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Abstract: Olea europaea L. leaves contain a wide variety of pentacyclic triterpenes (TTPs). TTPs
exhibit many pharmacological activities, including antihyperlipidemic effects. Metabolic alterations,
such as dyslipidemia, are an established risk factor for hepatocellular carcinoma (HCC). Therefore,
the use of TTPs in the adjunctive treatment of HCC has been proposed as a possible method for
the management of HCC. However, TTPs are characterized by poor water solubility, permeability,
and bioavailability. In this work, a microemulsion (ME) loading a TTP-enriched extract (EXT)
was developed, to overcome these limits and obtain a formulation for oral administration. The
extract-loaded microemulsion (ME-EXT) was fully characterized, assessing its chemical and physical
parameters and release characteristics, and the stability was evaluated for two months of storage at
4 °C and 25 °C. PAMPA (parallel artificial membrane permeability assay) was used to evaluate the
influence of the formulation on the intestinal passive permeability of the TTPs across an artificial
membrane. Furthermore, human hepatocarcinoma (HepG2) cells were used as a cellular model
to evaluate the effect of EXT and ME-EXT on de novo lipogenesis induced by elevated glucose
levels. The effect was evaluated by detecting fatty acid synthase expression levels and intracellular
lipid accumulation. ME-EXT resulted as homogeneous dispersed-phase droplets, with significantly
increased EXT aqueous solubility. Physical and chemical analyses showed the high stability of the
formulation over 2 months. The formulation realized a prolonged release of TTPs, and permeation
studies demonstrated that the formulation improved their passive permeability. Furthermore, the
EXT reduced the lipid accumulation in HepG2 cells by inhibiting de novo lipogenesis, and the
ME-EXT formulation enhanced the inhibitory activity of EXT on intracellular lipid accumulation.

Keywords: pentacyclic triterpenes; Olea europaea L.; microemulsion; PAMPA; HepG2 cells; intracellular
lipid accumulation

1. Introduction

Among the secondary metabolites of plants, pentacyclic triterpenes (TTPs) are crucial
for plant defense, and they have positive impacts on human health. The fruits and the leaves
of Olea europaea L. contain various sterols and triterpenoids [1-3]. Numerous health benefits
have been attributed to the presence of TTPs in olive leaves [4-6]. For this reason, olive leaf
bioactive compounds have attracted growing attention [2]. The TTPs content is higher in the
leaves than in the fruit and is dependent on the variety. The leaf contains high amounts of
oleanolic acid (3.0-3.5% dry weight); a significant concentration of maslinic acid (0.50-0.75%
dry weight); and minor levels of ursolic acid (0.20-0.25% dry weight), erythrodiol, and
uvaol, which are present in comparable amounts, in a range of 0.05 and 0.15% dry weight 7]
(Figure 1). There is a growing demand for TTPs in the market because they have the
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potential to be incorporated into new functional foods, cosmetics, and drugs. They have
many pharmacological activities; however, their poor water solubility, permeability, and
bioavailability are limiting factors for their therapeutic application [8-13]. Various effects of
TTPs have been extensively investigated in the literature: anti-inflammatory, antioxidant,
anti-hyperglycemic, anti-hyperlipidemic, cardio- and hepatoprotective, chemoprotective
effects, as well as effects on the epidermal cells and SARS-CoV-2 [14-28]. Numerous
studies have been published on the anticancer activity of TTPs in various cancer models,
including liver cancer, skin cancer, colon cancer, lung cancer, breast cancer, pancreatic cancer,
and leukemia [14]. For instance, oleanolic acid (OA) prevents hepatocellular carcinoma
progression in transplanted HepG2 cells and in human hepatoma HepG2 cells [29-31].

Oleanolic acid Ursolic Maslinic acid
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OO
JCH

Uvaol Erythrodiol

Figure 1. TTPs chemical structure.

Globally, hepatocellular carcinoma (HCC) is the second leading cause of cancer death
faced by public health organizations around the world [32]. Metabolic alterations are an
established risk factor for HCC. Although the risk factors for the development of HCC
in non-alcoholic fatty liver disease (NAFLD) patients are not entirely clear, additional
metabolic conditions such as diabetes mellitus, obesity, dyslipidemia, and increased blood
glucose levels have been related to the development of NAFLD into liver cancer [33,34].
Lipids enhance tumor activity, regulating a variety of biological functions [35]. De novo
lipogenesis is a hallmark of cancer, is often enhanced in solid tumors, and reduces the
reliance of cancer cell growth on exogenous fatty acids [36].

