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A B S T R A C T

Monoacylglycerol lipase (MAGL) is a promising target for cancer therapy due to its involvement in lipid meta-
bolism and its impact on cancer hallmarks like cell proliferation, migration, and tumor progression. A potent
reversible MAGL inhibitor, MAGL23, has been recently developed by our group, demonstrating promising
anticancer activities. To enhance its pharmacological properties, a nanoformulation using nanocrystals coated
with albumin was prepared (MAGL23AF). In a previous work, the formulated inhibitor showed potency in
ovarian and colon cancer cell lines in terms of IC50, and was tested on mice in order to assess its biocompatibility,
organs biodistribution and toxicity. In the present work, we expanded the investigation to assess the potential in
vivo application of MAGL23AF. Stability assays in serum and in human derived microsomes showed a good
structural stability in physiological conditions of MAGL23AF. The antitumor efficacy tested on mice bearing
ovarian cancer tumor xenografts demonstrated that MAGL23AF is more potent than the non-formulated drug,
leading to necrosis-driven cancer cell death. In vivo studies revealed that albumin-complexed nanocrystals
improved the therapeutic window of MAGL23, exhibiting a favorable biodistribution with slightly increased
accumulation in the tumor. In conclusion, the MAGL23AF showed increased in vitro stability in conditions
mirroring the bloodstream environment and hepatic metabolism coupled with an optimal antitumor efficacy in
vivo. These results not only validates the efficacy of our formulation but also positions it as a promising strategy
for addressing challenges related to the solubility of drugs in body fluids.

1. Introduction

Monoacylglycerol lipase (MAGL) is one of the main enzymes of the
endocannabinoid system. The serine hydrolase MAGL is responsible for
the degradation of the most abundant endocannabinoid 2-arachidonoyl-
glycerol (2-AG) to glycerol and arachidonic acid (AA) in the central
nervous system. Therefore MAGL, blocking the 2-AG signalling on
cannabinoid receptors CB1 and CB2, interferes with the regulation of
many physiological processes, including inflammation, pain,

neuroprotection, food intake and addiction [1]. Moreover, MAGL is also
implicated in the metabolism of monoacylglycerols in peripheral tissues,
thus enriching the cellular free fatty acid pool. This event leads to the
activation of oncogenic signaling, and for this reason MAGL was shown
to support cancer cell growth [2]. The multifaceted role of MAGL makes
this enzyme an appealing therapeutic target: 2-AG accumulation after
MAGL inhibition not only amplifies CB1 and CB2 activation and endo-
cannabinoid signaling, but also reduces the AA-mediated formation of
pro-inflammatory prostaglandins in many tissues [3]. Additionally,

