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Abstract

Brain lipid metabolism has a key role in many physiological processes, and its
malfunction is associated with a plethora of diseases, such as obesity and
glioblastoma multiforme (GBM). Carnitine palmitoyl transferase 1A (CPT1A),
an important protein in the fatty acid oxidation (FAO) pathway, has a
prominent role in this association. In the brain, activation of CPT1A in
hypothalamic neurons increases food intake and body weight in mice, while
its inhibition causes the opposite effect, indicating its antiobesity potential. In
GBM cells, overexpression of CPT1A and other lipid metabolism proteins has
been described as a crucial pathway for GBM cell survival. Then,
pharmacological inhibition of CPT1A and therefore fatty acid oxidation, could
constitute a promising treatment for these diseases. However, targeting
CPT1A in brain cells is difficult to reach with the current formulations in vivo.
The racemic drug Compound 75 (C75) is a well-known CPT1A inhibitor when
conjugated with Coenzyme A, but with important constraints such as polarity

and low cell-permeability that limit the cellular uptake.

In this Thesis, we have developed an advanced core crosslinked poly-ion
complex (PIC) micelle type nanomedicine that can stably encapsulate the
CPT1A inhibitor C75-CoA and its enantiomers to improve CPT1A targeting in
brain cells. These polymeric nanomedicines have been validated in vitro in
cellular models of GBM and hypothalamic neurons, and also in vivo in mice,

compared to the free drug.

We synthesized PEG-PAsp(DET) PIC micelles encapsulating (£)-, (+)- and (-)-
C75-CoA. After physico-chemical characterization, the micelles showed the
ability to strongly inhibit ATP synthesis and FAO compared to the free drug in
GT1-7, a hypothalamic neuronal cell line, and U87MG, a GBM cell line. We also
developed micelles encapsulating Fluorescein-CoA to use as a fluorescent

model particle. Treatment of cells (2D and 3D spheroids) with these



crosslinked based-nanomedicines showed that Fluorescein-CoA was more
easily internalized by these cell lines compared to free fluorescein-CoA and
non-crosslinked micelles, indicating a higher uptake of the cargo when using

the proposed nanomedicine in vitro.

For in vivo studies, we synthesized a new crosslinked PIC micelle composed of
PEG-PAsp(Aldehyde)-Plys and PEG-PAsp(Hydrazide) polymers. These
polymers are able to covalently conjugate, forming a much more stable
micelle for in vivo applications. Intracerebroventricular administration of
these crosslinked PIC micelles encapsulating C75-CoA, led to a reduction in
food intake and body weight in lean mice already appreciated after 3h,
significantly higher compared to the free drug. This satiating effect was in line
with a modulation in the expression of hunger-related hypothalamic
neuropeptides and an induction of neuronal activation in specific
hypothalamic nuclei after central administration of the C75-CoA micelle, that
was not appreciated with the free drug. These changes induced by the micelle
in the hypothalamus were also associated with an alteration in the metabolic

profile of peripheral tissues such as the liver and brown fat.

These results demonstrate that crosslinked PIC micelles encapsulating the
CPT1A inhibitor are able to modulate lipid metabolism in vitro and can
regulate food intake and body weight through modulation of hypothalamic
neuropeptide expression and neuronal activation in vivo, thereby driving a
central and peripheral response. This research lays the foundation for the
application of PIC micelles as drug delivery systems for the development of

treatments against pathologies related to alterations in lipid metabolism.



Resumen

El metabolismo lipidico del cerebro tiene un rol principal en muchos procesos
fisiolégicos, y su mal funcionamiento estd asociado a una plétora de
enfermedades, como la obesidad y el glioblastoma multiforme (GBM). La
carnitina palmitoil transferasa 1 (CPT1A), una proteina importante en la via de
oxidacion de acidos grasos (FAO), tiene un rol prominente en esta asociacion.
En el cerebro, la activacién de CPT1A en el hipotalamo incrementa la ingesta
y el peso corporal, mientras que su inhibicion causa el efecto opuesto,
indicando su potencial antiobesidad. En células de GBM, se ha descrito la
sobreexpresién de CPT1Ay otras proteinas del metabolismo lipidico como una
via metabdlica crucial para la supervivencia de las células de GBM. De esta
forma, la inhibicién farmacolégica de CPT1A y por tanto de la oxidacidn de
acidos grasos podria constituir un tratamiento prometedor para estas
enfermedades. Sin embargo, es dificil tratar CPT1A en las células cerebrales in
vivo con las formulaciones actuales. El farmaco racémico Compuesto 75 (C75)
es un inhibidor conocido de CPT1A cuando esta en su forma conjugada con
Coenzima A, pero con importantes limitaciones como una alta polaridad y

baja permeabilidad celular, que limitan la entrada en las células.

En esta tesis, hemos desarrollado una nanomedicina basada en avanzadas
micelas de tipo “poly-ion complex” (PIC) con nucleo entrelazado, capaces de
encapsular de forma estable el inhibidor de CPT1A C75-CoA vy sus

enantiomeros para mejorar el tratamiento de CPT1A en células cerebrales.

Hemos sintetizado micelas PIC compuestas de PEG-PAsp(DET) que encapsulan
(%)-, (+)-y (-)-C75-CoA. Tras la caracterizacion fisico-quimica, estas micelas
mostraron la capacidad de inhibir fuertemente la sintesis de ATP y la FAO
comparadas al farmaco libre en GT1-7, una linea celular de neuronas
hipotaldmicas, y U87MG, una linea celular de GBM. También hemos

desarrollado micelas que encapsulan Fluoresceina-CoA para usarlas como



particulas modelo. El tratamiento de células (2D y esferoides 3D) tratadas con
estas micelas mostrd que las micelas cargadas con Fluoresceina-CoA eran mas
facilmente internalizadas por las células que la Fluoresceina-CoA libre y las
micelas no entrelazadas, indicando una mayor internalizacién de la carga al

usar las nanomedicinas propuestas in vitro.

Para los estudios in vivo, sintetizamos una nueva micela PIC covalente
compuesta delos polimeros PEG-PAsp(Aldehido)-PLys y PEG-PAsp(Hidrazida).
Estos polimeros son capaces de unirse entre ellos de forma covalente,
formando una micela mucho mas estable para aplicaciones in vivo. La
administracién intracerebroventricular de estas micelas PIC entrelazadas
encapsulando C75-CoA llevé a una reduccion en el peso y la ingesta de ratones
delgados tras 3 h, significativamente mas alto comparado con el farmaco libre.
Este efecto saciante fue concurrente a la modulacidon en la expresién de
neuropéptidos hipotalamicos relacionados con la ingesta, y a la activacién
neuronal en nucleos hipotalamicos tras la administracidn central de la micela
C75-CoA, que no se aprecid con el farmaco libre. Los cambios inducidos por la
micela en el hipotalamo también estuvieron asociados a una alteracién en el

perfil metabdlico de tejidos como el higado vy el tejido adiposo marrén

Estos resultados demuestran que las micelas PIC encapsulando inhibidores de
CPT1A son capaces de modular el metabolismo lipidico in vitro y que pueden
regular la ingesta y el peso corporal a través de la modulacion de la expresion
de péptidos hipotalamicos y activacidon neuronal in vivo, causando de este
modo una respuesta central y periférica. Esta investigacion pone los cimientos
para la aplicacidon de micelas PIC como sistemas de entrega de farmacos para
el desarrollo de tratamientos contra patologias relacionadas con alteraciones

en el metabolismo lipidico.
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1. Brain lipid metabolism and related disorders

Lipids are essential macromolecules for the normal function of the organism.
They can perform structural or physiological functions. Based on their
structure, they can be broadly divided into six categories: fatty acids,
triglycerides, phospholipids, sterol lipids, terpenes and sphingolipids (Tracey
et al. 2018). The main peripheral functions of lipids are making up cell
membranes (mainly phospholipids), regulatory and signaling functions
(isoprenoids and lipid hormones),as well as being stored as an energy source

(triglycerides) (R. Guo et al. 2020).

Their importance is exacerbated in the brain, where the lipid content amounts
to more than 50% of the dry weight, only surpassed by the adipose tissue
(Hamilton et al. 2007). Acylated phospholipids are used as structural
components for neuronal cell membranes, and it is known that several fatty
acids (FAs) are necessary for the structure and function of the brain.
Furthermore, sensing of FAs by different cells in the brain is paramount for
several key functions such as energy homeostasis or cognitive processes
(Bruce et al. 2017; Lam et al. 2005). Some of these FAs can be synthesized
locally, but most of them are transported from the liver (Rapoport 2001). At
the beginning of the century, brain lipid metabolism, and particularly the
metabolism of FA in different brain areas, was described as having a
prominent role in the regulation of the energy homeostasis of the organism

(Schwartz et al. 2000; Spiegelman et al. 2001).

FAs can be synthesized and oxidized in the brain. FA synthesis starts with the
carboxylation of acetyl-CoA (originating from the glucose metabolism) into
malonyl-CoA via acetyl-CoA carboxylase (ACC)(Wakil et al. 1983). Malonyl-CoA
constitutes the first substrate in fatty acid synthesis and at the same time is

the inhibitor of the first step of the fatty acid oxidation (FAQO) pathway. Next,
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unreacted acetyl-CoA and malonyl-CoA undergo transacylation to an acyl-
carrier protein (ACP) to form acetyl-ACP and malonyl-ACP. After this, fatty acid
synthase (FAS), is in charge of performing a cycle of four sequential reactions:
condensation, reduction, dehydration, and second reduction. The result of
these reactions is the addition of 2 carbons to the malonyl-ACP backbone, and
the product of this reaction will undergo these four reactions again for the
elongation of the FA chain, and then a thioesterase will catalyze the formation

of the FA by removing ACP (Figure 1A).

FAO is primarily performed in order to meet the energy requirements of
tissues, including the brain. It is carried out in the mitochondrial matrix. FAs
transported into the cell are converted to fatty acyl-CoA by acyl-CoA
synthases, and then the carnitine shuttle system comes into play to
translocate fatty acyl-CoA molecules to the mitochondrial matrix. The first
step of the carnitine shuttle system involves the translocation into the
mitochondrial outer compartment by the production of acylcarnitines from
fatty acyl-CoAs. This reaction is performed by carnitine acyltransferase
proteins. There are several of these proteins to accommodate for the diversity
in chain length and site preference of fatty acids. Carnitine palmitoyl
transferase 1 and 2 (CPT1 and CPT2) are in charge of medium-long chain FAs
(12 to 18 carbons). In the mitochondrial outer membrane, CPT1 produces acyl
carnitines, which are translocated into the mitochondrial matrix in exchange
for free carnitine by carnitine acylcarnitine transferase (CACT). In the
mitochondrial inner matrix, CPT2 transfers acyl groups back to CoA (Mcgarry
et al. 1997; Schlaepfer et al. 2020). Once inside the mitochondrial matrix, acyl-
CoAs will produce energy through beta-oxidation, a sequential four reaction
cycle that yields one FADH,, one NADH, one acetyl-CoA and a two carbon
shorter acyl-CoA (Figure 1B). This cycle can be repeated until the entire carbon
backbone has been broken down, producing a significant amount of ATP

(Balaban 1990). However, the high consumption of oxygen from this process
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Figure 1. Schematic representation of a) Fatty acid synthesis pathway, and b) Fatty
acid oxidation pathway. Adapted from a) Tracey et al 2018, and b) Stark et al 2015.

produces a significant amount of reactive oxygen species (Murphy 2009;

Perevoshchikova et al. 2013).

Metabolism of lipids in the brain, as previously mentioned, is involved in many
important processes in the organism (Picard et al. 2014). Specifically, FAs are
the key players, and their synthesis, sensing and oxidation in brain cells leads
to necessary outcomes for the correct function of the body. It is known that
despite most of FA oxidation in the brain is performed by astrocytes (Escartin
et al. 2007), some neuronal populations are able to take up FAs and express
FAO genes, for functions beyond energy production. Indeed, neurons of the
hypothalamus are responsive to the presence of FAs, and this sensing is
necessary for the regulation of food intake, insulin secretion, glucose

production and lipogenesis (Obici et al. 2002; Ross et al. 2010).
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Since lipid metabolism in the brain plays a role in critical processes for the
correct functioning of the organism, it is not surprising that defects in its
regulation have been linked to several pathologies (Yang et al. 2022). In fact,
alterations in brain lipid metabolism take place in neurodegenerative diseases,
such as Alzheimer’s disease (Liu et al. 2014), Parkinson’s disease (Cole et al.
2002) and other disorders, but they can also be involved in metabolic
pathologies, such as non-alcoholic fatty liver disease (NAFLD)(Ren et al. 2022),
diabetes (Yue et al. 2012), and obesity (Wolfgang et al. 2006; Sarma et al.
2021) and glioblastoma (Balaban et al. 2015; Sperry et al. 2020). Furthermore,
a relationship between cancer and alterations in lipid metabolism, both at
central and peripheral level, has been elucidated (Currie et al. 2013). In the
last few years, targeting proteins involved in FA metabolism in the brain has
been proposed as a promising strategy to treat these diseases. Among them,
key enzymes in FAO such as CPT1A, has been a matter of interest against brain

lipid metabolism-related disorders such as obesity and glioblastoma.

1.1 Glioblastoma Multiforme

Glioblastoma Multiforme (GBM) is the most common primary malignant brain
tumor in adults, and has a very short patient survival rate, with a mean survival
of less than 15 months and less than 5% of the patients surviving for more
than 5 years (Lah Turnsek et al. 2021; Gupta et al. 2020). It is still incurable,
and the current treatment, which consists on maximal surgical resection
followed by radiotherapy and concomitant treatment with temozolomide, has
only increased the mean survival time by 3 months compared to the previous
standard of care, suggesting that there is room for improvement in this regard

(Quader et al. 2017; Khosla 2016).
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GBM is thought to originate from oligodendrocyte-type 2-astrocyte
progenitors of the astroglial lineage, in the brain (Gupta et al. 2020). Around
90% of GBM cases occur as primary tumors, while the remaining 10% are
secondary tumors originating from lower grade gliomas. It is characterized by
rapid proliferation of small cells infiltrating surrounding tissues, rendering
total resection of the tumor impossible (Schroder et al. 1991). The tumor
presents high vascularization and necrotic foci in the central area (Urbanska
et al. 2014). Molecularly, GBM is defined as a diffuse astrocytic glioma with no
mutations in IDH genes nor histone H3 genes (Weller et al. 2021), but it may
present other molecular features, such as TERT promoter mutation or EGFR

amplification (Lah Turnsek et al. 2021).

Cancer is essentially a cell growth and proliferation alteration. Therefore,
cancer cells need metabolic flexibility in order to shift cellular metabolic
pathways to produce the necessary energy and building blocks for cell growth
(Currie et al. 2013). Glioma cells use FAO through overexpression of CPT1A in
low glucose environments, such as those from rapidly proliferating tumors
(Pet6vari et al. 2020; Sperry et al. 2020). This dependence on FAO increases

with tumor malignancy, being most prominent in GBM (Cirillo et al. 2014).

However, despite the increasing understanding of GBM metabolic pathways
and the discovery of potential targets, no improved standard treatments have
been developed since the introduction of temozolomide in 2005. The difficulty
of developing new treatments lies in the blood-brain barrier (BBB), a cellular
barrier present in the brain capillaries that regulates ionic composition and
protects the brain from cells, macromolecules and toxins (Van Tellingen et al.
2015). The BBB will be addressed in depth in the following sections. Then, it is
imperative to develop new treatments that can extend the patient's survival

time and improve the quality of life.
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1.2 Obesity

Obesity is classically defined as the excessive accumulation of fat that may
impair health (Anon 2021), but that concept is much more complex than this.
Regarded as a symbol of wealth and well-being for centuries, it was the Greek
physician Hippocrates who identified obesity as having negative effects for
health. However, it was not until the 18th century that obesity and its
consequences started to be noted in the medical literature (Eknoyan 2006),

and only in the 20th century it was associated with higher risk of mortality.

Excess of adiposity, once an issue associated specifically to high-income
countries, has increased alarmingly in middle- and low-income countries,
especially in urban settings (Anon 2021). As of 2016, 39% of adults were
overweight and 13% were obese, more than triple the rate from the year 1975
(Figure 2), and these numbers are expected to go up (Mdller et al. 2022).
Presently, the most widely used indicator for the classification of excess
weight is the Body Mass Index (BMI), which uses body weight and height to
classify overweight and obesity. According to BMI, values between 18.5-24.9
are considered normal weight, while values between 25-29.9 are considered
overweight and values over 30 are considered obesity (Sarma et al. 2021;
Balke et al. 2013). However, BMI alone does not identify high levels of body
fat, as well as distribution of body fat, so direct measurement of body fat is
recommended. In addition, BMI does not assess the chance of comorbidities,
or other important factors such as biological, genetic, environmental and
behavioral factors (Fosch et al. 2023; Garvey 2022). Indeed, excessive body
weight is frequently related to increased risk of comorbidities such as
cardiovascular disease (CVD), type-2 diabetes, NAFLD, dyslipidemia and other
disorders (Garvey 2022; Sarma et al. 2021).
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Share of adults that are overweight or obese, 1975
A person is defined as overweight if they have a body-mass index (BMI) equal to or greater than 25. BMI is a
person's weight in kilograms divided by his height in metres squared.
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Share of adults that are overweight or obese, 2016
A person is defined as overweight if they have a body-mass index (BMI) equal to or greater than 25. BMl is a
person's weight in kilograms divided by his height in metres squared.
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Figure 2. Percentage of overweight and obese individuals per country in 1975 (top)
and 2016 (bottom). Overweight and obesity defined as having a BMI > 25. Source:

IHME, Global Burden of Disease (2019).

Weight gain is caused by a sustained positive energy balance, that is, the

ingestion of more calories than are spent over a long period of time (Hill et al.

2012). The energy uptake term of the energy balance equation is all energy
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ingested through food and beverage consumption, while the energy
expenditure term is more complex. Total daily energy expenditure (TDEE) can
be divided into different categories: Basal metabolic rate (BMR), which is the
energy expended by the organism to maintain vital functions, activity
thermogenesis (AT), which is the energy spent by doing physical activity,
whether it is voluntary exercise or other physical tasks, and the thermic effect
of food (TEF), which is the energy spent by digesting, absorbing and
metabolizing food (Levine 2002; Careau et al. 2021). BMR is highly predicted
by lean mass and usually accounts for about 60% of the TDEE (Dériaz O,
Fournier G, Tremblay A, Després JP 1992). AT is the most variable term
between individuals and the easiest to modify in order to increase TDEE

(D’Alessio et al. 1988).

Traditionally, the tendency of some individuals to gain weight and maintain a
positive energy balance by overeating or not exercising enough has been
regarded as laziness, a lack of character or willpower, and therefore people
suffering from obesity have usually been stigmatized, adding a severe mental
health component to the disease (Brewis et al. 2018). Social stigmatization
also increases emotional eating and binge-eating episodes (Rubino et al.
2020). However, studies involving monozygotic twins have shown that the
response to weight loss through a calorie deficit is highly similar in twin pairs,
highlighting the significant role of genetic factors in body weight changes
(Bouchard et al. 1990; Hainer et al. 2000). Furthermore, the genetic
background interacts with biological factors and lifestyle patterns, accounting
for variations in obesity prevalence across different communities. Specifically,
societal bias in perceiving obesity as a lifestyle choice, especially when
evidence suggests that weight loss alone can reduce the prevalence of
comorbidities such as CVD (Wing et al. 2011) results in reduced access to
healthcare (Kaplan et al. 2018). Finally, and of great significance in our

increasingly unequal societies, obesity prevalence is also associated with low
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socioeconomic status and limited health literacy (Garvey 2022). It is evident
that obesity is a complex condition influenced by a myriad of factors and

disorders that can lead to a positive energy balance (Figure 3).

The energy homeostasis of the organism is a tightly controlled process. This is
clear because, after a long fasting in mice, there is an overfeeding that lasts
until lost weight has been regained (Harris et al. 1986). In humans, it has been
seen that, even though short-term energy balance shows a lot of variability,
over longer time frames the energy balance is finely tuned (Hill 2009; Levitsky
et al. 2012). These observations, along with the discovery of leptin and its
anorectic effects in the central nervous system (CNS), gave way to the
postulation of the set point theory, which states that energy homeostasis is
finely regulated and that the body “defends” certain levels of adiposity against
external changes such as caloric restriction or caloric surplus, and does so by

increasing or reducing energy expenditure to match energy intake (Farias et

ENVIRONMENT
Food availability
Social determinants of
health
Built environment
Socioeconomic status

GENES
Susceptibility genes
Epigenetic modifications
Ancestral background
Gene-gene interaction

BIOLOGICAL
FACTORS
In utero

environment

Birth weight
Gender and age

Concurrent disease

BEHAVIOR
Diet, physical activity
Cultural factors
Psychologic factors
Diurnal life pattern

|
ENERGY AN ENERGY
INTAKE L EXPENDITURE

C )

| BODY WEIGHT SET POINT |

Figure 3. The seemingly simple energy balance regulation is affected by
biological, genetic, environmental and behavioral factors that interact
differently in each individual to create an altered body weight set point. Adapted
from Garvey et al. 2022.
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al. 2011; Speakman et al. 2011). More modern theories, such as the “settling
points” theory, allow the integration of non-physiological signals and leave
room for the defended body weight set point to increase or decrease due to
external changes (Farias et al. 2011; Speakman et al. 2011), but keeping in
mind that, probably due to evolutionary reasons, decreasing the set point is
more difficult than increasing it (Waterson et al. 2015) . According to this,
metabolic obesity could be defined as a disorder in which the set point (i.e.,
the adiposity level at which energy expenditure matches energy intake) is
found in the obesity range. There have also been reports defining “hedonic
obesity”, in which metabolic control of energy intake works correctly, but a
hedonic drive to consume food for pleasure is strong enough to sustain weight

gain (Yu et al. 2015).

Therapeutic interventions for overweight or obesity frequently involve
lifestyle changes to reduce energy intake or increase energy expenditure, in
conjunction with pharmacological treatments and bariatric surgery, especially
in cases of morbid obesity. Pharmacological interventions are commonly
prescribed, and there are several long-term anti-obesity drugs on the market.
However, most of these drugs results in less than 10% weight loss, which is
typically regained after discontinuing treatment (Tak et al. 2020). Recently, the
promising drug semaglutide, a glucagon-like peptide receptor (GLP1R) analog
previously used for diabetes treatment, has been approved for obesity
treatment after producing a 14.9% reduction in body weight after 68 weeks of
treatment in a phase Il clinical trial (Tak et al. 2020). Nevertheless, there
remains a need to develop new pharmacological strategies to address this

unmet medical issue.

The physiological components responsible for maintaining energy
homeostasis are populations of neurons within the different nuclei of the

hypothalamus. These neurons integrate hormonal and neuronal signals from
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peripheral organs to modulate the feeding behavior of the organism. In the

following section, we will explore the functions of these different components.
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2. Role of the hypothalamus in brain lipid
metabolism

The hypothalamus has been recognized as a pivotal brain region in the
regulation of food intake since 1942 when Hetherington and Ranson
(Hetherington et al. 1940) reported that lesions in the ventromedial
hypothalamus (VMH) led to obesity. In a parallel finding, Anand and Brobeck
reported that bilateral ablation of the lateral hypothalamus (LH) caused loss
of interest in food and eventually led to death by starvation (Anand et al.
1951). Subsequent research in this field has further elucidated the intrincate
network of hypothalamic and extrahypothalamic neuronal connections and
their effect in energy homeostasis and peripheral metabolism, as well as a

plethora of other physiological functions (Dietrich et al. 2012).

Alterations in nutrient and hormonal signaling can impair the hypothalamic
regulation of energy homeostasis. Particularly, abnormal levels of fatty acids,
leptin and insulin negatively impact the ability of the organism to control
energy intake, leading up to obesity, hyperphagia and hyperleptinemia
(Moullé et al. 2014; Thon et al. 2016).

In this section we will review the different hypothalamic nuclei and their role
in energy homeostasis, as well as the neuronal populations that are most

important in the regulation of food intake and body weight (Figure 4).

2.1 Hypothalamic nuclei and function
The most anterior and rostral hypothalamic nucleus is the paraventricular
hypothalamus (PVH). The PVH plays a crucial role in the hypothalamic

signaling for energy homeostasis. It is the main hypothalamic receiver of
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VMH

Figure 4. Distribution of the neuronal nuclei of the hypothalamus in respect to
the third ventricle.

signals coming from the arcuate (ARC) nucleus, and it is also the primary site
of neuronal projections to extrahypothalamic nuclei involved in satiety
signaling, such as the parabrachial nucleus (PBN) and the nucleus of the
solitary tract (NTS). Lesions in PVH result in hyperphagic obesity, and
activation of cells in the PVH increases energy expenditure and reduces food

intake (Hetherington et al. 1940; Sutton et al. 2016).

The dorsomedial nucleus of the hypothalamus (DMH) is located dorsal and
ventral to the PVH. It has been related to energy expenditure control through
regulation of brown adipose tissue (BAT) thermogenesis. DMH also takes part
in the control of body temperature and food intake (Fosch et al. 2023; Bi et al.

2012; DiMicco et al. 2007).

Ventrally but in a more lateral position is located the lateral hypothalamic area
(LHA). One of the first findings connecting hypothalamic function to energy
metabolism was that ablation of the LHA produced aphasia and weight loss

(Hetherington et al. 1940; Anand et al. 1951). LHA neurons produce
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neuropeptides such as orexin, melanin-concentrating hormone (MCH) and
cocaine and amphetamine-regulated transcript (CART) to induce food intake

(Gao et al. 2016).

Continuing in a dorsal-ventral order we find the ventromedial hypothalamus
(VMH) Its ablation produces hyperphagia and obesity, and it is thought to
regulate energy balance through leptin sensing and proopiomelanocortin
(POMC) (Khodai et al. 2021), in addition to glucose homeostasis through

regulation of the autonomic nervous system (Fosch et al. 2023).

Lastly, located just below the VMH in the most rostral position and adjacent
to the third ventricle and the median eminence (ME), we find the ARC. The
ARC is a crucial site for feeding regulation, expressing both orexigenic and
anorexigenic peptides, and sending neuronal projections to various
hypothalamic nuclei, including LH, PVH and VMH (Gao et al. 2016). Its
proximity to the ME offers privileged access for nutrient and hormone sensing.
Indeed, it is well-documented that the ME and the ARC present a more
permissive BBB that allows for enhanced hormone sensing and secretion, as
well as improved nutrient sensing (Miyata 2015; Rodriguez et al. 2010). Within
the ARC, two functionally opposed neuronal populations play a central role in

the regulation of food intake: the melanocortin system (Jais et al. 2022).

These two populations are the orexigenic neurons expressing neuropeptide Y
and Agouti related protein (NPY/AgRP) and the anorexigenic neurons

expressing POMC/CART.
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2.2 The melanocortin system: NPY/AgRP and
POMC/CART neurons

The melanocortin system is primarily composed of two neuronal populations
that innervate the same intrahypothalamic areas, including the LH and PVH
(Wang et al. 2015). These neuronal populations interact with each other
through the effect of several neuropeptides. For instance, POMC/CART
neurons, whose activation has an anorexigenic effect, express POMC peptide,
which is cleaved into alpha melanocyte-stimulating hormone (a-
MSH)(Mountjoy 2015; Quarta et al. 2021). a-MSH is a potent agonist of
melanocortin receptors 3 and 4 (MC3R and MC4R), and the activation of these

receptors induces an anorexigenic response.

In contrast, the activation of NPY/AgRP neurons has an orexigenic effect. AgRP
acts as an endogenous melanocortin antagonist, blocking the binding of a-
MSH and thus inhibiting the MC4R-mediated anorexigenic effects (Zagmutt et
al. 2018). Concomitantly, NPY and GABA release inhibit POMC activity, along
with downstream second-order neuronal activity, mainly in the PVH. In fact,
the inhibition of downstream PVH neurons is necessary for NPY/AgRP
orexigenic effect (Atasoy et al. 2012). The NPY effect is mediated by NPY
receptors, of which NPY1R, NPY2R and NPY5R are most important in feeding

regulation (Brothers et al. 2010).

The neurons in the melanocortin system respond to hormones and nutrients
present in the blood in order to exert their function. The most important
regulatory hormones in this system are leptin, ghrelin and insulin. Leptin is
produced by the adipose tissue in a manner proportional to fat mass, and acts
on leptin receptors (LEPR), found in various cell groups in the brain (Scott et
al. 2009). Leptin activates POMC neurons and inhibits AgRP neurons (Cowley
et al. 2001), but this effect occurs in a timescale of hours (Beutler et al. 2017).

Leptin is, therefore, secreted as a signal of energy abundance. Oppositely,
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ghrelin, a hormone secreted by the empty stomach, is secreted in energy
deficit situations. Its levels decrease post-prandially and increase pre-
prandially, which suggests a role in meal initiation and termination (Cummings
et al. 2001; Miiller et al. 2015) . Ghrelin induces activation of AgRP neurons
and orexigenic behavior through activation of its receptor, GHS-R (Sun et al.
2004). Insulin secretion has been demonstrated to increase in proportion to
body fat and to lower food intake and body weight by inhibition of AgRP
neurons (Woods et al. 1979; KGnner et al. 2007).

Although it is clear that leptin, ghrelin and insulin have an effect on food
intake, body weight and energy consumption, it is thought that their role is to
control long-term changes in energy balance. Recently, a plethora of short-
term modulators of food intake have been described and are being studied
from a therapeutic perspective (Miller et al. 2022). Currently the most studied
are cholecystokinin (CCK), peptide tyrosine tyrosine (PYY), glucagon-like
peptide 1 (GLP-1). CCK is secreted from intestinal L cells especially upon fat
ingestion, and can inhibit neurons in the NTS and area postrema (AP), that can
relay satiety signals to the hypothalamus, apart from NPY/AgRP neurons
(Miller et al. 2022; Beutler et al. 2017). PYY is co-secreted with GLP-1 from L
cells in the distal bowel. Its major circulating form, PYY3-36, promotes satiety
by inhibiting NPY/AgRP through Y2 receptor activation, therefore activating
POMC/CART neurons (Batterham et al. 2002). GLP-1 decreases food intake via
activation of POMC/CART and activation of the neurons in the NTS and AP
(Mdller et al. 2019).

Clearly, the interplay between activation and inactivation of NPY/AgRP and
POMC/CART neurons and other neurons in the VMH, PVH and LH, mediated
by food cues, hormonal and nutrient signals, is tightly regulated and holds

profound importance for the regulation of the energy homeostasis in both
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normal and pathological conditions (Figure 5). Now we will focus on a key

element in the energy homeostasis by the hypothalamus; the CPT1A protein.
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Figure 5. Schematics of action of different peripheral hormones on satiety and
hunger. Peripheral hormones convey information about energy availability to
neurons in the hypothalamus and the brainstem. In the hypothalamus, two
populations of neurons (NPY/AgRP) and POMC/CART) integrate this information
and promote hunger or satiety. PP, pancreatic polypeptide; CCK, cholecystokinin;
YY, peptide YY; FFA, free fatty acids; AA, aminoacids; GLP-1, glucagon-like peptide
1; MCs, melanocortin receptor 4; a-MSH, a-melanocyte stimulating hormone.

From Dietrich et al. 2012.
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3. Hypothalamic carnitine
palmitoyltransferase 1 A (CPT1A) and
control of energy balance

CPT1A is a key player in lipid metabolism. Particularly, in hypothalamic
neurons, CPT1A controls neuronal tone and therefore energy homeostasis
(Stark et al. 2015). A main pathway related to CPT1A in the nutrient sensing in
the hypothalamus and control of energy balance is the AMPK/ACC/Malonyl-
CoA/CPT1 axis (Fadd et al. 2021; Lépez et al. 2016). In the hypothalamus,
AMP-activated protein kinase (AMPK) a central nutrient sensor protein, is
phosphorylated and thus activated by signals of low energy (i.e.,
hypoglycemia, ghrelin) and inactivated by signals of high energy (i.e.,,
hyperglycemia, leptin, insulin). Activated AMPK can phosphorylate and inhibit
acetyl-CoA carboxylase (ACC), the enzyme responsible for the synthesis of
malonyl-CoA, which is the substrate of FAS, the first step in fatty acid
anabolism, and the endogenous inhibitor of CPT1A, the first step of the FAO

pathway.