HCC is characterized by an upregulation of fatty acid synthesis-related genes, includ-
ing fatty acid synthase (FASN), which catalyzes the de novo synthesis of long-chain fatty
acids [37]. The inhibition of FASN has been reported to have antitumor effects [38]. The
development and progression of liver cancer have been associated with lipid dysregula-
tion [35].

Although some treatments for HCC are available, improvements are needed to reduce
the mortality rate and increase the quality of life of patients. Indeed, despite these thera-
peutic alternatives, the recurrence rate at 2 years can reach 50% [39]. Adjuvant therapies
may thereby affect the long-term survival of these patients by preventing HCC recurrence
after (or before) successful curative therapeutic procedures. Due to their pharmacological
activities, the use of TTPs in the adjunctive treatment of HCC was proposed as a possible
opportunity for the management of HCC.

The use of herbal extracts has increased worldwide, due to their nutritional and ther-
apeutic properties. Despite outstanding results in experimental in vitro models, herbal
extracts often show a lower or negligible in vivo activity, due to their poor solubility, re-
sulting in poor absorption and hence poor bioavailability. This could be due to partial
or total destruction in the highly acidic pH of the stomach. To date, novel drug delivery
systems have made it possible to improve the bioavailability of plant extracts, by improving
solubility, protecting against toxicity, sustaining delivery and protection from physical and
chemical degradation, enhancing pharmacological activity and intracellular uptake, and
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modifying the biodistribution. In addition, plant extracts present difficulties, because of
the wide variety of compounds they contain. Oral absorption of hydrophobic extracts can
be significantly improved using lipid-based non-particulate drug delivery systems, and
microemulsion systems appear the most promising. This study aimed to develop an oral
formulation that can overcome this limited solubility and oral permeability, by increasing
the therapeutic efficacy of a TTP-enriched extract (EXT) obtained from olive leaves [40,41].
This extract is certainly more advantageous for commercial applications than the single
OA, which requires a lengthy purification processes. An extract-loaded microemulsion
(ME-EXT) was prepared and fully characterized, and its stability was evaluated during
2 months of storage at 4 °C and 25 °C. Furthermore, a PAMPA assay (parallel artificial
membrane permeability assay) was performed, to check the ability of the formulation to
improve the intestinal passive permeability of the extract’s constituents across an artificial
membrane that mimics that of the intestine [42]. Elevated blood glucose levels associated
with metabolic disorders can be risk factors for tumor progression. Therefore, here, HepG2
human hepatoma cells were exposed to 25 mM D-Glucose (high glucose conditions, HG),
to study HG-related lipid accumulation, as reported in the literature [43]. Cells exposed to
physiological glucose (normal glucose conditions, NG, 5 mM) were used as the experimen-
tal control condition. Experimental assays were performed on HepG2 cells, to assess the
effect of EXT and ME-EXT on de novo lipogenesis induced by elevated glucose levels. For
this purpose, FASN expression levels and intracellular lipid accumulation were detected.

2. Results and Discussion
2.1. Preparation and Characterization of ME-EXT

The analysis with high-performance liquid chromatography coupled with a photodiode-
array detector (HPLC-DAD) of EXT allowed identifying the following TTPs: maslinic acid,

oleanolic acid, ursolic acid, uvaol and erythrodiol (Figure 2); the percentage of TTPs was
63.04 + 1.06% w/w.
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Figure 2. Chromatographic profile (210 nm) of the EXT. Maslinic acid: 4.59 min, oleanolic acid:
8.56 min, ursolic acid: 8.72 min, uvaol: 12.16 min, erythrodiol: 12.55 min.

