diabetes: a randomised, placebo-controlled and active
comparator-controlled phase 2 trial. Lancet 392, 2180–2193

12. Schmitt, C. et al. (2017) Pharmacodynamics, pharmacokinetics
and safety of multiple ascending doses of the novel dual
glucose-dependent insulinotropic polypeptide/glucagon-like
peptide-1 agonist RG7697 in people with type 2 diabetes
mellitus. Diabetes. Obes. Metab. 19, 1436–1445

13. Quarta, C. et al. (2017) Molecular integration of incretin and glu-
cocorticoid action reverses immunometabolic dysfunction and
obesity. Cell Metab. 26, 620–632 e6

14. Finan, B. et al. (2016) Chemical hybridization of glucagon and
thyroid hormone optimizes therapeutic impact for metabolic
disease. Cell 167, 843–857 e14

15. Finan, B. et al. (2012) Targeted estrogen delivery reverses the
metabolic syndrome. Nat. Med. 18, 1847–1856

16. Bossart, M. et al. (2022) Effects on weight loss and glycemic
control with SAR441255, a potent unimolecular peptide GLP-
1/GIP/GCG receptor triagonist. Cell Metab. 34, e10

17. Lopez, M. et al. (2016) Hypothalamic AMPK: a canonical regulator
of whole-body energy balance.Nat. Rev. Endocrinol. 12, 421–432

18. Jais, A. and Bruning, J.C. (2022) Arcuate nucleus-dependent
regulation of metabolism-pathways to obesity and diabetes
mellitus. Endocr. Rev. 43, 314–328

19. Quarta, C. et al. (2021) POMC neuronal heterogeneity in energy
balance and beyond: an integrated view. Nat. Metab. 3,
299–308
632 Trends in Molecular Medicine, August 2023, Vol. 29, No. 8

https://clinicaltrials.gov/ct2/show/NCT05560412
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0005
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0005
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0010
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0010
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0010
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0015
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0015
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0020
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0020
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0020
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0025
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0025
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0030
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0030
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0030
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0035
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0035
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0040
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0040
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0040
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0045
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0045
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0050
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0050
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0055
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0055
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0055
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0055
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0060
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0060
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0060
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0060
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0060
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0065
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0065
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0065
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0070
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0070
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0070
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0075
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0075
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0080
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0080
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0080
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0085
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0085
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0090
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0090
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0090
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0095
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0095
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0095
CellPress logo


Trends in Molecular Medicine
OPEN ACCESS
20. Lin, S.C. and Hardie, D.G. (2018) AMPK: sensing glucose as
well as cellular energy status. Cell Metab. 27, 299–313

21. Steinberg, G.R. and Carling, D. (2019) AMP-activated protein
kinase: the current landscape for drug development. Nat. Rev.
Drug Discov. 18, 527–551

22. Lopez, M. (2022) Hypothalamic AMPK as a possible target for
energy balance-related diseases. Trends Pharmacol. Sci. 43,
546–556

23. Claret, M. et al. (2007) AMPK is essential for energy homeosta-
sis regulation and glucose sensing by POMC and AgRP neu-
rons. J. Clin. Invest. 117, 2325–2336

24. Seoane-Collazo, P. et al. (2018) SF1-specific AMPKalpha1 de-
letion protects against diet-induced obesity. Diabetes 67,
2213–2226

25. Lopez, M. et al. (2008) Hypothalamic fatty acid metabolism me-
diates the orexigenic action of ghrelin. Cell Metab. 7, 389–399

26. Lage, R. et al. (2010) Ghrelin effects on neuropeptides in the rat
hypothalamus depend on fatty acid metabolism actions on BSX
but not on gender. FASEB J. 24, 2670–2679

27. Minokoshi, Y. et al. (2004) AMP-kinase regulates food intake by
responding to hormonal and nutrient signals in the hypothala-
mus. Nature 428, 569–574

