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ABSTRACT
Cannabidiol (CBD) holds promise for managing metabolic diseases, yet enhancing its oral bioavailability and efficacy remains 
challenging. To address this, we developed polymeric nanoparticles (NPs), using poly(lactic- co- glycolic acid) (PLGA), encapsu-
lating CBD using nanoprecipitation, aiming to create an effective CBD- nanoformulation for metabolic disorder treatment. These 
NPs (135–265 nm) demonstrated high encapsulation efficiency (EE% ≈ 100%) and sustained release kinetics. Their therapeutic 
potential was evaluated in an in vitro metabolic syndrome model employing sodium palmitate- induced HepG2 cells. Key as-
sessment parameters included cell viability (MTT assay), glucose uptake, lipid accumulation (Oil Red O staining), triglycerides, 
cholesterol, HDL- c levels, and gene expression of metabolic regulators. Results showed an IC50 of 9.85 μg/mL for free CBD 
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and 11.26 μg/mL for CBD- loaded NPs. CBD- loaded NPs significantly enhanced glucose uptake, reduced lipid content, lowered 
triglycerides and total cholesterol, and increased HDL- c levels compared to free CBD. Gene analysis indicated reduced glucone-
ogenesis via downregulation of PPARγ, FOXO- 1, PEPCK, and G6Pase and enhanced fatty acid oxidation through CPT- 1 upregu-
lation. These findings suggest that CBD- loaded NPs may serve as a novel therapeutic strategy for the management of metabolic 
disorders, warranting further in vivo studies.

1   |   Introduction

The exposure to antipsychotic medication has been widely 
associated with weight gain and lipid/glucose metabolic side 
effects of clinical relevance and, in some instances, the devel-
opment of metabolic syndrome [1–3]. At the same time, canna-
bis use is significantly more frequent among individuals with 
psychosis than in the general population [4, 5]. Despite being 
one of the main risk factors for psychosis [6] and its widely 
described deleterious effect on psychosis' prognosis [7–11], 
recent research has shown a protective effect of cannabis on 
antipsychotic- induced weight gain [12, 13]. These studies have 
also suggested a protective effect against the lipid metabolic 
disorders typically associated with weight gain in this popula-
tion [14, 15]. Additionally, cannabis has been linked to a pos-
itive effect on glucose metabolism, correlating with reduced 
levels of fasting insulin and HOMA- IR [16] and lower preva-
lence of diabetes mellitus [17, 18].

This protective effect may be explained by the interaction be-
tween consumed cannabis and the endocannabinoid system, 
which influences both eating patterns and the storage and utili-
zation of peripheral energy [19–25].

Cannabis comprises a diverse array of phytocannabinoids, 
among which cannabidiol (CBD), non- psychoactive, stands out 
as a primary component. It is known for its pain- relieving, anti- 
inflammatory, anti- oxidant, anti- tumor, and neuroprotective 
properties  [26–28]. Several studies have highlighted CBD's in-
fluence on both lipid and glucose metabolism, mediated through 
various receptors and metabolites reducing the risk of develop-
ing metabolic syndrome [29–31]. Furthermore, CBD acts as a se-
rotonin receptor antagonist, potentially alleviating hyperphagia 
[32]. While CBD exhibits a low affinity for CB1 and CB2 recep-
tors, it can antagonize these receptors at nanomolar range [33], 
suggesting CBD's ability to interact with them at relatively low 
concentrations.

Several studies have evaluated the impact of CBD and other can-
nabinoids on lipid metabolic disorders, suggesting potential ben-
eficial effects through the modulation of the endocannabinoid 
system (ECS). CBD has been reported to reduce lipid accumula-
tion in hepatocytes and adipocytes, improve insulin sensitivity, 
and modulate the expression of genes related to lipogenesis and 
β- oxidation [34, 35]. At the molecular level, CBD acts on recep-
tors such as PPARγ, AMPK, and TRPV1, influencing key meta-
bolic pathways associated with lipid homeostasis [31]. However, 
the use of cannabinoids in these contexts is not without adverse 
effects. Hepatic alterations, changes in blood pressure, and po-
tential psychoactive effects have been reported, depending on 
the dosage and formulation used [36]. These findings highlight 
the need for further studies to determine the long- term safety 

and efficacy profile of these therapies in the treatment of meta-
bolic disorders.

Recent studies suggest that CBD may have certain toxic ef-
fects in living organisms, potentially due to its interactions 
with various biological targets. These include cannabinoid 
receptors (CB1 and CB2), transient receptor potential (TRP) 
channels, and cytochrome P450 (CYP450) enzymes. By modu-
lating these systems, CBD can alter neurotransmitter release, 
calcium balance, and drug metabolism, which may contribute 
to risks such as hepatotoxicity and neurotoxicity. For exam-
ple, CBD- induced inhibition of CYP450 enzymes, especially 
CYP3A4 and CYP2C19, can interfere with the metabolism of 
co- administered drugs, leading to elevated drug plasma con-
centrations and a higher risk of toxicity [36, 37]. In addition, 
prolonged activation of TRPV4 channels by CBD has been 
shown to cause cellular stress and even cell death in glioma 
cells [38]. While these highlight potential safety concerns, 
further research is necessary to fully understand the mech-
anisms underlying CBD's toxicological profile and its overall 
impact on human health.

Developing CBD as a therapeutic formulation faces challenges 
due to its high lipophilicity and poor oral bioavailability, es-
timated to be as low as 6% of a similar intravenously admin-
istered dose [39]. Traditional delivery strategies, such as oral 
administration, suffer from extensive first- pass metabolism, 
leading to reduced systemic availability and unpredictable 
pharmacokinetics [40]. Similarly, inhalation- based delivery, 
while offering rapid absorption, raises concerns regarding 
pulmonary irritation and inconsistent dosing [41]. Over the 
past decades, researchers have explored various nanocarriers, 
including liposomes, polymeric nanoparticles (NPs), micelles, 
dendrimers, and solid lipid nanoparticles (SLNs), for their po-
tential in targeted drug delivery and controlled release [42–44]. 
Among these, poly(lactic- co- glycolic acid) (PLGA) NPs have 
gained particular attention due to their excellent biocompat-
ibility, biodegradability, and versatility in encapsulating both 
hydrophilic and hydrophobic drugs [45, 46]. To further opti-
mize the performance of these NPs, PEGylation, the process of 
conjugating polyethylene glycol (PEG) to NPs, enhances their 
physicochemical properties by improving solubility, reducing 
opsonization by the mononuclear phagocyte system (MPS), 
and prolonging systemic circulation time [47, 48]. These ad-
vancements are particularly relevant for delivering drugs to 
metabolically active organs like the liver, which plays a key 
role in conditions such as metabolic syndrome. Disorders like 
obesity, type 2 diabetes, and non- alcoholic fatty liver disease 
(NAFLD) are driven by complex molecular mechanisms. 
These include insulin resistance, chronic inflammation, ox-
idative stress, and imbalances in lipid metabolism [49–51]. 
Understanding and targeting these pathways with advanced 

 15524965, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37916 by U
niversidad D

e C
antabria, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 16

nanoformulations could pave the way for more effective ther-
apeutic interventions.

