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Nanomedicine targeting brain lipid metabolism as
a feasible approach for controlling the energy
balancet

Jesus Garcia-Chica,i® West Kristian Dizon Paraiso, () 1§° Sebastian Zagmutt,?
Anna Fosch,® Ana Cristina Reguera,® Sara Alzina,? Laura Sanchez-Garcia,®
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Targeting brain lipid metabolism is a promising strategy to regulate the energy balance and fight metabolic
diseases such as obesity. The development of stable platforms for selective delivery of drugs, particularly to
the hypothalamus, is a challenge but a possible solution for these metabolic diseases. Attenuating fatty acid
oxidation in the hypothalamus via CPT1A inhibition leads to satiety, but this target is difficult to reach in vivo
with the current drugs. We propose using an advanced crosslinked polymeric micelle-type nanomedicine
that can stably load the CPT1A inhibitor C75-CoA for in vivo control of the energy balance. Central adminis-
tration of the nanomedicine induced a rapid attenuation of food intake and body weight in mice via regu-
lation of appetite-related neuropeptides and neuronal activation of specific hypothalamic regions driving
changes in the liver and adipose tissue. This nanomedicine targeting brain lipid metabolism was successful
in the modulation of food intake and peripheral metabolism in mice.

New concepts

Effective treatments to control feeding, body weight, and
glucose homeostasis in metabolic diseases such as obesity or
diabetes are insufficient, due to the difficulty of reaching
specific brain targets that are in charge of energy balance. Here,
we present the first nanomedicine acting on a brain target to
drive a rapid modulation of food intake and peripheral metab-
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olism, offering an innovative approach to managing metabolic
diseases. The core-crosslinked polymeric micelle-based nano-
medicine used in this investigation allows the encapsulation of
a drug that modifies lipid metabolism in the brain, a target
hard to reach with conventional formulations. This investi-
gation might contribute to developing and validating a new
generation of nanomedicine-based approaches targeting brain
lipid metabolism to modulate feeding and body weight. Also,
this nanomedicine highlights the significance of nanotechno-
logy beyond the current biological applications and facilitates
the understanding of the early stages of energy balance (i.e.,
acute satiating actions) that are crucial for developing complex
diseases such as obesity and diabetes.

1. Introduction

Metabolic disorders such as obesity imply a disruption in
energy homeostasis, leading to an imbalance between food
intake and energy expenditure.’ Despite the major advances in
understanding the pathogenesis and therapeutics of these
metabolic disorders, the prevalence of obesity and type 2 dia-
betes continues to rise.>” Against this backdrop, these meta-
bolic diseases have still unmet medical needs and require the
development of new therapeutic platforms.

This journal is © The Royal Society of Chemistry 2023
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The physiological control of energy balance is tightly modu-
lated by the central nervous system (CNS), where the hypo-
thalamus is the most critical area implicated.> Hypothalamic
nuclei are sensitive to nutrients and hormones and modify the
expression, secretion, and activity of specific neurotransmitters
and neuromodulators, resulting in changes in food intake,
energy expenditure, and the function of key peripheral tissues
such as the liver and adipose tissue.»®’ Strong evidence
suggests that lipid metabolism within the hypothalamus is a
key signal of nutrient status further to modulate feeding
behaviour and peripheral metabolism.®™° In particular, fatty
acid (FA) sensing in hypothalamic neurons via accumulation
of FAs or FA metabolites acts as a satiety signal and may
decrease food intake and hepatic function."**

A crucial target in brain lipid metabolism which controls
the energy balance is carnitine palmitoyl-transferase 1A
(CPT1A).** 1t is located in the mitochondria and promotes the
entry of long-chain FAs for p-oxidation.’*™'® Since CPT1A is
highly expressed in central and peripheral tissues, its regulat-
ory potential in the energy balance is based on two different
interventions: in peripheral tissues (ie., liver and adipose
tissue), overexpression of CPT1A and induction of fatty acid
oxidation (FAO) ameliorate insulin resistance and prevent body
weight gain,'”'® whereas in the CNS, CPT1A inhibition
reduces food intake and body weight.">?® Particularly, in the
arcuate (ARC) nucleus of the hypothalamus, genetic ablation
of CPT1A prevents FAO, leading to a local accumulation of
long-chain FAs which in turn mediates the action of several
feeding-related hormones to inhibit food intake in lean rats.*!
Thus, selective inhibition of CPT1A in the hypothalamus, but
not in the peripheral tissues, is a promising strategy for the
management of metabolic disorders involving a disruption in
energy balance. However, brain lipid metabolism is difficult to
reach in vivo with the current formulations and drugs.