28. Okamoto, S. et al. (2018) Activation of AMPK-regulated CRH
neurons in the PVH is sufficient and necessary to induce dietary
preference for carbohydrate over fat. Cell Rep. 22, 706–721

29. Lopez, M. et al. (2010) Hypothalamic AMPK and fatty acid me-
tabolism mediate thyroid regulation of energy balance. Nat.
Med. 16, 1001–1008

30. Martinez-Sanchez, N. et al. (2017) Hypothalamic AMPK-ER
stress–JNK1 axis mediates the central actions of thyroid hor-
mones on energy balance. Cell Metab. 26, 212–229 e12

31. Martinez de Morentin, P.B. et al. (2014) Estradiol regulates
brown adipose tissue thermogenesis via hypothalamic AMPK.
Cell Metab. 20, 41–53

32. Tanida, M. et al. (2013) Involvement of hypothalamic AMP-
activated protein kinase in leptin-induced sympathetic nerve
activation. PLoS One 8, e56660

33. Whittle, A.J. et al. (2012) BMP8B increases brown adipose tis-
sue thermogenesis through both central and peripheral actions.
Cell 149, 871–885

34. Martins, L. et al. (2016) A functional link between AMPK and
orexin mediates the effect of BMP8B on energy balance. Cell
Rep. 16, 2231–2242

35. Seoane-Collazo, P. et al. (2021) Nicotine’s actions on energy
balance: friend or foe? Pharmacol. Ther. 219, 107693

36. Samms, R.J. et al. (2022) Tirzepatide induces a thermogenic-
like amino acid signature in brown adipose tissue. Mol.
Metab. 64, 101550

37. van Eyk, H.J. et al. (2020) Liraglutide decreases energy expen-
diture and does not affect the fat fraction of supraclavicular
brown adipose tissue in patients with type 2 diabetes. Nutr.
Metab. Cardiovasc. Dis. 30, 616–624

38. Mitchell, M.J. et al. (2020) Engineering precision nanoparticles
for drug delivery. Nat. Rev. Drug Discov. 20, 101–124

39. Tsou, Y.H. et al. (2019) Nanotechnology-mediated drug delivery
for the treatment of obesity and its related comorbidities. Adv.
Healthc. Mater. 8, e1801184

40. Blanco, E. et al. (2015) Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat. Biotechnol.
33, 941–951

41. Boles, M.A. et al. (2016) The surface science of nanocrystals.
Nat. Mater. 15, 141–153

42. Patil, Y.B. et al. (2009) Single-step surface functionalization of
polymeric nanoparticles for targeted drug delivery. Biomaterials
30, 859–866

43. Cruz, K.P. et al. (2021) Development and characterization of
PLGA nanoparticles containing 17-DMAG, an Hsp90 inhibitor.
Front. Chem. 9, 644827

44. Kim, S.T. et al. (2013) The role of surface functionality in deter-
mining nanoparticle cytotoxicity. Acc. Chem. Res. 46, 681–691

45. Vargason, A.M. et al. (2021) The evolution of commercial drug
delivery technologies. Nat. Biomed. Eng. 5, 951–967

46. Moller, A. and Lobb, R.J. (2020) The evolving translational po-
tential of small extracellular vesicles in cancer. Nat. Rev. Cancer
20, 697–709

47. van Niel, G. et al. (2018) Shedding light on the cell biology of ex-
tracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228

48. Jafari, N. et al. (2022) Exosomes as novel biomarkers in metabolic
disease and obesity-related cancers. Nat. Rev. Endocrinol. 18,
327–328

49. Kalluri, R. and LeBleu, V.S. (2020) The biology, function, and
biomedical applications of exosomes. Science 367, eaau6977

50. Pegtel, D.M. and Gould, S.J. (2019) Exosomes. Annu. Rev.
Biochem. 88, 487–514

51. Liang, Y. et al. (2021) Engineering exosomes for targeted drug
delivery. Theranostics 11, 3183–3195

52. Alvarez-Erviti, L. et al. (2011) Delivery of siRNA to the mouse
brain by systemic injection of targeted exosomes. Nat.
Biotechnol. 29, 341–345