In our previous studies, we demonstrated the successful encap-
sulation of cannabinoids, specifically Δ9- tetrahydrocannabinol 
and naphthalen- 1- yl- (4- pentyloxynaphthalen- 1- yl) methanone 
(CB13; a synthetic cannabinoid), within PLGA- based nanosys-
tems. These nanosystems exhibited favorable biodistribution 
in vivo and were effective via the oral route [52–55].

In the present work, we have developed a PEGylated PLGA 
nanoformulation for CBD and carried out a deep study in an 
in  vitro metabolic disease model in order to understand the 
intricate mechanisms through which cannabinoids influence 
hepatic functions as a key step for unraveling their therapeutic 
potential in metabolic syndrome [53–55].

To the best of our knowledge, no previous work has reported 
on the development of CBD- nanosystems for these therapeu-
tic applications, assessing their capacity to enhance glucose 
uptake and prevent lipid accumulation in human HepG2 
hepatocytes.

2   |   Materials and Methods

2.1   |   Materials

Poly(lactic- co- glycolic) acid block copolymer (PLGA 50:50) 
Resomer RG 502 (with an alkyl ester end group; Mw: 12000; 
inherent viscosity: 0.24 dL/g) was obtained from Evonik 
(Germany) and PEG- PLGA (PEG average Mn 2000, PLGA av-
erage Mn 11,500; lactide:glycolide 50:50) was purchased from 
Sigma- Aldrich (Germany). Synthetic CBD (Mile High Labs, 
Lot. IL1905027- A) was gently provided by GB Sciences (NV, 
USA). Pluronic F- 68 and solvents were obtained from Panreac 
Química (Spain). Culture media, including minimum essen-
tial medium (MEM) and high glucose DMEM (Dulbecco's 
Modified Eagle Medium), were obtained from Corning (USA). 
All other chemicals were purchased from Merck (Germany). 
All chemicals were of analytical quality. Water used in the 
experiments was deionized and filtered (Milli- Q Academic, 
Millipore, Spain).

2.2   |   Preparation of NPs

Nanoparticles were prepared using a nanoprecipitation method 
established by our research group [53–55]. Briefly, PLGA or PEG- 
PLGA (22.5 mg) and Span 60 (7.5 mg) were dissolved in acetone 
(1.5 mL). The organic phase was added to 9 mL Pluronic F- 68 
aqueous solution (0.5% w/v) using a syringe pump at a controlled 
rate of 5 mL/h accompanied by continuous stirring. The solvent 
was removed by stirring at room temperature, and the result-
ing nanoparticles were collected via ultrafiltration. The latter 
step involved transferring the NPs suspension into an Amicon 
tube (Ultracel- 100 kDa regenerated cellulose membrane, 15 mL 
sample volume) and washing the nanoparticles with MQ water. 
The concentrated and purified NPs were recovered by centrif-
ugation at 4000 × g at 12°C. To generate CBD- loaded NPs, CBD 
was added at various ratios relative to the polymer weight (10%, 

12.5%, and 15% w/w) to the organic phase. The concentrated NP 
suspension was collected and diluted with PBS to a final volume 
of 1 mL for further analysis.

2.3   |   NPs Characterization

The NPs were characterized by measuring mean diameter and 
zeta potential using dynamic light scattering and laser Doppler 
electrophoresis (Nanosizer ZS, Malvern Instruments, UK). NP 
morphology was assessed using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). For SEM, 
a drop of 1 mg/mL NP suspension was air- dried on a carbon 
strip and coated with an 8–9 nm Pd/Pt shell (Leica EM SCD500). 
Images were taken with a Zeiss Crossbeam 550 SEM (Carl Zeiss 
Microscopy, Germany). For TEM, a drop of NP suspension was 
placed on a copper grid, stained with 2% uranyl acetate, air- 
dried, and observed using a Zeiss Libra 120 TEM (Carl Zeiss 
Microscopy, Germany).

2.4   |   Measurement of CBD Load Capacity

CBD loading into PLGA- based nanoparticles (NPs) was as-
sessed using reverse phase- high performance liquid chro-
matography (RP- HPLC), previously validated for precision, 
accuracy, and linearity [56]. The analysis was performed on a 
Hitachi LaChrom1 HPLC system equipped with a C18 Waters 
Atlantis T3 column (3 μm, 4.6 × 100 mm) at 25.0°C ± 0.1°C. The 
mobile phase consisted of methanol, acetonitrile, and water 
(52:30:18 v/v) at pH 4.5, with a flow rate of 1 mL/min. Detection 
occurred at 210 nm with an injection volume of 10 μL. Data were 
analyzed using HSM D- 7000 software. CBD standard solutions 
prepared in methanol showed a linear concentration- peak area 
relationship (Area = 34,866 × C + 272,704; R2 = 0.9974), and re-
peatability was indicated by a relative standard deviation (RSD) 
of 1.88%. Accuracy was confirmed with a mean recovery of 
101.4% over a concentration range of 12.5–300 μg/mL, with an 
RSD of 1.90%. The analysis time was 10 min, yielding a sharp 
peak with a retention time of 4.4 ± 0.4 min. The limit of detec-
tion (LOD) and limit of quantitation (LOQ) were determined 
as 5 and 6.25 mg/mL, respectively, following ICH guidelines. 
Encapsulation efficiency (EE%) and drug loading (DL%) were 
used to express the drug content.

In all subsequent experiments, CBD- loaded PLGA- PEG NPs, 
prepared with a CBD to polymer weight ratio of 15%, were 
utilized.

2.5   |   In Vitro Release of CBD From Nanoparticles

In the in vitro CBD release study, PEG- PLGA NPs (2.5 mg/mL) 
loaded with CBD were dispersed in PBS (pH 7.4 ± 0.1) containing 

(1)

EE% =
total drug amount − unencapsulated drug amount

total drug amount
× 100

(2)

DL% =
total drug amount − unencapsulated drug amount

total mass of NPs
× 100
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0.5% (w/v%) Tween 80 to maintain sink conditions. Samples 
were placed in a thermostatic shaker set at 37.0°C ± 0.5°C and 
subjected to mechanical stirring (500 rpm) (Titramax 1000, 
Heidolph, Germany). At selected time intervals (0.5–96 h), 
samples were centrifuged at 14,000 rpm for 20 min. The super-
natant was removed, and the NP pellet was dissolved in ace-
tonitrile. Drug release was calculated indirectly by measuring 
the amount of unreleased CBD remaining in the NPs using the 
HPLC method. Finally, the results were expressed as accumula-
tive drug release percentages.