Hypothalamic malonyl-CoA, is an important mediator of feeding behavior. It is
known that malonyl-CoA levels fluctuate greatly in response to hormones and
nutrients in different tissues. However, these fluctuations are crucial in the
hypothalamus, where they mediate the response to metabolic challenges such
as fasting or feeding (Figure 6) (Fado et al. 2021). Systemic or central
administration of FAS inhibitors (such as cerulenin and C75) produced a
satiating effect and body weight loss, probably due to an accumulation of
malonyl-CoA (Thomas M. Loftus et al. 2000). The decrease of hypothalamic
malonyl-CoA levels was seen to be enough to cause an increase in appetite

and body weight by overexpressing malonyl-CoA decarboxylase (MCD), the

-35-



Stress energy sensor

AMPK Glu
; ’ Glu
Citrate ——— Citrate
l TCA A
Acetyl-CoA Pyr<— Pyr
ACC MCD Acetyl-CoA
L4
Malonyl-CoA B'OX’
FASN 1 _.-» LCacyl-CoA
v ~~
LC acyl-CoA ------ “CPT1A
v
Complex <---- LCacyl-CoA <-----=5- Lc
lipids fatty acids

Figure 6. Malonyl-CoA plays a central role in lipid metabolism, as it is the precursor
for fatty acid synthesis and the negative regulator of CPT1A. In this manner,
fluctuations of malonyl-CoA coordinate the switch from fatty acid synthesis to
fatty acid oxidation. Adapted from Fadé et al. 2021.

enzyme responsible for degrading malonyl-CoA, in the hypothalamus of
rodents (Hu et al. 2005). Furthermore, in conditions of high glucose, increased
malonyl-CoA inhibits CPT1A and stops FAO in favor of fatty acid synthesis
(Stark et al. 2015). However, it is known that the functions of hypothalamic
malonyl-CoA do not stop at feeding regulation, but it also produces peripheral
effects. Increased hypothalamic malonyl-CoA levels increased FAO and energy
expenditure in skeletal muscle through the sympathetic nervous system (Cha,
Hu, Chohnan & Daniel Lane 2005), and activated brown adipose tissue (BAT)
thermogenesis (Lopez et al. 2010). In this manner, FAS and CPT1A work as a
“metabolic crossroad” between FAO and fatty acid synthesis (Ronnett et al.
2006). Thus, it is clear that carnitine metabolism is an important regulatory
element in energy homeostasis. We will look more closely into FAO, carnitine

metabolism, the CPT1 proteins and their role in NPY/AgRP neuronal activity.
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CPT1s are a family of proteins involved in lipid metabolism. They catalyze the
conversion of acyl-CoAs into acylcarnitines. There are three isoforms of human
CPT1: CPT1A, which is expressed ubiquitously, CPT1B, which is expressed
mainly in muscle, and CPT1C, which is expressed in neurons (Figure 7) (Casals
et al. 2016).The canonical isoforms CPT1A and CPT1B have a similar function,
but vary in their localization, while CPT1C has a lower catalytic activity
compared to CPT1A and B (Sierra et al. 2008). CPT1A and B catalyze the first
and limiting step in the FAO pathway. They are both endogenously inhibited
by malonyl-CoA, but sensitivity of CPT1B to inhibition by malonyl-CoA is at
least 30 times higher than CPT1A (Zhu et al. 1997). In the brain, CPT1A is
expressed mostly in astrocytes. However, it has been demonstrated that
hypothalamic neurons need the expression of CPT1A in order to regulate

feeding (Jernberg et al. 2017; Zagmutt et al. 2023).

CPT1A and FAO activation states have a multifaceted role in peripheral and
central tissues. Peripherally, it has been demonstrated that FAO and CPT1A

genes are downregulated in obese and diabetic patients. In line with this,
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Figure 7. Schematics of tissue expression and subcellular localization of the different
CPT1 isoforms. Adapted from Rodriguez-Rodriguez et al. 2023.
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activation of CPT1A and FAO in the liver decreases insulin resistance and
protects against body weight gain (Orellana-Gavalda et al. 2011; Weber et al.
2020). CPT1A also plays a crucial role in the hypothalamic regulation of food
intake. Inhibition of hypothalamic CPT1A by intracerebroventricular (ICV)
infusion of a riboprobe reduced food intake and body weight, besides a
decrease in AgRP and NPY mRNA levels, as well as liver gluconeogenesis (Obici
et al. 2003). This inhibition is followed by an accumulation of long-chain FAs,
which mimics the effects on food intake caused by ICV injection of oleic acid
(Obici et al. 2002). Conversely, overexpression of CPT1A in the VMH induced
hyperphagia and body weight gain in mice (Gao et al. 2013). Furthermore, the
expression in the VMH of a mutant CPT1A insensitive to malonyl-CoA
inhibition also increased food intake and body weight, while also producing
changes in lipid profile and expression levels of glutamate and GABA
transporters (Mera et al. 2014). More recently, genetic deletion of CPT1A in
AgRP neurons of the ARC in male and female mice led to a reduction in
appetite, body weight and activation of BAT thermogenesis (the later only in
female mice) (Zagmutt et al. 2023). Overall, these finding indicate a prominent
role of VMH and ARC CPT1A activity in the regulation of satiety signaling and
energy balance, possibly mediated by the fluctuating levels of long-chain FAs

in the brain.

The anti-obesity potential of CPT1A is then based on two different approaches
depending on central or peripheral tissue targeting. In peripheral tissues (i.e
liver and adipose tissue) it selective activation of CPT1A produces beneficial
outcomes, such as decreased insulin resistance and weight control (Weber et
al. 2020). Oppositely, it is the inhibition of hypothalamic CPT1A which has
been identified as a promising intervention for body weight, energy
expenditure and feeding management (Mera et al. 2014; Zagmutt et al. 2023).
Therefore, in order to reduce off-target peripheral effects, pharmacological

inhibitors of CPT1A need to be specifically delivered to the hypothalamus.
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Besides its importance in the pathology of metabolic diseases it has been
shown that CPT1A levels of activity and expression are critical for the
development of several tumors (Liang 2023). As previously stated, in GBM,
CPT1A inhibition can result in increased macrophage phagocytosis of tumor
cells (Jiang et al. 2022). CPT1A inhibition has also been proven to be essential
for tumor growth and survival in hormone receptor positive breast cancer

(Jariwala et al. 2021) and prostate cancer (Guth et al. 2020).

From these results, it is clear that CPT1A plays a key role in the modulation of
FA levels in the ARC and VMH. We believe pharmacological inhibition of CPT1A
in specific brain cells could be of great therapeutic value for the treatment of
metabolic disorders, as well as some types of cancer. This inhibition should be
tissue selective (central but not peripheral tissues), cell selective (to neurons
that express certain receptors) and specific. In the next section we will review
the current pharmacological inhibitors of CPT1A and focus on one of them,

compound 75 (C75).
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4. Pharmacological inhibitors of CPT1A:
C75

Pharmacological inhibition of fatty acid metabolism has been used for
decades, mainly to characterize its molecular mechanism (Declercq et al.
1987). The interest in the matter grew once the importance of fatty acid
metabolism for metabolic disorders was stated. Cerulenin, a natural
compound extracted from the fungus Cephalosporium caerulens, was one of
the first known inhibitors of FAS enzyme, thus inhibiting fatty acid synthesis
(D’agnony et al. 1973). However, cerulenin is chemically unstable and presents
several side effects, which is the reason behind the research and development
of new derivatives (Pandey et al. 2012). Two of the most important cerulenin

derivatives are etomoxir and Compound 75 (C75).

Etomoxir was developed as an antidiabetic drug, but later it was seen that it
effectively inhibited CPT1 (Brady et al. 1986). Later it was repurposed as a
cardiovascular disease drug, as it was shown that inhibition of FAO could
reduce permanent damage in ischemic hearts (Lopaschuk et al. 1988).
Etomoxir still retains in its structure a strongly reactive epoxy-group, which
causes instability and undesired reactivity. Etomoxir successfully cleared
phase | trials, but was discontinued in phase Il trials due to hepatotoxicity
issues (Holubarsch et al. 2007). Interestingly, orally administered etomoxir did
not reduce food intake but appeared to stimulate it in the study environment

(Kahler et al. 1999).

C75 was patented by Kuhajda et al. in 1997. Initially, it was developed and
described as a FAS inhibitor for antitumoral treatment. The antitumoral
effects were observed in both in vitro MCF-7 breast cancer cell line and in vivo

with nude mice (Kuhajda 2000; Pizer et al. 2000). Concomitantly, a decrease
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in food intake was also described as a side effect of treatment with C75. This
discovery opened a line of work on C75 as a potential antiobesity drug. Indeed,
intraperitoneal treatment with C75 reduced food intake, body weight and
adiposity in mice in a dose-dependent manner. This body weight loss observed
was dependent on the reduction of food intake (Thomas M. Loftus et al. 2000).
C75 was also shown to to increase levels of hypothalamic POMC/CART mRNA
and reduce levels of AgRP/NPY mRNA compared to fasted levels (Shimokawa
et al. 2002). Furthermore, C75 treatment was found to influence neuronal
activation in the ARC, LH, NTS and AP. It appeared to do so by carrying out a
dual-onset effect; a short-term effect through activation of NTS and AP
neurons that inhibit PVH, and a long-term effect primarily elicited by the

hypothalamus (Gao et al. 2003).

It was suggested that C75 acts in the CNS, because both intraperitoneal and
intracerebroventricular administration of C75 cause the described effects.
Additionally, central C75 treatment can induce short-term peripheral changes
in expression of thermogenesis markers in skeletal muscle (Cha, Hu, Chohnan
& Lane 2005) and decrease the secretion of ghrelin in the hypothalamus and
stomach (Hu et al. 2005).Altogether, these results were supportive of the
hypothesis that increase in malonyl-CoA levels in the hypothalamus through
inhibition of FAS inhibits FAO, therefore eliciting the anorexigenic response. In
this context, C75 was thought to have a mildly stimulatory effect in CPT1A
(Nicot et al. 2004).

In the direction of solving this discrepancy, it was discovered that, regardless
of its possible CPT1-stimulatory behavior, C75 could form a coenzyme A ester.
This derivative, C75-CoA, is formed in vitro and irreversibly inhibits CPT1A
activity and FAO (Bentebibel et al. 2006). C75-CoA is also formed in the
hypothalamus when C75 is administered centrally in rats. This result

supported the notion that the anorectic effect of C75 was mediated by C75-

-42 -



CoA inhibition of CPT1A, possibly with concomitant inhibition of FAS, which
would reinforce CPT1A inhibition by increasing malonyl-CoA concentration

(Mera et al. 2009).

It is essential to note that C75 is a racemic compound, an equimolar mixture
of two enantiomers: (+)-C75 and (-)-C75. Consequently, each enantiomer
within C75 may exhibit distinct biological and pharmacological properties, as
it was confirmed with subsequent work where differential effect of (+)- and
(-)-C75 enantiomers in CPT1 and FAS. Interestingly, (—)-C75 was able to inhibit
FAS activity but (+)-C75 had little to no effect when incubated with
mitochondrial protein extracts. Neither (+) nor (—)-C75-CoA adducts had an
effect on FAS activity. Regarding CPT1, both (+)-C75-CoA and the racemic
mixture (+)-C75-CoA exerted a potent inhibitory effect on CPT1 activity, while
(—)-C75-CoA showed a weak inhibitory effect. None of the non-CoA forms had
any effect in CPT1 (Makowski et al. 2013) From these results, it is concluded
that (-)-C75 inhibits FAS and (+)-C75-CoA inhibits CPT1 (Figure 8).

As discussed previously, a solution is required to achieve tissue-selective, cell-
selective, and specific CPT1A inhibition mediated by C75-CoA. C75 has
traditionally been administered via intravenous administration or via ICV.
Intravenous administration of C75 leads to distribution through the whole
organism, readily crossing the BBB and reaching targets in the CNS, but also in
peripheral tissues. This pathway of administration leads to the desired
therapeutic effects but is also prone to side effects and off-target activity. On
the other hand, ICV administration is more direct and reduces effective dose,
but is not feasible for recurrent administration. In order to avoid off-target
effects and effectively deliver C75-CoA to the hypothalamus, we need to look
for new administration and targeting strategies. One of such strategies are
drug delivery systems based on nanotechnology. These drug delivery systems

offer several possibilities for customization and tuning of the drug
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Figure 8. Mode of action of C75 enantiomers. (-)-C75 inhibits FAS, while (+)-C75-

CoA inhibits CPT1A. Adapted from Makowski et al. 2013.

characteristics. Among the different types of drug delivery systems, to address

these specific issues, we have chosen to encapsulate C75 in polymeric micelle

nanomedicines (PM).
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5. Targeting brain cells by using
nanotechnology

Nanotechnology is defined as “intentional design, characterization,
production, and applications of materials, structures, devices, and systems by
controlling their size and shape in the nanoscale range (1 to 100 nm)” (British
Standards Institute, 2007). Since their discovery, nano-engineered materials
have been researched for use in a wide variety of different applications, such
as chemical synthesis or information technologies, with medical applications
being some of the most expected. Indeed, the possibility to engineer the
shape, size and surface of nanomaterials, and the fact that they find
themselves in the same size-scale as most biological constituents, makes them
suitable for applications depending on interaction with such biological

entities.

5.1 Nanotechnology, overview and advances.

The use of nanotechnological solutions is set to revolutionize the
pharmacology field. As we have reached a time in which methods have been
developed for high throughput development of bioactive molecules, the
challenge is shifting from the discovery of new molecules to solving the issues
presented by poor physicochemical characteristics of said molecules for in vivo
administration. Compounds with low water solubility or short circulating half-
life are not useful even if their biological activity is high. Encapsulation or
conjugation of these molecules to nanoengineered materials can greatly
change these physicochemical characteristics so that they become suitable for
pharmaceutical applications. Indeed, many nanotechnology-based products

recycle and improve previously approved drugs (Shi et al. 2017).
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Due to this ability to improve physicochemical characteristics of drugs,
nanotechnology-based approaches could prove very useful for CNS-related
diseases. Currently, CNS-related diseases impose a heavy-burden on human
health, due to the impossibility to deliver therapeutically relevant doses across
the BBB, paired with side effects and toxicity caused by the exposure of non-
target cells to the drugs (Zhang et al. 2016). There is a lot of research effort
into several nanotechnology-based strategies to overcome these challenges
and successfully treat these diseases (Garcia-Chica et al. 2020). There is still a
wide gap between laboratory research and bedside treatment, but the

positive results achieved ignite hope in the future of this promising field.

5.2 Types of Nanomedicines. Polymeric
Nanomedicines.

The different nanotechnological formulations that have been tested for
improving drug delivery are commonly referred to as nanocarriers. These
formulations can be classified into lipid-based nanocarriers, polymeric
nanocarriers, inorganic nanocarriers, and cell-derived nanocarriers (Table 1).
Nanocarriers need to have certain properties in order to function properly.
Perhaps the most important quality to consider would be the ability to easily
attach or encapsulate drugs. These drugs can be covalently attached to the
structure of the nanocarrier, adsorbed to the surface or encapsulated in the
core (Wilczewska et al. 2012). The toxicity of the nanocarrier needs to be
considered. It is important that nanocarriers have good biocompatibility, low
toxicity and low immunogenicity (Chamundeeswari et al. 2019). It is usually
advantageous that the nanocarriers exhibit long-term blood circulation. Being
stable in blood circulation for longer times allows distribution towards the

tissues where the therapeutic effect is needed. Lastly, it can be very useful
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that the nanocarrier is directed towards the target tissue or that it can be
modified to do so. An example of the former would be nanocarriers directed
for tumors due to the enhanced permeability and retention (EPR)
phenomenon. These nanocarriers make use of the differential characteristics
present in tumoral capillaries. Specifically, tumoral capillaries present a
deficient structure that makes them highly permeable to macromolecules,
and an impaired lymphatic drainage. Altogether, this causes accumulation and
retention of macromolecules over 40kDa and nanocarriers between 100 and
200 nanometers (Wu 2021). However, some nanocarriers can also be
physically or chemically modified to target specific tissues or cells. One such

family of nanocarriers are polymeric micelles.

Polymeric micelles consist of spherical supramolecular assemblies formed by
amphiphilic block-copolymers that self-assemble forming a hydrophobic core
and a hydrophilic shell. The hydrophobic core can function as a pocket for
hydrophobic drugs while the hydrophilic shell can improve drug solubility (Bae
et al. 2003). Poly (ethylene glycol)-poly (amino acids) (PEG-PAAs) are the
easiest and most commonly used block copolymers, due to their
biocompatibility, lack of toxicity and versatility (Lavasanifar et al. 2002). Drugs
can be loaded into the micelle core by physical means or it can be covalently
attached to the micelle components. Micelles with covalently attached drugs
display increased stability and reduced drug leakage, but can also have
problems releasing the drug in the target cells. For this reason, a method has
been developed to conjugate drugs to block copolymers using in vivo stimuli-
responsive linkers, such as pH-sensitive linkers. With this strategy,
nanoparticles can carry the drug into the cell, and then release the drug when

the pH drops in the lysosomal compartment (Bae et al. 2003).
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Type of nanomedicine

Physicochemical properties relevant for neuron targeting

Lipid-based Lipozome
nanomedicines

+ Liposomes are prepared from phospholipids, for example
dicleoyl or distearoyl phosphatidylcholine.

* Liposomes with single lipid layers are generally 25-100 nm.

* Lipoplexes are prepared from cationic lipids having a
cationic head and hydrophobic tail, for example, Dicleoyl-3-
trimethylammonium propane (DOTAP).

+ The size of lipoplexes varies widely, from couple of 100 nm
to couple of ph.

Polymeric Palymer micelle

nanomedicines .

+  Polymeric micelle has characteristic core-shell structure
with optimal size range of 10-100 nm.

* While, drug or gene can be loaded inside the core for CNS
therapy, the surface can be modified with neuron targeting
ligand.

Polymer-protein

+  Polymer-protein conjugates are composite macromolecules

conjugate derived from covalently combining protein and synthetic
polymers.
d * PEGylated interferon beta-la, PLEGRIDY, is an FDA
approved drug for multiple sclerosis (MS).
Inorganic Quantum rods + Semiconductor nanocrystals are made of CdSe/Cds.
nanomedicines _

* Rod-shaped nanocrystals, the guantum rods induce
neuronal stimulation through its local electric field
associated with permanent dipole moment.

* Surface modifications with different functional groups can
produce quantum rods with adaptable surface charge.

Cell-derived Exosomes with *  Exosomes are lipid-bound membrane vesicles with 50 to

nanomedicines | AuMP

Q

100 mm in diameter.

*  Structural flexibility of exosomes allows encapsulating
AuNPs.

+ With adaptable size and shape AuMPs can act as a support
for various bio-macromalecules.

*  Neuron-targeted exosomes were used to cover AuMNPs for
efficient BBE penetration.

Table 1. Main type of platforms used for brain delivery of therapeutics are shown,
highlighting a few physicochemical characteristics relevant to neuron-targeting.
Adapted from Garcia-Chica et al. 2020.
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5.3 Brain targeting

The polymeric micelle technologies we have seen so far allow only for passive
targeting. However, polymeric micelles can be chemically modified to perform
active targeting. For this, a molecule can be attached to the surface of the
polymeric micelle that increases its affinity for a receptor. This strategy works
better with small molecules or oligopeptides, although larger molecules can
be used (Bae et al. 2009). Nonetheless, it is imperative that the chosen
molecule has a high affinity and specificity for the receptor, as well as that the

expression of the candidate receptor is specific to the target cells.

As we have discussed before, one of the main issues concerning drug delivery
to the brain is the BBB. The BBB is a physical barrier that impedes the free
diffusion of molecules to the CNS and controls the concentration of ions and
other metabolites (Pandit et al. 2020; Garcia-Chica et al. 2020). It is mainly
composed of endothelial cells, basement membrane, pericytes and
astrocytes. The endothelial cells of the brain capillaries form continuous
capillaries through the expression of tight junction proteins, limiting
paracellular transport. Moreover, vesicular traffic is diminished in these cells,
effectively reducing transcellular transport (De Bock et al. 2016). The
endothelial cells of the BBB present a very polarized expression of several
transport receptors. The main role of these receptors is the transport of
nutrients, hormones and vitamins (Pandit et al. 2020). The endothelial cells
are mechanically supported by the basement membrane, a specialized layer
of extracellular matrix mainly composed of type IV collagen, laminins,
fibronectin, heparin sulfate and other proteoglycans (Thomsen et al. 2017).
The pericytes are perivascular cells embedded in the basement membrane.
They are in charge of producing the proteins that form the basement
membrane, as well as producing contractile proteins that regulate capillary

diameter and therefore cerebral blood flow (Brown et al. 2019). Finally,
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astrocytes produce protrusions that completely envelop the BBB endothelium
and have a role in the water, ion and neurotransmitter homeostasis, as well
as modulating the integrity of the BBB (Sweeney et al. 2019). Moreover,
protrusions in astrocytes engulf neuronal synapses, providing a link between
neurons and vasculature (Abbott et al. 2006). Among other nanocarriers,
polymeric nanoparticles have been modified to actively target the receptors
expressed in the luminal side. Indeed, intravenously administered polymeric
micelles decorated with surface glucose have been successfully used for BBB
crossing and brain targeting via the GLUT1 receptor, highly expressed in the
BBB (Anraku et al. 2017). Other approaches make use of different BBB-
expressed receptors, such as transferrin (Liu et al. 2013), or they have
increased delivery to the brain exclusively due to their pathway of
administration or improved physicochemical characteristics of
nanoencapsulated drugs (Musumeci et al. 2018; Pahuja et al. 2015). However,
these strategies increase the concentration of drugs in the CNS, but they do
not specifically target any type of cells (i.e., neurons, astrocytes or microglia)

or any subset of those cells (i.e., neurons expressing NPY2R).

In order to optimize the administered dose and therefore reduce the
possibility of side effects, a cell-specific delivery strategy is needed. In the case
of neuron-related diseases, few examples use peptides to direct polymeric
micelles to neurons, but not specific subsets of neurons (Q. Guo et al. 2020;

Wang et al. 2018; Hu et al. 2011).

-50-



-51-



-52-



CONTEXT, HYPOTHESIS AND OBJECTIVES
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Brain lipid metabolism, particularly CPT1A activity in brain cells, has emerged
as a crucial player in the pathophysiology of devastating diseases such as GBM
or obesity. The prevalence of these specific pathologies is on the rise, and
innovation in therapeutic strategies enhancing efficacy and reducing off-

target actions is an urgent need.

In this context, the CPT Obesity Cancer Drug Delivery (CONCORD) project was
born. This Thesis has been carried out in the context of this project. The
CONCORD project is a Spain-Japan collaboration proposal led by Dr. Rosalia
Rodriguez from Universitat Internacional de Catalunya (UIC) and Dr. Sabina
Quader, from the Innovation Center of Nanomedicine (iCONM) (AEI/MINECO
and AEMPS; 2019-2022). The general objective of the CONCORD project is to
develop drug-loaded polymeric nanomedicines for selective targeting of
neurons or tumoral cells in order to treat diseases originating in the CNS such
as obesity and GBM. CPT1A was the main protein target aimed in the project
to fight against both diseases: CPT1A in hypothalamic nucleus for obesity and
CPT1A in tumoral glial cells for GBM. In the context of CONCORD project,
different type of polymeric micelles and strategies of encapsulation of C75
were proposed, as well as different approaches for surface decoration of the
nanomedicines for selective targeting of i) hypothalamic nucleus in the
treatment of obesity or ii) tumoral glial cells in the treatment of GBM. The
present Thesis is focused in the part of the project for the design and
development of the drug, the micelles, selection of the most adequate type of
micelle, and finally the validation of the undecorated micelles in vitro and in

vivo.

Then, the main hypothesis of the present Thesis is that encapsulation of the
CPT1A inhibitor drug C75 could serve as a targeted drug-delivery system,
inhibiting CPT1A and altering the lipid and energy metabolism in vitro models

of neurons and GBM and in vivo animal models of neuronal targeting, while
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reducing the dose, improving the efficacy and causing less side effects

compared to the free drug.

To validate this hypothesis, we have established the following objectives:

4.

To synthesize C75 and C75-CoA as racemic mixtures and enantiopure
compounds, along with the required C75 derivatives (Publication 1
and Annex).

To synthesize, characterize and optimize C75-CoA loaded micelles, as
well as Fluorescein-CoA loaded micelles (Publications 1 and 2).

To characterize the ability of the developed micelles to enter brain
cells (glioblastoma and hypothalamic neurons) and to modify CPT1A-
lipid metabolism in vitro, while evaluating their cytotoxicity in brain
cells (Publication 1 and Annex).

To characterize the potential of the developed micelles to alter the
hypothalamic neuronal circuits and the regulation of feeding and
peripheral metabolism in vivo in lean mice via CPT1A/FAO regulation

(Publication 2).

-56 -



-57-



-58 -



CHAPTER 1

Poly-ion complex micelles effectively deliver CoA-
conjugated CPT1A inhibitors to modulate lipid metabolism
in brain cells

Objectives 1, 2 and 3.
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Article summary

Fatty acid metabolism plays several important roles in the function of the
organism. In the hypothalamus, it has been revealed as a key player in the
regulation of hunger and satiety, and pharmacological targeting of this system
could be useful for the control of metabolic diseases originated in the brain,
such as obesity. The objective of this research was the development and
characterization of nanoparticles encapsulating C75-CoA, an inhibitor of
CPT1A, which is a key enzyme in the lipid metabolism and is also
overexpressed in GBM cells. Pharmacological inhibition of hypothalamic

CPT1A constitutes a promising strategy against obesity and GBM.

C75-CoA and other related molecules were synthesized as previously
described. From an array of polymers, PEG-PAsp(DET) was chosen for its
characteristic hydrophobic and hydrophilic parts, and for the positive charges
of DET that allowed interaction with negative charges in CoA to form the PIC
micelle. Micelles encapsulating racemic C75-CoA, as well as its enantiopure

forms, were synthesized.

The capability of the micelles to modulate fatty acid metabolism was assessed.
Hypothalamic neuronal cells, GT1-7, and glioblastoma cell line, U87MG, were
used as in vitro models. Cells were treated with the different C75-CoA micelles
and subjected to ATP inhibition assays and FAO inhibition assays, as major
indicators of CPT1A function, compared to cells exposed to free drug and
vehicles. The cytotoxicity of the micelles was also evaluated in vitro in GT1-7
and U87MG cells, as well as their capacity to enter the cells both in 2D cellular
models and 3D cellular models, analyzed by flow cytometry and confocal

microscopy.
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The synthesis of the drug and the encapsulation was successful. Then, C75-
CoA micelles revealed a substantial inhibition of ATP synthesis and FAO, higher
than free C75-CoA. These effects were similarin GT1-7 and U87MG. They also
produced an elevated cytotoxicity compared to free C75-CoA. These results
are in accordance with cell internalization assays, in which it was seen that
C75-CoA micelles could enter the cells more easily than free C75-CoA, and they
could diffuse deeper in 3D spheroid models. Cell internalization of the micelles
reached saturation in GT1-7 sooner than in U87MG, and the fluorescence

intensity in U87MG was much higher than in GT1-7.

In summary, it was demonstrated that the developed C75-CoA micelles had
the ability to enter GT1-7 and U87MG cells in vitro and modulate ATP synthesis

and FAO, as indicators of lipid and energy metabolism.
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Graphical abstract

PEG-PAsp(DET) 12-69

(o] H
|
0. N
HC” (\/\o)’\/\N H
272 "I' 69

o]
NH Internalization and drug
E . release in brain cells
NH,
=
PEG block Poly (amino acid) (St IR
block T R =0

Modulation of lipid metabolism
1 Neurons Glioblastoma

ok ¢ ” RIC miceits Energy balance (-) Tumor survival
HC ° CPT1A inhibition in neuronal
y \\”/ﬂ\\V’//\\\/’/\\\»“'

e don 2 and glioblastoma cell lines
+)-C75-Co,

SCoA

o | Drug-loaded

Figure 9. Graphical abstract of chapter 1. Amphipatic polymers were used to encapsulate C75-CoA and Fluorescein-CoA to evaluate
cytotoxicity, internalization and modulation of lipid metabolism in GBM and hypothalamic neuron cell models.
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ABSTRACT

Carnitine palmitoyltransferase 1A (CPT1A) is a central player in lipid
metabolism, catalyzing the first committed step to fatty acid oxidation (FAO).
Inhibiting CPT1A, especially in the brain, can have several pharmacological
benefits, such as in obesity and brain cancer. C75-CoA is a strong competitive
inhibitor to CPT1A. However, due to its negatively-charged nature, it has low
cellular permeability. Herein, we report the use of poly-ion complex (PIC)
micelles to deliver the specific CPT1A inhibitors, (£)-, (+)-, and (-)-C75-CoA into
U87MG glioma cells and GT1-7 neurons. PIC micelles were formed through
charge-neutralization of the cargo with the cationic side chain of PEG-poly{N-
[N’-(2-aminoethyl)-2-aminoethyl]aspartamide} (PEG-PAsp(DET)), forming
particles with 55 to 65-nm diameter. Upon short-term incubation with cells,
the micelle-encapsulated CPT1A inhibitors resulted up to 5-fold reduction of
ATP synthesis, compared to the free drug, without an apparent decline in cell
viability. Micelle treatment showed a discernible decrease in *C-palmitate
oxidation into CO, and acid-soluble metabolites, confirming that the
substantial lowering of ATP production was related to FAO inhibition. Micelle
treatment also diminished ICso by 2 to 4-fold over the free drug-treated
U87MG after long-term incubation. To measure cellular uptake of these CoA-
adduct loaded PIC micelles, we synthesized a fluorescent CoA derivative and
prepared Fluor-CoA micelle which showed efficient internalization in both cell
types and both in 2D and 3D culture models, especially in neurons where
uptake reached up to 3-fold over the free dye. Our results starkly demonstrate
that the PIC micelle is a promising delivery platform for anionic inhibitors of
CPT1A in glioma cells and neurons, laying the groundwork for future research

or clinical applications.
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1. INTRODUCTION

Lipids, which include triglycerides, phospholipids, steroids, and other fat-
soluble biological molecules, are important elements of the brain’s structure
and function, where they constitute 50% of its dry weight 2. Among these,
fatty acids (FAs) function as energy source, lipid membrane component, as
well as starting material for signaling molecules 3. Carnitine
palmitoyltransferase 1 (CPT1) is an enzyme that catalyzes the rate-limiting
step in fatty acid oxidation (FAQ) — transesterification of long-chain fatty acid-
coenzyme A (LCFA-CoA) and carnitine to form CoA and LCFA-carnitine esters.
The resulting LCFA-carnitine can then be transported across membranes for
further metabolism 4. In mammals, there are three different CPT1 isoforms:
CPT1A, which is the most ubiquitous isoform and highly expressed in liver, and
kidney, pancreas, but also astrocytes and neurons, CPT1B, which is expressed

mainly in muscle and brown adipose tissue, and CPT1C, which is found

exclusively in neurons and has residual CPT1 activity °.

The CPT1 system is pivotal for the regulation of FA metabolism in most of the
tissues. In the brain, particularly in hypothalamic neurons, CPT1A has been
revealed as a potential target against obesity *¢. Accordingly, knockdown and
pharmacological inhibition of CPT1A in the hypothalamus contributes to
reduced food intake in rodents because of the accumulation of LCFA-CoA in
the neurons 7%, This is thought to be a satiety signal as it precedes reduced
expression of orexigenic (feeding-promoting) proteins, leading to reduced

food intake %

, making it an appealing target for obesity. In addition to
hypothalamic neurons for the regulation of energy homeostasis, CPT1A is
crucial to the survival of certain cancer types, including brain cancer.
Particularly, glioblastoma (GBM) has been related to increased CPT1A

expression and FA metabolism alterations. Importantly, this elevated
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expression of CPT1A is a very common event (90-95% cases) among human

11713 CPT1A-expressing tumor cells show increased FAO,

diffuse gliomas
promoting survival in conditions of metabolic stress like glucose deprivation
and hypoxia . While tumor molecular heterogeneity is an emerging critical
concern in oncology, homogeneous elevated expression of CPT1A in GBM is

indeed an attractive molecular target for GBM therapy.