(£)-C75 is a well-known CPT1A inhibitor that is converted to
its active coenzyme A (CoA) form in the hypothalamus.”?
Although initially identified as a fatty acid synthase (FAS)
inhibitor with a strong anorectic effect via malonyl-CoA
accumulation,>*™?® enantioselective synthesis of C75 revealed
that the (+)-C75 and (+)-C75-CoA adducts were the active forms
inhibiting CPT1A.*>*® Therefore, to avoid the off-target effect
on FAS and undesired actions in the periphery, it is crucial to
deliver (+)-C75-CoA directly into the brain for CPT1A inhibition
and energy balance regulation. A major challenge of (+)-C75-
CoA as cargo is that it is a small, polar, and negatively charged
molecule, with low permeability across the cellular membrane.
(£)-C75-CoA interacts with polycations through a combination
of electrostatic and hydrophobic interactions, as it possesses
both phosphate and carboxylate groups, as well as an aliphatic
side chain.”” We used this particular property in designing a
poly-ion complex (PIC) micelle, a polymeric formulation that
allows for a direct and specific cellular transport of (+)-C75-
CoA, demonstrating an efficient inhibition of CPT1A-depen-
dent lipid metabolism in cellular models of neurons and
glioma cells.?® In the present study, we have developed a more
robust core-crosslinked polymeric micelle (PM)-type nano-
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medicine, with a high entrapment efficiency of the specific
CPT1A inhibitor (+)-C75-CoA (Fig. 1). This crosslinked PM has
proven to be useful for in vivo applications, showing an
effective biological activity upon delivery of the CPT1A inhibi-
tor in brain cells after intracerebroventricular (ICV) adminis-
tration, particularly to neurons. In addition, central adminis-
tration of this (+)-C75-CoA-loaded core-crosslinked PM
induced a substantial reduction in food intake and body
weight in mice as compared to the free drug, as well as signifi-
cant regulation of appetite-related neuropeptides, neuronal
activation of specific hypothalamic regions and altered
expression of metabolic biomarkers in peripheral tissues
(Fig. 1). This investigation led to the first nanomedicine target-
ing brain lipid metabolism, which effectively modulated
energy intake and peripheral tissue metabolism.

2. Results and discussion

2.1 Stability of crosslinked polymeric micelles (PM) loading
(¥)-C75-CoA and uptake in neuronal cell lines

In this study, we synthesized a triblock co-polymer using
sequential N-carboxyanhydride (NCA) polymerization with
polyethylene glycol (PEG) as a hydrophilic shell forming block,
a poly(t-aspartamide) (PAsp) middle block functionalized via
an orthogonal side-chain modification with an aromatic alde-
hyde moiety (PAsp(Aldehyde)), and a poly(r-lysine) (PLys) cat-
ionic block designed to form a PIC with (+)-C75-CoA (Fig. 2).
Solutions of (+)-C75-CoA and PEG-PAsp(Aldehyde)-PLys were
combined in a 1:1 anion/cation ratio, defined as the ratio
between the overall anionic charge imparted by the phosphate
and carboxylate groups in ()-C75-CoA and the overall cationic
charge given by the protonated amines in the polymer. A
PEG-PAsp diblock co-polymer functionalized with hydrazide
groups (PEG-PAsp(Hydrazide)) was added to the micelle to
crosslink the aldehyde-containing PEG-PAsp(Aldehyde)-PLys
through hydrazone formation (Fig. 1). This aromatic aldehyde
and hydrazide-derived reversible hydrazone bonds***° formed
in the copolymer middle block provided increased protection
and stability to the micelle by tightening the core and prevent-
ing premature release of the cargo (Fig. 1). (¥)-C75-CoA and
PEG-PAsp(Aldehyde)-PLys were mixed in 10 mM phosphate
buffer (pH 7.4) that spontaneously self-assembled to form a
core-shell structured PM. To crosslink the PM, PEG-PAsp
(Hydrazide) was added in molar equivalence of hydrazide to
the aldehyde functionality (Fig. 1). Upon filtration, both non-
crosslinked and crosslinked PMs gave monodisperse size pro-
files of around 40-45 nm hydrodynamic diameter, determined
by dynamic light scattering (DLS) measurements (Fig. 3A; ESI
Table S1t). In comparison, the average core size of PMs was
found to be ca. 20 nm by transmission electron microscopy
(TEM), which is smaller than the hydrodynamic diameter,
since the latter accounts for the PEG shell of the micelle
(Fig. S1, ESIf). It is worth highlighting that the middle block
strengthens the micelle core even without crosslinking, poss-
ibly by providing hydrophobicity.*! The polymer mixtures only

Biomater. Sci, 2023, 11, 2336-2347 | 2337
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Fig. 1 Schematic representation of the core-crosslinked polymeric micelle (PM)-type nanomedicine encapsulating the CPT1A inhibitor (+)-C75-
CoA, and the effects of central administration (ICV) of the nanomedicine on food intake and liver and brown fat metabolism via the arcuate (ARC)

and paraventricular (PVN) nuclei of the hypothalamus.

(without (+)-C75-CoA) provided large aggregates, confirming
that the cargo has a profound influence in producing well-
defined PM-type structures, which was evident from the TEM
images (Fig. S1, ESI{).