A phytocomplex, that is a whole or partially purified extract of a plant constituent,
offers greater efficacy and advantages over a single isolated ingredient, thanks to synergistic
interactions [44,45]. Among the various drug delivery systems, ME is considered the
optimal choice for the oral delivery of extracts. ME is able to transform a dried extract into
an oral dosage form, to overcome the limited oral bioavailability, by improving its solubility,
stability, intestinal permeability, and oral bioavailability. The oil-in-water microemulsions
were formulated with food-acceptable components, to increase the solubility and stability,
and improve the intestinal permeability of the extract constituents [40,41,46]. The excipients
were selected from food-grade ingredients, generally recognized as safe, using liquid lipids
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and tensides, which greatly increased the solubility of the OA and phenol-rich extract, as
previously reported [41,47-50]. Additionally, several excipients used, including Cremophor,
Tween 80, and Transcutol, are P-gp inhibitors [51] and can modulate intestinal permeability.
The field of existence of the ME was defined using a pseudo-ternary phase diagram.
Transcutol HP and D-a-Tocopherol polyethylene glycol succinate (TPGS) were mixed at
different ratios to obtain Smix. Then, different combinations of oily phase and Smix were
considered and the mixtures were titrated with water, to define a transparent system. The
ME domain (purple, Figure S1 of the Supplementary Materials) was determined through
visual inspection; the light blue region was the emulsion region. The ME final composition
was 67.5% Transcutol HP, 7.5% TPGS, 8% Capryol 90, and 17% water. The aqueous solubility
of EXT at 25 °C was 9.14 + 0.44 ug/mL; instead, ME-EXT solubilized 2 mg/mL (0.2% w/w)
of EXT, significantly increasing its solubility.

Dynamic light scattering (DLS) and electrical light scattering (ELS) analyses of ME-
EXT evidenced a homogenous system, with high ¢-potential. Empty ME showed a size of
115.50 £ 2.04 nm, PdI of 0.19 +£ 0.00, and {-potential of —14.24 & 0.41 mV (values are re-
ported as mean + SD of three independent experiments). The presence of EXT did not mod-
ify the physical parameters of the system, the dimensions were 107.82 £ 1.54 nm, and only
a small increase in PdI value (0.24 £ 0.02) and a decrease in -potential (—20.52 £ 0.41 mV)
were found.

TEM analysis confirmed the DLS results (Figure S2 of the Supplementary Materials),
showing non-aggregated droplets with a spherical shape.

2.2. In Vitro Release Study

A solution of EtOH:PBS (30:70 v/v) was used as release medium to perform the in vitro
release experiments. ME demonstrated a significant effect on delaying the release of TTPs.
The release from ME was slow and gradual compared to the release obtained with the
solution (Figure 3). In the latter case, in fact, 96.24 & 2.16% of TTPs had been released after
4 h, reaching 100% in the following hours. The release of the TTPs from ME-EXT was more
gradual, with a 73.25 £ 1.76% released after 24 h.
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Figure 3. In vitro release profiles of TTPs from the solution and ME-EXT in EtOH:PBS (30:70 v/v).
Values are reported as mean + SD of three experiments.

The release of TTPs was also evaluated in simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) (Figure S3 of the Supplementary Materials). The amount of TTPs
released from the formulation was 20.79 £ 0.89% after 2 h of the experiment in SGF and
35.31 £ 1.68% after 6 h in SIF. The release pattern was slow and gradual in both fluids,
similarly to the EtOH:PBS results. The ME formulation enhanced the EXT retention time,
achieving a gradual release and protecting the EXT in the acid environment; the formulation
released a smaller quantity of TTPs compounds compared to the amount released in the
other two media, i.e., EtOH:PBS and SIF [47].

2.3. Stability Study over Time

The formulation was stable for 8 weeks at room temperature and +4 °C (Figures 4 and 5),
maintaining its physical characteristics and a high recovery. Regarding the storage at
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room temperature (Figure 4), a variation in size was observed in the first 7 weeks, from
102.61 £ 5.36 nm to 127.1 & 3.11 nm, with an increase up to 142.65 £ 10.25 nm at week 8.
The same trend was observed for the PdI, which remained constant for 7 weeks and slightly
increased to 0.31 % 0.06 after 8 weeks, always maintaining good physical characteristics.
The (-potential remained around—15 mV throughout the test.
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Figure 4. Physical stability (size, Pdl, and (-potential) of ME-EXT at 25 °C. Data were obtained from
the mean + SD of three experiments.

In the case of ME-EXT stored in the fridge, a slight increase in size during the test
was observed, but this was less marked than at 25 °C. The dimensions ranged from
107.8 = 2.55 nm to 121.65 =+ 10.11 nm. The PdI had an average value of 0.24 & 0.01, and the
(-potential remained around—15 mV. These findings demonstrate the physical stability of
the formulation for two months, proving that the storage at 4 £ 2 °C was the best condition
to preserve the ME (Figure 5). Furthermore, the chemical stability was high, with a TTP
recovery percentage after two months of 96.20% at 25 °C and 97.96% at 4 °C.