Several pharmacological inhibitors of CPT1A, which act by competing with the
natural inhibitor malonyl-CoA, have been investigated *. An example is
etomoxir (ETO) and (+)-C75, which are converted to their CoA derivatives and
act on CPT1AY, leading to decreased body weight and food intake in rodents
1617 However, it was deemed too toxic for clinical use, exemplified by causing

severe hepatotoxicity as a side effect 8%,

A  more promising compound is (£)-C75 (4-methylene-2-octyl-5-
oxotetrahydrofuran-3-carboxylic acid). It is converted intracellularly by
endogenous acyl-CoA synthetase to its CoA adduct, ()-C75-CoA, a strong
competitive inhibitor to CPT1A 6. Its systemic administration in rats led to
food intake decline, and body weight decrease, as the drug was shown to cross
the BBB and get converted to (+)-C75-CoA in the ARC hypothalamic nucleus
1720 Makowski et al ® performed the stereoselective synthesis of (+)-C75
[(2R,3S) isomer] and (-)-C75 [(2S,3R) isomer] to explain their differential
pharmacological activities. (+)-C75 was found to be an anorectic by inhibiting
CPT1 activity after conversion to (+)-C75-CoA. On the other hand, the effect of
(-)-C75 in CPT1A activity is indirect, acting via FAS inhibition driving an
increase in malonyl-CoA levels, which is the physiological inhibitor of CPT1. In
addition, the effects of (-)-C75 without CoA adduct on food intake were
negligible, but show antitumoral effects in several cell lines 8. The presence of

the CoA adduct in C75 is then crucial to exert selective inhibitory effect on
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CPT1 while limiting off-target effect on FAS , but it considerably reduces the
uptake of the drug into the target cell. Therefore, strategies to deliver C75
derivatives with intact CoA adduct into the target cells is needed. Additionally,
since brain CPT1 is implicated in both cancer and obesity, the administration
of (+)-C75-CoA and its enantio-separated CoA forms into specific brain cells

presents a novel therapeutic strategy to treat both diseases.

The chemical structure of (+)-C75-CoA presents challenges to cellular entry. It
is a small, polar, and charged metabolite, having low permeability across the
cell membrane 2! and consequently needing a delivery system for intracellular
transport. With its phosphate groups ionized at physiological pH, its anionic
state, together with its long aliphatic side-chain enables CoA to interact with
cation-conjugated polymers through a combination of electrostatic and
hydrophobic interactions 2. Therefore, forming a poly-ion complex (PIC)
micelle with (+)-C75-CoA is a sound approach in designing a delivery system
since it neutralizes the overall negative charge that would hinder its cellular
entry. Although PIC micelles are well used for various nucleic acid-based
macromolecular cargoes such as plasmid DNA, mRNA, siRNA, and anti-sense

) 23-25

oligonucleotides (ASOs , applications for small, ionic molecule delivery 26

are relatively scarce.

The cationic polymer wused is PEG-poly{N-[N’-(2-aminoethyl)-2-
aminoethyl]aspartamide} (PEG-PAsp(DET)), which has a monoprotonated side
chain at pH 7.4, at which point it only causes minimal membrane
destabilization. At pH 5.5, the side chain becomes diprotonated, selectively
destabilizing the endosomal membrane once inside the cell, enabling less toxic
gene transfer into cells 278, This system has been used for mRNA transfection
into neurons ¥ as well as astrocytes and oligodendrocytes ¥, making it an

excellent candidate for (+)-C75-CoA delivery. We have successfully prepared
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PIC micelles from PEG-PAsp(DET) that encapsulated (+)-C75-CoA and its
enantio-separated forms, potentiating the opportunity to study their
biological activity on LCFA metabolism defying the cellular entry limitation.
Accordingly, the micelles were tested on two brain-derived cell lines, U87MG
human glioma cells and GT1-7 murine hypothalamic neurons, which revealed
that FAO and ATP synthesis were successfully inhibited in both. Using a model
particle encapsulating a fluorescent CoA derivative, we were also able to
demonstrate that the PIC micelle is efficiently taken up by both cell lines and
both in 2D and 3D culture models. This paper is the first report to describe the
delivery of CoA-conjugated CPT1A inhibitors using PIC micelles to target CPT1A

and modulate lipid metabolism in glioma cells and neurons.
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Figure 1. Schematic of a poly-ion complex (PIC) micelle formation of (+)-C75-CoA with
PEG-PAsp(DET), including its size distribution profile (hydrodynamic size versus
intensity %).
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2. RESULTS AND DISCUSSION

2.1 Preparation of C75-CoA micelles

The preparation of (+)-C75-CoA was carried out as previously described V7 (see
detailed information in ESIT). Enantioselective syntheses of (+)-C75 [(2R,3S)
isomer] and (-)-C75 [(2S,3R) isomer] were performed by using enantiomeric
chiral auxiliaries also as previously reported ®(Figure S1, ESIt). ()-C75-CoA
were formed by nucleophilic addition to the o,-unsaturation of (+)-C75 by
the —SH group of CoA. We confirmed the synthesis by comparing the *H NMR
and HPLC profiles of the starting materials and product (Figure S2, ESIT). PEG-
PAsp(DET) was prepared by anionic ring-opening polymerization of benzyl-L-
aspartate N-carboxyanhydride (BLA-NCA) initiated from the terminal —NH;
group of CH30-PEG-NH, (MW 12,000) to form CH30-PEG-b-poly(B-benzyl-L-
aspartate) (PEG-PBLA), and then subsequent aminolysis with
diethylenetriamine (DET) (Figure S3, ESIT). The degrees of polymerization (DP)
and substitution (DS) were measured from the *H NMR spectra. Using the
proton peak intensity ratio of the PEG methylene protons (6 = 3.4-3.6 ppm) to
the aromatic ring protons (6 = 7.1-7.5 ppm) in the polypeptide side chain of
PBLA, DP was calculated to be 69. After aminolysis, the same PEG methylene
protons were then compared with all the methylene protons in the DET side
chains (6 = 2.7-3.6 ppm), and the DS was found to be 63.

The aqueous solutions of (+)-C75-CoA and PEG-PAsp(DET) were mixed in a 1:1
anion/cation (A/C) 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 secondary amines in PEG-
PAsp(DET). We diluted the solutions using 10 mM phosphate buffer (PB) pH
7.4 to give 57-nm PIC micelles with a unimodal size profile and narrow
polydispersity (Pdl). The 1:1 A/C ratio was selected based on the optimal

physicochemical properties obtained with this micelle, mainly the smallest
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micellar size and lowest Pdl value (Figure S4, ESIt). The zeta potential (ZP) was
also close to neutral (Figure 1, Table 1). At pH 7.4, around 51% of the
aminoethylene units in the PEG-PAsp(DET) side chain are protonated %/, this
imparts a cationic charge to the block co-polymer for neutralizing the negative
charge of the anionic cargo, forming PIC micelles. The PEG chain of the
polymer (MW 12,000) was also crucial in imparting these measured
physicochemical properties, decreasing aggregation tendency and
maintaining a neutral surface charge . Transmission electron microscopy
(TEM) revealed that (+)-C75-CoA micelles are spherical in shape and possess a
core size of 31 nm with a unimodal size distribution (Figure S5, ESIT). The core
size of the micelle does not include the PEG outer shell, hence it is smaller than
the hydrodynamic diameter obtained using DLS. Size and PEGylation are
important considerations for brain-targeted nanoparticles (NPs). NP diffusion
in the brain is affected by the finite width of the brain extracellular space (ECS)
and pores in the extracellular matrix (ECM) 3. When surface PEG density is
sufficiently high, 114-nm NPs can diffuse effectively in human and rodent
brains 32. This was corroborated in subsequent literature, and now ECS widths
are estimated to be 80-220 nm in diameter while pores are around 100 nm 3%
%, Increased PEG surface density is also shown to restrain non-specific cellular
uptake of NPs 3¢, which removes another impediment for diffusion. The size of
(£)-C75-CoA micelle is therefore ideal for moving through the brain

parenchyma.

(+)- and (-)-C75-CoA were synthesized from the same procedure as (+)-C75-
CoA and their corresponding micelles were also successfully prepared, with
near-similar physicochemical properties (Table 1). Additionally, micelles
loaded with other CoA derivatives were prepared in order to confirm the
applicability of the delivery system to molecules with similar structures. First,

we used commercially available palmitoyl-CoA since its hydrophobic tail
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resembled that of (£)-C75 and their molecular weights were also numerically
close. Indeed, micelle formation was observed based on DLS measurements.
However, when we used CoA (767.5 g/mol) only or malonyl-CoA (853.6
g/mol), micelle formation was not detected. The probable reasons are that
their MWs were much smaller from (+)-C75-CoA and that they did not possess
the characteristic hydrophobic moieties, despite having the phosphate groups
necessary for PIC formation. This indicates that hydrophobicity was to some
degree a part of the driving force for micelle formation. To determine the
percentage of (+)-C75-CoA loaded inside the micelle, ultracentrifugation was
used to remove the unencapsulated free drug. The ratio of the drug
concentration in the upper fraction of the filter and the total drug added in
the micelle preparation was calculated. From this, we ascertained that (+)-,
(+)-, and (=)-C75-CoA micelles all have high drug encapsulation rates (above
80%). The ionic interaction between the drug and polymer was further
confirmed by the statistically significant decrease in scattering light intensity
and % encapsulation when (1)-C75-CoA micelle was mixed with concentrated
salt solutions (0.5 or 1 M NacCl) (Figure S6, ESIt). Formation of PIC is driven

3 which is prompted when the

primarily by the liberation of counterions
cationic DET side chain and anionic drug paired up, leading to a large entropic
gain. The increased NaCl concentration apparently reduced this entropic gain,

which resulted in the destabilization of the PIC structure.

Cargo Micelle
Size Zeta
MwW Encapsulation
Molecule (d- | Polydispersity | potential
(g/mol) (%)

nm) (mV)

56.7
0.055 + -0.29 £

(£)-C75-CoA | 1004 + 84.2 +0.52

0.0037 1.98

0.68
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63.5
0.054 + -0.68 =
(+)-C75-CoA | 1004 * 82.2+0.01
0.0082 2.25
1.45
55.0
0.024 + 0.17
(-)-C75-CoA | 1004 * 87.3+0.03
0.0232 2.62
0.38
59.5
Palmitoyl- 0.022 237+
1005.9 * 66.8 £ 0.05
CoA 0.0017 0.85
0.69
56.9
Fluorescein- 0.037 0.38 %
1175.8 * 94.3+0.18
CoA 0.0070 1.46
0.16

Table 1. Physicochemical characteristics of (+)-C75-CoA, Palmitoyl-CoA and
Fluorescein-CoA micelles. Experiments were performed in triplicate, with values
expressed as mean + SD.

Next, to evaluate its long-term stability in cold storage, the change in micelle
characteristics was monitored every 7 days for a total of 28 days during
storage at 4 °C (Figure 2). The purpose of this experiment was to ensure that
micelles prepared in advance can still be used in biological assays after a few
days of storage enabling easy and efficient reproducibility of experimental
results. One-way analysis of variance (ANOVA) revealed apparent linear
relationships between each physicochemical parameter and incubation time.
We observed micelle size to increase slightly with time (R? = 0.9609) (Figure 2
a). This increase in size was accompanied by a steady increase in scattering
light intensity (R? = 0.9984) (Figure 2 b) as expected, indicating that no

apparent decrease in particle concentration occurred. There
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Figure 2. Long term stability studies of (+)-C75-CoA micelle, including measuring
changes in physicochemical properties over 28 days in storage at 4 °C: size (a),
scattering light intensity (b), polydispersity (c), and zeta potential (d). Experiments
were performed in triplicate (values expressed in mean + SD) and linear relationships
were established using ANOVA. Comparison of means among treatment groups were
done using ANOVA (with Tukey’s test as post-hoc analysis; ##P<0.001, ##Pp<0.0001
versus day 0 of measuremen

was also no apparent change in Pdl throughout the observation period (Figure
2 c). The size profile remained monodisperse, as the Pdl remained well below
0.1, which was narrow. ZP stayed close to neutral all throughout the
observation period, despite a weak increase associated with time (R*=0.7432)
(Figure 2 d). However, there was no significant change between the initial and
final values. Overall, despite the tendency to gradually change over

time, it is reasonable to conclude that micelle integrity was maintained for 28

days in storage at 4 °C.

PIC micelles from charged block copolymers exhibit critical association

behavior %

, which predicts the stability of a drug delivery system in an
environment where it is highly diluted. Using static light scattering (SLS), we
measured the scattered light intensity of diluted PIC micelle solutions as

expressed by the following equation:

Kc _
AR(O) My, app

+ 24,c
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where M, 4,,,, is the apparent molecular weight of the micelle, A, is the
second virial coefficient, c is the concentration of the micelle solution, AR(6)
is the difference between the Rayleigh ratio of the micelle solution and the

solvent (10 mM phosphate buffer), and K, the Debye constant, is calculated

using 4m2n? (Z—:)Z/A“NA (where N, is Avogadro’s number).

Abrupt changes in the Kc/AR(6) values in a Debye plot reveal changes in
molecular weight of micelles. When these measurements are near-constant
at a certain concentration range, micelle integrity is maintained. At lower (+)-
C75-CoA micelle concentrations (0.005 to 0.1 mg/mL), a sharp decrease in
Kc/AR(6) was apparent (Figure 3). However, at higher concentrations (0.15
to 1.0 mg/mL), Kc/AR(0) values became nearly constant. The point of
intersection of two straight lines drawn from the lower and higher
concentration range give the critical association concentration (CAC) of the
micelle, which is 0.09 mg/mL. Thus, given its low CAC value, the micelle formed
from PEG-PAsp(DET) is expected to have excellent stability in dilute systems.
The equivalent drug concentration at CAC is 0.03 mM (1)-C75-CoA.
Concentrations much higher than this were employed in subsequent biological

experiments.
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Figure 3. Critical association behavior of (+)-C75-CoA micelle. Gray squares indicate
lower micelle concentrations while black squares indicate higher micelle
concentrations. The known Rayleigh ratio of toluene used as calibration standard and
the detection angle 8 = 90° was used. Measurements were carried out at 25 °C.

2.2 Inhibition of fatty acid metabolism

2.2.1 ATP synthesis

LCFAs need to enter the mitochondria to undergo B-oxidation. They are first
esterified into the LCFA-CoA form, which is shuttled into the mitochondria by
CPT1A (Figure 4 a). Upon entry, the LCFA-CoA undergoes B-oxidation to form
several acetyl-CoA molecules, which then enters the Krebs cycle. Acetyl-CoA
is eventually degraded into CO,, and in the process produces NADH, which
enters the electron transport chain (ETC) to finally yield ATP 373 By this
pathway, FAO inhibition is known to impair ATP production. We examined
whether C75-CoA will show this effect by measuring ATP concentration in cells
after incubation with free and micellar C75-CoA (Figure 4 b-c) for 45 minutes.
In general, the micelle effect is well-pronounced as the ATP concentrations
from micelle-treated cells are significantly lower than those from free drug-
treated groups. This suggests that the effective delivery of C75-CoA inside the

cells led to a higher concentration of the compound reaching the
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mitochondria, further steering into a substantial inhibition of FAO by the nano-

encapsulated drugs.

U87MG is the most widely used cell line for human glioma research *.It was
also reported to express CPT1A 2, making it an appropriate model for our
subsequent experiments. For U87MG, neither ETO nor the free drugs with CoA
adduct, were able to effectively reduce ATP levels (Figure 4 b). Nevertheless,
cells treated with (t)-, (-)- and (+)-C75-CoA micelles showed significant
reduction in ATP levels compared to their corresponding non-encapsulated
drugs. This ATP lowering effect is particularly appreciated with (-=)-C75-CoA
micelle, which was the most effective compared to all other groups. Although
the lack of effect of ETO in ATP levels did not correlate with previous
publications %%, we observed a reduction in FAO assay with ETO in US7MG
(Figure 5 c), confirming the inhibitory effect of this drug on mitochondrial
metabolism, although the dosage-dependent off-target effects attributed to

ETO could explain the result in ATP levels 2.

GT1-7 is an immortalized murine hypothalamic neuronal cell line which is used
in endocrinology and metabolism studies %3, It was also reported to express
CPT1A * and since it is in our interest to measure its inhibition in the
hypothalamus, this cell line is an appropriate in vitro model. ATP levels in GT1-
7 were discernibly reduced in response to ETO and by the free (t)- and (-)-
C75-CoA derivatives, but no changes were observed in the (+)-C75-CoA-
treated group (Figure 4 c). Drug encapsulation led to a statistical enhancement
in ATP reduction induced by both (+)- and (-)-C75-CoA forms. As shown in
U87MG, (—)-C75-CoA micelle was still most effective in reducing ATP among

all treatment groups including ETO.
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A concurrent cell viability assay confirmed that the treatments in both U87MG
and GT1-7 cells did not cause any apparent cell death, compared to the non-
treated group (Figure 4 d-e). This highlights one of the advantages of the
delivery system that we used, since PEG-PAsp(DET) causes only minimal
toxicity 2. Although other cationic polymers like poly-(L-

lysine) and poly(ethylenimine) (PEI) are well-used to deliver anionic molecules,
their toxicity upon micellar disassembly limits their biological applications .
Overall, our results verify that for both cell types, the micelles were more
successful in reducing ATP synthesis as compared to the free drug without

causing excessive cell death.

2.2.2 FAO assay

Palmitate oxidation in both U87MG and GT1-7 cells was evaluated in terms of:
oxidation to CO; (Figure 5 a & d), conversion to acid-soluble products (ASPs)
(Figure 5 b & e) and total FAO rate calculated as the sum of ASP plus CO;
oxidation (Figure 5 c & f). The final fate of palmitate oxidation in both cell types
was significantly different. In particular, most of palmitate oxidation levels
measured in US7MG cells come from ASPs (ranging 7.5 nmol/mg prot/h), with
minimal contribution of oxidation to CO, (ranging 0.1 nmol/mg prot/h),
whereas GT1-7 cell lines showed more equitable contribution of palmitate
oxidation to ASPs and CO, total FAO. The differences in palmitate oxidation
fate between GBM or neuronal cell lines agree with previous publications

indicating the different metabolic profile of both cell types 12404647,
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Figure 4. lllustration of ATP generation from LCFA metabolism (a). Levels of ATP
produced by U87MG (b) and GT1-7 (c) after treatment with FAO inhibitors.
Simultaneous Calcein AM cell viability assay for U87MG (d) and GT1-7 (e) using the
same conditions and treatments as ATP assay. Experiments were performed in
quadruplicates (values expressed in mean * SD) and comparison of means among

treatment groups were done using ANOVA (with Tukey’s test as post-hoc analysis;
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Figure 4 (continued). ***P<0.001, ****P<0.0001 versus non-treated cells; *P<0.01,
»Xp<0.0001 versus ETO; #*P<0.05, #P<0.01, ##P<0.001, ***#P<0.0001 versus the

corresponding free form of C75-CoA). Concentrations of all inhibitors used = 0.5 mM.

In UB7MG cells, ETO effectively reduced FAO in terms of both CO, and ASP
(Figure 5 a-c), since ASP oxidation was the main pathway contributing to total
reduction of FAO. In contrast, the free forms of C75-CoA were unable to
modify these oxidation parameters compared to non-treated cells. Micelles of
the three forms of C75-CoA, led to a substantial attenuation of total FA
oxidation (Figure 5 c), reaching similar levels to ETO-treated cells, and these
changes were due to palmitate oxidation to ASP (Figure 5 b), probably
reducing the generation of TCA intermediary metabolites and ketone bodies
crucial for GBM cell proliferation >%°, Similar levels of FAO attenuation were
reached in (%)-, (+)- and (=)-C75-CoA micelles-treated U87MG cells (Figure 5

c).

In GT1-7, ETO was also able to reduce FAO, whereas it remained unchanged
after treatment with the free C75-CoA forms, in line with previous results
(Figure 5 d-f). The micelle forms of C75-CoA derivatives induced a statistically
significant attenuation in total FAO, being the contribution of both palmitate
fates, to CO, and ASP, similar to total oxidation of FA (Figure 5 d-f). Cells
treated with (+)-C75-CoA micelle showed the highest reduction in FAO
compared to non-treated conditions, reaching similar levels to those induced

by ETO (Figure 5 c).

Altogether, our results indicate that the delivery of C75-CoA derivatives using
a PIC micelle resulted in a substantial improvement in FAO inhibition by these
drugs in both U87MG and GT1-7 cell lines. We have also evidenced the

differential contribution of either CO, or ASPs to FA oxidation in both cell lines,
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in agreement with the literature. Considering the recently identified role of
FAO as a metabolic node in the aggressive phenotype of glioma cell lines %4,
and the significant role of FA oxidation and CPT1 in neuronal metabolism and
survival *4” the improved FAO inhibition showed by these micelles indicate
the potential of these nanoparticles to modify brain metabolism in associated

diseases such as cancer.

Figure 5. FAO oxidation in U87MG (a-c) and GT1-7 (d-f) cells after treatment with C75-
CoA derivatives in free form or nano-encapsulated in micelles. ETO was used as
positive control of FAO inhibition. FAO is represented as palmitate oxidation to CO»
(a, d), ASP (b, e), and total palmitate oxidation (CO2 + ASP; ¢, f). Results are the mean
+ SD of two independent experiments performed by biological triplicates (n=5-6
samples per condition). Comparison of means were done using ANOVA followed by
Tukey’s comparison test; *P<0.05, **P<0.01, ***P<0.001 versus non-treated cells;
#P<0.05, *P<0.01, *#P<0.001 versus the corresponding form of C75-CoA.
Concentrations of all inhibitors used =1 mM.
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2.3 Cytotoxicity of C75-CoA micelles

Since GBM cells overexpress CPT1A ! to increase their chances of survival,
inhibiting this enzyme would negatively affect their proliferation. We
incubated free and micellar C75-CoA with U87MG for 72 h, with ETO as a
comparison drug. The drug and micelle-produced responses generally
followed a sigmoidal shape (Figure 6 a-d). C75-CoA (racemic and enantio-
separated forms) is overall significantly more cytotoxic to the respective free
drug (Figure 6 e). Notably, the mean IC50 of free (1)-C75-CoA was decreased
4-fold when delivered in micelle form. After 72 h, the difference between the
mean IC50 of ()- and (-)-C75-CoA micelles are not statistically significant,
however, (+)-C75-CoA micelle is discernibly less cytotoxic than (+)-C75-CoA
micelle. Free (+)-C75-CoA is less cytotoxic than ETO. On the other hand, ETO
shows comparable toxicity to (x)- and (—)-C75-CoA micelles despite being a
free drug, owing to other mechanisms outside of CPT1 inhibition such as

production of reactive oxygen species %,

Two-way ANOVA revealed that the mean ICso values of all FAO inhibitors were
all found to decrease with time in a linear fashion (R? > 0.9). The cytotoxicity
of (£)-C75-CoA micelle was demonstrated to be more pronounced at longer
incubation periods, approaching comparable values as ETO after 72 h (Figure
6 f). Note that decrease in cell viability is achieved only upon lengthier
exposure, since the 45-min incubation in the ATP assay (Figure 4 c) was not
enough to kill the cells. Cellular morphologies were also retained after short-
term incubation with both free and micellar (+)-C75-CoA in the FAO assay
(Figure S7, ESIT), including the neuronal and astrocytic processes for GT1-7
and U87MG, respectively. These results provide the initial evidence to support
the further development of these PIC micelles as a therapeutic platform

against GBM. It also shows that the delivery of (+)-C75-CoA inside the cell is
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important in amplifying its growth inhibitory properties. Given its anionic
state, it is assumed to have limited permeability across the cell membrane %,
with the micelle state neutralizing this negative charge and promoting its

transport into the cell through endocytosis.
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Figure 6. Cytotoxicity of FAO inhibitors on U87MG at 72 h incubation, including the
dose-response curves of ETO (a) and the free versus micelle forms of (+)-C75-CoA (b),
(+)-C75-CoA (c), and (—)-C75-CoA (d). ICso of ETO, free. and micelle forms of (t)-, (+)-,
and (—)-C75-CoA at 72 h incubation (e) and only for (+)-C75-CoA at 24-, 48-, and 72-h
incubation periods.
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Figure 6 (continued). (f). Experiments were performed in triplicates (n=4 samples per
condition; values expressed in mean + SD) and comparison of means among treatment
groups were done using one-way ANOVA (with Tukey’s test as post-hoc analysis;
**p<0.01, ****P<0.001 versus the corresponding form of C75-CoA; #P<0.01 versus
ETO).

2.4 Quantification of cellular uptake using Fluorescein-CoA

encapsulated PIC micelle in 2D and 3D culture models

To confirm that PIC micelle type system facilitated cellular uptake of CoA-
conjugated (£)-C75 by neutralizing the negative charges, we synthesized a
fluorescein analogue of CoA (Figure 7; Fluorescein-CoA; herein Fluor-CoA) and
encapsulated it inside the PIC micelle. Fluor-CoA was prepared by simple
maleimide chemistry starting from fluorescein-5-maleimide. The resulting
compound had a MW (1175.8 g/mol) close to (+)-C75-CoA (1004 g/mol),
including the same number of carboxylate and phosphate groups, which
therefore imparted analogous physicochemical properties. The fluorescein
moiety also imparted sufficient hydrophobic character to CoA, which is
necessary for PIC micelle formation. The addition of fluorescence emission
(Aexcitation = 475-490 nM, Aemission = 510-520 nm) made cellular uptake studies
using confocal microscopy or flow cytometry possible. The —SH group of CoA
added to the maleimide ring of fluorescein-5-maleimide to give the desired
product (Figure S8 a, ESIT), which we confirmed by comparing the *H NMR and
HPLC profiles of the starting materials and product (Figure S8 b-c, ESIt). In the
chromatogram, the Fluor-CoA peak is revealed by both the fluorescence and
UV absorbance (Amax of CoA) detectors. In a similar fashion to (+)-C75-CoA, the

aqueous solution of Fluor-CoA was combined with PEG-
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Figure 7. Structure of Fluor-CoA. The fluorescein moiety (highlighted) enables uptake
evaluation using flow cytometry or confocal microscopy. PAsp(DET) in a 1:1
anion/cation ratio in 10 mM phosphate buffer (PB) pH 7.4 to give 50-nm
micelles with a narrow polydispersity (Table 1).

Cellular uptake in both U87MG and GT1-7 was visualized using confocal laser
scanning microscopy (CLSM) and quantified using flow cytometry (Figure 8).
We incubated the micelles with the cells at different time points (1, 3, or 6 h)
and at a fixed concentration of Fluor-CoA micelle (0.25 mg/mL), which
contained 0.1 mg/mL free dye. The equivalent Fluor-CoA concentration was
therefore used in the free dye-treated groups. In flow cytometry, only DAPI-
stained dead cells were excluded in order to measure only live cells. The data
we obtained included mean fluorescence intensity (MFl), to indicate extent of
micelle internalization, and percentage of Fluor-CoA+ cells after gating, to
quantify the % of cell population in which the free or micellar Fluor-CoA have
entered. Internalization of both free dye and micelle increased with time in
both cell types (Figure 8). Mutually, micellar uptake in terms of MFI was
statistically higher than free dye uptake, at all measured time points (Figure 8
b & e). In addition, the values for %Fluor-CoA+ cells were discernibly greater
for the micelle compared to the free dye, for both cell lines (Figure 8 c & f).

Even after 1 h of incubation, the micelles have entered more than 95% of the
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Figure 8. Analysis of cellular uptake of Fluor-CoA micelles versus free dye in 2D
cultures using flow cytometry and confocal microscopy. U87MG data (a-c) are
presented as sample histogram (a), mean fluorescence intensity (b), and percentage
of Fluor-CoA-positive cells.

cells. Specifically, for U87MG, MFI corresponding to micelle uptake was 1.5-
fold elevated, on average, compared to that of the free dye (Figure 8 b). We
found that cellular uptake displayed a strong linear increased over time for
both micelle (R = 0.8708) and free dye (R? = 0.9394). This meant that the cells
were expected to continue internalization beyond the 6-h observation period.
In terms of %Fluor-CoA+ cells, free dye uptake started at only 70% (1 h) but
gradually increased and eventually matched the corresponding value for the
micelle at 6 h (Figure 8 c). However, the micelle-treated cells still produced a

higher fluorescence signal, signifying that the overall amount of Fluor-CoA
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Figure 8 (continued) (c). GT1-7 data (d-f) are presented as sample histogram (d), mean
fluorescence intensity (e), and percentage of Fluor-CoA-positive cells (f). Experiments
were performed in triplicate (values expressed in mean = SD) and comparison of
means among treatment groups were done using ANOVA (with Tukey’s test as post-
hoc analysis; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus measurement at
preceding time point; ##P<0.001, ##P<0.0001 versus corresponding free Fluor-CoA).
Representative confocal microscopy images (g) of U87MG and GT1-7 after 1 h
incubation with Fluor-CoA free dye and micelle. Scale bar = 50 um, magnification 5x.

delivered to the cells was higher. Mo et al. *° has previously described the
tendency of U87MG to internalize polymeric NPs at a steady linear rate up to

6 h, which supports our findings.

The difference between micellar and free Fluor-CoA uptake was more
amplified in GT1-7. MFIl of micelle uptake was around 2 to 3 times higher than
free dye uptake through all the time points that we measured, which clearly

indicated the penetration-enhancing effects of the micelle (Figure 8 e). In
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terms of %Fluor-CoA+ cells, the uptake started from 30% at 1 h, doubled at 3
h, and then plateaued (Figure 8 f). Unlike in U87MG, the rates of
internalization did not increase in a linear fashion but fit a non-linear model
called the Padé (1,1) approximant (Fluor-CoA R? = 0.9493; Fluor-CoA micelle
R? = 0.9870). In addition, the free drug entered only around 60% of the cell
population even at a 6-h incubation period, never quite reaching the 98%
uptake that the micelle has attained after only 1 h of incubation. The saturable
uptake of PEGylated polymeric micelles has previously been demonstrated for
neurons by Rabanel et al. *® who attributed it to their limited capacity to

accommodate NPs.

Multi-cellular spheroids were generated by seeding cells in low-adhesion
plates and allowing them to form clusters by secreting their own ECM 52, which
provides additional penetration barriers for the NPs %2, therefore more
accurately modeling the in vivo environment as compared to the monolayer
culture. We found that micellar internalization was also 1.4- and 2-folds higher
compared to the free dye in U87MG and GT1-7 spheroids, respectively (Figure
9 a & ¢). In GT1-7 spheroids, 30% of the cells have internalized the free dye,
compared to the 80% which internalized the micelles (Figure 9 d). For US7MG,
the difference of %Fluor-CoA+ cells between the free dye- and micelle-treated
groups remain small but still statistically significant, similar to the 2D culture

model (Figure 9 b).

Confocal images from the periphery to the core of the spheroids show the
contrasting penetration abilities between Fluor-CoA free dye and micelle
(Figure 9 e-h, Figure S9, ESIt). For both cell lines, the peak presence of Fluor-
CoA is found between 0-20 um from the periphery. The signal steadily
decreased towards the core. Generally, fluorescence intensity coming from

micelle-treated spheroids are consistently higher in micelle-treated spheroids,
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Figure 9. Analysis of cellular uptake of Fluor-CoA micelles versus free dye in 3D
cultures using flow cytometry and confocal microscopy. FACS analysis for U87MG
presented as mean fluorescence intensity (a), and percentage of Fluor-CoA+ cells (b)
and for GT1-7 presented as mean fluorescence intensity (c), and percentage of Fluor-
CoA+ cells (d). Experiments were performed in triplicate (values expressed in mean *
SD) and comparison of means among treatment groups were done using ANOVA (with
Tukey’s test as post-hoc analysis) (*p<0.05, ****p<0.0001). Representative confocal
microscopy images of U87MG (e) and GT1-7 (g) spheroids taken at Z-positions. Yellow
signals represent fluorescence from the FITC channel. Scale bar = 100 um,
maghnification 1.2x.
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Figure 9 (continued). Radial profile of fluorescence from Fluor-CoA micelles versus
free dye in U87MG (f) and GT1-7 (h) spheroids. Actual fluorescence intensity as well
as 10-point moving average as represented by a smoothing curve are shown. All data
were taken after 3 h incubation with Fluor-CoA micelle or free dye.

confirming what was already shown in flow cytometry measurements: that
internalization of Fluor-CoA micelles is higher than the free dye. Through the
confocal images, we also demonstrated that Fluor-CoA micelles have higher
penetrating ability than the free Flour-CoA. The results suggest that even in a
3D model with additional barriers, our above findings in the monolayer hold
true. Additionally, this implies that the PIC micelles that we prepared are

equipped to navigate through the pores of the ECM.