To confirm the advantages of the middle block, we pre-
pared micelles from a PEG-PLys diblock copolymer (Fig. S2A,
ESIt). We then added a polyanion (sodium dextran sulfate;
DSS) to confirm the ionic interaction between the anionic
cargo and the cationic PLys chain. Micelle dissociation with
the increase of DSS concentration was observed for the diblock
PM, evident by the drastic reduction of light scattering inten-
sity, but for that of the triblock PM the impact of DSS addition
was minimal (Fig. S2B, ESIt). A core-crosslinked PM prepared
from the PEG-PAsp(Aldehyde)-PLys triblock and PEG-PAsp
(Hydrazide) diblock co-polymer incorporating crosslinking to
provide hydrophobicity is expected to give even higher stabi-

2338 | Biomater. Sci., 2023, 1, 2336-2347

lity. To confirm the participation of these two polymers in the
micellar assembly and subsequent interaction, we labelled the
PEG-PAsp(Aldehyde)-PLys polymer with rhodamine and
PEG-PAsp(Hydrazide) with fluorescein on their N-termini.
When the labelled polymers were used to form PMs with
(£)-C75-CoA, we observed Forster resonance energy transfer
(FRET) upon scanning the emitted light at 450 nm excitation
(Fig. 3B), corroborating that they were associated with the PM
core. The FRET profile of crosslinked PMs was not altered with
the addition of 1 M NaCl. However, upon adding DSS, the
signal intensity from the rhodamine-labelled polymer was
reduced to 60%, which indicated that (+)-C75-CoA plays a sig-
nificant role in the association of two polymers, as evidenced
by FRET pairing. To further confirm whether (+)-C75-CoA was
necessary for the increased interaction of the FRET-paired
polymers, the FRET spectrum of a mixture of the two labelled

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Preparation of the triblock polymer, PEG-PAsp(Aldehyde)-PLys.

polymers was measured. This revealed similar FRET properties
to those of the DSS-treated PM. However, when the FRET-
paired polymers were mixed without (+)-C75-CoA and then
treated with DSS, a residual FRET signal was observed. This
suggests that there was still some form of interaction between
the two polymers despite the release/absence of the (+)-C75-
CoA cargo, possibly through covalent (hydrazone) bonds and
other forces of attraction.

To check micellar stability in salt solution, we added 1 M
NaCl to the PM solution. This led to a 15 nm increase in size
for both types of micelles (Fig. 3C); however, the non-cross-
linked PM gave an apparently more polydisperse size profile
with a statistical decrease in scattered light intensity (Fig. 3D
and E). The results attested to the PIC nature of the PM. PIC
formation is mainly driven by the liberation of counterions,
which is prompted when the PLys block and anionic (+)-C75-
CoA paired up, leading to a large entropic gain. The increased
NaCl concentration apparently reduced this entropic gain,
which resulted in PIC destabilization. These data provide
additional evidence that the crosslinked PM is more stable
than the non-crosslinked PM.

To test their differing effects on biological systems, we
measured the ATP synthesis of GT1-7 mouse hypothalamic
neurons after short-term incubation with the PMs. This is an

This journal is © The Royal Society of Chemistry 2023
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indirect approach to measure mitochondria FAO and CPT1A
inhibition by the drug®® (Fig. 3F). The crosslinked PM statisti-
cally reduced cellular ATP production to 41%, as compared to
the non-crosslinked PM (73%) and free (+)-C75-CoA (87%)
(Fig. 3F). Moderation of the ATP synthesis in in vitro neurons
in response to PM treatment indicates inhibition of FAO, in
agreement with the previous data,”®** and this attenuation
was significantly higher compared to the non-crosslinked PM.
The crosslinked PM exhibited higher apparent encapsulation
of (+)-C75-CoA compared to the non-crosslinked PM in both
pH 7.4 phosphate buffer (PB) and artificial cerebrospinal fluid
(aCSF) (Fig. S3, ESIt), with the latter mimicking conditions in
the brain. Since more (+)-C75-CoA was entrapped in the cross-
linked PM, it was expected to enter the cell more efficiently in
contrast to the non-crosslinked PM.

To track its cellular uptake, we prepared PMs from a fluo-
rescent derivative of CoA, Fluor-CoA,*® with a size profile similar
to (x)-C75-CoA-PM (Fig. S4A, ESIt). Upon incubation with GT1-7
neuronal cells for 30 min, we observed that there was an evi-
dently higher cellular uptake of Fluor-CoA-loaded crosslinked
PM (4x that of the free dye) as compared with the non-cross-
linked PM (3x compared to the free dye) (Fig. 3G). This points to
another reason why the crosslinked PM has a greater ATP inhibi-
tory effect compared to the non-crosslinked counterpart. Fluor-
CoA was also released in the cell culture medium or aCSF to a
lesser extent by the crosslinked PM (Fig. S4C and D, ESI}),
despite both non-crosslinked and crosslinked PM having similar
encapsulation rates (Fig. S4B, ESIt). In neuronal cells, the fluo-
rescent tracer of the micelle showed endo-lysosomal entrapment,
which was not appreciated in the mitochondria (Fig. S5, ESI).