To quantitatively compare the drug release kinetics between 
PLGA and PEG- PLGA NPs, we calculated the difference fac-
tor ( f1) and similarity factor ( f2) as per FDA/EMA guidelines 
[57]. The f1 (Equation 4) metric evaluates absolute differences 
between cumulative release profiles at each time point, while 
f2 (Equation 5) assesses similarity through logarithmic trans-
formation of squared errors. Reference (R) and test (T) profiles 
were defined as PLGA NPs and PEG- PLGA NPs, respectively. 
Calculations included all time points (n = 13), and thresh-
olds of f1 < 15 and f2 ≥ 50 were used to determine statistical 
similarity.

where, n = number of time points; Rt = mean % drug released from 
PLGA NPs at time t after initiation of the study; Tt = mean % drug 
released from PEG- PLGA NPs at time t after initiation of the study.

2.6   |   In Vitro Experiments

2.6.1   |   Cell Maintenance

The HepG2 human hepatoma cell line (CLS, Germany) was 
cultured in minimum essential medium (MEM) supplemented 
with 10% fetal bovine serum and 1% penicillin/streptomycin. 
Cells were maintained at 37°C with 5% CO2 in a humidified en-
vironment. Passage numbers 26–40 were used. Free CBD and 
metformin were initially dissolved in absolute ethanol (4 mg/
mL) and PBS (5 mg/mL), respectively, before being further di-
luted in the culture media. Meanwhile, NP suspensions, includ-
ing CBD- loaded and blank (drug- free) PEG- PLGA NPs, were 
directly dispersed and diluted in the media.

2.6.2   |   Cell Viability Assay

Cell viability was assessed using the MTT assay. HepG2 cells 
(3 × 104 cells/well) were seeded in 96- well plates and incubated 
overnight at 37°C with 5% CO2. Cells were treated with varying 

concentrations of free CBD and CBD- loaded PEG- PLGA NPs 
diluted in the media (0–50 μg/mL) for 24 h. Free CBD was first 
dissolved in absolute ethanol (4 mg/mL) then diluted in the 
Media. CBD NP suspension was also dispersed in the media 
for dilution. Cells were treated with varying concentrations 
of free CBD and CBD- loaded PEG- PLGA NPs (0–50 μg/mL) 
diluted in the culture media for 24 h. After treatment, 200 μL 
of MTT solution (0.5 mg/mL) was added and incubated for 4 h. 
The supernatant was removed, and formazan crystals were dis-
solved with 200 μL of DMSO. Untreated cells and Triton- x 1% 
treated cells were used as controls. Optical density at 570 nm 
was measured with a microplate reader (Synergy HT, BioTek 
Instruments Inc., Vermont USA). Relative cell viability (%) was 
calculated, and IC50 values were determined using GraphPad 
Prism 9.

2.6.3   |   In Vitro Cell Model of Metabolic Syndrome

To investigate the effects of CBD on lipid metabolism and meta-
bolic dysfunction, we employed HepG2 cells as an in vitro model 
of metabolic syndrome- like conditions. HepG2 cells have been 
extensively used to study hepatic lipid accumulation, insulin 
resistance, and oxidative stress, key features of metabolic syn-
drome [58, 59]. To induce a metabolic dysfunction state, cells 
were treated with a combination of high glucose (HG) and free 
fatty acids (FFA), specifically palmitic and oleic acids, as previ-
ously described [59, 60]. This approach mimics the pathophysio-
logical conditions of hepatic steatosis and dyslipidemia observed 
in metabolic syndrome, providing a relevant platform to assess 
the impact of potential therapeutic agents on lipid metabolism 
[61, 62], as the PEGylated PLGA nanoplatforms developed in this 
work for the vehiculization of the CBD.

To assess glucose uptake, lipid accumulation, and the inflamma-
tory profile in vitro, hepatic cells were incubated with sodium 
palmitate (PA) at a concentration of 0.35 mM simultaneously 
with the application of NPs. The concentration range of CBD 
formulations was selected to remain below the cytotoxic levels 
determined in the MTT assay.

2.6.3.1   |   Glucose Uptake Assay. Glucose uptake in HepG2 
cells was measured using 2- NBDG (2- (N- (7- nitrobenz- 2- oxa- 1,
3- diazol- 4- yl)amino)- 2- deoxyglucose), with modifications from 
a previous method [63]. Cells (3 × 104 cells/well) were cultured 
in 96- black, clear bottom well plates (Corning Costar, USA) 
and incubated overnight at 37°C with 5% CO2. Cells were then 
treated with free CBD, CBD- loaded PEG- PLGA NPs (0.25–5 μg/
mL), or metformin (50 μg/mL) in high glucose DMEM 
(4500 mg/L) with 0.35 mM sodium palmitate for 24 h.

Control groups ethanol or blank NPs (drug- free PEG- PLGA 
NPs) were also treated with 0.35 mM sodium palmitate. After 
washing with PBS, cells were incubated in glucose- free DMEM 
for 3 h, followed by exposure to 50 μM 2- NBDG in glucose- free 
DMEM for 30 min. The reaction was terminated by washing 
with cold PBS, and fluorescence was measured using a micro-
plate reader at 485 nm excitation and 535 nm emission.

2.6.3.2   |   Oil Red O Staining. Lipid droplet accumula-
tion in HepG2 cells was assessed using the Oil Red O staining 

(3)

%Cumulative drug release=

amount of drug loaded in NPs
[
mg

]
−amount of drug remained in NPs

[
mg

]

amount of drug loaded in NPs
[
mg

] ×100

(4)f 1 = 100 ×

�∑n
t=1 �Rt − Tt�
∑n

t=1 Rt

�

(5)f 2 = 50 × log

(
100 ×

[
1+

1

n

∑n

t=1

(
Rt−Tt

)2]−0.5
)
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method with modifications [64, 65]. HepG2 cells (5 × 105 cells/
well) were cultured in 6- well plates and incubated overnight at 
37°C with 5% CO2. Cells were then treated with free or encap-
sulated CBD in the presence of 0.35 mM sodium palmitate 
(in serum- free MEM containing 1% BSA w/v fatty acid free) 
for 24 h. After removing the medium, cells were washed with 
PBS and fixed with 4% paraformaldehyde for 30 min. Cells were 
pre- incubated with 60% aqueous isopropanol for 5 min, then 
stained with 1.8 mg/mL Oil Red O in isopropanol for 15 min at 
room temperature, followed by PBS rinsing. After adding PBS, 
images were taken under an inverted microscope (Olympus 
CKX41, Olympus Corporation, Japan). For lipid quantification, 
Oil Red O was extracted with isopropanol, and 200 μL aliquots 
were transferred to a 96- well plate. Absorbance was measured at 
490 nm using a microplate reader, with 3 samples per condition, 
each measured twice.