2.4. Parallel Artificial Membrane Permeability Assay (PAMPA)

PAMPA allows fast in vitro determination of the passive permeability of compounds
through an artificial membrane that mimics the intestinal barrier. TTPs are not perme-
able molecules, and no permeation was observed after 6 h of test. The ME improved
the passive permeation of EXT, with an effective permeability (Pe) value for TTPs of
120 x 1077 £ 3.76 x 1078 ecm/s after 2 h and 1.02 x 10~° + 1.48 x 1077 after 6 h. The
recovery percentage was 94.26%. The rising Pe values highlighted an increase in passive
permeation of TTPs, due to the components of the formulation acting as penetration en-
hancers across the simulated artificial intestinal epithelium, in addition to the fact that they
enhanced the EXT solubility [40,47,50].



Int. . Mol. Sci. 2023, 24, 12113

6 of 16

=
fox)
o

0.5

—_
IS
o

-
[N
o
H
H
—
—
—
o
'S

=
o
o
H
—
H

0.3

0.2

o
(=}

size (nm)
8
Pdl

'S
o

0.1

(%]
o

o
o

0 1 2 3 4 5 6 7 8

Time (weeks)

Size ==@=PdI

0 1 2 3 4 5) 6 7 8

-5
o -10
£
g I =
5 . 1
N I _ I

I =
20 .
Time (weeks)

-25

Figure 5. Physical stability (size, PdI, and (-potential) of ME-EXT at 4 °C. Data were obtained from
the mean =+ SD of three experiments.

2.5. Effect of EXT and ME-EXT on HepG2 Cell Viability under HG Conditions

The MTT assay was used to determine the viability of HepG2 human hepatoma cells
treated with EXT or ME-EXT in the range of concentrations of the extract between 0.3
and 0.04 pg/mL under high glucose conditions (HG, 25 mM D-Glucose, Figure 6). Cells
exposed to normal glucose conditions (NG, 5 mM D-Glucose) in the absence or presence
of EXT or ME-EXT were used as controls. Although high blood glucose levels are often
associated with cellular damage and toxicity [52], cancer cells take advantage of glucose
utilization to meet to their huge energy demand and for rapid proliferation and expansion.
In this work it was observed that 24-h exposure to HG had no significant effect on HepG2
cell viability, which was comparable to NG-exposed cells, in agreement with previous
work [43]. The presence of free EXT or ME-EXT also did not significantly influence cell
viability, which was comparable to that of cells treated with free or delivered EXT under
NG conditions. Vehicle ME caused no change in cell viability under HG conditions (Figure
54 of the Supplementary Materials). Given the lack of toxicity of free and ME-EXT during
the 24-h exposure to HG, subsequent experiments were performed using EXT or ME-EXT
at the two highest doses tested (0.30 and 0.15 pug/mL).
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Figure 6. Cell viability of HepG2 cells treated with EXT or ME-EXT in the range of 0.30-0.04 ug/mL
(w/v) EXT, under high-glucose conditions (HG, 25 mM D-glucose) for 24 h. Untreated cells exposed
to HG were used as control. The values are given as percentages compared to the same cell treatments
carried out under normal glucose conditions (NG, 5 mM D-glucose) represented on the graph by the
dotted line. The data were obtained from the mean =+ standard deviation of three experiments.

2.6. Effect of EXT and ME-EXT on Intracellular Lipid Accumulation in HepG2 Cells under
HG Conditions

Lipid metabolism enables cancer cells to obtain energy, membrane components, and
signaling molecules for proliferation, survival, invasion, metastasis, and in response to the
impacts from the tumor microenvironment [53]. Increased lipid synthesis is a remarkable
feature of cancer metabolism [54]. The literature describes an increased intracellular lipid
accumulation in HepG2 cells under HG conditions within 24 h [43,55].