53. Milbank, E. et al. (2021) Small extracellular vesicle-mediated
targeting of hypothalamic AMPKalpha1 corrects obesity
through BAT activation. Nat. Metab. 3, 1415–1431

54. Milbank, E. et al. (2023) Small extracellular vesicle targeting of
hypothalamic AMPKalpha1 promotes weight loss in leptin re-
ceptor deficient mice. Metabolism 139, 155350

55. Zeng, Y. et al. (2022) Biological features of extracellular vesicles
and challenges. Front. Cell Dev. Biol. 10, 816698

56. Rezaie, J. et al. (2022) A review on exosomes application in clin-
ical trials: perspective, questions, and challenges. Cell
Commun. Signal. 20, 145

57. Kimiz-Gebologlu, I. and Oncel, S.S. (2022) Exosomes: large-
scale production, isolation, drug loading efficiency, and biodis-
tribution and uptake. J. Control. Release 347, 533–543

58. Whiteside, T.L. (2016) Exosomes and tumor-mediated immune
suppression. J. Clin. Invest. 126, 1216–1223

59. Xu, M. et al. (2020) Recent advancements in the loading and
modification of therapeutic exosomes. Front. Bioeng.
Biotechnol. 8, 586130

60. El-Andaloussi, S. et al. (2012) Exosome-mediated delivery of
siRNA in vitro and in vivo. Nat. Protoc. 7, 2112–2126

61. Wang, J. et al. (2021) Challenges in the development and es-
tablishment of exosome-based drug delivery systems.
J. Control. Release 329, 894–906

62. Song, G. et al. (2014) Nanoparticles and the mononuclear
phagocyte system: pharmacokinetics and applications for in-
flammatory diseases. Curr. Rheumatol. Rev. 10, 22–34

63. Ngo, W. et al. (2022) Why nanoparticles prefer liver macro-
phage cell uptake in vivo. Adv. Drug Deliv. Rev. 185, 114238

64. Garcia-Caceres, C. et al. (2019) Role of astrocytes, microglia,
and tanycytes in brain control of systemic metabolism. Nat.
Neurosci. 22, 7–14

65. Campbell, J.N. et al. (2017) A molecular census of arcuate hy-
pothalamus and median eminence cell types. Nat. Neurosci.
20, 484–496

66. Steuernagel, L. et al. (2022) HypoMap – a unified single-cell
gene expression atlas of the murine hypothalamus. Nat.
Metab. 4, 1402–1419

67. Affinati, A.H. et al. (2021) Cross-species analysis defines the
conservation of anatomically segregated VMH neuron popula-
tions. eLife 10, e69065

68. Jiang, J. et al. (2017) Optogenetics and pharmacogenetics:
principles and applications. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 313, R633–R645

69. Fosch, A. et al. (2021) New insights of SF1 neurons in hypotha-
lamic regulation of obesity and diabetes. Int. J. Mol. Sci. 22, 6186

70. Hoivik, E.A. et al. (2010) Molecular aspects of steroidogenic fac-
tor 1 (SF-1). Mol. Cell. Endocrinol. 315, 27–39

71. He, J. et al. (2022) Exosomal targeting and its potential clinical
application. Drug Deliv. Trans. Res. 12, 2385–2402

72. Quah, B.J. and O'Neill, H.C. (2005) The immunogenicity of den-
dritic cell-derived exosomes. Blood Cells Mol. Dis. 35, 94–110

73. Tenchov, R. et al. (2022) Exosomes\\nature’s lipid nanoparti-
cles, a rising star in drug delivery and diagnostics. ACS Nano
16, 17802–17846

74. Shafiei, M. et al. (2021) A comprehensive review on the applica-
tions of exosomes and liposomes in regenerative medicine and
tissue engineering. Polymers 13, 2529