Abbreviations: MAGL, Monoacylglycerol lipase; 2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; MAGL23-AF, MAGL23 solubilized with Pluronic F127
formulated with albumin; PBS, Phosphate-buffered saline; I.P., intraperitoneal.
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MAGL inhibition in cancer cells diminishes free fatty acid production,
reducing proliferation and invasiveness of malignant cells [4]. For these
reasons, several MAGL inhibitors were developed and patented [5–7]
and most of the recently discovered MAGL inhibitors act by blocking
MAGL reversibly, since the transient arrest of MAGL catalytic function is
devoid of some undesired effects in vivo, which on the contrary are
typical of irreversible inhibitors (CB1 desensitization and loss of CB1-
mediated biological effects caused by chronic 2-AG increase [8]).
Among the most important reversible MAGL inhibitors, benzo[d][1,3]
dioxol-5-ylmethyl 6-phenylhexanoate derivative discovered by
Hernández-Torres et al. is one of the first potent and selective MAGL
inhibitors and it proved to reduce the clinical progression of a multiple
sclerosis mouse model [9]. Furthermore, azetidine diamide-based de-
rivatives developed at Janssen Research & Development, L.L.C.
demonstrated good ADME properties after oral administration, inducing
an anti-hyperalgesic efficacy in a rat complete Freund’s adjuvant (CFA)-
induced inflammatory pain model [10,11]. In the last years, our group
developed the class of benzoylpiperidine-based MAGL inhibitors
[12–15]; among these derivatives, we developed a MAGL inhibitor
(MAGL23, Fig. 1), able to bind the target enzyme with an inhibition
potency in the low nanomolar range (Ki = 39 nM) [13]. This compound
can be considered as a promising compound that could be further
developed because: a) it is obtained by a few steps’ synthetic prepara-
tion; b) it shows a reversible binding mechanism that should render it
free of the typical side effects of irreversible MAGL inhibitors observed
in in vivo studies [8]; c) it shows selectivity for MAGL inhibition over the
other main components of the endocannabinoid system. Furthermore,
MAGL23 was also able to inhibit the viability of breast, colon and
ovarian cancer cell lines with IC50 values in the low micromolar range;
however, the inhibitor suffered of problems related to poor solubility. To
overcome this issue, our group elaborated a new formulation based on
nanocrystals and albumin coating [16]. Nanocristallization is a relative
new strategy applied to drug in order to overcome low solubility without
the use of a carrier material. In 2017, Park et al. introduced this new
approach for enhancing the solubility of poorly soluble drugs in water
obtaining an aqueous media dispersion of drug nanocrystals [17]. It was
utilized Pluronic F-127 and CTAB as surfactants to help the formation of
nanocrystals and to stabilize these particles, subsequently exchanging
them with human serum albumin (HSA). The presence of surfactants
during crystallization helps in regulating nanocrystal size and prevents
non-specific protein adsorption, potentially reducing uptake by the
mononuclear phagocyte system (MPS). Albumin, being a natural carrier
of native ligands and hydrophobic molecules, is stable, digestible, and
facilitates cellular internalization of nanocrystals at tumor sites through
specific receptor interactions. The nanocrystals, formulated with albu-
min, offer a safe delivery method, particularly for targeting tumoral sites
via specific receptors like GP60 and SPARC. Albumin not only directs the
therapeutic compound but also stabilizes the nanocrystals, limiting
unwanted protein adsorption during circulation. Toxicity studies inmice
indicate that MAGL23-AF is well tolerated and avoids spleen damage
observed with MAGL23 [16].

The nanocrystals allowed to obtain a drug content in aqueous media
1000 times higher than its solubility and were then stabilized by human
serum albumin. Experimental studies confirmed the maintained potency
of the formulated inhibitor in ovarian and colon cancer cell lines. The

formulation process was characterized with different techniques, and
preliminary in vivo studies indicated a favorable low toxicity profile for
MAGL23AF (albumin formulated). That study represents the first-ever
nanoformulation of a MAGL inhibitor and its application in vitro and
in vivo. In this study, we conducted a thorough investigation into the
stability of MAGL23AF in physiological environments such as serum and
microsomes. Additionally, we assessed the in vivo antitumor efficacy
and pharmacokinetics properties.

2. Materials and methods

2.1. Albumin formulation of MAGL23AF

The nanocrystallization process of MAGL23 is made following a
method from a published study [17]. Initially, 6 mg of MAGL23 and 24
mg of Pluronic F-127 (F-127) are mixed in chloroform, then evaporated
to obtain an amorphous layer. Nanocrystals are formed using sonication.
In the second step, human serum albumin (HSA) is added to the nano-
crystal solution, followed by 24 h of rotation to enhance interaction.
After washing and centrifugation, the resulting pellet is lyophilized and
resuspended physiological solution. Physico-chemical characterizations
are reported in supplementary materials (figure S1-S4).

2.2. In vitro stability

Stability MAGL23AF vs MAGL23 was assessed in 50% fetal bovine
serum (FBS) in PBS at 37◦C. One ml of samples concentrated at 100 μg/
ml were incubated and collected at 10 different time points (20, 40 min
and 1, 6, 10, 24, 48, 72, 96 and 168 h) and analyzed by liquid chro-
matography–mass spectrometry (LC MS/MS).

2.3. Microsomes stability

Stability of MAGL23AF vs MAGL23 was assessed in human micro-
somes purchased by Thermofisher and used following their protocol
(HMMCPL, Human Microsomes, 50 Donors, Thermofisher). Samples
were collected at 3 different time points (0-40-60 min) and analyzed by
LC MS/MS.