3. CONCLUSION

We have successfully prepared PIC micelles loaded with the CPT1A inhibitors
(£)-, (+)-, and (-)-C75-CoA. The cationic block-copolymer PEG-PAsp(DET)
provided a platform by neutralizing the negative charge of the cargo
molecules, generating micelles with optimal physicochemical properties (55-
65 nm size range and neutral surface charge) that are stable in long term
storage. Through targeting CPT1A, FAO was effectively impeded, which led to
overall decreased metabolism of *C-palmitate into CO, and acid-soluble
products. We found that these results were consistent with the ATP inhibition
experiments, where ATP production in both U87MG and GT1-7 was
diminished up to 5-folds by the micelles, in comparison with the free drug
counterparts. During these short-term incubation experiments, no apparent
decrease in viability was induced by the micelles. When we assayed the

cytotoxicity in glioma cells after longer incubation periods, C75-CoA micelles
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inhibited cell growth more discernibly compared to the free drug forms, where
ICso was reduced 2 to 4-folds. ()- and (—)-C75-CoA micelles even showed
comparable efficacy to the known FAO inhibitor ETO. The fluorescent dye-
loaded model particle, Fluor-CoA micelle, showed a statistically increased
internalization in both cell lines as well, in comparison with the free dye,
reaching a 2 to 3-fold increase especially in GT1-7 neurons. Higher cellular
internalization corroborated the cytotoxicity and FAO inhibition results, that
delivery through PIC micelle resulted in increased cellular concentration of the
cargo, which further led to increased biological activity. Although
internalization was generally time-dependent, we showed that the micellar
uptake kinetics differed between the cell lines. Effective cellular entry of Fluor-
CoA micelle was further confirmed in 3D spheroids derived from both cell
lines, inferring the superior activity of CoA-adducts when loaded in micelles in
a biological model that is transitional in complexity between standard 2D in
vitro and diseased tissue in vivo. The size range and neutral surface charge of
these PIC micelles, combined with their efficient penetration in 3D spheroids,
imply that this platform is ideal in navigating through the brain parenchyma.
This justifies further exploration of its in vivo properties in subsequent works.
This PIC micelle has previously been reported to be effective in gene delivery
to the brain including in glial cells like astrocytes and oligodendrocytes * as
well as neurons 2°. From our data, we can compellingly conclude that uptake
in neuronal and glioma cells of small anionic cargoes like Fluor-CoA and by
extension, C75-CoA, is thoroughly improved by using a PIC micelle.
Additionally, the advantage of using a micelle-type delivery system was more
pronounced for the neurons. Drug delivery into neurons is generally more
challenging compared to other cells and this is reflected in the fact that there
is a lack of neuron-targeted delivery systems present in the clinic >3. Our results
contribute to the growing pool of knowledge on glioma- and neuron-targeted

delivery, therefore warranting further development into effective brain
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therapeutics, especially those that involve the delivery of CPT1A inhibitors and
other negatively-charged molecules for management of diseases where

modulating lipid metabolism is a key emerging strategy.

4. MATERIALS AND METHODS

4.1 Synthesis of (+)-C75-CoA, (+)-C75-CoA and (-)-C75-CoA

The preparation of (+)-C75-CoA was carried out as previously described ¥/ (see
detailed information in ESIt). Enantioselective synthesis of (+)-C75 and (-)-C75

was performed by using enantiomeric chiral auxiliaries (Figure S1, ESIT).

4.2 Synthesis of PEG-PAsp(DET)

The preparation of PEG-PBLA through NCA ring-opening polymerization of
BLA-NCA (Chuo Kaseihin Co., Inc.) using CHs0-PEG-NH, (MW 12,000; NOF
Corp.) was carried out as previously reported **. Subsequent aminolysis of the
polymer with freshly distilled DET (TCI, cat. # D0493) was carried out also as

described earlier 222, See detailed information in ESIt.

4.3 Preparation and characterization of PIC micelles

PEG-PAsp(DET) was dissolved in 10 mM phosphate buffer pH 7.4 at 10 mg/mL
concentration by overnight stirring at 4 °C. After which, the solution was
passed through using 0.22-uM filter. The polymer and (%)-C75-CoA solutions
were mixed in a 1:1 anion-to-cation ratio, vortexed, and then again filtered

(0.22-uM) under sterile conditions prior to succeeding experiments. For DLS
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measurements (Zetasizer Ultra, Malvern Panalytical, Spectris plc, UK), micelle
suspensions were diluted to 1 mg/mL and placed inside a ZEN2112 quartz
cuvette. Light scattering data was measured using a 50-mW 532 nm DPSS laser
incident beam at a detection angle of 173° with a He-Ne laser 633 nm
(temperature = 25 °C). The autocorrelation function produced was analyzed
through the cumulant approach. Size is expressed as the hydrodynamic
diameter, which was calculated with the Stokes-Einstein equation. Attenuator
selection was automated. For zeta potential measurements, micelle
suspensions were introduced in a ZEN1010 HC cell, using the Smoluchowski
approach. During stability studies, micelles were kept at 4 °C and

measurements were repeated every 7 d for 28 d in total.

For static light scattering (SLS) measurements, Dynamic Light Scattering
Photometer DLS-8000 (Otsuka Electronics, Osaka, Japan) was used.
Measurements were performed using a detection angle of 90° with a He-Ne
laser 633 nm at 25 °C on micelle solutions with a concentration range of 0.005
to 1 mg/mL. To measure background light scattering, the solvent phosphate

buffer pH 7.4 (10 mM) was used. Calibration was performed using toluene.

Micelle morphology was observed on a Transmission Electron Microscope
(JEM-2100, JEOL, Japan) operated with 120 kv acceleration voltages and
approximately 60 pA beam current. The diluted micelle (1 mg/mL) was stained
by mixing with uranyl acetate solution (2%, w/v) and placed on 400-mesh
copper grids before drying and observation. Micelle diameter (n = 105) was

measured using IC Measure version 2.0.0.245.
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4.4 Quantification of drug inside PIC micelles

Micelle solutions were pipetted into Amicon Ultra-0.5 mL centrifugal filters
(MWCO 10,000, Merck Millipore, cat. # UFC501096) and spun (14,000 g, 15
min, 4 °C). The filtrate was then collected, weighed, and then transferred into
UV-transparent 96-well plates. Its absorption at Amax CoA = 259 nm was
measured using a microplate reader (Infinite® M1000 Pro, Tecan Trading AG,
Switzerland). Drug encapsulation was calculated by getting the ratio of the
filtrate absorbance to that of the original (+)-C75-CoA solution added to form

the micelle.

4.5 Cell cultures and treatments

Glioblastoma U87MG cell line (Merk Millipore, Sigma, Madrid, Spain) was
cultured in DMEM (4.5 g/L glucose) supplemented with 10% FBS and murine
hypothalamic neuronal cells GT1-7 (Merk Millipore, Sigma, Madrid, Spain)
were cultured in DMEM (4.5 g/L glucose) supplemented with 10% FBS, 4 mM
L-glutamine, 1% penicillin-streptomycin, and 1 mM sodium pyruvate at 37 °C

in a humidified atmosphere of 95% air and 5% CO.,.

4.6 Cytotoxicity assays

In vitro cytotoxicity of etomoxir (ETO, Cayman, cat. # 11969) and free and
micellar C75-CoA derivatives (racemic and enantiopures with CoA adduct)
were evaluated against U87MG. The cells (3 x 10* cells / well) were seeded in
a 96-well plate using DMEM (Sigma-Aldrich, cat. # D6429) containing 10% FBS
in 96-well-plates 24 h prior to the assay. The cells were then incubated with
the test solutions. Cell viability was measured after 24, 48, and 72 h of

exposure, by using cell-counting kit-8 (CCK8) (Dojindo, cat. # CK04) by
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measuring the product absorbance at Amax = 450 nm using a microplate reader

(Infinite® M1000 Pro, Tecan Trading AG, Switzerland).

4.7 Synthesis of Fluor-CoA and preparation of Fluor-CoA micelles

Synthesis of Fluor-CoA has been adopted from a previous protocol (New
England Biolabs Inc. n.d.). Briefly, 11.1 mg CoA sodium salt hydrate was
dissolved in 100 pL 10 mM phosphate buffer pH 7.4. To this, 4.8 mg
fluorescein-5-maleimide (TCl, cat. # FO810) in 900 uL DMF was added. The
reaction mixture was stirred overnight at 30 °C. After which, benzene was
added the resulting mixture, flash-frozen using liquid N, and then dried in
vacuo. To confirm product formation, the same HPLC procedure was
performed as in (+)-C75-CoA, but in addition to UV absorption at Amax COA =
259 nm and Anmax fluorescein = 460 nm, fluorescence detection (Aexcitation = 494
NM, Aemission = 521 nm) was added. The HPLC peak passing all the detection
criteria corresponds to the compound with both CoA and fluorescein moieties.
'H NMR was recorded on a JEOL ECS 400 (400 MHz) spectrometer (JOEL Ltd.,
Tokyo Japan) and chemical shift was calculated as parts per million (ppm).

Data was processed using MestReNova version 14.2.1-27684.

PEG-PAsp(DET) and Fluor-CoA solutions in 10 mM phosphate buffer pH 7.4
were then mixed in a 1:1 anion-to-cation ratio, vortexed, and then again

filtered (0.22-uM) under sterile conditions.

4.8 Measurement of ATP levels

Measurement of ATP levels in parallel to cell viability assays were performed

according to a previously reported procedure 32, Produced ATP was quantified
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using a luminescence assay. Cells (2 x 10° cells/well) were seeded in a white,
flat-bottom 96-well tissue culture plate 24 h prior to the assay. The cells were
then incubated with ETO, C75-CoA, and C75-CoA micelle (0.5 mM) in
bicarbonate-free DMEM (Sigma-Aldrich, cat. # D5030) supplemented with 2.5
mM glucose (Gibco, cat. # A2494001) and 275 nM oleate-BSA (Sigma-Aldrich,
cat. # 03008) for 45 minutes in a separate incubator with 0% CO,. The assay
was then performed according to manufacturer protocol (CellTiter-Glo®
Luminescent Cell Viability Assay, Promega, cat. # G9241). A calibration curve
for ATP (TCl, cat. # A0157) was prepared. Luminescence signal for 10s were
measured in each well using GloMax® Multi Detection System (Promega Corp,

Madison, Wisconsin).

For the relative cell viability Calcein AM cell staining was performed. The
relative viability was determined using the Calcein AM assay. In parallel to the
ATP assay, cells (2 x 10* cells/well) were seeded in a white 96-well tissue
culture plate 24 h prior to the assay. The cells were then incubated with ETO,
C75-CoA, and C75-CoA micelle (1 mM) in bicarbonate-free DMEM (with 25
mM glucose and 6 mM glutamine) for 45 minutes in a separate incubator with
0% CO,. The assay was then performed according to manufacturer protocol
(Calcein AM; Invitrogen). Calcein AM was added to each well 30 min before
measuring fluorescence intensity (Aexcitation = 495 NM, Aemission = 515 nm) using a
microplate reader (Infinite® M1000 Pro, Tecan Trading AG, Switzerland).

Viability was normalized against non-treated cells.

4.9 Measurement of FAO

Palmitate oxidation to CO, and acid-soluble products (ASPs), essentially acyl-
carnitine, Krebs cycle intermediates, and acetyl-CoA, were measured in U87

and GT1-7 cell lines grown in 12-well plates. Cells were treated with ETO, C75-
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CoA (racemic and enantiomers), and C75-CoA micelle (racemic and
enantiomers) (1 mM) in DMEM (4.5 g/L glucose) for 45 minutes. The day of
the assay, cells were washed in KRBH-0.1% BSA, preincubated for 30 min at
37°C in KRBH-1% BSA. Cells were then incubated for 3 h at 37°C with fresh
KRBH containing 2.5 mM glucose and 80 nM of labeled palmitate per well.
Oxidation was measured as described *°. The scintillation values were
normalized to the protein content of each well and the result for CO, and ASPs

are expressed as previously described ®.

4.10 Confocal laser scanning microscopy (CLSM)

Confocal images were taken using an LSM880 confocal microscope (Carl Zeiss,
Oberkochen, Germany) at a magnification of 5x using white light, 488- and
633-nm lasers for Aexctation Of Fluor-CoA and NucSpot® 650, respectively.
U87MG and GT1-7 cells (6 x 10* cells / well) were seeded in p-slide 8-well
chambered coverslip (ibidi, cat. # 80826) 24 h prior to observation. Cells were
then incubated with 100.0 pyL nanoparticle suspension in medium (0.25 mg
Fluor-CoA micelle/mL containing 0.1 mg Fluor-CoA/mL) as well as NucSpot®
650 (Biotium, cat. # 40082) as nuclear stain (1 pL/mL suspension) and
Verapamil HCl as efflux pump inhibitor (1 uL/mL suspension) for 1 h. Cells were
then washed 2 x with PBS (—) before replacing medium with DMEM containing
Trypan Blue (0.5 pL/mL) to quench fluorescent dyes attached on the cell

surface.

4.11 Quantification of cellular uptake using FACS

U87MG and GT1-7 cells (3 x 10° cells / well) were seeded in 6-well plates 24 h
prior to the assay. Cells were then incubated with nanoparticle suspension in

medium (0.25 mg Fluor-CoA micelle/mL containing 0.1 mg Fluor-CoA/mL) with
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varying incubation times (1, 3, and 6 h). Nanoparticle suspension was washed
twice with 1 mL PBS (-) and then incubated with 300 uL Accutase® Cell
Detachment Solution (Innovative Cell Technologies, San Diego, California) for
3 minutes at 37 °C. The cells were then collected by adding 1 mL PBS () and
transferring to a 25-mL plastic tube. The cell suspension was then centrifuged
at 300 g for 5 mins at 4 °C. The cells were further washed twice with PBS ()
and twice with 2% FBS in PBS (-). After final washing, the cells were
resuspended in 500 pL of 1 pug/mL DAPI in 2% FBS in PBS (—) to stain live cells,
then passed through a cell strainer and kept on ice. Mean fluorescence
intensity and percentage of Fluor-CoA+ cells in FITC channel were measured
by flow cytometry (BD LSRFortessa™ Flow Cytometer, BD Biosciences, San
Jose, California) using FSC and SSC detection to gate out debris, and the UV
(355 nm) and blue lasers (488 nm) for the detection of DAPI and Fluor-CoA,
respectively. Data analysis was performed using Flowlo software (BD

Biosciences, San Jose, California).

4.12  Spheroid culture and uptake measurement

For spheroid culture, cell suspensions (50 uL) were seeded into each well
(1000 cells/well) of a low-adhesion Prime Surface™ 96-well U-bottom plate
(Sumitomo Bakelite Co., Japan) and incubated for 3 d. Cells were then
incubated with Fluor-CoA free dye or micelle suspension (50 L) in medium
(final concentration: 0.25 mg Fluor-CoA micelle/mL containing 0.1 mg Fluor-
CoA/mL) for 3 h. Cells were then harvested using a pipette and collected into

a 25-mL plastic tube. Washing and analysis were performed as above.

For confocal imaging, spheroids were also incubated with NucSpot® 650
(Biotium, cat. # 40082) as nuclear stain (1 puL/mL suspension) and Verapamil

HCl as efflux pump inhibitor (1 uL/mL suspension) in addition to Fluor-CoA free
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dye or micelle suspension. After 3 h, cells were then harvested using a pipette
and collected into a 25-mL plastic tube. The spheroids were collected by
centrifugation at 700 rpm for 3 mins at 4 °C and washed twice with PBS (-)
before fixing with 4% paraformaldehyde for 30 mins. After fixing, the
spheroids were further washed with PBS (-) before mounting with 90%
glycerol in a p-slide 8-well chambered coverslip (ibidi, cat. # 80826). Images
were taken with LSM880 confocal microscope (Carl Zeiss, Oberkochen,
Germany) at a magnification of 1.2x using white light, 488- and 633-nm lasers
for Aexcitation Of Fluor-CoA and NucSpot® 650, respectively. Z-stack images were
taken at 15-um intervals for U87MG and at 10-um images for GT1-7. Images
were analyzed using Zeiss Zen software, including measurement of spheroid

diameters and radial fluorescence profile.

4.13  Statistical analysis

Data are expressed as means = SD of assays performed at least triplicates.
Several statistical analyses were performed using GraphPad version 9: (1)
statistical significances were determined Student’s t-test (column analysis),
one-way ANOVA with Tukey’s post-hoc (grouped analysis), or two-way ANOVA
and (2) relationships between variables were analyzed using linear and non-

linear regression using the same software.
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S2. Characterization of (+)-C75-CoA
Synthesis Procedure
2. Synthesis of PEG-PAsp(DET)
Figures

S3. Characterization of PEG-PAsp(DET)

S4. Properties of (1)-C75-CoA micelle prepared in different anion/cation
ratios

S5. Transmission electron microscope image of (£)-C75-CoA micelle

S6. Properties of (x)-C75-CoA micelle in high salt concentration

S7. Microscopic images of FAO-treated cells

S8. Characterization of Fluor-CoA

S9. Cellular uptake in spheroids

1. Synthesis of C75

4-Benzyl-3-(trans-2-octyl-5-oxotetrahydrofuran-3-carbonyl)oxazolidin-2-one
[4 and 5]. Compound (#)-3 (1.000 g, 4 mmol) was added to a round-bottom

flask. Anhydrous THF (45.6 mL) was added under N; atmosphere. The solution
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was cooled to -78 °C. Triethylamine (0.59 mL, 4.23 mmol) and pivaloyl chloride
(0.52 mL, 4.22 mmol) were added. The solution was stirred for 1 h at 0 °C and
then cooled down to -78 °C. In parallel, (S)-4-benzyl-2-oxazolidinone (700 mg,
4 mmol) was added to a round-bottom flask, anhydrous THF (9.4 mL) was
added under N; atmosphere, and the solution was cooled to -78 °C. 2M BulLi
in hexane (2.0 mL, 4 mmol) was slowly added to the (S)-4-benzyl-2-
oxazolidinone solution. The (S)-4-benzyl-2-oxazolidinone solution was
transferred to the compound (+)-3 solution by using a cannula. The mixture
was stirred for 15 minutes at -78 °C and then 30 minutes at 0 °C. The reaction
was quenched with a saturated aqueous NH4Cl solution (35 mL). The organic
phase was washed with brine, and dried over MgSO,, filtered and evaporated
under reduced pressure. After a column chromatography with silica gel using
CH,Cl; as eluent, compounds 4 (0.703 g, 1.75 mmol, 44%) and 5 (0.778 g, 1.93
mmol, 48%) were obtained.

Compound [4]: white solid; [a]p = +82.3 (c 1.0, CHCl3); *H-NMR (400 MHz,
CDCl3): 6 7.39 —7.27 (m, 3H), 7.18 (m, 2H), 4.80 (m, 1H), 4.71 (m, 1H), 4.34 -
4.21 (m, 2H), 4.21 - 4.08 (m, 1H), 3.26 (dd, J = 13.4, 3.4 Hz, 1H), 3.00 (dd, J =
17.6, 9.4 Hz, 1H), 2.83 (dd, J = 13.4, 9.3 Hz, 1H), 2.71 (dd, J = 17.6, 7.0 Hz, 1H),
1.69 (m, 2H), 1.60 — 1.16 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). **C-NMR (101 MHz,
CDCl5): 6 174.3,171.1,153.0,134.6,129.3,129.1, 127.6, 81.5, 66.7, 55.2, 45.0,
37.7,35.1,32.5,31.8, 29.3, 29.2, 29.1, 25.3, 22.6, 14.1.

Compound [5]: white solid; [a]po = +24.8 (¢ 1.0, CHCl3); *H-NMR (400 MHz,
CDCls): 6 7.47 —7.09 (m, 5H), 4.71 (m, 2H), 4.37 — 4.23 (m, 2H), 4.24 — 4.14 (m,
1H), 3.26 (dd, J = 13.5, 3.3 Hz, 1H), 2.96 — 2.71 (m, 3H), 1.87 — 1.62 (m, 2H),
1.63 — 1.12 (m, 12H), 0.88 (t, J = 6.8 Hz, 3H). 3C-NMR (101 MHz, CDCls): &
174.5, 171.2, 153.1, 134.5, 129.4, 129.0, 127.6, 82.1, 66.7, 55.2, 44.9, 37.8,
35.1,31.9,31.8,29.4,29.2,29.1, 25.3, 22.6, 14.1.
(+)-Trans-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid [(+)-3]. Compound 4
(1.918 g, 4.76 mmol) was added to a round-bottom flask with a THF/H,0 1:1
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solution (175 mL) and the solution was cooled to 0 °C. H,0, 30% w/w (4.3 mL,
41.8 mmol) and LiOH (0.238 g, 9.93 mmol) were added. The solution was
stirred for 3 h at 0 °C and then 30 minutes at RT. Aqueous Na,SO3 15% w/w
(25.2 mL) was added, and then the mixture was basified with NaOH 1N.
Solvent was evaporated under reduced pressure. The aqueous solution was
washed with CH,Cl; (5x80 mL) and acidified to pH=1 with concentrated HCI.
The solution was stirred overnight at RT. The aqueous solution was extracted
with CH,Cl, (4x80 mL). The combined organic layer was washed with brine,
dried over MgS0O,, filtered and evaporated under reduced pressure.
Compound (+)-3 (1.070 g, 4.34 mmol, 91%) was obtained.

Compound [(+)-3]: white solid; [a]o = +33.4 (c 1.0, MeOH); *H-NMR (400 MHz,
CDCls) § 4.62 (td, J = 7.5, 4.8 Hz, 1H), 3.18 —3.04 (m, 1H), 2.94 (dd, /= 17.8, 8.5
Hz, 1H), 2.82 (dd, J = 17.8, 9.6 Hz, 1H), 1.90 — 1.62 (m, 2H), 1.62 — 1.15 (m,
12H), 0.88 (t, J = 6.9 Hz, 3H).
(-)-Trans-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid [(-)-3]. Compound 5
(2.078 g, 5.17 mmol) was added to a round-bottom flask with a THF/H,0 1:1
solution (250 mL) and the solution was cooled to 0 °C. H,0, 30% w/w (5.3 mL,
51.9 mmol) and LiOH (0.28 g, 11.69 mmol) were added. The solution was
stirred for 3 h at 0 °C and then 30 minutes at RT. Aqueous Na,SO3 15% w/w
(31 mL) was added, and then the mixture was basified with NaOH 1N. Solvent
was evaporated under reduced pressure. The aqueous solution was washed
with CH,Cl, (5%x100 mL) and acidified to pH=1 with concentrated HCIl. The
solution was stirred overnight at RT. The aqueous solution was extracted with
CH,Cl; (4%x100 mL). The combined organic layer was washed with brine, dried
over MgSQ,, filtered and evaporated under reduced pressure. Compound (-)-
3(1.22 g, 4.95 mmol, 95%) was obtained.

Compound [(-)-3]: white solid; [a]o = —40.0 (c 1.0, MeOH); *H-NMR (400 MHz,
CDCls): & 4.62 (td, J = 7.5, 4.7 Hz, 1H), 3.16 — 3.04 (m, 1H), 2.94 (dd, J = 17.9,
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8.5 Hz, 1H), 2.82 (dd, /= 17.9, 9.6 Hz, 1H), 1.90 — 1.62 (m, 2H), 1.58 — 1.15 (m,
12H), 0.88 (t, J = 6.9 Hz, 2H).
(2R,3S)-4-Methylene-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid  [(+)-
C75]. Compound (+)-3 (0.300 g, 1.21 mmol) was added to a round-bottom
flask. Under N, atmosphere, 2.0 M MMC in DMF (20 mL, 0.04 mmol) was
added. The mixture was stirred for 48 h at 135 °C. The mixture was cooled to
RT. HCI 6M (30 ml) cooled to 0 °C was added slowly while stirring. A dark solid
was formed, and it dissolved slowly upon addition of the HCI 6M solution.
CH,Cl; (30 mL) was added, and the aqueous phase was extracted with CH,Cl,
(2x15 mL). The combined organic layer was dried over MgSQ,, filtered and
evaporated under reduced pressure at RT. A fresh solution of acetic acid (3
mL), formol (2.25 mL), N-methylaniline (0.78 mL) and AcONa (90 mg) was
prepared, and this solution (4.4 mL) was added to the reaction mixture. The
mixture was stirred for 1 h 45 minutes at RT. A 10:1 solution of
brine/concentrated HCI (15 mL) was added. CH,Cl, (20 mL) was added, and the
mixture was extracted with CH,Cl, (3x10 mL). The combined organic layer was
washed with LiCl 5% (2x12.5 mL), 0.02N HCI (2x12.5 mL), and H,0 (3x15 mL).
The organic phase was then stirred for 5 min at RT with a saturated solution
of NaHCOs (20 mlL). The aqueous phase was acidified to pH=1 with
concentrated HCl. The aqueous solution was extracted with CH,Cl; (4x15 mL).
The combined organic layer was dried over MgSQ,, filtered and evaporated
under reduced pressure. (+)-C75 (0.237 g, 0.93 mmol, 76%) was obtained.
Compound [(+)-C75]: white solid [a]p = +11.4 (c 1.0, CHCl3); *H NMR (CDCls,
400 MHz): § 6.46 (d, J = 3.0 Hz, 1H), 6.02 (d, J = 2.7 Hz, 1H), 4.81 (td, J = 7.2,
5.6 Hz, 1H), 3.63 (dt, J = 5.6, 2.8 Hz, 1H), 1.79 — 1.67 (m, 2H) , 1.53 — 1.20 (m,
12H), 0.88 (t, J = 6.9 Hz, 3H).
(2S,3R)-4-Methylene-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid  [(-)-
C75]. Compound (-)-3 (0.600 g, 2.43 mmol) was added to a round-bottom
flask. Under N, atmosphere, 2.0 M MMC in DMF (40 mL, 0.08 mmol) was
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added. The mixture was stirred for 48 h at 135 °C. The mixture was cooled to
RT. HCl 6M 60 mL) cooled to 0 °C was added slowly while stirring. A dark solid
was formed, and it dissolved slowly upon addition of the HCl 6M solution.
CH,Cl; (50 mL) was added, and the aqueous phase was extracted with CH,Cl,
(2x30 mL). The combined organic layer was dried over MgSQ,, filtered and
evaporated under reduced pressure at RT. A fresh solution of acetic acid (6.25
mL), formol (4.68 mL), N-methylaniline (1.63 mL) and AcONa (187.5 mg) was
prepared, and this solution (8.75 mL) was added to the reaction mixture. The
mixture was stirred for 1 h 45 minutes at RT. A 10:1 solution of
brine/concentrated HCl (30 mL) was added. CH,Cl, (37.5 mL) was added, and
the mixture was extracted with CH,Cl, (3%x20 mL). The combined organic layer
was washed with LiCl 5% (2x25 mL), 0.02N HCI (2x25 mL), and H,0 (3x30 mL).
The organic phase was then stirred for 5 min at RT with a saturated solution
of NaHCOs (35 mlL). The aqueous phase was acidified to pH=1 with
concentrated HCl. The aqueous solution was extracted with CH,Cl; (4x20 mL).
The combined organic layer was dried over MgSQ,, filtered and evaporated
under reduced pressure. (+)-C75 (0.455 g, 1.78 mmol, 73%) was obtained.
Compound [(-)-C75]: white solid; [a]p = —11.4 (¢ 1.0, CHCl3); *H NMR (CDCls,
400 MHz): § 6.46 (d, J = 3.0 Hz, 1H), 6.02 (d, J = 2.7 Hz, 1H), 4.81 (dt, J = 7.2,
5.6 Hz, 1H), 3.63 (dt, J = 5.6, 2.8 Hz, 1H), 1.79 — 1.67 (m, 2H), 1.53 — 1.20 (m,
12H), 0.88 (t, J/ = 6.9 Hz, 3H).

A ----- /Ph 0 i) MMC, DMF, 135°C, 48 h
O N i) HCI, 0 °C
iii) CH,0, PhNHMe, AcONa
H;0,, LIOH, 0°C, 3 h O AcOH, rt, 1 h 45 min
O \\A. \‘:
o 0 © . 0= = Getw o=
O™ g OH OH
i) NaBHy, rt, 40 min . 817
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Figure S1. The enantioselective synthesis ofthe two enantiomers of C75.
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Synthesis of (%)-C75-CoA: For *H NMR confirmation: Coenzyme A (HSCoA)
sodium salt hydrate (8.6mg), and NasPO4-12H,0 (7.6mg) were added to a
solution of (+)-C75 (2.5mg) in D,O (0.8ml) in an NMR tube as previously
reported®. *H NMR was recorded on a JEOL ECS 400 (400 MHz) spectrometer
(JOEL Ltd., Tokyo Japan) and chemical shift was calculated as parts per million
(ppm). Data was processed using MestReNova version 14.2.1-27684. For
micelle preparation and biological assays, the reaction was carried out in 90
mM NasPO, and left at RT overnight. The same procedure was performed to
synthesize (+)-C75-CoA and (-)-C75-CoA. HPLC analysis (LC-2000 series,
JASCO, Tokyo, Japan) was performed to confirm whether all (+)-C75 was
consumed in the reaction. Conditions include: C-18 RP-column (TSKgel ODS-
100V 5um particle size, 4.6 mm I.D. x 15 cm, TOSOH Bioscience, cat. # 21455),
mobile phase 7:3 100 mM phosphate buffer pH 3/acetonitrile, flow rate 1.2

mL/minute, 259-nm detection.

2. Synthesis of PEG-PAsp(DET)

The diblock co-polymer was prepared by aminolysis of CH30-PEG-b-poly(B-
benzyl-L-aspartate) (PEG-PBLA). PEG-PBLA was synthesized by anionic ring-
opening polymerization of BLA-NCA initiated from the terminal —NH, group of
CH30-PEG-NH, 2. CH30-PEG-NH, (MW 12,000 Da) and BLA-NCA were dissolved
in distilled DCM-DMF (10:1), mixed, and allowed to react in Ar atmosphere for
72 h. After which, the polymer is precipitated, washed in 2:3 ethyl acetate-
hexane three times, and collected by vacuum filtration. Complete drying was

performed in vacuo.
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Figure S2 (previous page). Synthesis of (+)-C75-CoA (a), which involves the
nucleophilic addition to the o,B-unsaturation of (+)-C75 by the thiol group of
coenzyme A (CoA), to form (+)-C75-CoA. In the 'H-NMR measurements (b), geminal
alkene protons in (+)-C75 were highlighted in green while newly formed C-H bonds in
(£)-C75-CoA were highlighted in yellow. HPLC profiles (c) of the starting materials were
compared with that of the product.

Aminolysis of PEG-PBLA was carried out as previously reported®?. Briefly, 150
mg freeze-dried PEG-PBLA was dissolved in 15 mL distilled NMP and cooled to
0 °C. In another reaction tube, distilled DET (4.7 mL, 100 times the molar
equivalence of benzyl ester units) was mixed with NMP and cooled to 0 °C.
PEG-PBLA in NMP solution was then added dropwise over 1 minute to the DET
solution. The reaction was allowed to proceed in ice over 1 h reaction. After
which, the polymer was added dropwise to 5 N aqueous HCl (34.1 mL, 1.3 x
equivalent to the added 1° and 2° amine groups of DET) at <5 °C. The resulting
acidified mixture was afterwards dialyzed (MWCO: 6,000-8,000) at 4 °C
against a 0.01 N HCl 3-4 x and then against deionized water 2 x. The final
solution was freeze-dried to obtain PEG-PAsp(DET). Gel permeation
chromatography (LC-2000 series, JASCO, Tokyo, Japan) was carried out using
a Superdex™ 200 Increase 10/300GL (Cytiva, 28-9909-44, column L x I.D. 30
cm x 10 mm, 8.6 um particle size) 10 mM CHsCOOH in 500 mM NaCl, 0.5
mL/min. *H NMR was recorded on a JEOL ECS 400 (400 MHz) spectrometer
(JOEL Ltd., Tokyo Japan) and chemical shift was calculated as parts per million

(ppm). Data was processed using MestReNova version 14.2.1-27684.
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Figure S3 (previous page). Synthesis of PEG-PBLA (a) and PEG-PAsp(DET) (b) and the
corresponding H-NMR measurements (PEG-PBLA in DMSO-ds, 80 °C and PEG-
Asp(DET) in D20, 80 °C).

a b.
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Figure S4. Physicochemical properties of (+)-C75-CoA micelles prepared in different
anion/cation (A/C) ratios including size (a) and polydispersity (b). Experiments were
performed in triplicate (values expressed in mean * SD). Polydisperse size profiles are
marked with W, Table showing % by weight of micelle components at different A/C
ratios (c).
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Figure S5. Transmission electron microscopy (TEM) image of (+)-C75-CoA micelle (a)
and its size distribution profile (value expressed in mean + SD, n = 105) (b). Scale bar
=100 um, magnification 40x.
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Figure S6. Changes in scattering light intensity (SLI) (a) and encapsulation (%) (b) of
(x)-C75-CoA micelle (a) upon mixing with high NaCl concentration solutions.
Experiments were performed in triplicate (values expressed in mean + SD) and
comparison of means among treatment groups were done using ANOVA (with Tukey’s

test as post-hoc analysis; **** p<0.0001).