The increased stability of the crosslinked PM ensured a
higher (+)-C75-CoA encapsulation rate, an enhanced ATP
inhibitory capacity, and increased cellular uptake of fluor-
escein when using the Fluor-CoA-loaded PM. This cellular
uptake was also confirmed in vivo, since the brain slices
revealed fluorescent staining of the tracer of the crosslinked
PM, particularly in the hypothalamic area, after ICV infusion
of the nanomedicine (Fig. S6, ESIf), as previously indicated
with other types of polymeric nanomedicines.**™>°

Altogether, the formulation presented here, which is based
on a specially designed triblock copolymer platform, allowed
for remarkable stability better suited for in vivo applications
when matched with the non-crosslinked PM. This could be
explained by: (i) increased hydrophobicity of the polymer,
which enabled a better interaction with (+)-C75-CoA and (ii)
crosslinking of the two polymers through hydrazone for-
mation. The polymer PEG chain (My, 12 kDa) was important in
imparting the measured physicochemical properties and
decreasing aggregation tendency.*?

2.2 (#)-C75-CoA-loaded core crosslinked PMs induced rapid
attenuation of food intake and body weight and regulated the
expression of hypothalamic neuropeptides

A major finding of this investigation is the remarkable acute
effect of the central administration of the nanomedicine on
feeding and body weight, with improvements in these actions

Biomater. Sci, 2023, 1, 2336-2347 | 2339
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Fig. 3 Physicochemical characterization of the crosslinked polymeric micelles (PMs) loading (+)-C75-CoA or Fluor-CoA and validation in the neuro-
nal cell lines. (A) Size profile of (+)-C75-CoA-PM. (B) Fluorescence emission spectra of the FRET double-labelled (+)-C75-CoA-PM and mixed poly-
mers. (C—E) Physicochemical properties of the micelles in phosphate buffer (PB) and NaCl solution: (C) hydrodynamic size, (D) polydispersity, and (E)
scattered light intensity of non-crosslinked versus crosslinked PM. (F) Measurement of ATP levels as an indirect indicator of fatty acid oxidation (FAO)
and CPT1A activity in neuronal cells treated with the vehicle, free drug, non-crosslinked and crosslinked-PM. (G) Cellular uptake of Fluor-CoA non-
crosslinked or crosslinked micelles. Data are expressed as mean + SD (n = 3—4). Means were compared using one-way ANOVA along with Tukey's

post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001.

compared to the free drug (+)-C75 administration. In these
experiments, age-matched mice were administered ICV injec-
tions of the vehicle: (+)-C75, (+)-C75-CoA, and (t)-C75-CoA-
loaded core crosslinked PMs (from here on will be designated
as (x)-C75-CoA-PM). Food intake and body weight were then
monitored for 24 h (Fig. 4A). This timing was in agreement

2340 | Biomater. Sci,, 2023, 1, 2336-2347

with the previous studies monitoring the acute satiating
effects of new therapeutics in lean rodent models."***> Mice
treated with (+)-C75-CoA-PM exhibited a substantial and rapid
reduction of food intake in comparison with (+)-C75-CoA-,
(£)-C75- and vehicle-treated mice (Fig. 4B). The satiating effect
of (+)-C75-CoA-PM was appreciated after 1 h, being statistically

This journal is © The Royal Society of Chemistry 2023
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Fig. 4

ICV administration of (+)-C75-CoA polymeric micelles (PM) rapidly reduced food intake and body weight in mice by regulating the expression

of hypothalamic neuropeptides. (A) Diagram indicating the experimental protocol of surgery, administration and monitoring. (B) Cumulative food
intake at different timings (***p < 0.001 vs. (+)-C75-CoA-PM; ¥p < 0.05 and #*#p < 0.01 vs. (+)-C75-CoA) and (C) body weight change in mice after
24 h of central administration of the vehicle, free drug or the nanomedicine ((+)-C75-CoA-PM) (**p < 0.01 vs. vehicle)). (D—F) mRNA levels of the
hypothalamic neuropeptides (D) NPY (orexigenic and energy expenditure inhibitor), (E) POMC (anorexigenic and energy expenditure activator) and
(F) AgRP (orexigenic and energy expenditure inhibitor), 2.5 h post-injection (*p < 0.05 and **p < 0.01). Data are expressed as mean + SD (n = 6-8).

Means were compared using one-way ANOVA along with Tukey's post hoc test.

different 4 h post-treatment versus the vehicle and free drugs.
This action was maintained throughout the experiment (24 h)
(Fig. 4B). In line with this result, body weight change
measured at 24 h post-treatment was also significantly reduced
in (+)-C75-CoA-PM-treated mice when evaluated against the
control group (Fig. 4C). These acute effects on energy balance
in lean mice are very promising and comparable to the satiat-
ing action of CPT1A inhibition after short timings (2 to 24 h)
in lean rodents using drug- or genetic-based approaches.>"**3¢
In agreement with the observed rapid effects on feeding, it has
been reported that the levels of malonyl-CoA, when elevated in
the brain and particularly in the hypothalamus in response to
energy surplus or glucose overload, induces rapid inhibition of