2.4. Mouse xenograft

5x106 OVCAR5 cells (Gently Provided by Dr. Gustavo Baldassarre;
mycoplasma free) were mixed with 30% of Matrigel HC (BD Bioscience,
CA, USA) and implanted subcutaneously into 6 weeks-old female nude
mice (Hsd:AthymicNude-Foxn1nu, Envigo, Italy). When tumors reached
a measurable size (>50 mm3), mice were treated intraperitoneally with
20 mg/kg MAGL23AF, MAGL23, or vehicle (physiological solution) one
time per week, for 4 treatments. Tumor volumes were measured with a
caliper instrument and calculated using the formula: (length × width2)/
2. Animal experiments (EU directive (2010/63/EU) were conducted -
under the authorization of the National Ethical Committee and the
Administration of the Republic of Slovenia for Food Safety, Veterinary
and Plant Protection.

2.5. Pharmacokinetics analysis

Pharmacokinetic of MAGL23 was performed on mice (FVB/N)
treated with 100 mg/Kg (i.p.) of MAGL23 and MAGL23AF. Blood was
collected in EDTA at different time points (0, 0.5, 2, 5, 9, 24 h) from 3
mice each. Plasma was obtained by centrifugation at 1000xg for 5 min,
4◦C and stored at − 80◦C until analysis. The concentrations of drug in
plasma and in tumor homogenate were measured with LC-MS/MS as
described by Adeel et al [16]. Briefly: samples were precipitated with
two volumes of cold acetonitrile containing 100 ng/ml of MAGL24 n-
butyl analog working as the internal standard (IS) (Granchi et al., 2019).
After vortexing, the samples were kept for 30 min at − 80◦C than spun atFig. 1. Molecular structure of MAGL23 inhibitor.
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13,000 rpm for 15 min at 4◦C. The supernatant was diluted with 3
volumes of acetonitrile–water (1:1) solution and 2 μL injected in a
Nexera X2 liquid chromatograph coupled with Shimadzu LCMS-8050
tandem mass spectrometer (Shimadzu, Kyoto, Japan) equipped with
the electrospray ionization source. Chromatographic separation was
performed on Zorbax eclipse 100× 2.1 mm 1.8 μmC18 column (Agilent,
CA USA), equilibrated with a 0.45 mL/min of 0.1% formic/acetonitrile
(70:30) andmaintained at 40◦C. An elution gradient B from 30 to 80% of
acetonitrile over 5 min was applied followed by 3 min of equilibration.
The retention times were 2.85 min and 2.98 min for MAGL23 and the
MAGL24-IS, respectively. Both analytes were monitored by multiple
reaction monitoring (MRM) in positive-ion mode using the followingm/
z transitions: 370.1 → 139.0 m/z and 384.1 → 139 m/z with collision
energy voltages set at − 33 V and − 22 V, for MAGL23 and MAGL24-IS,
respectively. The spray voltage was set at 4500 V and the source block
temperature at 350◦C. The results are expressed as ng/mg of tissues.

2.6. Hematoxylin and eosin (H&E) staining and analysis

Tissues were fixed in formalin 10% for 24 h and embedded in
paraffin. Tissues were cut at 3 μm thick, counterstained with hematox-
ylin/eosin and analyzed by the pathologist at 10× and 20× of
magnification.

2.7. Statistical analysis

The statistical significance was determined using a two-tailed t-test.
In vivo tumor growth was analyzed by Wilcoxon matched paired signed
rank test. A p value less than 0.05 was considered significant for all
comparisons done. Bars represent standard errors for tumor volume and
body weight. All other bars are standard deviations. Statistical analyses
were performed using Microsoft Excel or GraphPad Prism.

3. Results and discussion

3.1. In vitro stability

The in vitro stability was tested under physiologically conditions,
specifically in 50% FBS in phosphate-buffered saline (PBS) at 37◦C, to
emulate the environment of the bloodstream. This experimental setup
was designed to closely mimic the conditions, which the drug would
encounter within the human body, providing insights into its behavior in
a complex biological system. MAGL23 AF, the focus of our investigation,
exhibited a long-term stability (Fig. 2A). At long-time exposure (168 h),
MAGL23AF has a better stability thanMAGL23 although not statistically
significant. This discovery implies a promising potential for our
formulation in vivo, underscoring its effectiveness in enhancing the
stability of hydrophobic or less soluble drugs within physiological
conditions.