Non-Treated Etomoxir (£)-C75-CoA (£)-C75-CoA (+)-C75-CoA (+)-C75-CoA
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Figure S7. Microscopic images of U87MG and GT1-7 cells after treatment with FAO
inhibitors. Scale bar = 100 um, magnification 40x.
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Figure S8 (previous page). Synthesis of Fluorescein-CoA (Fluor-CoA) (a), which is the
nucleophilic addition to the maleimide ring of FAM by the thiol group of coenzyme A
(CoA), to form Fluor-CoA. The 'H-NMR measurements (b). Maleimide ring protons in
FAM were highlighted in green while newly formed C-H bonds in Fluor-CoA were
highlighted in yellow. HPLC profiles (c) of the starting materials were compared with
that of the product.
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Figure S9. Microscopic images and analysis of cellular uptake of Fluor-CoA micelles in
U87MG and GT1-7 spheroids. Representative U87MG and GT1-7 spheroid microscopic
images (a) with scale bar = 100 um, magnification 1.2x, nucleus (blue), Fluor-CoA
(yellow) fluorescence signals are shown. Spheroid diameters in x and y dimensions (n
= 10) were measured using Zen Zeiss software.
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CHAPTER 2

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

Objectives 2 and 4.
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Article summary

This article is the continuation of the research presented in the previous
article. In this manuscript, we focused in the application of C75-CoA loaded
micelles for obesity, where the effects of C75-CoA micelles in vitro appear to
be more adequate. Therefore, we focused on validating the effects of C75-CoA
micelles in the hypothalamus, specifically on feeding, body weight and
peripheral metabolism. The goal of this work is to develop C75-CoA-loaded PIC

micelles that can be used for in vivo inhibition of hypothalamic CPT1A.

To achieve this goal, a new PIC micelle, with higher in vivo performance
compared to the micelles used in the first article, was designed that could
withstand the ionic strength of physiological fluids. A combination of a PEG-
PAsp(Aldehyde)-Plys and PEG-PAsp(Hydrazide) polymers produces a C75-CoA
micelle with a covalent bond between the polymers, allowing much more

stability without major changes in size, morphology and surface properties.

Mice were injected via ICV with C75, C75-CoA or C75-CoA crosslinked micelle
after a 3h fasting, and the effects of these treatments on food intake and body
weight along 22h were evaluated. Subsequently, after treatment with the
same conditions, another group of mice were sacrificed after 2.5h and brain
and peripheral tissues were harvested. Hypothalamus, liver and BAT were
processed for gene expression of hunger-related neuropeptides, peripheral
energy metabolism and thermogenesis, respectively. Some brains were
collected and sliced for c-FOS immunofluorescence to assess neuronal activity

in relevant hypothalamic nuclei.

C75-CoA crosslinked micelles produced a stronger reduction in food intake
and body weight than free C75 and C75-CoA. Furthermore, this reduction was
paired to an increase in the anorexigenic POMC neuropeptide and a decrease

in the orexigenic NPY. Peripherally, the micelle treatment produced and

-123 -



increase in gluconeogenesis and FAO markers, consistent with a satiating
effect, as well as an increase in BAT thermogenesis markers. The micelle
treatment was also shown to produce an increase in PVN neuronal activity,

but not ARC neuronal activity, compared to C75-CoA.

In summary, the developed C75-CoA-loaded micelle was suitable for in vivo
experiments and was able to reduce body weight and food intake via
modulation of hunger-related neuropeptides, and neuronal activation of the
PVN. These effects were paired with a peripheral increase of gluconeogenesis,

FAO and BAT thermogenesis markers.
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Graphical abstract

2~ PEG-PAsp(Aldehyde)- PLys .
| : ek Fopd intake
% : : Satiety effect
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Figure 10. Graphical abstract for the second publication. New peptides with crosslinking ability were used to produce
more stable, suitable for in vivo micelles. These micelles were used to treat mice and elicited a satiety effect through
change in the expression of hunger neuropeptides, as well as increased FAO and gluconeogenesis in liver and increase

thermogenesis in BAT.
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ABSTRACT

Targeting brain lipid metabolism is a promising strategy to regulate
energy balance and fight metabolic diseases such as obesity. The
development of a stable platform 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 energy
balance. Central administration of the nanomedicine induced a rapid
attenuation of food intake and body weight in mice via regulation of
appetite-related neuropeptides and neuronal activation of specific
hypothalamic regions driving chances in the liver and adipose tissue. This
nanomedicine targeting the 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 metabolism, offering an innovative approach to managing
metabolic diseases. The core-crosslinked polymeric micelle-based
nanomedicine used in this investigation allows the encapsulation of a

drug that modifies lipid metabolism in the brain, a target hard to reach
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with conventional formulations. This investigation might contribute
developing and validation a new generation of nanomedicine-based
approaches targeting brain lipid metabolism to modulate feeding and
body weight. Also, the nanomedicine highlights the significance of
nanotechnology beyond the current biological applications, and
facilitates 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 1.
Despite major advances in understanding the pathogenesis and therapeutics
of these metabolic disorders, the prevalence of obesity and type 2 diabetes
continues to rise 3. Against this backdrop, these metabolic diseases are still
unmet medical needs and require the development of new therapeutic
platforms.

The physiological control of energy balance is tightly modulated by the central
nervous system (CNS), where the hypothalamus 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 #®7, Strong evidence suggests that lipid metabolism within
the hypothalamus is a key signal of nutrient status further to modulate feeding
behaviour and peripheral metabolism #1°. 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 2,
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A crucial target in brain lipid metabolism which controls energy balance is
carnitine palmitoyl-transferase 1A (CPT1A) 2. It is located in the mitochondria
and promotes the entry of long-chain FAs for B-oxidation 1326, Since CPT1A is
highly expressed in central and peripheral tissues, its regulatory potential in
the energy balance is based on two different interventions: in peripheral
tissues (i.e., liver and adipose tissue), overexpression of CPT1A and induction
of fatty acid oxidation (FAQO) ameliorates insulin resistance and prevents body
weight gain 178, whereas in the CNS, CPT1A inhibition reduces food intake and
body weight 2. 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 1. 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

impact in vivo with the current formulations and drug.

(£)-C75 is a well-known CPT1A inhibitor that is converted to its active
coenzyme A (CoA) form in the hypothalamus 2. Although initially identified as
a fatty acid synthase (FAS) inhibitor with a strong anorectic effect via malonyl-

CoA accumulation 3%

, enantioselective synthesis of C75 revealed that the (+)-
C75 and (+)-C75-CoA adducts were the active forms inhibiting CPT1A 222,
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
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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-dependent lipid metabolism in cellular models of neurons
and glioma cells 2. In the present study, we have developed a more robust
core-crosslinked polymeric micelle (PM)-type nanomedicine, 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 inhibitor in brain cells
after intracerebroventricular (ICV) administration, particularly to neurons. In
addition, central administration of this (+)-C75-CoA-loaded core-crosslinked
PM induced a substantial reduction regulation of appetite-related
neuropeptides, neuronal activation of specific regions and altered expression
of metabolic biomarkers in peripheral tissues (Fig.1). This investigation led to
the first nanomedicine targeting brain lipid metabolism which effectively

modulated energy intake and peripheral tissue metabolism.

2. Results and discussion

2.1 Stability of crosslinked 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(L-aspartamide) (PAsp) middle block
functionalized via orthogonal side-chain modification with an aromatic

aldehyde moiety (PAsp(Aldehyde)), and a poly(L-lysine) (PLys) cationic block
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Figure 1. Schematic representation of the core-crosslinked polymeric micelle (PM)-type
nanomedicine encapsulating the CPT1A inhibitor (+)-C75-CoA, and the effects of central
administration of the nanomedicine in food intake, liver and brown fat metabolism via arcuate
(ARC) and paraventricular (PVN) nucleus of the hypothalamus.

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
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Figure 2. Preparation of the triblock polymer, PEG-PAsp(Aldehyde)-Plys.

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 23° formed in the copolymer middle block
provided increased protection and stability to the micelle by tightening the
core and preventing premature release of the cargo (Fig. 1). (x)-C75-CoA and

PEG-PAsp(Aldehyde)-PLys were mixed in pH 7.4 10 mM phosphate buffer that
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spontaneously self-assembled to form 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 PM gave monodisperse size profiles of around 40-45 nm
hydrodynamic diameter by dynamic light scattering (DLS) measurement (Fig.
3A; Supplementary Table S1, ESI§). In comparison, the average core size of
PMs was found to be c.a. 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, ESI§). It is worth signifying that the middle
block strengthens the micelle core even without crosslinking, possibly by
providing hydrophobicity 3. The polymer mixtures only (without (+)-C75-CoA)
provided large aggregates, confirming that the cargo has a profound influence
in producing well-defined PM-type structures that can be evident from the

TEM images (Fig. S1, ESI§).

To confirm the advantages of the middle block, we prepared micelles from a
PEG-PLys diblock copolymer (Fig. S2A, ESI§). 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 intensity, but for that of the triblock PM
the impact of DSS addition was minimal (Fig. S2B, ESI§). A core-crosslinked PM
prepared from PEG-PAsp(Aldehyde)-PLys triblock and PEG-PAsp(Hydrazide)

diblock co-polymer incorporating crosslinking to hydrophobicity is expected to
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Figure 3. Physicochemical characterization of the crosslinked polymeric micelles (PM)
loading (+)-C75-CoA or Fluor-CoA and validation in neuronal cell lines. (A) Size profile of
(£)-C75-CoA-PM. (B) Fluorescence emission spectra of FRET double-labelled (+)-C75-CoA-
PM and mixed polymers. (C-E) Physicochemical properties of micelles in phosphate
buffer (PB) and NaCl solution: (C) Hydrodynamic size, (D) Polydispersity, and (E) Scattered
light intensity of non-crosslinked versus crosslinked PM.
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Figure 3 (continued). (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 with Tukey’s post-hoc test. *p<0.05, **p<0.01,

give even higher stability. To confirm the participation of these two polymers
in 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 are used to form
PM 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 in the PM core. The FRET profile of crosslinked PM
was not altered with the addition of 1 M NaCl. However, upon adding DSS,
signal intensity from the rhodamine-labelled polymer was reduced to 60%,
which indicated that (+)-C75-CoA plays a significant role in the association of
two polymers, as evidenced by FRET pairing. To further confirm whether ()-
C75-CoA was necessary for their increased interaction of the FRET-paired
polymers, the FRET spectrum of a mixture of the two labelled polymers was
measured. This led to similar FRET properties as that 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 NacCl to the PM
solution. This led to a 15-nm increase in size for both type of micelles (Fig. 3C),
however, the non-crosslinked PM gave an apparently more polydisperse size
profile with a statistical decrease in scattered light intensity (Fig. 3D-E). The
results attested to the PIC nature of the PM. PIC formation is mainly driven by

the liberation of counterions 2 which is prompted when the PLys block and
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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. This data provides additional evidence that the crosslinked

PM is more stable than the non-crosslinked PM.

To test their differing effects on biological systems, we measured ATP
synthesis of GT1-7 mouse hypothalamic neurons after short-term incubation
with the PMs. This is an indirect approach to measure mitochondria fatty acid
oxidation and CPT1A inhibition by the drug 2% (Fig. 3F). The crosslinked PM
statistically reduced cellular ATP production to 41%, as compared to non-
crosslinked PM (73%) and free (+)-C75-CoA (87%) (Fig. 3F). Moderation of ATP
synthesis in in vitro neurons in response to PM treatment indicates inhibition
of FAO, in agreement with previous data 3%, and this attenuation was
significantly higher compared to the non-crosslinked PM. Crosslinked PM
exhibited higher apparent encapsulation of (+)-C75-CoA compared to non-
crosslinked PM in both pH 7.4 phosphate buffer (PB) and artificial
cerebrospinal fluid (aCSF) (Fig. S3, ESI§), with the latter mimicking conditions
in the brain. Since more (+)-C75-CoA was entrapped in the crosslinked 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 fluorescent derivative of
CoA, Fluor-CoA %, with a size profile similar to (+)-C75-CoA-PM (Fig. S4A, ESI§).
Upon incubation with GT1-7 neuronal cells for 30 min, we observed that there
was an evidently higher cellular uptake of Fluor-CoA-loaded crosslinked PM
(4x that of free dye) as compared with the non-crosslinked PM (3x compared
to free dye) (Fig. 3G). This points to another reason why the crosslinked PM
has a greater ATP inhibitory effect compared to the non-crosslinked

counterpart. Fluor-CoA was also released in cell culture medium or aCSF to a
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lesser extent by the crosslinked PM (Fig. S4C-D, ESI§), despite both non-
crosslinked and crosslinked PM having similar encapsulation rates (Fig. S4B,
ESI§). In neuronal cells, the fluorescent tracer of the micelle showed endo-
lysosomal entrapment, that was not appreciated in the mitochondria (Fig. S5,

ESIS).

The increased stability of the crosslinked PM ensured a higher (+)-C75-CoA
encapsulation rate, an enhanced ATP inhibitory capacity, and increased
cellular uptake of fluorescein when using Fluor-CoA-loaded PM. This cellular
uptake was also confirmed in vivo, since 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, ESI§).

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 formation. The polymer PEG chain (Mw 12 KDa)
was important in imparting the measured physicochemical properties and

decreasing aggregation tendency 32,

2.2 (1)-C75-CoA-loaded core crosslinked PMs induced a 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 in feeding and body weight, with

improvements in these actions compared to the free drug (+)-C75. In these
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experiments, age-matched mice were administered ICV injections of vehicle,
(£)-C75, (%)-C75-CoA, and (#)-C75-CoA-loaded core crosslinked PMs (from
here on will be designated as (+)-C75-CoA-PM). Food intake and body weight
were then monitored for 24 h (Fig. 4A). This timing is in agreement with
previous studies monitoring the acute satiating effects of new therapeutics in
lean rodent models 33435 Mice treated with (+)-C75-CoA-PM exhibited a
substantial and rapid reduction of food intake in comparison to (+)-C75-CoA-,
(¥)-C75- and vehicle-treated mice (Fig. 4B). The satiating effect of (+)-C75-CoA-
PM was appreciated after 1 h, being statistically 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 satiating action of CPT1A inhibition after short timings (2
to 24h) in lean rodents using drug- or genetic-based approaches #2336 |n
agreement with the observed rapid effects on feeding, it has been reported
that levels of malonyl-CoA, when elevated in the brain and particularly in the
hypothalamus in response to energy surplus or glucose overload, induce a
rapid inhibition of 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 neuropeptides in the hypothalamus 3¢, we
measured the mRNA expression of these neuropeptides. Once released by
different neuronal populations in the ARC nucleus of the hypothalamus, 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),
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is a signal to induce satiety and body weight attenuation 33, For this analysis,
hypothalamic extracts of mice were collected 2.5 h after treatment with
vehicle, free drug or PM. These timings were based on previous studies
altering malonyl-CoA levels and CPT1A activity in the hypothalamus, showing
very rapid changes in the expression of these neuropeptides (2-3 hours post
central inhibition of the target and lipid metabolism) ¥*%°, While free (+)-C75-
CoA was able to attenuate 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 neuropeptide POMC compared to
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 important side effects in
patients with metabolic diseases, the present results are promising in terms
of toxicity. In particular, analysis of microglia activation by Ibal
immunofluorescence in different regions of the hypothalamus revealed no
activation of microglia after ICV infusion of the nanomedicine, indicating the
low toxic potential of the formulation in the inflammatory response at the
timing and dose tested in mice (Fig. S7, ESI§). Subsequent investigations using
more selective targeting-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
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hypothalamus in response to FAO and CPT1A inhibition, indicating nutrient

overload, as previously reported %22,

2.3 (1)-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 hypothalamic nuclei to
control energy balance, not only in terms of satiety, but also in terms of liver
and adipose tissue metabolism %3, 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 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 elevated by (+)-C75-CoA-PM in comparison to free drug or vehicle
with no accompanying 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 by ()-C75-CoA but
was significantly reduced by (+)-C75-CoA-PM, supporting the idea that the
nanomedicine is promoting FAO and initial stages of gluconeogenesis, but not
pyruvate, to provide energy fuel to extrahepatic tissues in response to the
satiating actions. Analysis of genes related to thermogenesis in BAT, which
contributes to energy expenditure and body weight regulation *, revealed a
significant induction of the expression of several genes involved in BAT
thermogenesis activation, probably 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).
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Figure 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 (1)-C75-CoA-PM; #p<0.05, ##p<0.01 vs ()-C75-CoA) and
(C) body weight change in mice after 24 h of central administration of vehicle, free drug or the
nanomedicine ((t)-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, **p<0.01). Data are expressed as mean * SD (n=6-8), means were compared
using one-way ANOVA with Tukey’s post-hoc test.
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Taken together, these results demonstrate that central administration 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-CoA-PM activated neurons in specific hypothalamic nuclei

In order to assess the activation of neurons in different areas of the
hypothalamus in response to free or nanomedicine (+)-C75-CoA, c-FOS
immunostaining (a proto-oncogene expressed within neurons following
depolarization, indicating neuronal activity) was explored in the
hypothalamus. This analysis was performed in ARC and paraventricular
nucleus (PVN), two major hypothalamic nuclei involved in feeding behavior,
liver metabolism and thermogenesis **2, The number of c-FOS positive cells
was statistically increased in the PVN of (+)-C75-CoA-PM-injected mice as
compared to those treated with vehicle, whereas no changes were
appreciated in mice treated with (+)-C75-CoA (Fig. 6A and 6B). However,
analysis in the ARC revealed a lower level of neuronal activation in mice
treated with (%)-C75-CoA versus vehicle, whereas (+)-C75-CoA-PM-treated
mice showed a partial restoration of this activation in parallel to the free drug

(Fig. 6C and 6D).

The differential neuronal activation patterns in the hypothalamic nuclei PVN
and ARC in response to the treatments can be explained by the remarkable
satiating action and metabolic changes induced by ()-C75-CoA-PM.
Particularly, c-FOS measurements indicated that the nanomedicine could be
initiating 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 changes in liver metabolism and BAT thermogenesis to

regulate body weight (Fig. 6E). These observations are consistent with the

- 143 -



>

mMRNA Fold Change

Liver B Brown adipose tissue
*k ke
*rk ] -
o o o
Liid :
[} %0
GREE
*k ko] ©
o -— -]
| * o B ©
° L4 -
_I !
14 o
0? E °
0
PEPCK GéPase PKL CPT1A ucpP1 CIDEA PRDM16

Figure 5. ICV administration of (+)-C75-CoA polymeric micelles (PM) modifies
metabolic pathways in liver and brown adipose tissue (BAT). (A) Liver mRNA levels
of genes involved in gluconeogenesis, glycolysis and fatty acid oxidation. (B) BAT
mMRNA levels of genes involved in thermogenesis activation. 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
with Tukey’s post-hoc test, *p<0.05, **p<0.01, ***p<0.001.
changes in the expression of 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 metabolism and BAT thermogenesis
activation has been previously reported in response to other stimuli %7,
In contrast, the free (+)-C75-CoA did not induce neuronal activation in 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 thermogenesis. The differences observed between
the nanomedicine 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

neurons compared to the free cargo in cell cultures and the capacity of the
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nanomedicine to reach hypothalamic areas regulating energy balance (Fig. S6,

ESIS).

3. Conclusion

In this study, we have developed an inventive core crosslinked micelle-based
approach to successfully encapsulate and centrally deliver a CPT1A inhibitor,
to acutely regulate energy balance in mice. The effective delivery and higher
neuronal uptake of the drug was evidenced in the potent and rapid satiating
effect and significant body weight loss induced by central administration of
(£)-C75-CoA-PM in mice, as well as in the substantial regulation of appetite-
related hypothalamic neuropeptides and neuronal activation of PVN, which
were not observed in response to free (1)-C75-CoA treatment. Altogether, the
present study showcases the first nanomedicine targeting brain lipid
metabolism, offering an innovative and selective therapeutic approach for
treating diseases related to a 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 prospect of nanomedicine-based
approaches to modulate body weight and feeding by targeting brain lipid
metabolism. Most significantly, 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 developmental stages of these

pathological conditions and thus finding an effective cure.
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Figure 6. Neuronal activation in ARC and PVN hypothalamic nuclei by ICV
administration of (1)-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 c-FOS positive cells
in the ARC section. (E) Schematic representation of ARC and PVN nuclei and the
main type of neurons regulating energy balance. POMC activates PVN neurons
leading to anti-obesity actions whereas NPY neurons lead to PVN inhibitory signal
to promote feeding and body weight gain. Animals were perfused and brains
collected 2 h post-injection of vehicle, free (+)-C75-CoA or (+)-C75-CoA-PM. Scale
bars, 50 um. Data are expressed as mean + SD (3 animals, 3 slices/animal). Means

4. Experimental section

4.1 Preparation of the polymers and crosslinked micelles

4.1.1 Synthesis of 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 °¢°7 but with modifications (Fig. 2). The initiator in the first ROP step

was a-methoxy-w-amino-poly(ethylene glycol) (M 12 KDa; PEG-NH,, NOF,
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Japan), to produce the PEG—poly(B-benzyl-L-aspartate) diblock copolymer
(PEG—PBLA). PEG—NH; was dried overnight in vacuo and dissolved in distilled
and dehydrated DMF (Wako Pure Chemical Industries, Japan). BLA-NCA (24
molar equivalence to PEG-NH,) and thiourea (equivalent to 1M solution in
DMF) added to the PEG—NHj; solution as dry powder under inert atmosphere.
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 dichloromethane 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 polymerization was found to be 22 BLA units by 'H
NMR. The obtained PEG-PBLA-NH; was subsequently used as initiator for the
second ROP of Lys(TFA)—NCA to obtain PEG—PBLA—PLys(TFA). PEG-PBLA-NH>
was ) was dried overnight in vacuo and subsequently dissolved in distilled and
dehydrated 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 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 then finally
drying in vacuo. For characterization purpose, 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, ESIS§).
Gel Permeation Chromatography (GPC) analysis (Jasco HPLC system equipped
with Rl detector) confirmed (Fig. S8A, ESI§) that the polymer, PEG—PAsp—Plys,
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has narrow and unimodal distribution of molecular weight (molecular weight

distribution, M/M,: 1.02).

4.1.2 Middle-block modification of PEG-PBLA-PLys(TFA) and 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)phenyllmethanamine (Enamine Ltd, (Kyiv,
Ukraine) (30 eq) was added. The reaction mixture was stirred at 40 °C for 72
h. After which, 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 HCI (3x) and
water (2x) for 48 h using a 8 kDa molecular weight cut off (MWCQO) 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, ESIS).

4.1.3 Preparation of PEG-PAsp(Hydrazide) and PEG-PLys. The synthesis of
PEG-PBLA and its hydrazinolysis was carried out as previously reported 2,
While PEG-PLys was prepared similar to prior work %°. Preparation of labelled
polymers and FRET micelles is detailed in the supplementary information
(ESIS).

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 polymers. Polymer solutions were each dispersed in
10 mM phosphate 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 were fully described in our previous work %)

to attain a 1:1 anion/cation ratio, diluted with 10 mM PB pH 7.4 to desired
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concentration, and then vortexed. The micelle was allowed to cross-link at 4
°C for 24 h before passing through a 0.22-uM syringe filter (Millex 13mm
Durapore, Merck, cat. # SLGVJ13SL). The characterization of micelles is

indicated in the supplementary information (ESIS§).

4.2 Mice 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 made to
minimize animal suffering and to reduce the number of animals used.

Male (8-10 week old) C57BL/6)J mice were used for the experiments. All
animals were housed on a 12h/12h light/dark cycle (from 8am to 8pm) 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 anaesthesia during the light phase and
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 previously 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 pl of vehicle (PBS), (£)-C75, (+)-C75-CoA, (+)-C75-CoA-PM (at 4.2
mM cargo concentration; injection dosage 126.5 pg/mouse), Fluor-CoA or
Fluor-CoA-PM (at 2.95 mM cargo concentration; injection dosage 104

ug/mouse) by ICV injection 30 min before the beginning of the dark cycle. The
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schedule of this protocol was based on previous publications 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 132224,

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 treatment. For tissue collection and gene expression
analysis, food intake and body weight were monitored 2 h after drug
administration and mice were subsequently euthanized. Fresh tissues were
then harvested and stored at -802C.

For brain immunofluorescence, mice were anesthetized under
ketamine/xylazine and intracardially perfused with PBS and then 10% NBF at
2 hours after (+)-C75-CoA, (*)-C75-CoA-PM, Fluor-CoA or Fluor-CoA-PM.
Brains were collected and post-fixated 24 h in 10% NBF at 42C, transferred to
30% sucrose at 42C for 2-3 days, frozen in isopentane, and sliced in 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 tissues is detailed in the supplementary information (ESIS§).

4.3 Statistical analysis

All results are expressed as mean * SD. Statistical analysis was conducted using
GraphPad Prism 9 Software (GraphPad Software, La Jolla, CA, USA). Statistical
analysis was determined by ANOVA (more than 2 groups were compared)
followed by Tukey’s post-hoc test. p < 0.05 was considered statistically
significant. The number of animals used in each experiment is specified in each

figure legend.
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SUPPLEMENTARY INFORMATION

EXPERIMENTAL SECTION
Characterization of micelles

For DLS measurements (Zetasizer Ultra, Malvern Panalytical, Spectris plc, UK),
PM suspensions were diluted to 1 mg/mL and placed inside a ZEN2112 quartz
cuvette. Light scattering data was measured using a 50-mW 532 nm DPSS laser
incident beam at a detection angle of 173° with a He-Ne laser 633 nm
(temperature = 25 °C). The autocorrelation function produced was analysed
through the cumulant approach. Size is expressed as the hydrodynamic
diameter, which was calculated with the Stokes—Einstein equation. Attenuator
selection was automated. For zeta potential measurements, micelle
suspensions were introduced in a ZEN1010 HC cell, using the Smoluchowski

approach.

For quantification of cargo inside the micelles, PM solutions were pipetted
into Amicon Ultra-0.5 mL centrifugal filters (MWCO 10,000, Merck Millipore,
cat. # UFC501096) and spun (14,000 g, 15 min, 4 °C). The filtrate was then
collected, weighed, and then transferred into UV-transparent 96-well plates.
Its absorption at Amax CoA = 259 nm was measured using a microplate reader
(Infinite® M1000 Pro, Tecan Trading AG, Switzerland). Drug encapsulation was
calculated by getting the ratio of the filtrate absorbance to that of the original

(£)-C75-CoA solution added to form the PM.

Micelle and polymer morphology was observed on a Transmission Electron
Microscope (JEM-2100, JEOL, Japan) operated with 120 kv acceleration
voltages and approximately 60 pA beam current. The diluted micelle or

polymer solution (0.1 mg/mL) was stained by mixing with uranyl acetate
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solution (2%, w/v) and placed on 400-mesh copper grids before drying and

observation.

Preparation of labelled polymers and FRET micelles

PEG—PBLA—-PLys(TFA) (50 mg) was dissolved in anhydrous DMSO (Sigma-
Aldrich, cat. # 276855-100ML) to which rhodamine-NHS ester (ThermoFisher
Scientific, cat. # 46406:10 eq) was added. The reaction mixture was stirred at
40 °C for 72 h. After which, the labelled polymer was isolated by precipitation
and washing in cold ether (3x). After drying in vacuo, aminolysis and

deprotection were carried out as described in the main text.

PEG—PBLA (50 mg) was dissolved in anhydrous DMSO (Sigma-Aldrich, cat. #
276855-100ML) to which fluorescein-NHS ester (ThermoFisher Scientific, cat.
#46410:10 eq) was added. The reaction mixture was stirred at 40 °C for 72 h.
After which, the labelled polymer was isolated by precipitation and washing in
cold ether (3x). After drying in vacuo, hydrazinolysis was carried out as

reported 1.

FRET micelles were prepared with buffered solutions of (+)-C75-CoA as above.
FRET behaviour was confirmed by fluorescence spectroscopy (fluorescence
spectrometer FP-8600DS, JASCO, Japan), where excitation wavelength 494 nm

for fluorescein was used.
Cell culture, cellular uptake, fluorescent assays and ATP measurement

Murine hypothalamic neuronal cells GT1-7 (Merck Millipore, Sigma, Madrid,
Spain) were cultured in DMEM (4.5 g/L glucose) as described 2. For cellular
uptake analysis, GT1-7 cells (5 x 10* cells / well) were seeded in 24-well plates
24 h prior to the assay. They were then incubated with PM suspension in

medium (micelle amount equivalent to 0.1 mg/mL Fluor-CoA) for 30 min,

- 157 -



followed by washing of cell suspension then incubated with 50 pL Accutase’
Cell Detachment Solution (Innovative Cell Technologies, San Diego, California)
for 3 minutes at 37 °C, centrifuged and resuspended with DAPI, as described
2, After final washing, the cells were resuspended. Mean fluorescence
intensity and percentage of Fluor-CoA+ cells in FITC channel were measured
by flow cytometry (BD LSRFortessa™ Flow Cytometer, BD Biosciences, San
Jose, California) using FSC and SSC detection to gate out debris, and the UV
(355 nm) and blue lasers (488 nm) for the detection of DAPI and Fluor-CoA,

respectively. Data analysis was performed using Flowlo software (BD

Biosciences, San Jose, California).

The protocol for ATP measurement was based on previous publication 2.
Briefly, produced ATP was quantified using a luminescence assay. The GT1-7
cells (2 x 10° cells/well) were seeded in a white, flat-bottom 96-well tissue
culture plate 24 h prior to the assay. The cells were then incubated with
control, free drug, or micelles (0.5 mM) in bicarbonate-free DMEM (Sigma-
Aldrich, cat. # D5030-10L) supplemented with 2.5 mM glucose (Gibco, cat. #
A2494001) and 275 nM oleate-BSA (Sigma-Aldrich, cat. # 03008-5ML) for 1 h
in a separate incubator at 0% CO,, 20% 0O,, 37 °C. The assay was then
performed according to manufacturer protocol (CellTiter-Glo® Luminescent
Cell Viability Assay, Promega). Luminescence signal for 10 s was measured in

each well using GloMax® Multi Detection System (Promega Corp, Madison,

Wisconsin).

For colocalization analysis of the nanomedicine with acidic organelles, GT1-7
cells exposed to the polymeric micelle Fluorescein-CoA-PM for 1h at 37°C,
were concomitantly incubated with LysoTracker® Red (Thermo Fisher
Scientific, Waltham, MA, USA) for endolysosomes staining, and compared to
MitoTracker® Red (Thermo Fisher Scientific, Waltham, MA, USA) for staining

of mitochondria. Cells were then fixed with 4% paraformaldehyde and
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counterstained with Hoechst for the nuclei visualization (blue). Images were

taken using a Leica TCS SP8 confocal microscope.

Brain immunofluorescence

For neuronal activation analysis, hypothalamic slices containing PVN and ARC
nuclei were extensively washed in 0.1% Triton X-100 KPBS buffer and blocked
in 2% goat anti-serum in KPBS plus 0.1% Triton X-100. Sections were incubated
with rabbit anti-c-FOS antibody (1:200, Cell Signaling) in blocking buffer for 1
h at room temperature. After washing with KPBS, slices were incubated with
anti-rabbit Alexa Fluor 647 antibody (1:1000; Invitrogen) for 1 h at room
temperature, followed by counterstaining with Hoechst 3328 for nuclear
staining (1 mg/mL, Sigma-Aldrich). For the analysis of fluorescein in brain
slices, immunostaining of brain cells was performed using antibodies against
neurons (rabbit anti-NeuN, 1:500, Abcam; rabbit anti-NSE, 1:250, Abcam),
astrocytes (rabbit anti-GFAP, 1:1000, Invitrogen) and microglia (rabbit anti-
Ibal, 1:500, WAKO) in blocking buffer for 1h at room temperature, followed
by incubation with the secondary antibody (Alexa Fluor 647) and Hoechst, as
described above. After immunostaining, slices were mounted into Superfrost
Plus Slides (Thermo Fisher) using antifade Fluoromount-G® (Southern Biotech)
and coverslips. Images were taken using a Leica TCS SP8 confocal microscope
equipped with a 20x and 40x objective. Fluorescence integrated density after

image masking was calculated using ImageJ FlJI (NIH) software.