The HG effect on intracellular lipid accumulation was evaluated by exposing HepG2
cells to HG for 24 h; the total neutral lipids were estimated using Oil Red O (ORO) stain-
ing (Figure 7A). As expected, HG conditions (25 mM D-glucose) significantly increased
the neutral lipid accumulation by approximately 30% (130 £ 4%) in HepG2 cells com-
pared to NG-exposed control cells (Figure 7B). The ability of EXT to prevent HG-induced
lipid accumulation in HepG2 cells was then assessed (Figure 7A). As shown in Figure 7B,
EXT 0.30 ug/mL inhibited HG-induced elevated intracellular neutral lipid levels by ap-
proximately 20% (112 =+ 2%), whereas no effect was attributed to the lower dose of EXT
0.15 ng/mL. The literature attributes significant lipid-lowering effects in HepG2 cells to
the many triterpenoids [56], proposing them as functional compounds to improve hepatic
stress [57]. These results are, thus, in line with the scientific literature [56-60], and un-
derline the potential of pentacyclic triterpene-rich EXT to lower HG-induced intracellular
lipid levels.

TTPs benefits for human health are well known. Many factors, including absorption
and metabolism, affect the in vivo efficacy in humans. There are a number of factors that
can affect oral bioavailability, such as solubility and/or dissolution, permeation, first-pass
metabolism, and pre-systemic excretion from the gut or liver [61]. Pentacyclic triterpenes are
water-insoluble and lipophilic, which strongly influences their interactions with absorbent
surface components.

Technology has enabled the development of new drug delivery systems that increase
the bioavailability of herbal drugs [62]. Nanoformulations can improve the bioavailability
and solubility of herbal formulations, protect them from physico-chemical degradation,
enhance their therapeutic activity, improve their stability, and prolong administration [63].
In this study, the enhancing effect of the formulation (ME-EXT) on HG-induced intracellular
lipid accumulation was demonstrated.
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Figure 7. Intracellular lipid accumulation in HepG2 cells under normal glucose (NG, 5 mM) or high
glucose (HG, 25 mM) conditions in the without or with EXT or ME-EXT (0.30 and 0.15 pg/mL)
after 24 h treatment. (a) Representative image of ORO staining under the following conditions:
(A) untreated cells exposed to NG conditions; (B) untreated cells exposed to HG conditions; (C) cells
treated with EXT 0.30 pg/mL under HG conditions; (D) cells treated with EXT 0.15 ug/mL under HG
conditions; (E) cells treated with ME-EXT (0.30 pg/mL of EXT loaded) under HG conditions; (F) cells
treated with ME-EXT (0.15 pg/mL of EXT loaded) under HG conditions; (G) cells treated with ME
vehicle 1:6400 under HG conditions; (H) cells treated with ME vehicle 1:12,800 under HG conditions.
Scale bar = 100 um. (b) Quantification of intracellular neutral lipid levels in cells treated under HG
conditions with EXT (0.15 and 0.3 pg/mL), ME-EXT (0.15 and 0.3 pg/mL loaded EXT), and ME at the
corresponding dilutions, by measuring ORO absorbance at 490 nm. Untreated cells exposed to HG
were used as controls. Values are given in percentage terms compared to the same cell treatments
performed under normal glucose conditions (NG, 5 mM D-glucose), represented on the graph by
the dashed line. Data are reported as the mean & SD of independent experiments. * p < 0.05 vs. NG
untreated control cells; °° p < 0.01, °°° p < 0.001 vs. HG untreated control cells. Tukey’s HSD test.

As shown in Figure 7A,B, cell treatment with ME-EXT significantly reduced, and in a
dose-dependent manner, the HG-induced intracellular neutral lipid accumulation. That
is, ME-EXT 0.30 pg/mL and 0.15 ug/mL reduced the accumulation of intracellular lipids
in HepG2 cells in HG by approximately 50% (77 £ 4%) and 30% (100 % 7%), respectively,
compared to untreated HG cells. The ME vehicle, used as a control, had no effect on
intracellular lipid accumulation.

The observed bio-enhancement of EXT could have been due to an increased inter-
nalization of EXT by the microemulsion. Recently, ME has been described as promoting
the penetration of loaded compounds with poor solubility and permeability in some
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cell lines, due to the components of the formulation, particularly surfactants that act as
enhancers [41,64].

2.7. The Effect of EXT and ME-EXT on High Glucose-Induced FASN Expression in HepG2 Cells

Cancer cells generate metabolic intermediates to meet rapid tumor growth demands,
such as triglycerides and phospholipids, in response to an activated glycolytic flux [65].