This journal is © The Royal Society of Chemistry 2023

CPT1A, leading to food intake reduction, and these changes
appear very rapidly (from minutes to a few hours).'**”

Since alteration of brain CPT1A and malonyl-CoA levels is
known to modify the expression of hunger-related neuropep-
tides in the hypothalamus,®® we measured the mRNA
expression of these neuropeptides. Once released by different
neuronal populations in the ARC nucleus of the hypothala-
mus, the following peptides exert opposing effects on feeding
and metabolism: the neuropeptide Y (NPY) and agouti-gene
related protein (AgRP) are orexigenic neuropeptides, whereas
the precursor protein, proopiomelanocortin (POMC), is a
signal that induces satiety and body weight attenuation.?®3°
For this analysis, hypothalamic extracts of mice were collected
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2.5 h after the treatment with the vehicle, free drug or PM.
These timings were based on previous studies with altering
malonyl-CoA levels and CPT1A activity in the hypothalamus,
showing very rapid changes in the expression of these neuro-
peptides (2-3 hours post central inhibition of the target and
lipid metabolism).'**® While free (+)-C75-CoA was able to
attenuate the mRNA levels of the orexigenic neuropeptide NPY,
(£)-C75-CoA-PM induced not only a significant reduction of
NPY (Fig. 4D), but also upregulation of the anorexigenic neuro-
peptide POMC compared to the vehicle (Fig. 4E). However, no
changes were appreciated in the mRNA levels of AgRP in
response to either free drug or PM (Fig. 4F).

Despite our results being too preliminary to discard impor-
tant side effects in patients with metabolic diseases, the
present results are promising in terms of toxicity. In particular,
analysis of microglial activation by Ibal immunofluorescence
in different regions of the hypothalamus revealed no activation
of microglia after ICV infusion of the nanomedicine, indicat-
ing the low toxic potential of the formulation in the inflamma-
tory response at the timing and dose tested in mice (Fig. S7,
ESIt). Subsequent investigations using more selective target-
ing-based approaches to a specific type of neurons and after
longer periods of administration to analyse feeding behaviour
must be envisaged.

These data suggest that the nanomedicine (+)-C75-CoA-PM
was more efficient in reducing body weight and food intake
compared to the free drug, and that the appetite-suppressing
effect could be explained through the modulation of hunger-
related neuropeptides in the hypothalamus, particularly the
upregulation of POMC and the downregulation of NPY. The
main satiety signal in the brain which led to changes in the
expression of neuropeptides meant that there was a local
accumulation of long-chain fatty acyl-CoAs in the hypothala-
mus in response to FAO and CPT1A inhibition, indicating
nutrient overload, as previously reported.®!

2.3 (%)-C75-CoA-PM modified liver and brown fat metabolism

The hunger-related hypothalamic neuropeptides released in the
ARC nucleus connect to second order neurons located in other

A Liver B
%%k
o 4 == o
o | ° o
c c
© ©
< 3 2 =
%) & o o
ke 5 * T
uo_ 2" ke ° . I * o I.E
2 g .. o 2
14 = 2 [
£ o s 0° 8o F5E £
°°8 o )
0

PEPCK G6Pase PKL CPT1A

Fig. 5

View Article Online

Biomaterials Science

hypothalamic nuclei to control energy balance, not only in
terms of satiety, but also in terms of liver and adipose tissue
metabolism.**™** Therefore, the effect of central administration
of the drug in the free form or PM form was also investigated in
these primary metabolically active tissues. Particularly, markers
of glycolysis, gluconeogenesis, and FAO were assayed in the liver
(Fig. 5A), while markers of thermogenesis were measured in the
brown adipose tissue (BAT) (Fig. 5B) 2.5 h post-ICV injection of
either vehicle, free drug, or PM.

In the liver, gluconeogenesis (PEPCK) and FAO (CPT1A)
mRNA markers were significantly increased by (+)-C75-CoA-PM
in comparison with the free drug or vehicle with no accompa-
nying changes in the last stage of glucose production (G6Pase),
which is consistent with a response to a satiating effect
(Fig. 5A). In line with this, the expression of the pyruvate
kinase liver isoform (PKL), a regulator of pyruvate production,
remained unchanged when using (+)-C75-CoA, but was signifi-
cantly reduced by (+)-C75-CoA-PM, supporting the idea that
the nanomedicine can promote FAO and the initial stages of
gluconeogenesis, but not pyruvate, to provide energy fuel to
extrahepatic tissues in response to the satiating actions.

The analysis of genes related to thermogenesis in the BAT,
which contributes to energy expenditure and body weight regu-
lation,** revealed significant induction of the expression of
several genes involved in BAT thermogenesis activation, prob-
ably contributing to energy expenditure and body weight loss
after this treatment. In contrast, the free drug was not able to
modify the expression of the genes under study (Fig. 5B).

Taken together, these results show that central adminis-
tration of (+)-C75-CoA-PM led to transcriptional changes in
metabolically active tissues in the periphery, such as the liver
and BAT, whereas the expression of these markers remained
unaffected in free (+)-C75-CoA-treated mice.