2.6.3.3   |   Determining Levels of Medium HDL- c. HepG2 
cells were treated with CBD in the presence of sodium palmitate, 
and the culture medium was collected to measure HDL cholesterol 
(HDL- c) levels. To quantify HDL- c, 100 μL of medium was mixed 
with precipitation buffer and incubated for 10 min. After cen-
trifugation, low- density lipoprotein (LDL) and very low- density 
lipoprotein (VLDL) were precipitated. HDL- c in the supernatant 
was quantified using a reagent kit following the manufacturer's 
instructions (#MAK045, Merck, Germany). Three samples per 
condition were used, each measured twice.

2.6.3.4   |   Determining Levels of Intracellular Triglycer-
ide and Total Cholesterol. HepG2 cells used for HDL- c 
measurement were also employed to assess intracellular TG 
and cholesterol levels. After treatment with CBD and sodium 
palmitate, cells were washed with PBS, digested with tryp-
sin (300 μL for 5 min), and suspended in medium (700 μL). Of 
the 1 mL suspension, 700 μL was used for lipid quantification. 
Cells were centrifuged at 500 × g for 5 min, and lipids were 
extracted using hexane- isopropanol (v/v 3:2), followed by cen-
trifugation at 13,000 × g for 10 min at 4°C. The organic phase was 
dried, and cholesterol and TG levels were measured using Merck 
reagent kits (#MAK043 and #MAK266, Merck, Germany). Pro-
tein concentration was determined by lysing cells with a lysis 
buffer (1% Triton X- 100 in PBS; 30 min), centrifuging (10,000 × g 
for 10 min at 4°C), and using a BCA protein assay kit (#23227, 
Pierce- Thermo scientific, IL, USA). Lipid content was normal-
ized to protein concentration. Three samples per condition were 
measured twice.

2.6.3.5   |   Gene Expression Analysis. Total RNA was 
extracted from HepG2 cells, treated with PA, free CBD, or NPs 
as described above, using the High Pure RNA Isolation kit 
(Roche) following the manufacturer's procedure. Subsequently, 
cDNA was synthesized via reverse transcription- PCR (RT- PCR) 
using 1 μg of RNA samples using High- Capacity cDNA Reverse 
Transcription kit (Applied Biosystems) according to manufac-
turer's guidelines. Gene expression was analyzed by quantita-
tive real- time PCR (qPCR) in the LightCycler 480 thermal cycler 
(Roche Diagnostic) using the PowerUp SYBR Green Master 
Mix (Applied Biosystems). Predesigned KiCqStart SYBR Green 
primers (KSPQ12012) used to make multiple copies of the genes 
related to glucose metabolism (GLUT2, G6Pase, and PEPCK), 
lipolysis (CTP- 1), lipogenesis (ACC- 1, FAS- 1) and transcriptional 

factors (FOXO- 1, SREB- 1c, PPARγ and HNF4α) were purchased 
from Sigma Aldrich. GAPDH was used as the reference gene. 
Data analysis was performed using LightCycler 480 Gene Scan-
ning Software version 1.5 (Roche Diagnostic). Quantification 
cycle (Cq) values were acquired using the Second Derivative 
Maximum method. The expression profiles were calculated by 
the 2−ΔΔCq method, normalized using the mean of the refer-
ence gene, and expressed as mRNA relative units [58, 66, 67]. 
Detailed primer sequences can be found in (Table S1).

2.7   |   Statistical Analysis

Statistical analysis was conducted using the SPSS Statistics 
26 statistical package (SPSS Inc., Chicago, IL). Data are pre-
sented as the mean ± standard deviation (SD). Experiments 
were designed to generate groups of equal size. The sample 
size ‘n’ was defined as individual values for each experiment 
and that statistical analysis was performed using these inde-
pendent values. All data obtained were used in the statistical 
analysis. Each experiment was independently replicated at 
least three times. Groups of two were analyzed with two- tailed 
(Student's) t- test, whereas comparisons involving more than 
two groups and a single variable were analyzed using one- way 
ANOVA analysis with LSD post hoc test, with p < 0.05 consid-
ered statistically significant.

3   |   Results

3.1   |   Nanoparticle Characteristics

The characteristics of the investigated NPs are outlined 
in Table  1. The mean diameter ranged from 135 to 270 nm 
with a narrow size distribution (PdI < 0.3) and a negative 
zeta  potential. PEG- PLGA NPs exhibited the smallest par-
ticle size  which, in agreement with previous findings [68], 
is thought to be attributed to the hydrophilic PEG coating 
that enhances the NPs' hydrophilicity and stability, result-
ing in smaller particles. Furthermore, PEG- PLGA NPs re-
ported less negative zeta potential values (ranging from −19 
and −23 mV) compared to PLGA NPs (ranging from −25 and 
−28 mV), owing to the charge- neutral PEG chains residing on 
the surface of the NP. The encapsulation efficiency (EE%) of 
the lipophilic CBD reached nearly 100% in all the nanoparti-
cles studied (Table 1). SEM and TEM images of the fabricated 
PLGA and PLGA- PEG NPs further confirmed their globular 
morphology and showed a size range falling within that ana-
lyzed by DLS (Figure 1).

Based on the characterization results of the developed nano-
systems, PEGylated PLGA NPs were selected and used as 
delivery nanocarriers to overcome the unfavorable physico-
chemical properties of CBD in the in vitro assays performed 
in this study.

3.2   |   In Vitro Release of CBD From Nanoparticles

The in vitro release of CBD from the PLGA- PEG NPs and PEGylated 
PLGA NPs was assessed in PBS (pH 7.4 ± 0.1) containing 0.5% 
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6 of 16 Journal of Biomedical Materials Research Part A, 2025

(w/v%) Tween 80 at 37.0°C ± 0.5°C. Given the observed partial 
degradation of CBD under the experimental conditions, evidenced 
by the appearance of novel chromatographic peaks and a concomi-
tant reduction in free drug concentration (Figures S1 and S2), CBD 
release was quantified indirectly by assessing the residual drug 
content within the NPs.

The release profiles of both nanoformulations demonstrated 
a biphasic pattern, characterized by an initial burst release of 
approximately 37% of the encapsulated CBD within the first 
30 min, followed by a sustained release phase extending over 
96 h (Figure 2).

The f1/f2 analysis revealed that PLGA and PEG- PLGA NPs 
exhibited statistically similar release profiles, with f1 = 8.2 
(below the 15- threshold) and f2 = 57.3 (above the 50- threshold). 
Although PLGA NPs showed marginally faster release at some 
time points, specifically releasing approximately 13% less CBD 
at the 12, 36, and 48- h time points (p < 0.05), the f1/f2 results con-
firm that PEGylation did not significantly alter release kinetics 
in the nanosystem.