3.2. Microsomes stability

The evaluation of a drug’s stability in microsomes stands as a pivotal
stage in the process of drug testing and development. Microsomes, in-
tegral subcellular constituents housing membrane-bound drug-metabo-
lizing enzymes, including cytochrome P450 (CYP), play a central role in
this assessment. Serving as indispensable tools in pharmacology, they
enable the meticulous examination of a compound’s intrinsic clearance
in vitro. In this specific investigation, human liver-derived microsomes
are utilized to emulate the intricate metabolic processes that occur
within the body [18].

The experiment was conducted strictly following the manufacturer’s
guidelines, ensuring precision and reliability in the analysis. The sta-
bility assessment was conducted at four distinct time points. The com-
pound MAGL23 AF emerged to be more stable when compared to its
non-formulated counterpart (Fig. 2B). This observation is particularly

significant since suggests that the albumin coating applied to MAGL23
AF imparts a substantial degree of stability within the microsomal sys-
tem. This stability could potentially be translated into an enhanced
bioavailability when the compound is applied in vivo.

The stability of a drug in microsomes, as demonstrated in literature
[19], could assume a pivotal role in drug development by predicting the
metabolic fate of a drug candidate.

3.3. In vivo antitumor efficacy

The preceding in vitro findings revealed that MAGL23AF demon-
strated comparable antitumor effects to MAGL23 in colorectal and
ovarian cancer cell lines. Particularly noteworthy was MAGL23AF’s
enhanced tolerance and reduced toxicity observed in in vivo studies
[16]. Consequently, the current investigation is focused on assessing the
antitumor efficacy of MAGL23AF. To evaluate this, a model system
utilizing nude mice with subcutaneous ovarian cancer tumors was
employed to explore the compound’s potential.

As depicted in Fig. 3A, B, mice were grafted with OVCAR5 cells and
the treatments started once tumors reached a volume of 50 mm3. An
intraperitoneal administration of 20 mg/kg of MAGL23AF and MAGL23
was applied weekly, and the outcomes were compared against an un-
treated control group. After four treatment sessions, a significant

Fig. 2. A) Stability in serum. MAGL23 AF and MAGL23 were incubated in 50%
FBS/PBS to assess the stability. MAGL23 AF showed a positive trend in this
condition on the long term (168 h). Y-axis is the concentration at Tn divided by
the concentration at T0 used as normalizer. B) Stability test in human derived
liver microsomes. Stability of MAGL23 AF was also assessed in human micro-
somes showing a significant improvement at 40 and 60 min vs MAGL23 (p
value < 0.05). Y-axis is the concentration at Tn divided by the concentration at
T0 used as normalizer.
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reduction in tumor volume was observed in mice treated with
MAGL23AF, reaching statistical significance when compared to mice
treated with MAGL23. Both treated groups exhibited a statistically sig-
nificant reduction in tumor volume when compared to the untreated
control group (p< 0.05). Tumor inhibition rate (TIR%) of MAGL23AF is
53% vs 21% of MAGL23 at the end (day 25) of in vivo antitumor efficacy
experiment (Fig. 3d) highlighting the efficacy of the MAGL23 AF (p <

0.05).
Tumor specimens were histologically evaluated by an experienced

pathologist by H&E staining. Mice tumor specimens treated with MAGL
23AF and MAGL23 or untreated (CTR) showed areas of intratumoral
necrosis quantifiable respectively in around 40%, 20% and< 10% of the
whole sections, respectively. MAGL23AF is more effective in inducing
necrosis (Fig. 4).

Throughout all the experiment, mice bodyweight did not decrease
indicating a good tolerability toward the drug (Fig. 3c).

This observed difference between MAGL23AF and MAGL23 led to a
further exploration of the pharmacokinetic (PK) profile of both formu-
lations. The pharmacokinetic data, as depicted in Fig. 5, as area under
the curve (AUC), revealed a subtle yet significant alteration in the PK of
MAGL23AF, characterized by a substantial increase in the AUC. This
observation indicates an augmented amount of circulating drug, leading
to an increased exposure of tumor cells to a drug.