2.4 (%)-C75-CA-PM activated neurons in specific
hypothalamic nuclei

In order to assess the activation of neurons in different areas
of the hypothalamus in response to the free drug or nano-
medicine (+)-C75-CoA, c-FOS immunostaining (a proto-onco-

Brown adipose tissue

3 o
% %Kk X
L o [ Vehicle
2 o T o T , o Emcr5coa
5 5 3 C75-CoA-PM
o o o
o o
1- &
o o o°
(] o
0
ucP1 CIDEA PRDM16

ICV administration of (+)-C75-CoA polymeric micelles (PM) modifies metabolic pathways in the liver and brown adipose tissue (BAT). (A) Liver

mRNA levels of genes involved in gluconeogenesis, glycolysis and fatty acid oxidation. (B) BAT mRNA levels of genes involved in thermogenesis acti-
vation. Tissues were collected 2.5 h post-injection of vehicle, free (+)-C75-CoA or (+)-C75-CoA-PM. Data are expressed as mean + SD (n = 6-8).
Means were compared using one-way ANOVA along with Tukey's post hoc test; *p < 0.05, **p < 0.01 and ***p < 0.001.
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gene expressed within neurons following depolarization, indi-
cating neuronal activity) was explored in the hypothalamus.
This analysis was performed in ARC nucleus and paraventric-
ular nucleus (PVN), two major hypothalamic nuclei involved
in feeding behavior, liver metabolism and thermogenesis.*"*?
The number of c-FOS positive cells statistically increased in
the PVN of (+)-C75-CoA-PM-injected mice as compared to
those treated with the vehicle, whereas no changes were seen
in mice treated with (+)-C75-CoA (Fig. 6A and B). However,
analysis in the ARC revealed a lower level of neuronal acti-
vation in mice treated with (+)-C75-CoA versus vehicle,
whereas (+)-C75-CoA-PM-treated mice showed partial restor-
ation of this activation in parallel to the free drug (Fig. 6C
and D).

The differential neuronal activation patterns in the hypo-
thalamic nuclei PVN and ARC in response to the treatments
can be explained by the remarkable satiating action and meta-
bolic changes induced by (+)-C75-CoA-PM. Particularly, c-FOS
measurements indicated that the nanomedicine could be initi-
ating the following events: (i) stimulation of anorexigenic
POMC neurons in the ARC, which led to (ii) activation of the
PVN, which drove satiating effects, and (iii) triggering of
changes in liver metabolism and BAT thermogenesis to regu-
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late body weight (Fig. 6E). These observations are consistent
with the changes in the expression of the neuropeptides
POMC and NPY observed with the nanomedicine but not with
the free drug. These in turn connect with the PVN neurons
and regulate not only feeding, but also peripheral tissue
metabolism. This ARC-PVN signal controlling the liver metab-
olism and BAT thermogenesis activation has been previously
reported in response to other stimuli.*>*’

In contrast, the free (+)-C75-CoA did not induce neuronal
activation in the PVN but reduced c-FOS in the ARC (Fig. 6E),
the latter being related to a reduction of NPY-expressing
neurons, contributing to the satiating effect of the free drug.
The lack of neuronal activation in the PVN could explain the
fact that the free drug did not reduce body weight nor alter the
expression of genes related to liver metabolism and BAT ther-
mogenesis. The differences observed between the nano-
medicine and the free drug in the expression of hypothalamic
neuropeptides, neuronal activation and in turn peripheral
metabolism could also be related to the higher degree of
uptake shown by the nanomedicine in the neurons compared
to the free cargo in the cell cultures and the capacity of the
nanomedicine to reach hypothalamic areas regulating energy
balance (Fig. S6, ESIT).

C75-CoA-PM

PVN

E
3V
(-) Food intake
(+) liver and BAT
metabolism
PVN
C75-CoA-PM
ARC
ARC

Fig. 6 Neuronal activation in the arcuate (ARC) and paraventricular (PVN) hypothalamic nuclei by ICV administration of (+)-C75-CoA polymeric
micelles (PM). (A) Quantification and (B) representative confocal images showing c-FOS positive cells in the PVN section. (C) Quantification and (D)
representative confocal images showing cFOS positive cells in the ARC section. (E) Schematic representation of ARC and PVN nuclei and the main
types of neurons regulating energy balance. POMC activates PVN neurons leading to anti-obesity actions, whereas NPY neurons lead to a PVN
inhibitory signal to promote feeding and body weight gain. Animals were perfused and the brains were collected 2 h post-injection of vehicle, free
(+)-C75-CoA or (+)-C75-CoA-PM. Scale bars, 50 pym. Data are expressed as mean + SD (3 animals, 3 slices per animal). Means were compared using
one-way ANOVA along with Tukey's post hoc test. *p < 0.05 and ***p < 0.001 vs. vehicle. #p < 0.05 vs. free (+)-C75-CoA.
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3. Conclusion