TABLE 1    |    Characteristics of blank (drug- free) NPs, CBD- loaded PLGA and PEG- PLGA nanoparticles (values are mean ± SD) (n = 9).

Formulation
CBD 

(%w/w)
Dmean ± SD 

(nm) PdI ± SD ZP ± SD (mV) EE ± SD (%) DL ± SD (%)

Non- PEGylated Blank — 259 ± 5 0.141 ± 0.033 −26.0 ± 3.4 — —

CBD loaded 10 247 ± 9 0.154 ± 0.047 −25.6 ± 3.2 99.3 ± 0.5 9.9 ± 0.1

12.5 262 ± 14 0.202 ± 0.026 −27.3 ± 4.3 98.3 ± 1.2 12.1 ± 0.2

15 260 ± 5 0.147 ± 0.034 −28.4 ± 1.0 99.7 ± 0.7 15.0 ± 0.1

PEGylated Blank — 135 ± 5 0.259 ± 0.017 −21.2 ± 1.6 — —

CBD loaded 10 138 ± 8 0.242 ± 0.012 −23.0 ± 1.8 97.1 ± 2.2 9.7 ± 0.2

12.5 155 ± 11 0.245 ± 0.031 −22.5 ± 2.0 99.6 ± 0.2 12.4 ± 0.1

15 154 ± 7 0.228 ± 0.017 −19.1 ± 1.4 98.9 ± 0.6 14.6 ± 0.1

FIGURE 1    |    Representative TEM imaging of PLGA (A) and PEG- PLGA (B) nanosystems. Scale bar: 0.2 μm.

FIGURE 2    |    In vitro cumulative release of CBD from nanosystems. 
CBD release kinetics between PLGA and PLGA- PEG NPs was per-
formed over 96 h in the release medium. Data are represented as the 
mean ± SD of three independent release assays (n = 3), with three repli-
cates in each. Asterisks denote significant differences (p < 0.05).

 15524965, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37916 by U
niversidad D

e C
antabria, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7 of 16

3.3   |   Cell Viability Assay

Figure 3 illustrates the in vitro cytotoxic profiles of free CBD, blank 
(drug- free) NPs, and CBD- loaded PEG- PLGA NPs after 24 h incuba-
tion with HepG2 cells. Although the IC50 value was slightly higher 
for the NPs (11.26 μg/mL; 31.3 μM) compared to the free drug 
(9.85 μg/mL; 35.8 μM), this difference was not statistically signifi-
cant. Furthermore, blank NPs exhibited negligible cytotoxicity in 
this cell line at dilutions corresponding to that of CBD- loaded NPs.

3.4   |   Glucose Uptake Assay

To explore the impact of CBD- loaded PEG- PLGA NPs on glucose 
metabolism, we evaluated the uptake of 2- NBDG by HepG2 cells 
treated with either free or encapsulated CBD. As demonstrated 
in Figure 4, cells treated with CBD, whether free or encapsulated, 
exhibited significantly enhanced 2- NBDG uptake compared to 
untreated cells (p < 0.05), reaching comparable levels to those 

treated with metformin (50 μg/mL) at CBD concentrations of 1 
and 5 μg/mL.

3.5   |   Oil Red O Staining

To investigate if encapsulating CBD could prevent cellular lipid 
accumulation, HepG2 cells were cultured in medium containing 
sodium palmitate to induce fatty acid overload conditions. An 
evident increase in cytosolic lipid accumulation was observed in 
cells exposed to palmitate compared with the control (Figure 5A). 
Co- incubation of cells with palmitate and CBD, both in free form 
and encapsulated within NPs, remarkably reduced cellular lipid 
accumulation (Figure  5B). Furthermore, CBD- loaded NPs, par-
ticularly at a concentration of 5 μg/mL, showed a significantly 
greater effect compared to free drug (p < 0.05).

3.6   |   Determining Levels of Intracellular 
Triglyceride and Total Cholesterol and Medium 
HDL- c

We further investigated the potential of CBD NPs in reducing TG 
and total cholesterol accumulation in HepG2 cells and elevating 
HDL- c level in the culture medium. The results are presented 
in Figure 6. Similar to the findings in the Oil Red O staining ex-
periment, exposure to sodium palmitate (0.35 mM) increased TG 
(Figure  6A) and total cholesterol (Figure  6B) accumulation in 
HepG2 cells. However, this effect was notably suppressed by the 
CBD treatment, especially when delivered via drug- encapsulated 
NPs, particularly at higher concentrations (5 μg/mL), exhibiting 
significantly enhanced efficacy compared to the free drug (p < 0.05). 
Likewise, HDL- c levels in the culture medium, reduced by palmi-
tate, were substantially improved by the cannabinoid treatment 
and nearly fully restored by CBD NPs at a concentration of 5 μg/mL 
(Figure 6C). These findings demonstrate the significant enhance-
ment of compromised lipid metabolism induced by palmitate in 
HepG2 cells achieved through CBD- loaded PEG- PLGA NPs.

FIGURE 3    |    In vitro viability of HepG2 cells after 24 h of exposure to 
free CBD, blank (drug- free) NPs and CBD- loaded PEG- PLGA NPs. Data 
are presented as means ± SD of the relative cell viability (%) from three 
independent cultures (n = 3), with six replicates in each.

FIGURE 4    |    Effects of free CBD and CBD- loaded PEG- PLGA NPs on 2- NBDG uptake in HepG2 cells, following 24- h incubation. Metformin (50 μg/
mL) was used as a positive control. Data are presented as means ± SD from six independent experiments (n = 6), with triplicates in each. Asterisks 
denote significant differences (p < 0.05): * treated groups compared with control/palmitate group; ‡ free CBD compared with CBD NPs (at the same 
concentration).
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8 of 16 Journal of Biomedical Materials Research Part A, 2025

3.7   |   Gene Expression of Key Metabolic Syndrome 
Regulators

To delve into the actions of free CBD and CBD- loaded NPs at the 
molecular level, we assessed the gene expression profiles of key 
regulators associated with metabolic syndrome in HepG2 cells. 
Specifically, we examined the expressions of nuclear transcrip-
tional factors such as HNF4α, SREBP- 1c, FOXO- 1, and PPARγ, 
along with downstream enzymes involved in glucose and lipid 
metabolism pathways, including G6Pase, PEPCK, ACC- 1, 
CPT- 1, and FAS- 1 (Figure 7).