RNA extraction and RT-PCR

Total RNA was extracted from liver and BAT using Trizol Reagent (Fisher
Scientific, Madrid, Spain). Retrotranscription and quantitative RT-PCR (qPCR)

were performed as previously described 3. SYBR Green or Tagman Gene
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Expression assay primers used in the study (IDT DNA Technologies, Leuven,
Belgium) are detailed in Table S2. Relative mRNA levels were measured using
the CFX96 Real-time System, C1000 Thermal Cycler (BioRad). Relative gene
expression was estimated using the comparative Ct (22%') method and

normalized to Hprt/Gapdh.
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Table S1. Summary of size and polydispersity of the different micelles used.
Preparation and size measurements were performed in triplicate (n = 3) and indicate

mean * s.d. except for #, which was only prepared once (n = 1).

Cargo Micelle type Polymer/s used Size (nm) Polydispersity
(x)-C75-CoA Non-crosslinked PEG-PAsp(Aldehyde)-PLys 44.0+£0.28 0.13 +0.009
(x)-C75-CoA Crosslinked PEG-PAsp(Aldehyde)-PLys 43.1+0.26 0.12+0.013
(x)-C75-CoA Non-crosslinked PEG-PLys 41.4 £ 0.68 0.12+0.019
(+)-C75-CoA | Crosslinked (FRET) | PEG-PAsp(Aldehyde)-Plys- 60.6 +3.58 0.14 +0.008
Fluorescein

Fluor-CoA # Non-crosslinked PEG-PAsp(Aldehyde)-PLys 53.2 0.10
Fluor-CoA Crosslinked PEG-PAsp(Aldehyde)-PLys 43.9+0.40 0.08 + 0.006
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Table S2. List of the primers used for the RT-PCR assays in hypothalamus, liver or
adipose tissue.

SYBR Green primers

Gene Direction Sequence
AgRP For 5'-TTTGTCCTCTGAAGCTGTATGC
Rev 5'- GCATGAGGTGCCTCCCTA
NPY For 5'-TCCGCTCTGCGACACTACAT
Rev 5'-TGCTTTCCTTCATTAAGAGGT
POMC For 5'-TGAACATCTTTGTCCCCAGAG
Rev 5'-TGCAGAGGCAAACAAGATTGG
PGCl-a For 5'- GAAAGGGCCAAACAGAGAGA
Rev 5'- GTAAATCACACGGCGCTCTT
CIDEA For 5'-GCCTGCAGGAACTTATCAGC
Rev 5'-AGAACTCCTCTGTGTCCACCA
PRDM16 For 5'-CCTAAGGTGTGCCCAGCA
Rev 5'-CACCTTCCGCTTTTCTACCC
PEPCK For 5'-CCACAGGCACTAGGGAAGGC
Rev 5'-GGCGGAGCATATGCTGATCC
G6Pase For 5'-TCAACCTCGTCTTCAAGTGGATT
Rev 5'-CTGCTTTATTATAGGCACGGAGCT
PKLR For 5'-AGATGCAACATGCGATTGCC
Rev 5'-GCACAGCACTTGAAGGAAGC
CPT1A For 5'-GACTCCGCTCGCTCATTC
Rev 5'-AAGGCCACAGCTTGGTGA
HPRT For 5'-GGACCTCTCGAAGTGTTGGATAC
Rev 5'-GCTCATCTTAGGCTTTGTATTTGGCT
GAPDH For 5'-TCCACTTTGCCACTGCA
Rev 5'-GAGACGGCCGCATCTTCTT
TagMan probes
Gene Reference Dye
UCP-1 Mm.PT.58.7088262 Hex
GAPDH Mm.PT.39a.1 Fam
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Fig. S1. Transmission electron microscopy (TEM) images. (A) (+)-C75-CoA loaded

Crosslinked micelle (B) (*)-C75-CoA loaded Non-crosslinked micelle (C) Mixture of

PEG-PAsp(Aldehyde)-PLys and PEG-PAsp(Hydrazide) polymers in 10 mM phosphate

buffer pH 7.4. Scale bar 50 nm.
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Fig. S2. Size profile and dissociation of non-crosslinked polymeric micelles (PM). (A)
Size profile of non-crosslinked (+)-C75-CoA diblock PM. (B) Effect of dextran sulfate
sodium (DSS) on scattered light intensity of diblock PM. Data are expressed as mean
+ SEM (n=3-4).
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Fig. $3. Encapsulation efficiency of non-crosslinked and crosslinked micelles in
response to phosphate buffer (PB) and artificial cerebrospinal fluid (aCSF). Data
expressed as mean = SEM (n=3-4) were compared using one-way ANOVA with
Tukey'’s post-hoc test, ***p<0.001.
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Fig. S4. Size profile, encapsulation and release of Fluor-CoA polymeric micelles (PM).
(A) Size profile of Fluor-CoA PM. (B) Encapsulation of Fluor-CoA PM. (C) Release of
Fluor-CoA PM in cell medium at 42C or 372C. (D) Release of the cargo in PBS or
artificial cerebrospinal fluid (aCSF) at 37 2C. Data are expressed as mean + SEM (n=3-

4), compared using one-way ANOVA with Tukey’s post-hoc test, *p<0.05, **p<0.01,
***p<0.001.
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Fig. S5. Fluorescent localization of the fluorescent tracer of the micelle with
endolysosomes and mitochondria. Representative images of GT1-7 neurons
indicating endolysosomes (LysoTracker; red), mitochondria (MitoTracker; red), nuclei
(blue) and the fluorescent cargo of the nanomedicine (Fluorescein, green) after 1
hour of treatment. Scale bar = 10um.

LysoTracker FITC-fluorescein Hoechst Merged

MitoTracker FITC-fluorescein Hoechst Merged
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Fig. S6. Fluorescent tracer of the nanomedicine reaches the hypothalamus.
Representative images of the main hypothalamic regions related to the regulation of
food intake and energy expenditure, arcuate (ARC), ventromedial (VMH) and
paraventricular hypothalamus (PVN), after 1 hour of ICV infusion of the
nanomedicine. Scale bar = 50um. The fluorescent tracer fluorescein is indicated in

green (FITC).

Bregma -0.70 mm

Bregma -1.34 mm
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Fig. S7. Analysis of microglia activation in hypothalamus. Iba-1 expression at arcuate
(ARC) and paraventricular (PVN) nucleus of the hypothalamus after 2 hours of
treatment. (A) Vehicle, free cargo (fluorescein-CoA) and nanomedicine Iba-1 positive
cells in ARC. (B) Quantification of the number of Iba-1 positive cells per ARC section.
(C) Vehicle, free cargo (fluorescein-CoA) and nanomedicine Iba-1 positive cells in
PVN. (D) Quantification of the number of Iba-1 positive cells per PVN section. All
values are expressed in mean + SD (n=3, 2 slice/animal). Scale bar = 50um;
maghnification 40X. In (B, D) ns>0.05, using one-way ANOVA with Tukey’s multiple
comparison tests as post-hoc analysis. Iba-1 is indicated in red and nuclei in blue.
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Fig. $8. Characterization of the triblock polymer. (A) *H NMR spectrum (400MHz,
D20, 25°C) of the PEG—PAsp—PLys triblock polymer with gel chromatogram as an
insert. (B) *H NMR spectrum (400MHz, DMSO-d6, 80° C) of the PEG-
PAsp(Aldehyde)-PLys-TFA triblock polymer.
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ANNEX 1

C75-ketone derivative was not able to inhibit CPT1A but
showed increased in vitro cytotoxicity.
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MATERIALS AND METHODS

1. Synthesis of C75 derivatives
Two C75-derivatives were envisioned in order to covalently conjugate to PIC

micelles, compounds C75-Cl, (+)-C75=0 and (+)-C75=0-CoA (Fig Al).

C75-Cl synthesis was attempted by converting C75 carboxylic group into its
carbonyl chloride. For this, C75 was dissolved in DCM with a catalytic amount
of DMF, and COCIl; was added in a molar proportion of 2:1 to C75. The mixture

was agitated for 3h at RT, and then the volatiles were evaporated.

(+)-C75=0 was synthesized by the substitution of the two terminal carbons of
the alkyl chain of C75 by an acetyl group. The synthesis followed the pathway
described for the stereoselective synthesis of (+)-C75, but starting substrates
were changed (Makowski et al. 2012). Bromohexanol reacted with ethyl
acetate to produce hydroxy-2-nonanone after decarboxylation. Protection of
the carbonyl group as a cyclic ketal with ethylene glycol and oxidation afforded
an aldehyde analogous to the nonanal used for the obtention of (+)-C75. With
this substrate, synthesis of (+)-C75=0 was carried out under similar conditions

as to those previously described for (+)-C75.

Once (+)-C75=0 was obtained, (+)-C75=0-CoA was synthesized incubating (+)-
C75=0 with CoA sodium salt in a pH8 sodium phosphate buffer, as described

previously (Mera et al. 2009),

CgH7 0 CgHy7 0

HO_ Cla
hl |
o o
(+)-€75 (+)-C75-Cl (+)-C75=0

Figure Al. Chemical structure of reference compounds.
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2. CPT1A inhibition of (+)-C75=0-CoA
A radiometric method was used for the assay of CPT1A activity, as described

previously (Morillas et al. 2003). The activity was assayed in mitochondrial-
enriched fractions obtained from yeast (4 mg protein). Enzyme activity was
assayed for 5 min at 30°C in a total volume of 200 pl. The substrates were 400
UM H3-L-carnitine and 50 pM palmitoyl-CoA. For the studies in vitro enzyme
was pre-incubated with increasing concentration of drugs (0.1-100 mM) for 1

min.

3. Cytotoxicity of (+)-C75=0 and (+)-C75=0-CoA
The in vitro cytotoxicity of (+)-C75=0 and (+)-C75=0-CoA was evaluated

against several cell lines using the colorimetric cell viability kit CCK-8 (Dojindo,
Japan). The protocol used is described in Chapter 1. Roughly, 5 x 103 -2 x 10*
cells were seeded in a 96-well plate 24 h prior to the assay, incubated with test
solutions for 24 h and then viability was measured by addition of CCK-8
solution and measuring the absorbance of the product at 450 nm after 1-4 h
using a microplate reader The cell lines used were GT1-7, U87MG, U373MG, a
GBM cancer cell line, MCF-7, a breast cancer cell line, and sh-SY5Y, a

neuroblastoma cell line.

RESULTS

C75=0-CoA does not show CPT1A inhibition but has an increased cytotoxic

effect.

After several repetitions of the C75-Cl synthesis reaction, we could not obtain

the expected product. However, the compound (+)-C75=0 synthesis pathway
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worked as was previously described, obtaining 25 mg of this compound. The

synthesis of (+)-C75=0-CoA also worked as expected.

The first step after synthesis of (+)-C75=0-CoA was to assess its ability to
inhibit CPT1A in comparison to C75-CoA. Unfortunately, while (+)-C75-CoA
produce a 60% reduction of CPT1A activity, the new (+)-C75=0-CoA only
produced a 15% inhibition, preventing its use as a CPT1A inhibitor (Fig. Annex
2).

- (+)C75=0-CoA
100+ -= (+)C75-CoA

a
o
1

%remaining of CPT1A activity

o

5 10 15
Concentration (uM)

o

Figure A2. (+)-C75=0-CoA shows little CPT1A inhibitory capacity.

In parallel, we assessed the effects of (+)-C75=0 and (+)-C75=0-CoA on cell
viability in GT1-7 and U87MG. We discovered that (+)-C75=0 and its CoA
derivative induced an increased cytotoxicity compared to (+)-C75 and its CoA
derivative. Furthermore, this increase is independent of the conjugated CoA,
contrary to the case of (+)-C75. Seeing this increased effect, we tested its
cytotoxicity in an ensemble of cell lines commonly used as cancer models. We
used U373MG, MCF-7 and sh-SY5Y. Interestingly, (+)-C75=0 and its CoA
derivative held this increase cytotoxic effect in these cell lines compared to

(+)-C75 and its CoA derivative (Fig. Annex 3A and 3B).

In conclusion, we attempted to synthesize two C75 derivates for chemical

conjugation to polymeric micelles, by modifying parts of the molecule that
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should not affect its CPT1A inhibition ability. However, we only achieved the
synthesis of (+)-C75=0. which had lost most of its ability to inhibit CPT1A, but
was surprisingly more cytotoxic than (+)-C75. This effect might be caused by

interactions with a different protein or by the reactivity of the carbonyl group.

Future studies should be addressed at elucidating whether this drug interacts
with CPT1A, FAS or any other protein, whether its effect is mediated by its
specific interaction with one or few proteins or if it is mediated by non-specific
interactions, and to investigate the mechanism by which this drug produces
cytotoxicity. These experiments will help gauge the potential of this drug as an

anti.cancer agent.
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Figure A3. Comparison of the percentage of cell viability in different cell lines after
treatment with a) (+)-C75=0 and (+)-C75, and b) (+)-C75=0-CoA and (+)-C75-CoA.
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DISCUSSION
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The worldwide prevalence of obesity is steadily increasing, primarily due to
excessive availability of energy in Western societies. The overconsumption of
highly palatable foods coupled with an increasingly sedentary lifestyle are the
main drivers for obesity development. Moreover, the increasing prevalence of
obesity is accompanied by a surge in comorbidities, such as type Il diabetes,
hypertension or NAFLD. So far, anti-obesity drugs have not been able to
produce the desired effect, as most drugs produce reductions of under 10%
body weight. An exception is semaglutide, recently approved by the FDA and
regulated in Europe as a type Il diabetes drug, which has been shown to cause
body weight reductions of drug capable of causing almost 15% body weight
decrease (Wilding et al. 2021).

Since the hypothalamus integrates the central mechanism for the regulation
of food intake, targeting specific cell populations in the hypothalamus could
be a promising strategy to treat obesity. However, drugs aimed for
hypothalamic neurons often face challenges in reaching their intended targets
and can lead severe off-target effects. Currently, most prescribed drugs for
obesity treatment focus on peripheral targets, but still present several side

effects (Mdller et al. 2022; Tak and Lee 2020).

In this thesis we have developed the first drug-loaded polymeric micelle aimed
at the reduction of body weight by targeting hypothalamic CPT1A. There are
very few examples of nanotechnological solutions targeting CPT1A, and all are
focused on delivering either miRNA or siRNA to peripheral tumor tissue in
prostate or colorectal cancer (Lin et al. 2021; Conte et al. 2020). There are also
very few examples of nanoparticles targeting the hypothalamus, as most CNS-
targeted nano-based therapies aim for a general brain neuron delivery (see

our review by Garcia-Chica et al. 2020).

In the context of the bilateral Spain-Japan CONCORD project, in collaboration

with Dr Sabina Quader and Prof. Kataoka from the Innovation Centre of
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Nanomedicine, our research is also one of the first efforts to treat obesity
through specific targeting of neuronal populations in the hypothalamus. A
notable attempt to promote energy expenditure through the hypothalamus
was recently described in Milbank et al. (Milbank et al. 2021), though the

approach followed using exosomes loading gene therapy is radically different.

In the present investigation we developed polymeric nanomedicines loaded
with C75-CoA, that are able to inhibit CPT1A in the brain, which is known to
cause a reduction in body weight and food intake (Thomas M. Loftus et al.
2000; Makowski et al. 2013), and we have tested the ability of these
nanomedicines to alter lipid metabolism in vitro and in vivo. The studies and
drug administration route used in this work were initially designed aiming to
target these nanomedicines to hypothalamic neurons through a dual-ligand
surface decoration strategy enabling efficient crossing through the BBB and
specific targeting to hypothalamic neurons or GBM tumor cells. The targeting
ligands and receptors were chosen based off their differential expression in
the target population. For hypothalamic neurons, a truncated derivative of
NPY peptide was chosen (Ortiz et al. 2007), and for GBM cells, the cyclic RGD
peptide, which has been shown to differentially bind GBM tumor cells (Anraku
et al. 2017; Quader et al. 2021). However, the research began with non-
surface-decorated micelles in order to validate the encapsulation process and
their metabolic activity. Therefore, we synthesized in parallel (+)-C75-CoA, (+)-
C75-CoA and (-)-C75-CoA for metabolic studies, and also Fluorescein-CoA, a
fluorescent model particle used for uptake and micelle localization

experiments.

In this thesis, two types of micelles were synthesized and tested, differing
based on the polymers used. The first was formed by PEG-PAsp(DET) 12-69
(non-cross linked micelle), and the second by two polymers, PEG-

PAsp(Aldehyde-PLys and PEG-PAsp(Hydrazide), which react between each
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other forming a hydrazone bond (cross-linked micelle). The micelles are
formed between oppositely charged block copolymers or other molecules by
the release of counterions after the pairing of the oppositely charged

segments (Cabral et al. 2018).

Non-cross-linked micelles were stable in water or phosphate buffer, but their
stability was reduced when adding NaCl after micelle formation, in accordance
with literature (Dautzenberg et al. 2004). This setback meant that non-
crosslinked micelles could not be used for in vivo studies, which led to the
necessity of developing a more stable formulation. The cross-linking of the
polymers in the cross-linked micelle increases stability versus NaCl addition,
which increases blood circulation time and therefore IV administration
suitability. Even in cross-linked micelles, unwanted release of encapsulated
drug (“leakage”) usually occurs, influenced by factors such as temperature,
salt concentration, pH and buffer choice. To reduce the unwanted leakage, a
strategy to bind C75-CoA covalently to the polymer through a pH-sensitive
bond was developed (Quader et al. 2017). Covalently bound drug should not
be easily released from the polymer, even in a micelle destabilization event,
and should have no activity until cleaved from the polymer in low pH
environments, such as lysosomes or late endosomes. This strategy required
C75 to be modified to add a reactive group for conjugation to the polymer (see
Annex). We chose two possible modifications, the addition of a halogenated
substituent near the lactone ring, or the addition of a ketone group (Fig 1-
Annex). The former molecule was never obtained due to problems in the
synthesis, but the latter was accomplished after a similar synthesis route to
that of C75, but starting with different reactants. We expected this C75
derivative to preserve CPT1A inhibitory capacity, as the modification was
performed far from the moiety needed for the docking in CPT1A active center.
However, this C75-derived molecule had no CPT1A inhibitory activity (Fig 2-

Annex). Therefore, this strategy was not followed through. However, we
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observed that the (+)-C75=0 molecule and its CoA derivative produced a
stronger cytotoxic effect compared to (+)-C75. Notably, this effect, unlike that
of (+)-C75 and its CoA conjugate, was independent of the conjugation of CoA
(Fig 3-Annex). While many aspects of the (+)-C75=0 molecule remain
unknown, it is worth exploring whether this molecule can bind CPT1A, how it

enters the cells and how it produces its cytotoxic effects.

An immediate consequence of the PIC micelles formation happening through
interactions between oppositely charged blocks is the necessity for the drug
to be negatively charged. For this reason, we were only able to encapsulate
C75-CoA, as free C75 does not have sufficient negative charges. Encapsulation
of C75 would have been useful as the encapsulation of a lower molecular
weight drug would have increased the drug to polymer ratio, allowing the
minimization of polymer concentration and thus possible side effects derived
from the polymers, which in any case have been thoroughly shown to be
innocuous (Maurya et al. 2019; Zielinska et al. 2020). Furthermore, it is known
that C75-CoA is formed in the hypothalamus when C75 is administered (Mera
et al. 2009). Encapsulation of C75 would also increase the concentration of the
drug, therefore reducing the administration volume, which could be

important for future applications via intranasal administration.

Regarding the cargo, several different nanomedicines were prepared. They
could be classified in two groups: C75-CoA-loaded micelles and Fluorescein-
CoA-loaded micelles. C75-CoA-loaded micelles were prepared encapsulating
the racemic C75-CoA mixture and also separately encapsulating the (+)- and
(=)-C75-CoA forms, with the purpose of elucidating the differential effects of
encapsulated forms of C75 compared to the free forms of C75. On the other
hand, the Fluorescein-CoA-loaded micelle was produced as a fluorescent
model particle to better understand the in vitro characteristics of the micelle,

as well as the in vivo biodistribution. Fluorescein does not conjugate to
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Coenzyme A spontaneously under alkaline conditions, but is conjugated via a
maleimide linker. Despite the different cargo, Fluorescein-CoA-loaded
micelles present highly similar physicochemical characteristics compared to

C75-CoA-loaded micelles.

After synthetizing and characterizing the different nanomedicines, we
subsequently conducted in vitro assays using GT1-7, a hypothalamic neuronal
cell line, and U87MG, a GBM cell line. In the first chapter, we investigated the
ability of non-crosslinked micelles to enter these cells, modify lipid
metabolism, and induce toxic effects. We also examined the effects of

different forms of C75 and C75-CoA in cell survival and energy metabolism.

C75, etomoxir and fluorescein are small hydrophobic molecules that have
been reported to readily enter cells and produce inhibitory and cytotoxic
effects (Kuhajda 2000). However, there was no available literature data
concerning C75-CoA uptake and its effects in cell culture. Using Fluorescein-
CoA micelle, we observed that CoA conjugates were less internalized into GT1-
7 and U87MG cell lines than the loaded micelles. Additionally, in 3D spheroids
of the above cell lines, we found Fluorescein-CoA micelle to diffuse more easily
through the spheroids than free Fluorescein-CoA conjugate. These results
show that encapsulated CoA conjugates are more easily taken up by cells and
that they also diffuse more easily through the extracellular matrix. Our
hypothesis is that conjugation with CoA affects polarity and hydrophobicity of
this moiety, severely reducing its ability to cross lipid membranes.
Encapsulation in PIC micelles, extensively shown to be internalized by living

cells, circumvents this issue.

We explored the effects of the different C75 and C75-CoA moieties in neuronal
and GBM cell lines. In general, CoA forms produced less inhibition and

cytotoxicity than their encapsulated counterparts. We also performed ATP
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inhibition assays in order to elucidate whether encapsulation of C75-CoA
moieties has an effect in their capacity to alter cell energy metabolism. We

found that encapsulation increased ATP synthesis inhibition of all moieties.

We were also interested in unraveling the actions of the different
enantiomeric mixtures of C75 and whether CoA conjugation and
encapsulation had a specific role. In line with our hypothesis, each of the
enantiomeric forms, (+)-C75-CoA, (+)-C75-CoA and (—)-C75-CoA, were more
cytotoxic when encapsulated than their free counterparts. Moreover, there
was no difference between the encapsulated enantiomeric forms in the total
FAO inhibition assay, but there appear to be slight differences in the inhibition
of the two fates of FAQ, though the differences could be cell-line related.
Interestingly, in the ATP synthesis inhibition assay, it is quite clear that
encapsulated (—)-C75-CoA produces the strongest inhibition of ATP synthesis,
even though (-)-C75-CoA has been proven not to inhibit CPT1A nor FAS
(Makowski et al. 2013). One possible explanation might be that C75-CoA forms
could be broken inside the cell, and that when (-)-C75-CoA is administered, it
is broken down into (—)-C75, that inhibits FAS and indirectly CPT1A via
malonyl-CoA accumulation. This possibility needs to be further explored, as it

would also have strong implications for the mode of action of (+)-C75-CoA.

Taken together, these results suggest that in fact drug uptake, facilitated by
encapsulation, increases cytotoxicity, as well as FAO and ATP inhibitory

activity of C75-CoA.

After characterizing the behavior of C75-CoA micelles in cell culture, our
interest turned toward exploring their in vivo effects. It is worth noting that,
despite our initial interest in using C75-CoA micelles as a treatment for GBM,

the relatively small cytotoxic effect of C75-CoA and C75-CoA micelles in
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U87MG did not warrant their use for in vivo experiments. Hence, we

redirected our focus to the use of C75-CoA micelles in obesity research.

For all in vivo experiments, we used (%)-C75-CoA crosslinked micelles. As
mentioned earlier, these crosslinked micelles were developed to enhance
stability of the micelles after administration. Additionally, they were found to
improve ATP synthesis inhibition and cellular uptake in the GT1-7 cell line
when compared to non-crosslinked micelles. On the other hand, in vivo
experiments exploring the effect of C75-CoA micelles in food intake and body
weight were primarily conduced with the micelle encapsulating the racemic
mixture of C75. Previously, we tested both enantiopure forms and the racemic
mixture of free C75, and no difference was observed between (+)-C75-CoA and
(¥)-C75-CoA (data not shown). This result was further supported by FAO

inhibition assays.

A major finding of this research was that ICV administration of (+)-C75-CoA
micelles was able to reduce food intake and body weight in lean mice
compared to free (+)-C75-CoA and (+)-C75. The results are comparable to
others obtained via drug-induced or genetic inhibition of CPT1A (Obici et al.
2003; Gao et al. 2003). These effects are suggested to occur due to a decrease
in the expression of orexigenic neuropeptide NPY and increase of expression
of anorexigenic neuropeptide POMC in neurons of the melanocortin system.
Indeed, intraperitoneal administration of C75 has been shown to reduce
expression of NPY and AgRP, and increase expression of POMC in lean mice,
compared to fasted controls (Shimokawa et al. 2002). Similar findings have
been described by ICV administration in lean rats (Aja et al. 2006). These
results are in line with the aforementioned in vitro results, suggesting that
C75-CoAis unable to reduce food intake and body weight similarly to free C75,
and that encapsulation of C75-CoA enhances its cell uptake and its effects on

food intake and body weight. Following experiments will address the ability of
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(£)-C75-CoA micelles to reduce food intake and body weight in diet-induced
obesity (DIO) mice models. (1)-C75 treatment, either orally or via ICV, has
already been demonstrated to reduce food intake and body weight in DIO
models (T M Loftus et al. 2000; Kim et al. 2004). We expect ICV (+)-C75-CoA
micelles to behave similarly in lean and obese mice models regarding body

weight loss and food intake reduction.

After showing the effect of C75-CoA micelle on hunger-related neuropeptides,
we explored neuronal activation in the main hypothalamic neuronal circuits
involved in feeding. The micelle treatment produced significant changes in
neuronal activation of the ARC and PVN hypothalamic nuclei, specifically
increasing c-FOS expression compared to the free drug. The results obtained
are consistent with previous data (Gao et al. 2003). Although in this
experiment we do not know precisely which specific neuronal subpopulation
within the nucleus is activated, C75 would be expected to activate POMC
neurons and inhibit NPY/AgRP neurons, according to previous literature using
C75 or by gene deletion of CPT1A in the ARC (Shimokawa et al. 2002).
However, there are other reports showing nonspecific neuronal activation by
C75 (Takahashi et al. 2004). The observed inhibition of ARC neuronal activity
despite the increase in PVN neuronal activity point to an activation of POMC
but no NPY/AgRP. However, another interesting possibility is that PVN
neuronal activation might occur due to C75-induced activation of the
extrahypothalamic NTS and AP areas (Gao et al. 2003). Looking at c-FOS
expression in these nuclei after treatment with C75-CoA micelle would help

elucidate the actual mechanism for the activation of the PVN.

Additionally, (+)-C75-CoA micelle treatment, but not the free drug, affected
the expression of energy metabolism markers in the liver. Specifically, CPT1A
and PEPCK expression was elevated, whereas PKL was reduced. It has been

previously described that genetic activation of CPT1A in the VMH causes
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changes in peripheral energy metabolism markers, as well as hyperphagia and
body weight increase (Mera et al. 2014). However, the described effects
correspond to a long-term forced activation of CPT1A in the hypothalamus.
We could not find any description on free C75 effects in peripheral energy
metabolism markers. Nevertheless, increased expression of liver FAO (CPT1A)
and gluconeogenesis (PEPCK) markers is consistent with a response to C75
treatment as well as fasting situation. Furthermore, elevated expression of
thermogenesis markers in BAT suggests a sympathetic nervous system

signaling through POMC neuronal activation (Lépez et al. 2010).

Altogether, these results conclude that the observed effects are in fact caused
by the C75-CoA micelle administration. Free C75-CoA was unable to induce
most of these specific results, likely due to its inability to enter target cells as
easily as C75-CoA micelle. To further confirm these findings, additional
experiments such as neurocytometry to assess cell uptake in vivo, as well as in
vivo CPT1A and FAO inhibition assays, should be conducted to rule out other

possibilities.

We also examined hypothalamic microglia inflammation to ensure that the
administration of C75-CoA-PM did not trigger any reactivity and also to verify
that microglial inflammation was not the cause of the loss of appetite (Dantzer
2001; De Luca et al. 2020). Indeed, no significant differences were found in
microglia activation by Ibal staining across treatments and vehicle
administration, confirming that none of the treatments triggered an

inflammatory response that could lead to a loss of appetite.

We were interested in the cellular and subcellular localization of the C75-CoA-
PM after ICV administration. Contrary to our initial hypothesis, ICV
administered Fluorescein-CoA-PM are not internalized by astrocytes or

microglia, but they appear to be internalized by neurons at the investigated
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timepoints. There is a possibility that astrocytes internalize the micelles and
then Fluorescein is passed to neurons. However, we have never observed
stained astrocytes. Immunofluorescence colocalization between Fluorescein
and neuronal markers yielded positive results but does not explain the totality
of the fluorescein staining, which is both extensive throughout the brain, but
very confined to specific cells. Taking into account that the internalization
capacity of neurons in the micro and nano scale has been extensively
documented (Rennick et al. 2021; Manzanares et al. 2020). Our current
working hypothesis assumes that stained cells either belong to a neuronal
population expressing a specific surface receptor we have not identified, or
that they were in a specific electrophysiological state that allowed them to
internalize the nanoparticles. The latter possibility, along with the importance
of nanoparticle charge for brain distribution and neuronal uptake, have been
already discussed (Dante et al. 2017; Bonaccorso et al. 2017). This will be

evaluated in the near future.

In summary, the acute central administration of C75-CoA-PM shows promising
results in reducing appetite, food intake, and body weight in lean mice by
acting on hypothalamic neurons of the melanocortin system, while also
producing positive peripheral effects. However, further research is needed on
the precise mechanisms of cell uptake, localization, and neuronal activity
inhibition. An immediate priority should involve decorating the micelles with
specific ligands for hypothalamic neurons. Rigorously characterizing the cell
uptake and distribution throughout the brain and body of these decorated
micelles, and comparing this distribution to undecorated micelles, is crucial.
Furthermore, it is imperative to assess the potential of this nanomedicine to
produce similar effects in mouse models of obesity and establish a feasible
and reliable administration pathway. If these challenges are addressed, the

encapsulation of C75 could become a valuable strategy to achieve results with
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lower doses and reduced side effects, opening the door to the repurposing

and reevaluation of previously overlooked drugs.
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CONCLUSIONS
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The results obtained up to this point allows us to draw the following

conclusions:

1. (%)-C75-CoA, its enantiomers, and Fluorescein-CoA can be effectively
encapsulated in PIC micelles with various polymers.

2. The encapsulation of C75-CoA and Fluorescein-CoA produced micelles
in the range of 60nm in size, with a neutral Z-potential, stability at 4°C,
and ease of reproducibility. Fluorescein-CoA micelles serve as a
suitable model for the behavior of C75-CoA micelles.

3. Fluorescein-CoA micelles exhibited higher internalization by GT1-7
neurons and U87MG glioblastoma cell lines than free Fluorescein-CoA
in vitro, and they demonstrated deeper diffusion in 3D spheroids of
these cell types.

4. All forms of encapsulated C75-CoA inhibited ATP synthesis and FAO
more effectively in GT1-7 and U87MG cell lines compared to their
non-encapsulated C75-CoA counterparts, without affecting cell
viability. This suggests a notable effect on lipid metabolism.

5. Encapsulated C75-CoA forms showed higher cytotoxicity than free
C75-CoA in GT1-7 and U87MG cell lines, comparable to the cytotoxic
observed with free C75 forms and etomoxir.

6. ICV injection of (+)-C75-CoA crosslinked micelles led to a reduction in
body weight and food intake in lean mice, compared to free drug and
vehicle. This reduction is attributed to the modulation in hunger-
related neuropeptides.

7. ICV Injection of (+)-C75-CoA crosslinked micelles induces a shift in liver
energy metabolism markers consistent with a satiating effect in lean
mice. Additionally, it stimulates an increase in BAT thermogenesis

markers. These changes were not observed with free ()-C75-CoA.
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8. Injection of (+)-C75-CoA crosslinked micelles increased the activation
of neurons in the PVN but not in the ARC, suggesting a specific mode

of action for the micelle’s inhibition.