Through glycolysis, glucose enters the cell and is transformed into pyruvate, then
acetyl-CoA, which enters the Krebs cycle. Citrate from the Krebs cycle is exported to
the cytoplasm in the presence of excess glucose, triggering the production of fatty acid
synthesis intermediates. During this process, fatty acid synthase (FASN) catalyzes the de
novo synthesis of fatty acids [66]. FASN plays a key role in the lipid synthesis in the liver by
providing greater energy flexibility to meet energy needs [67,68]. A Western blot analysis of
HepG2 cells exposed to HG for 24 h was used to monitor FASN expression levels (Figure 8).
FASN expression levels increased by approximately 80% (183 £ 30%) during the 24-h
exposure to HG, compared to NG conditions (Figure 8). In line with literature evidence,
these results support an increase in hepatic FASN protein levels in response to glucose
elevation [43,69]. Both mice with NAFLD induced by a high-fat diet and the liver of subjects
with non-alcoholic fatty liver disease (NAFLD) showed an increased FASN expression [70].
Various malignant cells in vitro and in vivo have responded to pharmacological inhibition
of FASN, but non-malignant cells have not responded. This represents a window for
therapeutic intervention [70].
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Figure 8. Representative image of FASN in HepG2 cells using a Western blot assay under NG (5 mM
D-glucose) or HG (25 mM D-glucose) conditions, without or with EXT or ME-EXT (0.30 pg/mL).
a-Tubulin (55 kDa) was used as a housekeeping protein in all expression analyses and as the loading
control. A densitometric analysis was used to quantify chemiluminescence signals. Values are
reported as the mean of independent experiments. Error bars represent standard errors. Statistical
analysis was performed with a Kruskal-Wallis test: * p < 0.05 vs. untreated NG control cells (repre-

7 u_u

sented by in the black bar); °° p < 0.01 vs. untreated HG control cells (represented by in the

dark grey bar).

Therefore, here, the effect of EXT free (0.30 ng/mL) or ME-EXT (0.30 png/mL) on
FASN expression in HepG2 cells exposed to HG was evaluated. As shown in Figure 8,
FASN levels were significantly reduced in EXT-treated HG cells by approximately 44%
(139 £ 20%) at 24 h of treatment compared to untreated HG cells. Treatment with ME-EXT
enhanced the effect of EXT on FASN expression. Indeed, the FASN levels were reduced
by approximately 80% (94 & 10%) in ME-EXT-treated HG cells compared to the untreated
HG cells. These results agree with data obtained from the ORO assay on HepG2 and
suggest that EXT reduced the lipid accumulation induced by high glucose levels through
downregulation of HG-related de novo lipogenesis. This study also showed that the lipid-
lowering effect of EXT under HG conditions in HepG2 cells can be enhanced through
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formulation. Microemulsions have been experimentally shown to facilitate the penetration
of substances with poor solubility and bioavailability, due to the presence of tensides that
increases permeability across the cell membrane [41,71]. In this study, ME was obtained
as a homogeneous system, with high solubilizing power for TTPs and storage stability.
This could realize a prolonged release of TTPs, compared with free EXT, with a significant
increase in permeability, as evidenced by the PAMPA assay. Therefore, we can speculate
that the improvement of EXT in preventing lipid accumulation when administered as ME
may be due to increased internalization of EXT by the ME across cell membranes. Taken
together, these results propose this ME-EXT formulation as a good vehicle for EXT delivery,
due to its ability to overcome the drawbacks of lipophilic extracts.

3. Materials and Methods
3.1. Materials

Oleanolic acid (OA, >97%) and Olea europaea L. leaves extract (EXT) were supplied by
Natac Biotech SL (Alcorcén, Madrid, Spain). Acetonitrile HPLC grade, Ethanol, Formic
acid, Methanol HPLC grade, 1,7-octadiene, D-«-Tocopherol polyethylene glycol succi-
nate (TPGS), cholesterol, and soy lecithin were purchased from Merck KgaA (Darmstadt,
DA, Germany). Capryol 90 and Transcutol HP were supplied by Gattefosse sas (Saint-
Priest, France). Water was from a Milli-Qplus system from Millipore (Milford, CT, USA).
The dialysis kit was from Spectrum Laboratories, Inc. (Breda, The Netherlands). The
PAMPA filter plate (pore size 0.45 um) was purchased from Millipore Corporation (Tulla-
green, Carrigtwohill, County Cork, Ireland). DMEM (Dulbecco’s Modified Eagle Medium),
streptomycin, penicillin, L-glutamine, trypsin-EDTA solution, 1-(4,5-dimethylthiazol-2-yl)-
3,5-diphenylformazan (MTT), and Oil Red O solution were purchased from Merck KgaA
(Darmstadt, Germany). Cell culture plastics were provided by Sarstedt (Milan, Italy). Elec-
trophoresis reagents were purchased from Bio-Rad (Bio-Rad Laboratories, Milano, Italy).