3.7.1   |   CBD- NPs Enhances Glucose Uptake by GLUT2

The glucose transporter 2 (GLUT2) facilitates glucose trans-
port in hepatic cells. In the metabolic syndrome conditions, 
GLUT2 expression was downregulated by 51.3% (Figure 7A), 
aligning with the reduced glucose uptake induced by palmitate 

(Figure 7A). CBD- NPs significantly enhanced GLUT2 expres-
sion, up to 2.6- fold at a concentration of 1 μg/mL and 2.8- fold 
at a concentration of 5 μg/mL, promoting glucose uptake in 
the presence of the nanoformulations. In contrast, the expo-
sure to free CBD increased GLUT2 expression to a lesser ex-
tent than CBD- loaded NPs, by 44.8% at 1 μg/mL and 66.3% at 
5 μg/mL.

3.7.2   |   CBD- NPs Restores Glucose Metabolism in 
Hepatic Cells

In the metabolic syndrome condition, the gluconeogenic en-
zymes implicated in glucose metabolism were overexpressed, 
up to 2.5- fold for G6Pase and 3- fold for PEPCK (Figure  7A). 
The free cannabinoid reduced the expression of gluconeogenic 
enzymes by 20.1%, while CBD- NPs remarkably impaired the 
transcription of both G6Pase (by 49.8%) and PEPCK (by 38.5%) 
enzymes, both at a concentration of 5 μg/mL.

FIGURE 5    |    CBD- loaded PEG- PLGA NPs reduce intracellular lipid content in HepG2 cells. Cells were treated with palmitate (0.35 mM) in the 
absence or presence of free CBD or CBD NPs (1 or 5 μg/mL) for 24 h. (A) HepG2 cells stained with Oil Red O representative images; scale bar: 100 μm; 
zoom scale bar: 50 μm. (B) Quantitative analysis of total fat levels (absorbance measurement at λ 490 nm). Data are presented as the means ± SD from 
six independent experiments (n = 6), with triplicates in each. Asterisks denote significant differences (p < 0.05): * treatments compared with control; 
# within free CBD groups or within CBD NPs groups; ‡ free CBD compared with CBD NPs (at the same concentration).
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3.7.3   |   CBD- NPs Regulates Lipid Metabolism

Carnitine palmitoyl transferase I (CPT- 1), a key lipolytic enzyme 
implicated in fatty acid oxidation, exhibited a 47.8% decrease in 
expression under palmitate treatment (Figure  7B). CBD- NPs 
treatment significantly increased CPT- 1 expression by 68.1% (at 
1 μg/mL) and 85.1% (at 5 μg/mL), demonstrating a notably more 
potent effect than free CBD at the same concentrations. Related 
to acetyl- coenzyme A carboxylase 1 (ACC- 1) and Fatty acid syn-
thase 1 (FAS- 1), lipogenic enzymes overexpressed in metabolic 
syndrome, metformin, free CBD, and CBD- NPs reduced ACC- 1 
and FAs1 expression by 19.8%, 47.4%–53.4%, and 60.3%–66.8%, 
respectively (Figure  7B). CBD- NPs restored ACC- 1 and FAS1 
mRNA expression to control levels at a concentration of 5 μg/mL.

3.7.4   |   CBD- NPs Regulates Transcriptional Factors 
(TFs) Involved in Metabolic Syndrome

The Forkhead box protein O1 (FOXO- 1) and the peroxisome 
proliferator- activated receptor gamma (PPARγ) contribute to the 
overproduction of gluconeogenic enzymes PEPCK and G6Pase 
in metabolic syndrome [69]. According to that, in palmitate- 
stimulated cells FOXO and PPARγ expression increased up 
to 3- fold for both genes (Figure 7C). CBD loaded NPs reduced 
FOXO- 1 mRNA levels by 55.2% (1 μg/mL) and 64.2% (5 μg/mL), 
which was more drastic than the reduction observed with free 
CBD at the same concentrations (43.1% and 46.2%) (p < 0.001). 
PPARγ expression was also restricted under cannabinoid treat-
ment, showing a reduction of 38.1% and 54.2% for free CBD and 

FIGURE 6    |    CBD- loaded PEG- PLGA NPs decrease intracellular TG and total cholesterol accumulation and increase HDL- c medium levels in 
HepG2 cell cultures. (A) TG accumulation in HepG2 cells; (B) Total cholesterol accumulation in HepG2 cells; and (C) HDL- c levels in the medium 
of HepG2 cells. Data are presented as means ± SD from six independent experiments (n = 6), with duplicates in each. Asterisks denote significant 
differences (p < 0.05): * treatments compared with control; # within free CBD groups or within CBD NPs groups; ‡ free CBD compared with CBD 
NPs (at the same concentration).

 15524965, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37916 by U
niversidad D

e C
antabria, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 16 Journal of Biomedical Materials Research Part A, 2025

60.5% and 66.5% for CBD NPs at concentrations of 1 and 5 μg/
mL, respectively.

The Sterol Regulatory Element- Binding Protein 1 (SREBP- 1c) 
induces the expression of genes for de novo fatty acid biosyn-
thesis such as ACC- 1 and FAS- 1 [70, 71]. In hepatic cells of 

the metabolic syndrome model, the expression of SREBP- 1c 
increased up to 3.3- fold (Figure 7C). After cannabinoid treat-
ment, whether free or encapsulated, SREBP- 1c mRNA levels 
were comparable to the control, exhibiting a drastic reduction 
of 65.2% versus 32.2% (1 μg/mL) and 68.9% versus 50.1% (5 μg/
mL) in the case of CBD- NPs versus free CBD when compared 

FIGURE 7    |    Relative mRNA levels of genes associated with metabolic syndrome in human hepatic cells. Relative expression of genes involved 
in glucose transport and metabolism (A), lipolysis and lipogenesis (B) and crucial transcription factors (TFs) (C) in metabolic syndrome. Heat map 
visualizing the normalized gene expression levels of key genes related to metabolic syndrome, highlighting differential expression between control 
and treated samples (D). Data are presented as means ± SD from independent experiments (n = 4), with duplicates in each. Statistically significant 
differences in relative mRNA levels between treated groups compared with Control + Palmitate are denoted as *p < 0.05, **p < 0.01, ***p < 0.001. 
Statistically significant differences within free CBD groups or CBD NPs groups are highlighted as #p < 0.05, ##p < 0.01, ###p < 0.001. Statistically sig-
nificant differences between free CBD and CBD NPs at the same concentration are indicated as ‡p < 0.05, ‡‡p < 0.01, ‡‡‡p < 0.001.
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with palmitate- stimulated cells. Thus, CBD NPs downregu-
lated SREBP- 1c and its downstream lipogenic genes ACC- 1 
and FAS- 1.

In metabolic syndrome, both insulin resistance and elevated 
hepatic fat levels are associated with low expression levels of 
Hepatocyte Nuclear Factor 4 Alpha (HNF4α) [72]. In palmitate- 
treated cells, HNF4α mRNA levels were also decreased by 35.5% 
(Figure  7C). CBD NPs more efficiently counteracted HNF4α 
suppression than free CBD, resulting in elevated HNF4α rela-
tive expression (74.1% for CBD NPs versus 18.2% for free CBD) 
and inhibiting lipogenesis.