9. In conclusion, our synthesis of C75-CoA-loaded PIC micelles
demonstrates their ability to modulate in vitro lipid metabolism and
reduce food intake and body weight in mice through the modulation

of hunger-related hypothalamic neuropeptides.

As the next phase of our research, we have initiated the decoration of micelles
with two different targeting ligands designed for hypothalamic neurons. The
ligands chosen are PYY (25-36), a peptide derived from PYY, and salmon
calcitonin. Both peptides exhibit strong tropism for hypothalamic neurons.
With these modified micelles in hand, our goal is to validate their efficacy in
obese mouse models. Additionally, we aim to characterize how the decoration
alters micelle distribution in the brain and its impact on hunger and satiety.
Furthermore, we are actively exploring alternative drug administration
pathways, including intranasal administration, to enhance the versatility of

our approaches.
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ACC
ACP
AEI
AEMPS
AMED
AMPK
ANOVA
AP
ARC
ASO
ASP

AT

BAT
BBB
BLA-NCA
BMI
BMR
BSA
CAC
CACT
CART
CCK
CCK8
CIDEA
CLSM
CNS
coli
CPT1
CPT1A

Acetyl-CoA Carboxylase

Acyl-carrier protein

Agencia Estatal de Investigacion

Agencia Espafiola de Medicamentos y Productos Sanitarios
Agency for Medical Research and Development (Japan)
AMP-activated protein kinase

Analysis Of Variance

Area Postrema

Arcuate nucleus

Anti-Sense Oligonucleotide

Acid Soluble Products

Activity Thermogenesis

Brown Adipose Tissue

Blood-Brain Barrier

Benzyl-L-Aspartate N-Carboxyanhydride

Body Mass Index

Basal Metabolic Rate

Bovine Serum Albumin

Critical Association Concentration

Carnitine Acylcarnitine Transferase

Cocaine and Amphetamine-Regulated Transcript
Cholecystokinin

Cell Counting Kit-8

Cell Death Inducing DFFA Like Effector A
Confocal Laser Scanning Microscopy

Central Nervous System

Center Of Innovation (Japan)

Carnitine Palmitoyl Transferase 1

Carnitine Palmitoyl Transferase 1 A
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CPT1B
CPT1C
CPT2
aCSF
CvD
DMF
DCM
DET
DIO
DLS
DMH
DMSO
DP
DPSS
DS
DSS
ECM
ECS
EGFR
EPR
ETC
ETO
FA
FACS
FAO
FAS
FBS
FDA
FITC

Carnitine Palmitoyl Transferase 1 B
Carnitine Palmitoyl Transferase 1 C
Carnitine Palmitoyl Transferase 2
Artificial Cerebrospinal Fluid
Cardiovascular Disease

Dimethyl Formamide
Dichloromethane

Diethylene Triamine

Diet-Induced Obesity

Dynamic Light Scattering
Dorsomedial nucleus of the Hypothalamus
Dimethyl Sulfoxide

Degrees of Polymerization
Diode-Pumped Solid State Laser
Degrees of Substitution

Sodium Dextran Sulfate
Extracellular Matrix

Extracellular Space

Epidermal Growth Factor Receptor
Enhanced Permeability and Retention
Electron Transport Chain

Etomoxir

Fatty Acid

Fluorescence Activated Cell Sorter
Fatty Acid Oxidation

Fatty Acid Synthase

Fetal Bovine Serum

Food and Drug Administration

Fluorescein

-204 -



FRET Forster Resonance Energy Transfer

FSC Forward Scatter

G6Pase Glucose-6-Phosphatase

GABA y-Aminobutyric Acid

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GBM Glioblastoma Multiforme

GFAP Glial Fibrillary Acidic Protein

GHS-R Growth Hormone Secretagogue Receptor
GLP-1 Glucagon-like Peptide 1

GLP1R Glucagon-like Peptide 1 Receptor

GLUT1 Glucose Transporter 1

GPC Gel Permeation Chromatography

HPLC High Performance Liquid Chromatography
HPRT Hypoxanthine Phosphoribosyltransferase 1
1Cso Inhibitory Concentration 50%

Icv Intracerebroventricular

IDH Isocitrate Dehydrogenase

IF Immunofluorescence

JSPS Japan Society for the Promotion of Science
JST Japan Science and Technology Agency
LCFA Long-Chain Fatty Acid

LEPR Leptin Receptor

LH Lateral Hypothalamus

LHA Lateral Hypothalamic Area

MC3R Melanocortin Receptor 3

MC4R Melanocortin Receptor 4

MCD Malonyl-CoA Decarboxylase

MCH Melanin Concentration Hormone

MCIN Ministerio de Ciencia e Innovacién
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ME Median Eminence

MFI Mean Fluorescence Intensity
a-MSH a-melanocyte Stimulating Hormone
MW Molecular Weight

NAFLD Non-Alcoholic Fatty Liver Disease
NBF Neutral-Buffered Formaline

NMP N-methyl-2-pyrrolidone

NMR Nuclear Magnetic Resonance

NP Nanoparticle

NPY Neuropeptide Y

NPY1R Neuropeptide Y Receptor 1

NPY2R Neuropeptide Y Receptor 2

NPY5R Neuropeptide Y Receptor 5

NTS Nucleus of the Solitary Tract

PAA Poly Aminoacids

PB Phosphate Buffer

PBLA Poly(B-benzyl-L-Aspartate)

PBN Parabrachial Nucleus

PBS Saline Phosphate Buffer

PEG Poly Ethylene Glycol

PEI Poly Ethylene Imine

PEPCK Phosphoenolpyruvate Carboxykinase
PGCl-a Peroxisome Proliferator-activated Receptor y Co-activator 1 a
PIC Poly-lon Complex

PKL Piruvate Kinase Liver

PKLR Piruvate Kinase Liver

PLGA Poly(Lactic-co-Glycolic Acid)

PM Polymeric Micelle

POMC Proopiomelanocortin
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PRDM16 PR Domain Containing 16

PVH Paraventricular Hypothalamus
PVN Paraventricular Nucleus

PYY Peptide YY

ROP Ring Opening Polymerization

RT Room Temperature

SLI Scattering Light Intensity

SLS Static Light Scattering

SSC Side Scatter

TCA Tricarboxylic Acid

TDEE Total Daily Energy Expenditure
TEF Thermic Effect of Food

TEM Transmission Electron Microscopy
TERT Telomerase Reverse Transcriptase
THF Tetrahydrofuran

UCP-1 Uncoupling Protein 1

uv Ultra Violet

VMH Ventromedial Hypothalamus

YY Peptide YY

zZpP Zeta Potential
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Reporting the findings from CPT Obesity Cancer Drug
Delivery (COnCorD), a collaborative project led by

Dr. Sabina Quader (Innovation Center of NanoMedicine,
Japan) and Dr. Rosalia Rodriguez (Department of Basic
Sciences, Faculty of Medicine and Health Sciences,
International University of Catalunya, Spain).

Poly-ion complex micelles effectively deliver CoA-
conjugated CPT1A inhibitors to modulate lipid metabolism
in brain cells

This paper describes the development of poly-ion

complex (PIC) micelles to deliver the specific Carnitine
palmitoyltransferase 1A (CPT1A) inhibitors, (+)-C75-CoA into
glioma cells and neurons, a novel strategy to manipulate
fatty acid metabolism in particular brain cells as a treatment
strategy for obesity and brain cancers.
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Poly-ion complex micelles effectively deliver CoA-
conjugated CPT1A inhibitors to modulate lipid
metabolism in brain cellst

West Kristian D. Paraiso, (2 Jesus Garcia-Chica,®< Xavier Ariza, (<©

Sebastian Zagmutt, Shigeto Fukushima,? Jordi Garcia, & < Yuki Mochida,?

Dolors Serra,*© Laura Herrero,*¢ Hiroaki Kinoh,® Nuria Casals,>® Kazunori Kataoka,”
Rosalia Rodriguez—Rodriguez@*b and Sabina Quader @ *

Carnitine palmitoyltransferase 1A (CPT1A) is a central player in lipid metabolism, catalyzing the first step to
fatty acid oxidation (FAO). Inhibiting CPT1A, especially in the brain, can have several pharmacological
benefits, such as in treating obesity and brain cancer. C75-CoA is a strong competitive inhibitor of CPT1A.
However, due to its negatively charged nature, it has low cellular permeability. Herein, we report the use
of poly-ion complex (PIC) micelles to deliver the specific CPT1A inhibitors (+)-, (+)-, and (-)-C75-CoA
into U87MG glioma cells and GT1-7 neurons. PIC micelles were formed through charge-neutralization of
the cargo with the cationic side chain of PEG-poly{N-[N'-(2-aminoethyl)-2-aminoethyl]aspartamide}
(PEG-PAsp(DET)), forming particles with 55 to 65 nm diameter. Upon short-term incubation with cells,
the micelle-encapsulated CPT1A inhibitors resulted in up to 5-fold reduction of ATP synthesis compared
to the free drug, without an apparent decline in cell viability. Micelle treatment showed a discernible
decrease in **C-palmitate oxidation into CO, and acid-soluble metabolites, confirming that the substan-
tial lowering of ATP production has resulted from FAO inhibition. Micelle treatment also diminished ICsq
by 2 to 4-fold over the free drug-treated UB7MG after long-term incubation. To measure the cellular
uptake of these CoA-adduct loaded PIC micelles, we synthesized a fluorescent CoA derivative and pre-
pared Fluor-CoA micelles which showed efficient internalization in the cell lines, both in 2D and 3D
culture models, especially in neurons where uptake reached up to 3-fold over the free dye. Our results
starkly demonstrate that the PIC micelles are a promising delivery platform for anionic inhibitors of CPT1A
in glioma cells and neurons, laying the groundwork for future research or clinical applications.

1. Introduction

Lipids, which include triglycerides, phospholipids, steroids,
and other fat-soluble biological molecules, are important
elements of the brain’s structure and function, where they con-
stitute 50% of its dry weight."””> Among these, fatty acids (FAs)
function as an energy source, lipid membrane component,
and starting material for signaling molecules.® Carnitine pal-
mitoyltransferase 1 (CPT1) is an enzyme that catalyzes the rate-

Ermail: rrodr es; Tel: +34-0. ¢ ) ) limiting step in fatty acid oxidation (FAO) - transesterification
l?ep artment Z{II’:ZQW a{nd ;)ergamc Chm;;;tl%}n:m@ afch;;nrstry' [nstitu de of LCFA-CoA (long-chain fatty acid-coenzyme A) and carnitine
Barcelona, E-08028 Spain ' ' to form CoA and LCFA-carnitine esters. The resulting LCFA-
“Dep of Biochemistry and Physiology, School of Ph 'y and Food Sciences, ~ carnitine can then be transported across membranes for
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further metabolism.” In mammals, there are three different
CPT1 isoforms: CPT1A, which is the most ubiquitous isoform
and highly expressed in the liver, kidneys, and pancreas, and
also in astrocytes and neurons; CPT1B, which is expressed
mainly in muscle and brown adipose tissue; and CPTIC,
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which is found exclusively in neurons and has residual CPT1
activity.”

The CPT1 system is pivotal for the regulation of FA metab-
olism in most of the tissues. In the brain, particularly in hypo-
thalamic neurons, CPT1A has been revealed as a potential
target against obesity.*® Accordingly, the knockdown and
pharmacological inhibition of CPT1A in the hypothalamus
contribute to reduced food intake in rodents because of the
accumulation of LCFA-CoA in the neurons.””® This is thought
to be a satiety signal as it precedes the reduced expression of
orexigenic (feeding-promoting) proteins, leading to reduced
food intake,”'® making it an appealing target for obesity treat-
ment. In addition to hypothalamic neurons for the regulation
of energy homeostasis, CPT1A is crucial to the survival of
certain cancer types, including brain cancer. Glioblastoma
(GBM) in particular has been linked with increased CPT1A
expression and FA metabolism alterations. Importantly, this
elevated expression of CPT1A is a very common event (90-95%
cases) among human diffuse gliomas."™"> CPT1A-expressing
tumor cells show increased FAO, promoting survival in con-
ditions of metabolic stress like glucose deprivation and
hypoxia."* While tumor molecular heterogeneity is an emer-
ging critical concern in oncology, the homogeneous elevated
expression of CPT1A in GBM is indeed an attractive molecular
target for its therapy.

Several pharmacological inhibitors of CPT1A, which act by
competing with the natural inhibitor malonyl-CoA, have been
investigated.'” Examples include etomoxir (ETO) and (+)-C75,
which are converted to their CoA derivatives and act on
CPT1A,'*" leading to decreased body weight and food intake
in rodents.'®!” However, ETO was deemed too toxic for clinical
use, exemplified by causing severe hepatotoxicity as a side
effect.'®'?

The more promising compound is (+)-C75 (4-methylene-2-
octyl-5-oxotetrahydrofuran-3-carboxylic acid). It is converted
intracellularly by endogenous acyl-CoA synthetase to its CoA
adduct, (+)-C75-CoA, a strong competitive inhibitor to
CPT1A." Its systemic administration in rats led to food intake
decline and body weight decrease, as the drug was shown to
cross the BBB and get converted to (+)-C75-CoA in the ARC
hypothalamic nucleus.'”?° Makowski et al.® performed the
stereoselective synthesis of (+)-C75 [(2R,3S) isomer] and (-)-C75
[(28,3R) isomer] to explain their differential pharmacological
activities. (+)-C75 was found to be an anorectic by inhibiting
CPT1 activity after conversion to (+)-C75-CoA. On the other
hand, the effect of (-)-C75 on CPT1A activity is indirect, acting
via FAS inhibition causing an increase in malonyl-CoA levels,
which is the physiological inhibitor of CPT1. In addition, the
effects of (-)-C75 without the CoA adduct on food intake were
negligible, but it shows antitumor effects in several cell lines.?
The presence of the CoA adduct in C75 is therefore crucial in
exerting a selective inhibitory effect on CPT1 while limiting the
off-target effect on FAS, but it considerably reduces the uptake
of the drug into the target cell. Therefore, strategies to deliver
C75 derivatives with an intact CoA adduct into the target cells
are needed. Additionally, since brain CPT1 is implicated in
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both cancer and obesity, the administration of (+)-C75-CoA
and its pure enantiomer CoA forms into specific brain cells
presents a novel therapeutic strategy to treat both diseases.

The chemical structure of (+)-C75-CoA presents challenges
to cellular entry. It is a small, polar, and charged metabolite,
having low permeability across the cell membrane,*' conse-
quently needing a delivery system for intracellular transport.
With its phosphate groups ionized at physiological pH, its
anionic state, together with its long aliphatic side-chain,
enables CoA to interact with cation-conjugated polymers
through a combination of electrostatic and hydrophobic inter-
actions.”” Therefore, forming a poly-ion complex (PIC) micelle
with (+)-C75-CoA is a sound approach in designing a delivery
system since this neutralizes the overall negative charge that
would hinder its cellular entry. Although PIC micelles are well
used for various nucleic acid-based macromolecular cargoes
such as plasmid DNA, mRNA, siRNA, and anti-sense oligonu-
cleotides (ASOs),>>* applications for small, ionic molecule
delivery®® are relatively scarce.

The cationic polymer used is PEG-poly{N-[N'-(2-amino-
ethyl)-2-aminoethylJaspartamide} (PEG-PAsp(DET)), which has
a monoprotonated side chain at pH 7.4, at which point it only
causes minimal membrane destabilization. At pH 5.5, the side
chain becomes diprotonated, selectively destabilizing the
endosomal membrane once inside the cell, enabling less toxic
gene transfer into cells.””*® This system has been used for
MRNA transfection into neurons®® as well as astrocytes and oli-
godendrocytes,*® making it an excellent candidate for (+)-C75-
CoA delivery. We have successfully prepared PIC micelles from
PEG-PAsp(DET) which encapsulated (+)-C75-CoA and its pure
enantiomer forms, potentiating the opportunity to study their
biological activity on LCFA metabolism defying the cellular
entry limitation. Accordingly, the micelles were tested on two
brain-derived cell lines, U87MG human glioma cells and GT1-
7 murine hypothalamic neurons, which revealed that FAO and
ATP syntheses were successfully inhibited in both. Using a
model particle encapsulating a fluorescent CoA derivative, we
were also able to demonstrate that the PIC micelle is efficiently
taken up by the cells and both in 2D and 3D culture models.
This paper is the first report to describe the delivery of CoA-
conjugated CPT1A inhibitors using PIC micelles to target
CPT1A and modulate the lipid metabolism in glioma cells and
neurons.

2. Results and discussion
2.1 Preparation of C75-CoA micelles

The preparation of (+)-C75-CoA was carried out as previously
described'”  (see detailed information in the ESI}).
Enantioselective syntheses of (+)-C75 [(2R,3S) isomer] and
(-)-C75 [(25,3R) isomer] were performed by using enantiomeric
chiral auxiliaries also as previously reported® (Fig. S1, ESI{).
(+)-C75-CoA was formed by nucleophilic addition to the «,p-
unsaturated (+)-C75 by the —SH group of CoA. We confirmed
the synthesis by comparing the "H NMR and HPLC profiles of
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the starting materials and product (Fig. S2, ESIf). PEG-PAsp
(DET) was prepared by the anionic ring-opening polymeriz-
ation of benzyl-i-aspartate N-carboxyanhydride (BLA-NCA)
initiated from the terminal -NH, group of CH;O0-PEG-NH,
(MW 12000) to form CH;0-PEG-b-poly(f-benzyl-L-aspartate)
(PEG-PBLA), and then subsequent aminolysis with diethyl-
enetriamine (DET) (Fig. S3, ESIf). The degrees of polymeriz-
ation (DP) and substitution (DS) were measured from the 'H
NMR spectra. Using the proton peak intensity ratio of the PEG
methylene protons (§ = 3.4-3.6 ppm) to the aromatic ring
protons (§ = 7.1-7.5 ppm) in the polypeptide side chain of
PBLA, DP was calculated to be 69. After aminolysis, the same
PEG methylene protons were then compared with all the
methylene protons in the DET side chains (§ = 2.7-3.6 ppm),
and the DS was found to be 63.

The aqueous solutions of (+)-C75-CoA and PEG-PAsp(DET)
were mixed in a 1:1 anion/cation (A/C) ratio, defined as the
ratio between the overall anionic charge imparted by the phos-
phate and carboxylate groups in (+)-C75-CoA and the overall
cationic charge given by the protonated secondary amines in
PEG-PAsp(DET). We diluted the solutions using 10 mM phos-
phate buffer (PB) at pH 7.4 to give 57 nm PIC micelles with a
unimodal size profile and narrow polydispersity (PdI). The 1: 1
A/C ratio was selected based on the optimal physicochemical
properties obtained with this micelle, mainly the smallest
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1
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micellar size and lowest PdI value (Fig. S4, ESIf). The zeta
potential (ZP) was also close to neutral (Fig. 1, Table 1). At pH
7.4, around 51% of the aminoethylene units in the PEG-PAsp
(DET) side chain are protonated,”” and this imparts a cationic
charge to the block co-polymer for neutralizing the negative
charge of the anionic cargo, forming PIC micelles. The PEG
chain of the polymer (MW 12 000) was also crucial in impart-
ing these measured physicochemical properties, decreasing
aggregation tendency and maintaining a neutral surface
charge.”® Transmission electron microscopy (TEM) revealed
that (+)-C75-CoA micelles are spherical in shape and possess a
core size of 31 nm with a unimodal size distribution (Fig. S5,
ESI}). The core size of the micelle does not include the PEG
outer shell; hence it is smaller than the hydrodynamic dia-
meter obtained using DLS. Size and PEGylation are important
considerations for brain-targeted nanoparticles (NPs). NP
diffusion in the brain is affected by the finite width of the
brain extracellular space (ECS) and pores in the extracellular
matrix (ECM).>* When surface PEG density is sufficiently high,
114 nm NPs can diffuse effectively in human and rodent
brains.*” This was corroborated in subsequent literature, and
now ECS widths are estimated to be 80-220 nm in diameter
while pores are around 100 nm.***° Increased PEG surface
density is also shown to restrain the non-specific cellular
uptake of NPs,’® which removes another impediment for

Core loaded
PEG-PAsp(DET) 12-69 ( " with (4)-C75-
H CoA
NH
Hydrophilic block Poly( acid) block Self-
assembly
N
—
1:1 Anion/
Cation Ratio
® 57%0.68nm
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2
2
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£ |
|
5 |
|
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Fig. 1 Schematic of the poly-ion complex (PIC) micelle formation of (+)-C75-CoA with PEG-PAsp(DET), including its size distribution profile (hydro-

dynamic size versus intensity %).
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with time (R* = 0.7432) (Fig. 2d). However, there was no signifi-
cant change between the initial and final values. Overall,
despite the tendency to gradually change over time, it is
reasonable to conclude that micelle integrity was maintained
for 28 days in storage at 4 °C.

PIC micelles from charged block copolymers exhibit critical
association behavior,>* which predicts the stability of a drug
delivery system in an environment where it is highly diluted.
Using static light scattering (SLS), we measured the scattered
light intensity of diluted PIC micelle solutions as expressed by
the following equation:

K
AR(0)  My.app

+ 24,¢

where My, .pp is the apparent molecular weight of the micelle,
4, is the second virial coefficient, ¢ is the concentration of the
micelle solution, AR(¢) is the difference between the Rayleigh
ratio of the micelle solution and the solvent (10 mM phos-
phate buffer), and K, the Debye constant, is calculated using

2
an’n (%) /AN,

where N, is Avogadro’s number.

Abrupt changes in the Kc/AR(9) values in the Debye plot
reveal changes in the molecular weight of micelles. When
these measurements are near-constant at a certain concen-
tration range, micelle integrity is maintained. At lower (+)-C75-
CoA micelle concentrations (0.005 to 0.1 mg mL™"), a sharp
decrease in K¢/AR(6) was apparent (Fig. 3). However, at higher
concentrations (0.15 to 1.0 mg mL™"), Kc/AR(6) values became
nearly constant. The point of intersection of two straight lines
drawn from the lower and higher concentration range gives the
critical association concentration (CAC) of the micelle, which
is 0.09 mg mL~". Thus, given its low CAC value, the micelle
formed from PEG-PAsp(DET) is expected to have excellent
stability in dilute systems. The equivalent drug concentration
at CAC is 0.03 mM (+)-C75-CoA. Concentrations much higher

B Low concentration

1‘5"0'5—l -® High concentration
CJ
T 1.0x10-5
E
8 5.0x1054
g =
< o SEE-.- |

-5.0x10-¢~

T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mg/ml)

Fig. 3 Critical association behavior of (+)-C75-CoA micelle. Purple
squares indicate lower micelle concentrations while blue squares indi-
cate higher micelle concentrations. The known Rayleigh ratio of toluene
was used as the calibration standard and the detection angle 6 = 90°
was used. Measurements were carried out at 25 °C.
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than this were employed in subsequent biological

experiments.

2.2 Inhibition of fatty acid metabolism

2.2.1 ATP synthesis. LCFAs need to enter the mitochondria
to undergo p-oxidation. They are first esterified into the
LCFA-CoA form and subsequently shuttled into the mitochon-
dria by CPT1A (Fig. 4a). Upon entry, the LCFA-CoA undergoes
p-oxidation to form several acetyl-CoA molecules, which then
enter the Krebs cycle. Acetyl-CoA is eventually degraded into
CO,, and in the process produces NADH, which enters the
electron transport chain (ETC) to finally yield ATP.*”** By this
pathway, FAO inhibition is known to impair ATP production.
We examined whether C75-CoA will show this effect by
measuring ATP concentration in cells after incubation with
free and micellar C75-CoA (Fig. 4b and c) for 45 minutes. In
general, the micelle effect is well-pronounced as the ATP con-
centrations from micelle-treated cells are significantly lower
than those from free drug-treated groups. This suggests that
the effective delivery of C75-CoA inside the cells leads to a
higher concentration of the compound reaching the mitochon-
dria, further steering into a substantial inhibition of FAO by
the nano-encapsulated drugs.

U87MG is the most widely used cell line for human glioma
research.* It was also reported to express CPT1A,"*> making it
an appropriate model for our subsequent experiments. For
U87MG, neither ETO nor the free drugs with the CoA adduct
were able to effectively reduce ATP levels (Fig. 4b).
Nevertheless, cells treated with (+)-, (-)- and (+)-C75-CoA
micelles showed significant reduction in ATP levels compared
to their corresponding non-encapsulated drugs. This ATP low-
ering effect is particularly appreciated with the (-)-C75-CoA
micelle, which was the most effective compared to all other
groups. Although the lack of effect of ETO in ATP levels did
not correlate with previous publications,"”"" we observed a
reduction in FAO assay with ETO in U87MG (Fig. 5¢), confirm-
ing the inhibitory effect of this drug on the mitochondrial
metabolism, although the dosage-dependent off-target effects
attributed to ETO could explain the result in ATP levels.**

GT1-7 is an immortalized murine hypothalamic neuronal
cell line which is used in endocrinology and metabolism
studies.* It was also reported to express CPT1A* and since it
is in our interest to measure its inhibition in the hypothala-
mus, this cell line is an appropriate in vitro model. ATP levels
in GT1-7 were discernibly reduced in response to ETO and by
the free (+)- and (-)-C75-CoA derivatives, but no changes were
observed in the (+)-C75-CoA-treated group (Fig. 4c). Drug
encapsulation led to a statistical enhancement in ATP
reduction induced by both (+)- and (-)-C75-CoA forms. As
shown in US7MG, the (-)-C75-CoA micelle is still most effective
in reducing ATP among all treatment groups including ETO.

A concurrent cell viability assay confirmed that the treat-
ments in both U87MG and GT1-7 cells did not cause any
apparent cell death, compared with the non-treated group
(Fig. 4d and e). This highlights one of the advantages of the
delivery system that we used, since PEG-PAsp(DET) causes only
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Table 1 Physicochemical characteristics of (+)-C75-CoA, palmitoyl-CoA and fluorescein-CoA micelles. Experiments were performed in triplicate,

with values expressed as mean + SD

Cargo Micelle

Molecule MW (g mol ™) Size (d-nm) Polydispersity Zeta potential (mV) Encapsulation (%)
(+)-C75-CoA 1004 56.7 + 0.68 0.055 + 0.0037 —0.29 +1.98 84.2 £ 0.52
(+]'C75'COA 1004 63.5 +1.45 0.054 + 0.0082 —0.68 +2.25 82.2 £0.01
(-)-C75-CoA 1004 55.0+0.38 0.024 +0.0232 0.17 +2.62 87.3£0.03
Palmitoyl-CoA 1005.9 59.5 + 0.69 0.022 +0.0017 2.37 £0.85 66.8 = 0.05
Fluorescein-CoA 1175.8 56.9 £ 0.16 0.037 +0.0070 0.38 +1.46 94.3 £0.18

diffusion. The size of the (+)-C75-CoA micelle is therefore ideal
for moving through the brain parenchyma.

(+)- and (-)-C75-CoA were synthesized from the same pro-
cedure as (+)-C75-CoA and their corresponding micelles were
also successfully prepared, with near-similar physicochemical
properties (Table 1). Additionally, micelles loaded with other
CoA derivatives were prepared in order to confirm the applica-
bility of the delivery system to molecules with similar struc-
tures. First, we used commercially available palmitoyl-CoA
since its hydrophobic tail resembled that of (+)-C75 and their
molecular weights were also numerically close. Micelle for-
mation with palmitoyl-CoA was indeed observed based on DLS
measurements. However, when we used CoA (767.5 g mol™") or
malonyl-CoA (853.6 g mol™"), micelle formation was not
detected. The probable reasons are that their MWs were much
smaller from (+)-C75-CoA and that they did not possess the
characteristic hydrophobic moieties, despite having the phos-
phate groups necessary for PIC formation. This indicates that
hydrophobicity was to some degree a part of the driving force
for micelle formation. To determine the percentage of (+)-C75-
CoA loaded inside the micelle, ultracentrifugation was used to
remove the unencapsulated free drug. The ratio of the drug
concentration in the upper fraction of the filter and the total
drug added in the micelle preparation was calculated. From
this, we ascertained that (+)-, (+)-, and (-)-C75-CoA micelles all
have high drug encapsulation rates (above 80%). The ionic
interaction between the drug and polymer was further con-

1%10¢

1%10%

Size (d-nm)

1x10¢
0 7 14 21 28
Time (d)

Scattering light intensity (kcps) T

0 7 14 21 28
Time (d)

firmed by the statistically significant decrease in scattering
light intensity and % encapsulation when the (+)-C75-CoA
micelle was mixed with concentrated salt solutions (0.5 or 1 M
NacCl) (Fig. S6, ESIt). The formation of PIC is driven primarily
by the liberation of counterions* which is prompted when the
cationic DET side chain and anionic drug paired up, leading
to a large entropic gain. The increased NaCl concentration
apparently reduced this entropic gain, which resulted in the
destabilization of the PIC structure.

Next, to evaluate its long-term stability in cold storage, the
change in micelle characteristics was monitored every 7 days
for a total of 28 days during storage at 4 °C (Fig. 2). The
purpose of this experiment was to ensure that micelles pre-
pared in advance can still be used in biological assays after a
few days of storage enabling easy and efficient reproducibility
of experimental results. One-way analysis of variance (ANOVA)
revealed apparent linear relationships between each physico-
chemical parameter and incubation time. We observed the
micelle size to increase slightly with time (R*> = 0.9609)
(Fig. 2a). This increase in size was accompanied by a steady
increase in scattering light intensity (R* = 0.9984) (Fig. 2b) as
expected, indicating that no apparent decrease in particle con-
centration occurred. There was also no apparent change in PdI
throughout the observation period (Fig. 2c¢). The size profile
remained monodisperse, as the PdI remained well below 0.1,
which was narrow. ZP stayed close to neutral all throughout
the observation period, despite a weak increase associated

c. d.
0.15. 10
3 s
£ g
> 0.10 ]
)
£ )
2 3
= o
g 0.05
= £ s
K N
a
0.00 10
0 7 14 21 28 0 7 14 21 28
Time (d) Time (d)

Fig. 2 Long term stability studies of the (+)-C75-CoA micelle, including measuring changes in physicochemical properties over 28 days in storage
at 4 °C: size (a), scattering light intensity (b), polydispersity (c), and zeta potential (d). Experiments were performed in triplicate (values expressed in
mean + SD) and linear relationships were established using ANOVA, Comparison of means among treatment groups was done using ANOVA (with
Tukey's test as post-hoc analysis; *##P < 0.001, *###p < 0.0001 versus day 0 of measurement).
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Fig. 4 Illustration of ATP generation from LCFA metabolism (a). Levels of ATP produced by US7MG (b) and GT1-7 (c) after treatment with FAO inhibi-
tors. Simultaneous Calcein AM cell viability assay for U87MG (d) and GT1-7 (e) using the same conditions and treatments as ATP assay. Experiments
were performed in quadruplicate (values expressed in mean + SD) and comparison of means among treatment groups was done using ANOVA (with
Tukey's test as post-hoc analysis; ***P < 0.001, ****P < 0.0001 versus non-treated cells; P < 0.01, P < 0.0001 versus ETO; #P < 0.05, *#P < 0.01,
###p < 0.001, ###¥#P < 0.0001 versus the corresponding free form of C75-CoA). Concentrations of all inhibitors used = 0.5 mM.

minimal toxicity.”” Although other cationic polymers like poly-
(1-lysine) and poly(ethylenimine) (PEI) are well-used to deliver
anionic molecules, their toxicity upon micellar disassembly
limits their biological applications.*® Overall, our results verify
that for both cell types, the micelles were more successful in
reducing ATP synthesis as compared to the free drugs, without
causing excessive cell death.