In this study, we have developed an inventive core crosslinked
micelle-based approach to successfully encapsulate and cen-
trally deliver a CPT1A inhibitor, to acutely regulate energy
balance in mice. The effective delivery and higher neuronal
uptake of the drug was evidenced by the potent and rapid
satiating effect and significant body weight loss induced by
the central administration of (+)-C75-CoA-PM in mice, as well
as by the substantial regulation of appetite-related hypothala-
mic neuropeptides and neuronal activation of the PVN, which
were not observed in response to the free (+)-C75-CoA treat-
ment. Altogether, the present study showcases the first nano-
medicine targeting brain lipid metabolism, offering an innova-
tive and selective therapeutic approach for treating diseases
related to dysregulation of energy balance such as obesity and
diabetes. The findings of this study are expected to contribute
to the corroboration and advancement of the novel prospects
of nanomedicine-based approaches to modulate body weight
and feeding by targeting brain lipid metabolism. Most signifi-
cantly, the current study highlights the enormous potential of
nanotechnology in healthcare, leading the way for a better
understanding of energy balance in the early stages of obesity
and diabetes that are crucial for understanding the develop-
mental stages of these pathological conditions and thus
finding an effective cure.

4. Experimental section

4.1 Preparation of the polymers and crosslinked micelles

4.1.1 Synthesis of the triblock copolymer, PEG-PBLA-PLys
(TFA). The synthesis of the triblock co-polymer,
PEG-PBLA-PLys(TFA), was carried out by N-carboxyanhydride
(NCA) ring-opening polymerization (ROP), as previously
reported®>> but with modifications (Fig. 2). The initiator used
in the first ROP step was a-methoxy-e-amino-poly(ethylene
glycol) (M,: 12 kDa; PEG-NH,, NOF, Japan), to produce the
PEG-poly(B-benzyl-t-aspartate) diblock copolymer (PEG-PBLA).
PEG-NH, was dried overnight in vacuo and dissolved in dis-
tilled and dehydrated DMF (Wako Pure Chemical Industries,
Japan). BLA-NCA (24 molar equivalence to PEG-NH,) and
thiourea (equivalent to 1 M solution in DMF) were added to
the PEG-NH, solution as a dry powder under an inert atmo-
sphere. The mixture was left to stir at 25 °C for 24 h. The
resulting reaction mixture was dialyzed against water and the
PEG-PBLA-NH, di-block polymer was recovered by freeze-
drying. The freeze-dried di-block polymer was dissolved in di-
chloromethane and dropped in a mixture of n-hexane and
ethyl acetate (6:4), followed by filtration of the precipitated
polymer, and drying under vacuum. The degree of polymeriz-
ation was found to be 22 BLA units by '"H NMR.

The obtained PEG-PBLA-NH, was subsequently used as an
initiator for the second ROP of Lys(TFA)-NCA to obtain
PEG-PBLA-PLys(TFA). PEG-PBLA-NH, was dried overnight in
vacuo and subsequently dissolved in distilled and dehydrated
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DMSO. Lys(TFA)-NCA (44 molar equivalence to PEG-PBLA-NH,)
along with thiourea (equivalent to 1 M solution in DMF) was
introduced to the PEG-PBLA-NH, solution as a dry powder
under an Ar atmosphere, where the mixture was left to react at
25 °C for 48 h. The resulting reaction mixture was dialyzed
against water and the PEG-PBLA-PLys(TFA) triblock polymer
was recovered by freeze-drying. The freeze-dried triblock
polymer was dissolved in methanol and subjected to diethyl
ether precipitation and was finally dried in vacuo. For charac-
terization purposes, an aliquot of the polymer was subjected
to alkali hydrolysis to remove the benzyl esters and TFA
groups, furnishing a water-soluble form of the triblock
(PEG-PAsp-PLys) polymer. Upon 'H NMR analysis of this
PEG-PAsp-PLys polymer, it was revealed that 40 units of lysine
residues were added with 22 units of aspartate (Fig. S8A, ESIT).
Gel Permeation Chromatography (GPC) analysis (Jasco HPLC
system equipped with an RI detector) confirmed (Fig. S8A,
ESI}) that the polymer, PEG-PAsp-Plys, has a narrow and unim-
odal distribution of molecular weight (molecular weight distri-
bution, M,,/M,: 1.02).

4.1.2 Middle-block modification of PEG-PBLA-PLys(TFA)
and the subsequent sequential deprotection. PEG-PBLA-PLys
(TFA) was dissolved in anhydrous DMF (Sigma-Aldrich, cat. #
227056-100ML), to which an aromatic aminoacetal linker,
1-[4-(dimethoxymethyl)phenyl|methanamine (Enamine Ltd
(Kyiv, Ukraine) (30 eq.)) was added. The reaction mixture was
stirred at 40 °C for 72 h. Then, deprotection of the PLys(TFA)
chain was carried out by adding 3 mL of methanol and
100 pL of 5 N NaOH. The reaction was allowed to proceed
overnight. The mixture was then dialyzed against 0.02 N HCl
(3x) and water (2x) for 48 h using a 8 kDa molecular weight
cutoff (MWCO) dialysis bag (Spectra/Por, Spectrum
Laboratories, cat. # 25223-650). The solution was freeze-dried
under vacuum to obtain the modified triblock co-polymer
(PEG-PAsp(Aldehyde)-PLys). "H NMR analysis confirmed the
introduction of benzaldehyde groups onto the triblock
polymer (Fig. S8B, ESI{).