75. Mitragotri, S. et al. (2014) Overcoming the challenges in admin-
istering biopharmaceuticals: formulation and delivery strategies.
Nat. Rev. Drug Discov. 13, 655–672
Trends in Molecular Medicine, August 2023, Vol. 29, No. 8 633

http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0100
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0100
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0105
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0105
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0105
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0110
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0110
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0110
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0115
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0115
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0115
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0120
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0120
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0120
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0125
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0125
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0130
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0130
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0130
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0135
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0135
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0135
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0140
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0140
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0140
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0145
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0145
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0145
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0150
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0150
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0150
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0155
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0155
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0155
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0160
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0160
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0160
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0165
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0165
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0165
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0170
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0170
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0170
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0175
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0175
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0180
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0180
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0180
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0185
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0185
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0185
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0185
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0190
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0190
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0195
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0195
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0195
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0200
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0200
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0200
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0205
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0205
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0210
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0210
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0210
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0215
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0215
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0215
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0220
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0220
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0225
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0225
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0230
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0230
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0230
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0235
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0235
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0240
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0240
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0240
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0245
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0245
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0250
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0250
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0255
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0255
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0260
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0260
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0260
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0265
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0265
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0265
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0270
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0270
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0270
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0275
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0275
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0280
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0280
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0280
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0285
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0285
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0285
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0290
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0290
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0295
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0295
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0295
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0300
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0300
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0305
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0305
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0305
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0310
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0310
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0310
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0315
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0315
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0320
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0320
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0320
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0325
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0325
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0325
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0330
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0330
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0330
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0335
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0335
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0335
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0340
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0340
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0340
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0345
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0345
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0350
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0350
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0355
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0355
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0360
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0360
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0365
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0370
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0370
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0370
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0375
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0375
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0375
CellPress logo


Trends in Molecular Medicine
OPEN ACCESS
76. Barua, S. and Mitragotri, S. (2014) Challenges associated with
penetration of nanoparticles across cell and tissue barriers: a
review of current status and future prospects. Nano Today 9,
223–243

77. Maurer-Jones, M.A. et al. (2009) Toxicity of therapeutic nano-
particles. Nanomedicine 4, 219–241

78. Sercombe, L. et al. (2015) Advances and challenges of lipo-
some assisted drug delivery. Front. Pharmacol. 6, 286

79. Ma, L. et al. (2016) Efficient targeting of adipose tissue macro-
phages in obesity with polysaccharide nanocarriers. ACS
Nano 10, 6952–6962

80. Yong, S.-B. et al. (2017) Visceral adipose tissue macrophage-
targeted TACE silencing to treat obesity-induced type 2 diabe-
tes. Biomaterials 148, 81–89

81. Salunkhe, S.A. et al. (2021) Lipid-based nanocarriers for effec-
tive drug delivery and treatment of diabetes associated liver fi-
brosis. Adv. Drug Deliv. Rev. 173, 394–415

82. Khair, R. et al. (2020) Nanostructured polymer-based
cochleates for effective transportation of insulin. J. Mol. Liq.
311, 113352

83. Reboredo, C. et al. (2022) Oral administration of zein-based
nanoparticles reduces glycemia and improves glucose toler-
ance in rats. Int. J. Pharm. 628, 122255

84. Jiang, C. et al. (2017) Dibenzazepine-loaded nanoparticles in-
duce local browning of white adipose tissue to counteract obe-
sity. Mol. Ther. 25, 1718–1729

85. Sahuri-Arisoylu, M. et al. (2016) Reprogramming of hepatic fat
accumulation and 'browning' of adipose tissue by the short-
chain fatty acid acetate. Int. J. Obes. 40, 955–963

86. de Jesus Felismino, C. et al. (2018) Effect of obesity on biodis-
tribution of nanoparticles. J. Control. Release 281, 11–18

87. Nurunnabi, M. et al. (2017) Oral delivery of a therapeutic gene
encoding glucagon-like peptide 1 to treat high fat diet-
induced diabetes. J. Control. Release 268, 305–313