4   |   Discussion

In this work, PLGA- based NPs of CBD were developed and 
characterized, and the impact of CBD encapsulation on its 
ability to ameliorate palmitate- induced metabolic syndrome 
lipid accumulation was investigated in  vitro in human he-
patic cells.

Among the key advantages of PEG- PLGA based nanoparti-
cles used as drug carriers are their ability to overcome bio-
logical barriers in the body and target the drug to its site of 
action. These exceptional properties lead to the enhancement 
of in  vivo pharmacokinetics of the encapsulated cargo, sig-
nified by improved bioavailability, reduced clearance, and 
increased circulation half- time [73]. PEG- PLGA- based NPs 
can be employed to enhance the solubility of highly lipophilic 
substances, as in the case of CBD, provide a sustained/con-
trolled drug release profile, and, due to the PEGylation, en-
hance mucous penetration and prevent opsonization, thus 
giving stealth particles with prolonged blood half- life [74, 75]. 
Although non- PEGylated PLGA NPs can be rapidly taken up 
by components of the mononuclear phagocyte system (MPS) 
in the liver, mainly Kupffer cells, which are the most numer-
ous cell population of MPS this may block NP delivery to other 
liver cells [76, 77], and other sites in the body where CBD can 
exert its pharmacological effects related to the management of 
metabolic syndrome [30, 33]. Therefore, the hydrophilic neu-
tral coat provided by the PEG chains is expected to prevent 
non- specific interactions with MPS when NPs arrive at the site 
of action to release the encapsulated CBD. Furthermore, the 
exceptional properties of PEG- PLGA NPs render them suit-
able for drug delivery through various administration routes. 
Particularly noteworthy is the reduced size of PEGylated NPs 
(approximately 135–155 nm) compared to unmodified PLGA 
NPs (approximately 245–265 nm), given that the ideal range 
for NPs transcytosis in gastrointestinal applications falls be-
tween 100 and 200 nm [43], and their hydrophilic neutral sur-
face, known to facilitate effective mucosal penetration, which 
both are vital advantages for oral administration [78].

In this study, we examined drug release from PLGA and PEG- 
PLGA NPs. The release pattern of CBD from our nanoparticles 
exhibited a biphasic behavior characteristic of PLGA- based 
NPs, closely resembling previously observed results for CBD- 
loaded PLGA NPs [79]. The initial burst release of CBD is 
likely due to the rapid diffusion of loosely bound drug mole-
cules on the nanoparticle surface, while the sustained release 

phase is attributed to the gradual degradation of the poly-
mer matrix via hydrolysis, extending drug release over sev-
eral days. The similarity in release profiles ( f1 = 8.2, f2 = 57.3) 
between PEGylated and non- PEGylated PLGA NPs suggests 
that while the hydrophilic PEG barrier appeared to delay 
CBD diffusion (as evidenced by marginally faster release 
from non- PEGylated NPs at 12, 36, and 48- h time points), 
its overall effect on release kinetics was minimal under the 
tested conditions. Although PBS is a commonly used medium 
for in vitro drug release studies due to its ability to maintain 
physiological pH and ionic strength [80, 81], it does not fully 
replicate the complexity of in vivo environments. Key factors 
such as protein binding, enzymatic metabolism, and cellular 
interactions, which can influence the pharmacokinetics and 
therapeutic efficacy of CBD, are absent in PBS [82]. To more 
accurately reflect the in vivo behavior of CBD, future studies 
should consider using serum- based media, tissue- mimicking 
fluids, or even in vivo models. These approaches would pro-
vide a more comprehensive understanding of CBD's release 
dynamics, stability, and potential therapeutic effects.

CBD possesses low stability and is susceptible to degradation 
from light exposure and auto- oxidation [83]. Its stability is in-
fluenced by several factors, including temperature and solvent 
(e.g., CBD has lower stability in aqueous solutions compared to 
ethanol). Furthermore, studies have reported a 10% degrada-
tion of CBD under simulated physiological conditions (pH 7.4 
and 37°C) [84]. In this work, we observed a similar degradation 
trend of free CBD under comparable conditions. However, the 
encapsulation of CBD within NPs is anticipated to shield the 
drug from external factors, enhancing its stability [85].

The MTT assay was performed to assess the cytotoxicity of CBD 
and to select the non- toxic concentrations to be used in therapeu-
tic activity experiments. The IC50 value of free CBD (9.9 μg/mL, 
31.3 μM) measured in this work was within the range previously 
reported for HepG2 cells (between 20 and 40 μM after 24 h incu-
bation) [86]. It has been suggested that CBD exerts its cytotoxic-
ity in HepG2 cells through DNA damage [87]. Although the IC50 
of the CBD NPs (11.3 μg/mL; 35.8 μM) was marginally higher 
than that of free CBD, no statistically significant difference was 
observed between the two treatments.

The HepG2 cell model has been widely employed to study met-
abolic syndrome- associated hepatic dysfunction due to its abil-
ity to recapitulate key metabolic alterations observed in vivo. 
Previous studies have demonstrated that exposure to high 
glucose and free fatty acids leads to excessive lipid accumula-
tion, mitochondrial dysfunction, and insulin resistance, resem-
bling the pathophysiology of NAFLD and metabolic syndrome 
[59, 62]. While HepG2 cells lack some features of primary he-
patocytes, such as the full capacity for lipoprotein secretion and 
xenobiotic metabolism, they remain a valuable tool for evaluat-
ing molecular mechanisms underlying metabolic disturbances 
[88]. Furthermore, their reproducibility, ease of culture, and 
responsiveness to metabolic stressors make them a suitable 
model for studying potential therapeutic interventions, includ-
ing cannabinoids. The use of this model in our study allows 
for mechanistic insights into how CBD modulates lipid metab-
olism, which could be further validated in primary hepatocytes 
or in vivo models [89].
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In the glucose uptake experiment, we employed 2- NBDG, a 
fluorescent- tagged glucose bioprobe, facilitating monitoring of 
glucose absorption in live cells [63, 90]. Our study revealed a 
positive correlation between the effect of CBD on glucose uti-
lization and the cannabinoid concentration. Notably, this effect 
was significantly enhanced by encapsulated cannabinoid. These 
results highlight the role of PLGA NPs in amplifying CBD's im-
pact on cellular glucose internalization and, consequently, its 
metabolism.

In healthy hepatic metabolism, FOXO- 1 is typically inhibited 
by insulin. However, in metabolic syndrome, insulin resistance 
leads to the activation of FOXO- 1 and its associated genes. 
Notably, elevated FOXO activity results in the upregulation of 
PPARγ and in the overproduction of gluconeogenic enzymes, 
such as PEPCK and G6Pase [91]. Our results indicated that after 
CBD NPs treatment, FOXO- 1 and PPARγ mRNA levels were 
highly suppressed, aligning with the inhibition of gluconeogenic 
enzymes PEPCK and G6Pase. Consequently, in vitro CBD nano-
systems treatment resulted in reduced gluconeogenesis and low-
ered hyperglycemia.