4. Conclusions

The MAGL protein is highly expressed in several tumors, promoting
cell aggressiveness by stimulating invasion, proliferation, and migration
[2]. Due to its involvement in tumors, several MAGL inhibitors have
been developed and reported in the literature with positive applications
both in vitro and in vivo [4,7]. Many of those are accompanied by a lot of
side effects due to their irreversible interaction with the protein target
thus limiting their further application and development [8]. In contrast,
others reversible MAGL inhibitors have been developed but their
application is limited by low solubility in physiological solvent pos-
sessing high lipophilicity. MAGL23, a newly introduced reversible in-
hibitor of monoacylglycerol lipase, showing high selectivity against
other endocannabinoid system components [13]. Its development is
further streamlined by a straightforward synthetic preparation process.
Starting by this compound, a new formulation based on albumin
nanocrystals formation has been developed and successfully employed
by Adeel et al. [16]. Technological advancements in biomaterials have
led to the development of immune-regulating camouflage strategies,

Fig. 3. A) Schematic design of tumor growth study. Mice were injected sub-
cutaneously and after tumors started growing, mice were treated four times (20
mg/kg, once a week) and tumor volumes (n = 6) were followed up for 25 days.
B) MAGL23 AF antitumor efficacy. After tumors reached a volume of 50 mm3

mice were treated once per week 20 mg/kg, intraperitoneally. Arrows indicates
treatment. At the end of the experiment, mice treated with MAGL23 AF showed
a slight reduced tumor volume compared to MAGL23 treated mice and a
significative tumor volume reduction compared to the control group (p-value <
0.05). C) Mice weight was monitored throughout the experiment, revealing
non-significant variations among the three groups. D) Tumor inhibition rate
(TIR%). Tumor inhibition rate is calculated as (1 – (mean volume of treated
tumors)/(mean volume of control tumors)) × 100% at day 25 (p-value < 0.05).

Fig. 4. H&E of tumor treated with MAGL23 AF and MAGL23. H&E-stained
sections from tumor treated with MAGL23 AF, MAGL23, and untreated (CTR)
specimens revealed quantifiable areas of intratumoral necrosis (black arrow-
head and dotted outlines), accounting for approximately 40%, 20%, and < 10%
of the entire sections, respectively. Notably, there are differences in necrosis
distribution in the different specimens. In detail, necrosis is mainly intra-
glandular in CTR and MAGL23 treated samples as an effect of “tumor growth”,
whereas in MAGL23 AF specimens the necrosis is massive as drug anti-
tumor effect.
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which are innovative approaches in cancer therapy. These biomimetic
systems act as stealth shields, evading immune surveillance and pro-
longing circulation in the blood before reaching the tumor site. Upon
arrival, the camouflage coating can enhance immune responses against
tumors through various mechanisms. These strategies involve coating
nanoplatforms with different polymers or cell membranes, including
cell-derived exosomes. By leveraging their unique characteristics and
functionalities, immune-regulating camouflage enables nanosystems to
overcome immune-induced limitations, resulting in prolonged circula-
tion and enhanced anticancer efficacy [20].

The nanocrystals, formulated with albumin, offer a safe delivery
method, particularly for targeting tumoral sites via specific receptors
like GP60 and SPARC. Albumin not only directs the therapeutic com-
pound but also stabilizes the nanocrystals, preventing unwanted protein
adsorption during circulation. Toxicity studies in mice indicate that
MAGL23-AF is well tolerated and avoids spleen damage observed with
MAGL23.

In the present work the efficacy of MAGL23AF was evaluated in term
of stability in physiological environment (serum and microsomes) in
order to be applied in vivo. In mice, the antitumor efficacy has been
highlighted coupled with good tolerance and low toxicity. An increased
induction of necrosis suggests that MAGL23AF exhibits superior efficacy
compared to MAGL23.

In conclusion, the transition from in vitro success to in vivo efficacy
assessment in ovarian cancer mouse xenografts has yielded encouraging
results. The differences in the pharmacokinetics of MAGL23AF, under-
line its superior performance. These findings not only reinforce the
preclinical relevance of MAGL23AF as a new formulation for a
biocompatible delivery of an anticancer drug, but also underscore the
importance of albumin nanocrystals-based drug formulation to improve
pharmacological properties.

5. Data availability
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