2.2.2 FAO assay. Palmitate oxidation in both U87MG and
GT1-7 cells was evaluated in terms of: oxidation to CO, (Fig. 5a
and d), conversion to acid-soluble products (ASPs) (Fig. 5b and
e) and total FAO rate calculated as the sum of ASP plus CO,
oxidation (Fig. 5c and f). The final fate of palmitate oxidation
in both cell types was significantly different. In particular,
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most of the palmitate oxidation levels measured in US7MG
cells come from ASPs (ranging 7.5 nmol mg™" prot h™"), with
minimal contribution of oxidation to CO, (ranging 0.1 nmol
mg~" prot h™"), whereas GT1-7 cell lines showed more equal
contribution of palmitate oxidation to ASPs and CO, total FAO.
The differences in palmitate oxidation fate between GBM and
neuronal cell lines agree with previous publications indicating
the different metabolic profile of both cell types.'>**4¢:47

In US7MG cells, ETO effectively reduced FAO in terms of
both CO, and ASP (Fig. 5a-c), since ASP oxidation was the
main pathway contributing to the total reduction of FAO. In
contrast, the free forms of C75-CoA were unable to modify
these oxidation parameters compared to non-treated cells.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 FAQ oxidation in U87MG (a—c) and GT1-7 (d—f) cells after treatment with C75-CoA derivatives in free form or nano-encapsulated in micelles.
ETO was used as the positive control of FAO inhibition. FAO is represented as palmitate oxidation to CO; (a and d), ASP (b and e), and total palmitate

oxidation (CO; + ASP; c and f). The results are the mean + SD of two inde

pendent experiments performed as biological triplicates (n = 5-6 samples

per condition). Comparison of means were done using ANOVA followed by Tukey's comparison test; *P < 0.05, **P < 0.01, ***P < 0.001 versus non-

treated cells; “P < 0.05, *#P < 0.01, **#P < 0.001 versus the corresponding

Micelles of the three forms of C75-CoA led to a substantial
attenuation of total FA oxidation (Fig. 5c), reaching similar
levels to ETO-treated cells. These changes were due to palmi-
tate oxidation to ASP (Fig. 5b), probably reducing the gene-
ration of TCA intermediary metabolites and ketone bodies
crucial for GBM cell proliferation.'>*’ Similar levels of FAO
attenuation were reached in (), (+)- and (-)-C75-CoA micelle-
treated US7MG cells (Fig. 5¢).

In GT1-7, ETO was also able to reduce FAO, whereas it
remained unchanged after treatment with the free C75-CoA
forms, in line with previous results (Fig. 5d-f). The micelle
forms of C75-CoA derivatives induced a statistically significant
attenuation in total FAO, with the contribution of both palmi-
tate fates, to CO, and ASP, being similar to the total oxidation
of FA (Fig. 5d-f). Cells treated with the (+)-C75-CoA micelle
showed the highest reduction in FAO compared to non-treated
conditions, reaching similar levels to those induced by ETO
(Fig. 5¢).

Altogether, our results indicate that the delivery of C75-CoA
derivatives using a PIC micelle resulted in a substantial
improvement in FAO inhibition by these drugs in both U87MG
and GT1-7 cell lines. We have also evidenced the differential
contribution of either CO, or ASPs to FA oxidation in both cell
lines, in agreement with the literature. Considering the recently
identified role of FAO as a metabolic node in the aggressive phe-
notype of glioma cell lines,"™*" and the significant role of FA
oxidation and CPT1 in neuronal metabolism and survival,***”
the improved FAO inhibition showed by these micelles indicates
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form of C75-CoA. Concentrations of all inhibitors used = 1 mM.

the potential of these nanoparticles to modify brain metabolism
in associated diseases such as cancer.

2.3 Cytotoxicity of C75-CoA micelles

Since GBM cells overexpress CPT1A'! to increase their chances
of survival, inhibiting this enzyme would negatively affect their
proliferation. We incubated free and micellar C75-CoA with
U87MG for 72 h, with ETO as a comparison drug. The drug
and micelle-produced responses generally followed a sigmoi-
dal shape (Fig. 6a-d). C75-CoA (racemic and pure enantiomer
forms) is overall significantly more cytotoxic to the respective
free drug (Fig. 6e). Notably, the mean ICs, of free (+)-C75-CoA
was decreased 4-fold when delivered in micelle form. After
72 h, the difference between the mean ICj, of (+)- and (-)-C75-
CoA micelles is not statistically significant; however, the
(+)-C75-CoA micelle is discernibly less cytotoxic than the
(+)-C75-CoA micelle. Free (+)-C75-CoA is less cytotoxic than
ETO. On the other hand, ETO shows comparable toxicity to (+)-
and (-)-C75-CoA micelles despite being a free drug, owing to
other mechanisms outside of CPT1 inhibition such as the pro-
duction of reactive oxygen species.*®*#

Two-way ANOVA revealed that the mean ICs, values of all
FAO inhibitors were all found to decrease with time in a linear
fashion (R* > 0.9). The cytotoxicity of the (+)-C75-CoA micelle
was demonstrated to be more pronounced at longer incubation
periods, approaching comparable values to ETO after 72 h
(Fig. 6f). Note that the decrease in cell viability is achieved
only upon lengthier exposure, since the 45 min incubation in
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Fig. 6 Cytotoxicity of FAO inhibitors on U87MG at 72 h incubation, incl
forms of (+)-C75-CoA (b), (+)-C75-CoA (c), and (-)-C75-CoA (d). ICs, of

luding the dose-response curves of ETO (a) and the free versus micelle
ETO, free and micelle forms of (+)-, (+)-, and (-)-C75-CoA at 72 h incu-

bation (e) and only for (+)-C75-CoA at 24-, 48-, and 72 h incubation periods (f). Experiments were performed in triplicate (n = 4 samples per con-
dition; values expressed in mean + SD) and comparison of means among treatment groups was done using one-way ANOVA (with Tukey's test as
post-hoc analysis; **P < 0.01, ****P < 0.001 versus the corresponding form of C75-CoA; ##p < 0.01 versus ETO).

the ATP assay (Fig. 4c) was not enough to kill the cells. Cellular
morphologies were also retained after short-term incubation
with both free and micellar (+)-C75-CoA in the FAO assay
(Fig. S7, ESIY), including the neuronal and astrocytic processes
for GT1-7 and U87MG, respectively. These results provide the
initial evidence to support the further development of these
PIC micelles as a therapeutic platform against GBM. It also
shows that the delivery of (+)-C75-CoA inside the cells is impor-
tant in amplifying its growth inhibitory properties. Given its
anionic state, it is assumed to have limited permeability across
the cell membrane,” with the micelle state neutralizing this
negative charge and promoting its transport into the cell
through endocytosis.

2.4 Quantification of cellular uptake using fluorescein-CoA

encapsulated PIC micelle in 2D and 3D culture models

To confirm that the PIC micelle type system facilitated the cel-
lular uptake of CoA-conjugated (+)-C75 by neutralizing the
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Fig. 7 Structure of Fluor-CoA. The fluorescein moiety (highlighted)
enables uptake evaluation using flow cytometry or confocal
microscopy.
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presented as sample histogram (d), mean fluorescence intensity (e), and percentage of Fluor-CoA-positive cells (f). Experiments were performed in
triplicate (values expressed in mean + SD) and comparison of means among treatment groups was done using ANOVA (with Tukey's test as post-hoc
analysis; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus measurement at a preceding time point; **#p < 0.001, *###p < 0.0001 versus

corresponding free Fluor-CoA). Representative confocal microscopy images (g) of U87MG and GT1-7 after 1 h incubation with Fluor-CoA free dye
and micelles. Scale bar = 50 pm, magnification 5x.
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negative charges, we synthesized a fluorescein analogue of CoA
(Fig. 7; Fluorescein-CoA; herein Fluor-CoA) and encapsulated it
inside the PIC micelle. Fluor-CoA was prepared by simple
maleimide chemistry starting from fluorescein-5-maleimide
(FAM). The resulting compound had a MW (1175.8 g mol™")
close to (+)-C75-CoA (1004 g mol™"), including the same
number of carboxylate and phosphate groups, which therefore
imparted analogous physicochemical properties. The fluor-
escein moiety also imparted sufficient hydrophobic character
to CoA, which is necessary for PIC micelle formation. The

View Article Online
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addition of fluorescence emission (Aexcitation = 475-490 nm,
Aemission = 510-520 nm) made cellular uptake studies using
confocal microscopy or flow cytometry possible. The -SH
group of CoA added to the maleimide ring of FAM to give the
desired product (Fig. S8a, ESIT), which we confirmed by com-
paring the "H NMR and HPLC profiles of the starting materials
and product (Fig. S8b and ¢, ESIf). In the chromatogram, the
Fluor-CoA peak is revealed by both the fluorescence and UV
absorbance (Amax of CoA) detectors. In a similar fashion to
(+)-C75-CoA, the aqueous solution of Fluor-CoA was combined
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Fig. 9 Analysis of cellular uptake of Fluor-CoA micelles versus free dye in 3D cultures using flow cytometry and confocal microscopy. FACS analysis
for UB7MG presented as mean fluorescence intensity (a), and percentage of Fluor-CoA + cells (b) and for GT1-7 presented as mean fluorescence
intensity (c), and percentage of Fluor-CoA + cells (d). Experiments were performed in triplicate (values expressed in mean + SD) and comparison of
means among treatment groups was done using ANOVA (with Tukey's test as post-hoc analysis) (*p < 0.05, ****p < 0.0001). Representative confocal
microscopy images of U87MG (e) and GT1-7 (g) spheroids taken at Z-positions. Yellow signals represent fluorescence from the FITC channel. Scale
bar = 100 pm, magnification 1.2x. Radial profile of fluorescence from Fluor-CoA micelles versus free dye in US7MG (f) and GT1-7 (h) spheroids.
Actual fluorescence intensity as well as 10-point moving average as represented by a smoothing curve is shown, All data were taken after 3 h incu-
bation with Fluor-CoA micelle or free dye.
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with PEG-PAsp(DET) in a 1:1 anion/cation ratio in 10 mM
phosphate buffer (PB) pH 7.4 to give 57 nm micelles with a
narrow polydispersity (Table 1).

Cellular uptake in both U87MG and GT1-7 was visualized
using confocal laser scanning microscopy (CLSM) and quanti-
fied using flow cytometry (Fig. 8). We incubated the micelles
with the cells at different time points (1, 3, or 6 h) and at a
fixed concentration of Fluor-CoA micelles (0.25 mg mL™"),
which contained 0.1 mg mL™" free dye. The equivalent Fluor-
CoA concentration was therefore used in the free dye-treated
groups. In flow cytometry, DAPI-stained dead cells were
excluded in order to measure only live cells. The data we
obtained included mean fluorescence intensity (MFI), to indi-
cate the extent of micelle internalization, and percentage of
Fluor-CoA + cells after gating, to quantify the % of cell popu-
lation in which the free or micellar Fluor-CoA has entered.

Internalization of both free dye and micelles increased with
time in both cells (Fig. 8). Mutually, micellar uptake in terms
of MFI was statistically higher than free dye uptake, at all
measured time points (Fig. 8b and e). In addition, the values
for %Fluor-CoA + cells were discernibly greater for the micelle
compared to the free dye, for both cell lines (Fig. 8c and f).
Even after 1 h of incubation, the micelles entered more than
95% of the cells. For U87MG specifically, MFI corresponding
to micelle uptake was 1.5-fold elevated, on average, compared
to that of the free dye (Fig. 8b). We found that cellular uptake
displayed a strong linear trend that increased over time for
both the micelle (R* = 0.8708) and free dye (R*> = 0.9394). This
meant that the cells were expected to continue internalization
beyond the 6 h observation period. In terms of %Fluor-CoA +
cells, free dye uptake started at only 70% (1 h) but gradually
increased and eventually matched the corresponding value for
the micelle at 6 h (Fig. 8c). However, the micelle-treated cells
still produced a higher fluorescence signal, signifying that the
overall amount of Fluor-CoA delivered to the cells was higher.
Mo et al.** previously described the tendency of US7MG to
internalize polymeric NPs at a steady linear rate up to 6 h,
which supports our findings.

The difference between micellar and free Fluor-CoA uptake
was more amplified in GT1-7. The MFI of micelle uptake was
around 2 to 3 times higher than free dye uptake through all the
time points that we measured, which clearly indicated the pene-
tration-enhancing effects of the micelle (Fig. 8e). In terms of %
Fluor-CoA + cells, the uptake started from 30% at 1 h, doubled
at 3 h, and then plateaued (Fig. 8f). Unlike in U87MG, the rates
of internalization did not increase in a linear fashion but fit a
non-linear model called the Padé (1,1) approximant (Fluor-CoA
R* = 0.9493; Fluor-CoA micelle R* = 0.9870). In addition, the free
drug entered only around 60% of the cell population even at a
6 h incubation period, never quite reaching the 98% uptake
that the micelle attained after only 1 h of incubation. The satur-
able uptake of PEGylated polymeric micelles has previously
been demonstrated for neurons by Rabanel et al.”>° who attribu-
ted it to their limited capacity to accommodate NPs.

Multi-cellular spheroids were generated by seeding cells in
low-adhesion plates and allowing them to form clusters by
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secreting their own ECM,”" which provides additional pene-
tration barriers for the NPs,”® therefore more accurately model-
ing the in vivo environment as compared to the monolayer
culture. We found that micellar internalization was also 1.4-
and 2-fold higher compared to the free dye in U87MG and
GT1-7 spheroids, respectively (Fig. 9a and c). In GT1-7 spher-
oids, 30% of the cells internalized the free dye, compared to
the 80% which internalized the micelles (Fig. 9d). For US7MG,
the difference of %Fluor-CoA + cells between the free dye- and
micelle-treated groups remained small but still statistically sig-
nificant, similar to the 2D culture model (Fig. 9b).

Confocal images from the periphery to the core of the
spheroids show the contrasting penetration abilities between
Fluor-CoA free dye and micelles (Fig. 9e-h, Fig. S9, ESIY). For
both cell lines, the peak of Fluor-CoA is found between 0 and
20 pm from the periphery. The signal steadily decreased
towards the core. Generally, the fluorescence intensity coming
from micelle-treated spheroids is consistently higher in
micelle-treated spheroids, confirming what was already shown
in flow cytometry measurements: that internalization of Fluor-
CoA micelles is higher than that of the free dye. Through the
confocal images, we also demonstrated that Fluor-CoA
micelles have higher penetrating ability than the free Flour-
CoA. The results suggest that even in a 3D model with
additional barriers, our above findings in the monolayer hold
true. Additionally, this implies that the PIC micelles that we
prepared are equipped to navigate through the pores of the
ECM.

3. Conclusion

We have successfully prepared PIC micelles loaded with the
CPT1A inhibitors (), (+)-, and (-)-C75-CoA. The cationic
block-copolymer PEG-PAsp(DET) provided a platform by neu-
tralizing the negative charge of the cargo molecules, generat-
ing micelles with optimal physicochemical properties
(55-65 nm size range and neutral surface charge) that are
stable in long term storage. Through targeting CPT1A, FAO
was effectively impeded, which led to overall decreased metab-
olism of "*C-palmitate into CO, and acid-soluble products. We
found that these results were consistent with the ATP inhi-
bition experiments, where ATP production in both U87MG and
GT1-7 was diminished up to 5-fold by the micelles, in compari-
son with the free drug counterparts. During these short-term
incubation experiments, no apparent decrease in viability was
induced by the micelles. When we assayed the cytotoxicity in
glioma cells after longer incubation periods, C75-CoA micelles
inhibited cell growth more discernibly compared to the free
drug forms, where IC;, was reduced 2 to 4-fold. (+)- and
(-)-C75-CoA micelles even showed comparable efficacy to the
known FAO inhibitor ETO. The fluorescent dye-loaded model
particle, Fluor-CoA micelle, showed a statistically increased
internalization in both cell lines as well, in comparison with
the free dye, reaching a 2 to 3-fold increase especially in GT1-7
neurons. Higher cellular internalization corroborated the cyto-
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toxicity and FAO inhibition results, that delivery through the
PIC micelle resulted in increased cellular concentration of the
cargo, which further led to increased biological activity.
Although internalization was generally time-dependent, we
showed that the micellar uptake kinetics differed between the
cell lines. Effective cellular entry of the Fluor-CoA micelle was
further confirmed in 3D spheroids derived from both cell
lines, inferring the superior activity of CoA-adducts when
loaded in micelles in a biological model that is transitional in
complexity between standard 2D in vitro and diseased tissue
in vivo. The size range and neutral surface charge of these PIC
micelles, combined with their efficient penetration in 3D
spheroids, imply that this platform is ideal in navigating
through the brain parenchyma. This justifies further explora-
tion of its in vivo properties in subsequent studies. This PIC
micelle has previously been reported to be effective in gene
delivery to the brain including in glial cells like astrocytes and
oligodendrocytes® as well as neurons.>” From our data, we can
compellingly conclude that uptake in neuronal and glioma
cells of small anionic cargoes like Fluor-CoA and by extension,
C75-CoA, is thoroughly improved by using PIC micelles.
Additionally, the advantage of using a micelle-type delivery
system was more pronounced for the neurons. Drug delivery
into neurons is generally more challenging compared to other
cells and this is reflected in the fact that there is a lack of
neuron-targeted delivery systems present in the clinic.”> Our
results contribute to the growing pool of knowledge on
glioma- and neuron-targeted delivery, therefore warranting
further development into effective brain therapeutics,
especially those that involve the delivery of CPT1A inhibitors
and other negatively charged molecules for the management
of diseases where modulating the lipid metabolism is a key
emerging strategy.

4. Materials and methods

4.1 Synthesis of (+)-C75-CoA, (+)-C75-CoA and (-)-C75-CoA
The preparation of (+)-C75-CoA was carried out as previously
described'” (see detailed information in the ESIf). The
enantioselective synthesis of (+)-C75 and (-)-C75 was per-
formed by using enantiomeric chiral auxiliaries (Fig. S1, ESIt).

4.2 Synthesis of PEG-PAsp(DET)

The preparation of PEG-PBLA through the NCA ring-opening
polymerization of BLA-NCA (Chuo Kaseihin Co., Inc.) using
CH;0-PEG-NH, (MW 12 000; NOF Corp.) was carried out as
previously reported.”® The subsequent aminolysis of the
polymer with freshly distilled DET (TCI, cat. # D0493) was
carried out also as described earlier.””*® See detailed infor-
mation in the ESIf.

4.3 Preparation and characterization of PIC micelles

PEG-PAsp(DET) was dissolved in 10 mM phosphate buffer pH
7.4 at 10 mg mL™" concentration by overnight stirring at 4 °C,
after which the solution was passed through a 0.22 pM filter.
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The polymer and (+)-C75-CoA solutions were mixed in a 1:1
anion-to-cation ratio, vortexed, and then again filtered
(0.22 pM) under sterile conditions prior to succeeding experi-
ments. For DLS measurements (Zetasizer Ultra, Malvern
Panalytical, Spectris ple, UK), micelle suspensions were diluted
to 1 mg mL™' and placed inside a ZEN2112 quartz cuvette.
Light scattering data were measured using a 50 mW 532 nm
DPSS laser incident beam at a detection angle of 173° with a
He-Ne laser 633 nm (temperature = 25 °C). The autocorrela-
tion function produced was analyzed through the cumulant
approach. Size is expressed as the hydrodynamic diameter,
which was calculated with the Stokes—Einstein equation.
Attenuator selection was automated. For zeta potential
measurements, micelle suspensions were introduced in a
ZEN1010 HC cell, using the Smoluchowski approach. During
stability studies, micelles were kept at 4 °C and measurements
were repeated every 7 d for 28 d in total.

For static light scattering (SLS) measurements, a dynamic
light scattering photometer DLS-8000 (Otsuka Electronics,
Osaka, Japan) was used. Measurements were performed using
a detection angle of 90° with a He-Ne laser 633 nm at 25 °C on
micelle solutions with a concentration range of 0.005 to 1 mg
mL~". To measure background light scattering, the solvent
phosphate buffer pH 7.4 (10 mM) was used. Calibration was
performed using toluene.

Micelle morphology was observed on a transmission elec-
tron microscope (JEM-2100, JEOL, Japan) operated with 120 kv
acceleration voltages and approximately 60 pA beam current.
The diluted micelle (1 mg mL™") was stained by mixing with
uranyl acetate solution (2%, w/v) and placed on 400-mesh
copper grids before drying and observation. The micelle dia-
meter (n = 105) was measured using IC Measure version
2.0.0.245.

4.4 Quantification of drug inside PIC micelles

Micelle solutions were pipetted into Amicon Ultra-0.5 mL cen-
trifugal filters (MWCO 10000, Merck Millipore, cat. #
UFC501096) and spun (14 000 g, 15 min, 4 °C). The filtrate was
then collected, weighed, and then transferred into UV-trans-
parent 96-well plates. Its absorption at Ay.x CoA = 259 nm was
measured using a microplate reader (Infinite® M1000 Pro,
Tecan Trading AG, Switzerland). Drug encapsulation was calcu-
lated by obtaining the ratio of the filtrate absorbance to that of
the original (+)-C75-CoA solution added to form the micelle.

4.5 Cell cultures and treatments

The glioblastoma U887MG cell line (Merck Millipore, Sigma,
Madrid, Spain) was cultured in DMEM (4.5 g L™" glucose) sup-
plemented with 10% FBS while murine hypothalamic neuronal
cells GT1-7 (Merck Millipore, Sigma, Madrid, Spain) were cul-
tured in DMEM (4.5 g L™ glucose) supplemented with 10%
FBS, 4 mM ti-glutamine, 1% penicillin-streptomycin, and
1 mM sodium pyruvate at 37 °C in a humidified atmosphere of
95% air and 5% CO,.

This journal is © The Royal Society of Chemistry 2021
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4.6 Cytotoxicity assays

The in vitro cytotoxicity of etomoxir (ETO, Cayman, cat.
# 11969) and free and micellar C75-CoA derivatives (racemic
and pure enantiomers) was evaluated against US7MG. The
cells (3 x 10" cells per well) were seeded in a 96-well plate 24 h
prior to the assay. The cells were incubated with the test solu-
tions, and then viability was measured after 24, 48, and 72 h of
exposure, by adding cell-counting kit-8 (CCK8) (Dojindo, cat.
# CK04) and measuring the product absorbance at Amax =
450 nm after 2 h using a microplate reader (Infinite® M1000
Pro, Tecan Trading AG, Switzerland).

4.7 Synthesis of Fluor-CoA and preparation of Fluor-CoA
micelles

The synthetic procedure of Fluor-CoA was adopted from a pre-
vious protocol.”® Briefly, 11.1 mg of CoA sodium salt hydrate
was dissolved in 100 pL of 10 mM phosphate buffer pH 7.4. To
this, 4.8 mg of fluorescein-5-maleimide (TCI, cat. # F0810) in
900 pL of DMF was added. The reaction mixture was stirred
overnight at 30 °C, after which benzene was added the result-
ing mixture, flash-frozen using liquid N, and then dried in
vacuo. To confirm product formation, HPLC was performed
[LC-2000 series, JASCO, Tokyo, Japan; C-18 RP-column (TSKgel
ODS-100 V 5 pm particle size, 4.6 mm LD. x 15 cm, TOSOH
Bioscience, cat. # 21455), mobile phase 7: 3100 mM phosphate
buffer pH 3/acetonitrile, flow rate 1.2 mL/minute, detection:
UV absorption at Apy,.x CoA = 259 nm and An,.x fluorescein =
460 nm, fluorescence detection (Aexcitation = 494 NM, Aemission =
521 nm)]. The HPLC peak passing all the detection criteria
corresponds to the compound with both CoA and fluorescein
moieties. "H NMR was recorded on a JEOL ECS 400 (400 MHz)
spectrometer (JOEL Ltd, Tokyo Japan) and the chemical shift
was calculated as parts per million (ppm). Data were processed
using MestReNova version 14.2.1-27684.

PEG-PAsp(DET) and Fluor-CoA solutions in 10 mM phos-
phate buffer pH 7.4 were then mixed in a 1: 1 anion-to-cation
ratio, vortexed, and then again filtered (0.22 pM) under sterile
conditions.

4.8 Measurement of ATP levels

The measurement of ATP levels in parallel to cell viability
assays was performed according to a previously reported pro-
cedure.”® Produced ATP was quantified using a luminescence
assay. Cells (2 x 10° cells per well) were seeded in a white, flat-
bottom 96-well tissue culture plate 24 h prior to the assay. The
cells were then incubated with ETO, C75-CoA, and C75-CoA
micelles (0.5 mM) in bicarbonate-free DMEM (Sigma-Aldrich,
cat. # D5030) supplemented with 2.5 mM glucose (Gibco, cat.
# A2494001) and 275 nM oleate-BSA (Sigma-Aldrich, cat. #
03008) for 45 minutes in a separate incubator with 0% CO,.
The assay was done according to the manufacturer’s protocol
(CellTiter-Glo® Luminescent Cell Viability Assay, Promega, cat.
# G9241). ATP was quantified using a calibration curve. The
luminescence signal for 10s was measured in each well using a
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GloMax® Multi Detection System (Promega Corp, Madison,
Wisconsin).

The relative viability was determined using the Calcein AM
assay. In parallel to the ATP measurements, cells (2 x 10" cells
per well) were seeded in a white 96-well tissue culture plate
24 h prior to the assay. The cells were then incubated with
ETO, C75-CoA, and C75-CoA micelles (1 mM) in bicarbonate-
free DMEM (with 25 mM glucose and 6 mM glutamine) for
45 minutes in a separate incubator with 0% CO,. The assay
was then performed according to manufacturer’s protocol
(Calcein AM; Invitrogen). Calcein AM was added to each well
30 min before measuring fluorescence intensity (Aexcitation =
495 nm, Aemission 515 nm) using a microplate reader
(Infinite® M1000 Pro, Tecan Trading AG, Switzerland).
Viability was normalized against non-treated cells.

4.9 Measurement of FAO

Palmitate oxidation to CO, and acid-soluble products (ASPs),
essentially acyl-carnitine, Krebs cycle intermediates, and
acetyl-CoA, were measured in U87 and GT1-7 cell lines grown
in 12-well plates. Cells were treated with ETO, C75-CoA
(racemic and enantiomers), and C75-CoA micelles (racemic
and enantiomers) (1 mM) in DMEM (4.5 g L™" glucose) for
45 minutes. On the day of the assay, cells were washed in
KRBH-0.1% BSA, preincubated for 30 min at 37 °C in
KRBH-1% BSA. Cells were then incubated for 3 h at 37 °C with
fresh KRBH containing 2.5 mM glucose and 80 nM of labeled
palmitate per well. Oxidation was measured as described.>
The scintillation values were normalized to the protein content
of each well and the results for CO, and ASPs are expressed as
previously described.”®

4.10 Confocal laser scanning microscopy (CLSM)

Confocal images were taken using an LSM880 confocal micro-
scope (Carl Zeiss, Oberkochen, Germany) at a magnification of
5x using white light, 488- and 633 nm lasers for Aescitation Of
Fluor-CoA and NucSpot® 650, respectively. U87MG and GT1-7
cells (6 x 10" cells per well) were seeded in a p-slide 8-well
chambered coverslip (ibidi, cat. # 80826) 24 h prior to obser-
vation. Cells were then incubated with 100.0 pL of nanoparticle
suspension in medium (0.25 mg Fluor-CoA micelle per mL
containing 0.1 mg Fluor-CoA per mL) with NucSpot® 650
(Biotium, cat. # 40082) as the nuclear stain (1 pL mL™" suspen-
sion) and Verapamil HCI as the efflux pump inhibitor (1 pL
mL™" suspension) for 1 h. Cells were then washed 2 x with PBS
(<) before replacing medium with DMEM containing trypan
blue (0.5 pL. mL™") to quench fluorescent dyes attached on the
cell surface.

4.11 Quantification of cellular uptake using FACS

U87MG and GT1-7 cells (3 x 10° cells per well) were seeded in
6-well plates 24 h prior to the assay. Cells were then incubated
with the nanoparticle suspension in medium (0.25 mg of
Fluor-CoA micelle per mL containing 0.1 mg of Fluor-CoA per
mL) with varying incubation times (1, 3, and 6 h). The cell sus-
pension was washed twice with 1 mL PBS (-) and then incu-
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bated with 300 pL of Accutase® Cell Detachment Solution
(Innovative Cell Technologies, San Diego, California) for
3 minutes at 37 °C. The cells were collected by adding 1 mL of
PBS (-), transferring to a 25 mL plastic tube, and then spin-
ning at 300 g for 5 min at 4 °C. They were further washed twice
with PBS (-) and twice with 2% FBS in PBS (-). After the final
washing, they were resuspended in 500 pL of 1 pg mL™" DAPI
in 2% FBS in PBS (-) to stain live cells, then passed through a
cell strainer and kept on ice. The mean fluorescence intensity
and percentage of Fluor-CoA + cells in the FITC channel were
measured by flow cytometry (BD LSRFortessa™ Flow
Cytometer, BD Biosciences, San Jose, California) using FSC
and SSC detection to gate out debris, and the UV (355 nm) and
blue lasers (488 nm) for the detection of DAPI and Fluor-CoA,
respectively. Data analysis was performed using FlowJo soft-
ware (BD Biosciences, San Jose, California).

4.12  Spheroid culture and uptake measurement

For spheroid culture, cell suspensions (50 pL) were seeded into
each well (1 x 10% cells per well) of a low-adhesion Prime
Surface™ 96-well U-bottom plate (Sumitomo Bakelite Co.,
Japan) and incubated for 3 d. The spheroids were then incu-
bated with Fluor-CoA free dye or micelle suspension (50 pL) in
medium (final concentration: 0.25 mg of Fluor-CoA micelle
per mL containing 0.1 mg of Fluor-CoA per mL) for 3 h, after
which they were harvested using a pipette and collected into a
25 mL plastic tube. Washing and analysis were performed as
mentioned above.

For confocal imaging, the spheroids were also incubated
with NucSpot® 650 (Biotium, cat. # 40082) as the nuclear stain
(1 pL mL™" suspension) and Verapamil HCl as the efflux pump
inhibitor (1 uL mL™" suspension) in addition to Fluor-CoA free
dye or micelle suspension. After 3 h, they were then harvested
using a pipette and collected in a 25 mL plastic tube. The
spheroids were collected by centrifugation at 700 rpm for
3 min at 4 °C and washed twice with PBS (-) before fixing with
4% paraformaldehyde for 30 min. After fixing, the spheroids
were further washed with PBS (-) before mounting with 90%
glycerol in a p-slide 8-well chambered coverslip (ibidi, cat. #
80826). Images were taken with a LSM880 confocal microscope
(Carl Zeiss, Oberkochen, Germany) at a magnification of 1.2x
using white light, 488- and 633 nm lasers for Aecitation Of Fluor-
CoA and NucSpot® 650, respectively. Z-stack images were
taken at 15 pm intervals for U§7MG and at 10 pm intervals for
GT1-7. Image analysis was done using Zeiss Zen software,
including the measurement of spheroid diameters and radial
fluorescence profile.

4.13 Statistical analysis

Data are expressed as means + SD of assays performed at least
in triplicate. Several statistical analyses were performed using
GraphPad version 9: (1) statistical significances were deter-
mined Student’s t-test (column analysis), one-way ANOVA with
Tukey’s post-hoc (grouped analysis), or two-way ANOVA and (2)
relationships between variables were analyzed using linear and
non-linear regression using the same software.
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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-
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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.

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 (ie.,
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.>2%° 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 ¢ linked pol, ic

P
(#)-C75-CoA and uptake in neuronal cell lines

(PM) loading'

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(i-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 S171). 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, ESIY). It is worth highlighting that the middle block
strengthens the micelle core even without crosslinking, poss-
ibly by providing hydrophobicity.** The polymer mixtures only
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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, ESIY}).

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-
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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 (1)-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 (+)-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 (3% 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, ESIf),
despite both non-crosslinked and crosslinked PM having similar
encapsulation rates (Fig. S4B, ESI}). In neuronal cells, the fluo-
rescent tracer of the micelle showed endo-lysosomal entrapment,
which was not appreciated in the mitochondria (Fig. S5, ESIt).

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 (Myy 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, M, 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 CPTIA 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 (+)-C75-CoA-
loaded core crosslinked PMs (from here on will be designated
as (+)-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
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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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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.?*2*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
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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.*®°
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,
ESIf). 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
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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, ¢-FOS immunostaining (a proto-onco-

Brown adipose tissue

3 vehicle
@ C75-CoA
[0 C75-CoA-PM

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 ¢-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

C75-CoA-PM

(-) Food intake
(+) liver and BAT
metabolism

™ ARC
3V

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 um. 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.

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci,, 2023, 11, 2336-2347 | 2343

-261-



‘Open Access Article. Published on 21 February 2023. Downloaded on 10/1/2023 10:21:05 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

fec)

Paper

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 o-methoxy-o-amino-poly(ethylene
glycol) (M,: 12 kDa; PEG-NH,, NOF, Japan), to produce the
PEG-poly(p-benzyl-L-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, ESI}).
Gel Permeation Chromatography (GPC) analysis (Jasco HPLC
system equipped with an RI detector) confirmed (Fig. S8A,
ESIY) 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)phenylJmethanamine (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 HCI
(3%) 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 yM
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 pl 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.’>1* 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 pm 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 ESL}

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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