Moreover, as mentioned above, glucose uptake was enhanced 
by CBD- loaded NPs, which may be attributed to the overex-
pression of GLUT2 after NP incubation. GLUT2, the predom-
inant glucose transporter in hepatic cells (accounting for 97% 
of glucose transport), is essential for glucose absorption in the 
liver. In the context of metabolic syndrome, reduced GLUT2 
expression could adversely affect fat and energy metabolism in 
the body. Therefore, maintaining an optimal level of GLUT2 
is vital for normal glucose uptake in the liver [92]. Thus, the 
administration of CBD NPs contributed to the restoration of 
GLUT2 expression, enhancing glucose absorption in human 
hepatic cells.

Atherogenic dyslipidemia is a notable component of meta-
bolic syndrome. Earlier studies, both in  vitro and in  vivo, 
have demonstrated promising outcomes with cannabis oil 
derivatives, containing CBD and THC, in the management of 
hypercholesterolemia. These studies showcased a significant 
reduction in total cholesterol (TC), LDL, and triglycerides 
(TG), accompanied by a simultaneous increase in HDL when 
compared to control groups [93, 94]. In our investigation, 
we also observed the reduction of the lipid parameters (cho-
lesterol and TG) and the increase of HDL- c levels following 
the treatment of human hepatic cells with the CBD- loaded 
nanoformulations.

To test the effect of CBD NPs in reducing lipid accumulation, 
we co- treated the cells with sodium palmitate. It has previously 
been shown that palmitate, at the same concentration range used 
in the current study, can induce a substantial deposition of lip-
ids in HepG2 cells, causing steatosis. Palmitate has been found 
to upregulate the genes responsible for lipogenesis, namely the 
SREBP- 1c pathway, resulting in the incorporation of palmitate 
into TG in these cells [95]. It can also increase the cholesterol 
accumulation through the induction of de novo cholesterol bio-
synthesis [96]. The results of the Oil Red O staining (total lipid ac-
cumulation) and TG and cholesterol measurements consistently 
demonstrated the superiority of the CBD NPs over the free drug 
in reducing intracellular lipid accumulation.

CBD- loaded NPs effectively inhibited lipogenesis in hepatic 
cells by reducing the gene expression of SREBP- 1c protein, 
FAS- 1, and ACC- 1 enzymes. This reduction led to decreased 
levels of triglycerides and cholesterol and a notable reduction 
in Oil Red O (ORO)- positive lipid accumulation. Remarkably, 
this effect was more potent when compared to free cannabi-
diol at the same concentration. Consistent with these findings, 
recent studies have reported that cannabidiol treatment pos-
itively influences muscular lipid profiles by modulating the 
expression of fatty acid transporters and inhibiting de novo 
lipogenesis [31].

In addition, elevated fat storage and the suppression of fatty 
acid oxidation were observed in the metabolic syndrome model. 
Our results showed that lipid accumulation, monitored by ORO 
staining, and CPT- 1 expression in palmitate- treated HepG2 cells 
were higher than in control cells. Interestingly, the nanoformu-
lations led to increased fatty acid oxidation, indicated by ele-
vated CPT- 1 expression, and subsequently resulted in reduced 
lipid storage in hepatic cells when compared to treatment with 
metformin and free cannabinoids.

The improved therapeutic effect of CBD encapsulated in PEG- 
PLGA NPs, compared to free CBD, can be attributed to sev-
eral factors. The nanoparticles provide a sustained release of 
CBD, which helps maintain consistent therapeutic levels over 
time, rather than the fluctuations seen with free CBD. In addi-
tion, small size particles mean large surface area and satura-
tion solubility, which in turn improve the release rate of CBD 
[85, 97, 98]. This controlled release profile is critical for achiev-
ing optimal therapeutic outcomes, as demonstrated by previ-
ous research utilizing similar polymeric nanoparticle systems 
for drug delivery [99]. This fact could provide a higher concen-
tration in the media, allowing for better CBD absorption. The 
small size, along with the PEG coating of the nanoparticles, 
aids in cellular uptake and likely contributes to the stron-
ger therapeutic effect observed in our in  vitro experiments. 
Furthermore, the controlled release from the nanoparticles 
may also help minimize the risk of cytotoxic effects associated 
with high doses of free CBD.

5   |   Conclusions

In this study, we successfully developed and characterized 
PEGylated PLGA- based NPs encapsulating CBD and explored 
their potential for managing metabolic disorders, including those 
induced by antipsychotic treatments. The CBD- loaded PEGylated 
PLGA NPs were formulated using the nanoprecipitation tech-
nique, resulting in NPs with an optimal size distribution, neg-
ative zeta potential, and high encapsulation efficiency. These 
physicochemical properties contributed to improved NP stabil-
ity and sustained CBD release, which are critical for therapeutic 
efficacy. The formulated nanoparticles significantly improved 
the metabolic effects of CBD in our in vitro metabolic syndrome 
model of human hepatic cells, as demonstrated by: (i) decreased 
gluconeogenesis through the downregulation of PPARγ, FOXO- 1, 
PEPCK, and G6Pase, (ii) enhanced glucose uptake and GLUT2 
expression, (iii) improved lipid metabolism, with a reduction in 
cholesterol and triglyceride levels alongside an increase in HDL- c 
concentration, (iv) decreased intracellular lipid accumulation, 
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and (v) inhibition of lipogenesis markers (FAS- 1 and ACC- 1) 
while promoting fatty acid oxidation (CPT- 1). Overall, the en-
capsulation of CBD in PEGylated PLGA nanoparticles markedly 
improved the effects of the cannabinoid in our in vitro metabolic 
syndrome model of human hepatic cells. This enhancement was 
evidenced by: (i) decreased gluconeogenesis by the downregula-
tion of PPARγ, FOXO- 1, PEPCK, and G6Pase, (ii) enhanced glu-
cose uptake and GLUT2 expression, (iii) improved lipid profile 
by reducing cholesterol and triglyceride levels while increasing 
HDL- c concentration, (iv) suppressed lipid accumulation, and (v) 
inhibited lipogenesis (FAS- 1 and ACC- 1) and promoted fatty acid 
oxidation (CPT- 1). In summary, the PEGylated PLGA nanoparti-
cles effectively potentiated the therapeutic actions of CBD in our 
model, highlighting their potential as a nanocarrier system for 
metabolic disorder therapies. These promising findings set the 
ground for future in vivo studies, further evaluating the therapeu-
tic viability of CBD nanoformulations for mitigating metabolic 
syndrome- related hepatic dysfunctions.
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