4.1.3 Preparation of PEG-PAsp(hydrazide) and PEG-PLys.
The synthesis of PEG-PBLA and its hydrazinolysis were carried
out as previously reported,® while PEG-PLys was prepared
similar to a previous study.’ The preparation of labelled poly-
mers and FRET micelles is detailed in the ESL.}

4.1.4 Micelle preparation. The crosslinked PM was formed
by automatic self-assembly of polymers with the anionic drug
cargo plus the hydrazone bond formation between the poly-
mers. Polymer solutions were each dispersed in 10 mM phos-
phate buffer (PB) (pH 5.0) at 10 mg mL™" concentration. The
solutions were simply mixed with 36.87 mM (+)-C75-CoA or
7.88 mM Fluor-CoA (preparations of which are fully
described in our previous work®®) to attain a 1:1 anion/
cation ratio, diluted with 10 mM PB (pH 7.4) to the desired
concentration, and then vortexed. The micelle was allowed to
cross-link at 4 °C for 24 h before passing through a 0.22 pM
syringe filter (Millex 13 mm Durapore, Merck, cat. #
SLGVJ13SL). The characterization of micelles is indicated in
the ESL.}

This journal is © The Royal Society of Chemistry 2023
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4.2 Mouse cannulation and administration of drugs and
polymeric micelles

The protocols for animal care and use were approved by the
Ethics and Research Committee at the University of Barcelona
(procedure ref. 10906 from the Generalitat de Catalunya). All
experimental animal procedures were carried out in strict
accordance with the European Communities directive 2010/63/
EU legislation regulating animal research. All efforts were
devoted to minimize animal suffering and to reduce the
number of animals used.

Male (8-10 weeks old) C57BL/6] mice were used for the
experiments. All animals were housed under conditions of a
12 h/12 h light/dark cycle (from 8 am to 8 pm) in a temperature-
and humidity-controlled room, and allowed free access to water
and standard laboratory chow. For fasting experiments, animals
were randomly assigned to food-deprived (fasted group) or fed
ad libitum groups (fed group). For tissue collection, animals
were sacrificed by cervical dislocation under isoflurane anaes-
thesia during the light phase and the hypothalamus, liver and
adipose tissue were quickly removed and stored at —80 °C.

For cannulation, cannulae were stereotaxically implanted
into the lateral cerebral ventricle under anaesthesia, as pre-
viously described.>>>® Cannulated mice were subjected to 16 h
fasting before the beginning of the dark cycle. After that, mice
were exposed to food and randomly assigned to the following
treatments: 3 pul of vehicle (PBS), (+)-C75, (+)-C75-CoA, (+)-C75-
CoA-PM (at 4.2 mM cargo concentration; injection dosage:
126.5 pg per mouse), Fluor-CoA or Fluor-CoA-PM (at 2.95 mM
cargo concentration; injection dosage: 104 pg per mouse) by
ICV injection 30 min before the beginning of the dark cycle.
The schedule of this protocol was based on previous publi-
cations analysing feeding pattern after ICV administration of
drugs.'®'* The dosage of (+)-C75 in the free form or PM form
was also based on previous studies.'***?*

For feeding experiments, food intake was monitored at 1, 2,
4, 8, 12 and 24 hours after ICV administration, whereas body
weight was measured before and 24 hours after the treatment.
For tissue collection and gene expression analysis, food intake
and body weight were monitored 2 h after drug administration
and the mice were subsequently euthanized. Fresh tissues
were then harvested and stored at —80 °C.

For brain immunofluorescence, mice were anesthetized
using ketamine/xylazine and intracardially perfused with PBS
and then with 10% NBF at 2 hours after (+)-C75-CoA, (+)-C75-
CoA-PM, Fluor-CoA or Fluor-CoA-PM treatment. Brains were
collected and post-fixated 24 h in 10% NBF at 4 °C, transferred
to 30% sucrose at 4 °C for 2-3 days, frozen in isopentane, and
sliced into 30 um thick slices in the coronal plane throughout
the entire rostral-caudal extent of the brain using a cryostat.
The subsequent analysis for brain immunofluorescence or
RT-PCR in the tissues is detailed in the ESI.}

4.3 Statistical analysis

All results are expressed as mean + SD. Statistical analysis was
conducted using GraphPad Prism 9 Software (GraphPad

This journal is © The Royal Society of Chemistry 2023
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Software, La Jolla, CA, USA). Statistical analysis was performed
by ANOVA (more than 2 groups were compared) followed by
Tukey’s post-hoc test. p < 0.05 was considered statistically sig-
nificant. The number of animals used in each experiment is
specified in each figure legend.
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