88. Fonte, P. et al. (2011) Chitosan-coated solid lipid nanoparticles
enhance the oral absorption of insulin. Drug Deliv. Trans. Res. 1,
299–308

89. Chou, H.-S. et al. (2016) Injectable insulin-lysozymeloaded
nanogels with enzymatically-controlled degradation and release
for basal insulin treatment: in vitro characterization and in vivo
observation. J. Control. Release 224, 33–42

90. Li, J. and Mooney, D.J. (2016) Designing hydrogels for con-
trolled drug delivery. Nat. Rev. Mater. 1, 16071

91. Zhang, Y. et al. (2018) The potential of a microneedle patch for
reducing obesity. Expert Opin. Drug Deliv. 15, 431–433

92. Waghule, T. et al. (2019) Microneedles: a smart approach and
increasing potential for transdermal drug delivery system.
Biomed. Pharmacother. 109, 1249–1258

93. Liu, D. et al. (2018) Fabrication of dissolving microneedles with
thermal-responsive coating for NIR-triggered transdermal deliv-
ery of metformin on diabetic rats. ACS Biomater. Sci. Eng. 4,
1687–1695

94. Zhang, S. et al. (2018) Poly(ester amide)-based hybrid
hydrogels for efficient transdermal insulin delivery. J. Mater.
Chem. B 6, 6723–6730

95. Tong, Z. et al. (2018) Glucose- and H2O2-responsive polymeric
vesicles integrated with microneedle patches for glucose-
sensitive transcutaneous delivery of insulin in diabetic rats.
ACS Appl. Mater. Interfaces 10, 20014–20024

96. Rabiei, M. et al. (2021) Dissolving microneedle-assisted long-
acting Liraglutide delivery to control type 2 diabetes and obe-
sity. Eur. J. Pharm. Sci. 167, 106040

97. Yang, J. et al. (2019) Recent advances of microneedles for bio-
medical applications: drug delivery and beyond. Acta Pharm.
Sin. B 9, 469–483

98. Zhang, Y. et al. (2017) Locally induced adipose tissue browning
by microneedle patch for obesity treatment. ACS Nano 11,
9223–9230

99. Jain, A. and Jain, S.K. (2016) In vitro release kinetics model
fitting of liposomes: an insight. Chem. Phys. Lipids 201, 28–40

100. Shen, D. et al. (2020) Liposome-encapsulated peptide PDBSN
ameliorates high-fat-diet-induced obesity and improves metab-
olism homeostasis. Biochem. Biophys. Res. Commun. 533,
181–187
634 Trends in Molecular Medicine, August 2023, Vol. 29, No. 8

http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0380
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0380
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0380
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0380
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0385
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0385
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0390
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0390
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0395
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0395
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0395
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0400
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0400
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0400
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0405
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0405
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0405
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0410
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0410
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0410
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0415
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0415
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0415
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0420
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0420
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0420
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0425
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0425
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0425
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0430
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0430
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0435
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0435
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0435
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0440
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0440
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0440
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0445
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0445
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0445
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0445
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0450
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0450
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0455
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0455
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0460
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0460
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0460
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0465
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0465
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0465
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0465
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0470
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0470
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0470
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0475
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0475
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0475
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0475
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0475
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0475
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0480
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0480
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0480
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0485
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0485
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0485
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0490
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0490
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0490
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0495
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0495
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0500
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0500
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0500
http://refhub.elsevier.com/S1471-4914(23)00088-6/rf0500
CellPress logo

	Obesity wars: hypothalamic sEVs a new hope
	Obesity treatment: an unmet clinical need
	Pharmacotherapy as a treatment for obesity
	Hypothalamic neuronal circuitry and metabolic homeostasis
	Hypothalamic regulation of energy balance: a matter of energy sensing
	Nanotechnology in the treatment of obesity
	Modulation of sEVs for targeted drug delivery
	Clinical translation of sEV-mediated drug delivery in obesity treatment
	Concluding remarks
	Acknowledgments
	Declaration of interests
	Resources
	References