3.2. HPLC-DAD Analysis

A 1200 High-Performance Liquid Chromatograph equipped with a diode array de-
tector (Agilent Technologies Italia Spa, Rome, Italy) was used for chromatographic deter-
mination. The analytical conditions have been previously reported [41]. The analytical
column was a Luna Omega Polar C18 (150 x 4.6 mm, 3 um, Agilent Technology, Santa
Clara, CA, USA) coupled with a pre-column of the same phase, working at 25 °C. The
eluent flow rate was 0.8 mL/min, with (A) acetonitrile and (B) water pH 3.2 (by formic
acid) as mobile phase, and with an isocratic analytical method consisting of 85% A and 15%
B for 25 min. The attribution of the peaks was performed at 210 nm using standards and
referring to data previously published in the literature [13,72]. A standard OA methanol
solution (2.0 mg/mL) and its dilutions were used to prepare the calibration curve. The
coefficient of determination was 0.9999. The percentage of total TTPs was expressed as OA,
using the following equation:

A
TTPs (%) = (As x Coa) Pgq

(Csample X Astd)

where Ag is the sum of the peak areas of the TTP in the EXT, Cgy is the concentration
(mg/mL) of the standard (OA), Csample is the concentration (mg/mL) of the sample under
analysis, Agq and Py are the peak area and purity of the standard, respectively.

3.3. Pseudoternary Phase Diagram

The water titration method was used to construct the pseudoternary phase diagram.
The surfactants were mixed at various ratios (Smix), and the pseudoternary phase dia-
grams were built using different weight oil-phase/Smix ratios. The lipophilic phase was
maintained at 35 £ 2 °C under magnetic stirring and with water added while monitoring
the change in sample appearance with each addition.
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3.4. Preparation of Microemulsion (ME)

ME was prepared following the water titration method [73], by adding water dropwise
to each oily phase/Smix blend. Transcutol HP and TPGS were selected as surfactants, with
Capryol 90 as the oil. The lipophilic phase was obtained by mixing Transcutol HP and
TPGS at a 9:1 ratio with Capryol 90, obtaining a final 9:1 Smix/Oil ratio. The components
of the mixture were kept under magnetic stirring at 70 &+ 2 °C, until complete dissolution
of the TPGS. When the temperature reached 35 + 2 °C, EXT (2 mg/mL) was added and
the solution and the mixture were titrated with purified water. The resulting ME-EXT was
maintained under magnetic stirring at 25 + 2 °C for 10 min.

3.5. Particle Size and {-Potential Measurements

The particle size and ¢-potential of the ME-EXT were measured with light scattering
techniques (DLS and ELS) using Zetasizer Pro Red Label (Malvern Instruments, Malvern,
UK). The hydrodynamic diameter and the particle size distribution (polydispersity index,
Pdl) were obtained using the ZS Xplorer software (Version 2.10) provided by Malvern. For
each sample, values were obtained using the mean of three different measurements. The
temperature was 25 °C.

3.6. Morphological Characterization

The samples were analyzed using a Gaia 3 Scanning Electron Microscope (Tescan s.r.o,
Brno, Czech Republic). The FIB-SEM (focused ion beam-scanning electron micro-scope)
electron beam used for TEM imaging had a voltage of 15 kV, operating in high-vacuum
mode and with a bright-field TEM detector.

3.7. In Vitro Release Studies

An in vitro release study was carried out using the dialysis bag method (regenerated
cellulose dialysis membranes, Spectrum Laboratories, Inc., Breda, The Netherlands, MWCO
12-14 kDa). The formulation was placed into a dialysis bag and immersed in 200 mL of
EtOH:PBS (30:70 v/v) solution at 37 °C. The release of TTPs from ME-EXT was compared
with that from the EXT solution, obtained by dissolving EXT in a 0.5% w/v solution of
sodium dodecyl sulfate in water. Simulated gastric fluid (SGF) medium (pH 1.2, 2 h) and
simulated intestinal fluid (SIF, pH 6.8, 6 h) were also used as release media [47,74]. At
selected time points, an aliquot of each release medium was withdrawn and replaced with
an equal volume of fresh solution. HPLC-DAD analysis was used to determine the TTP
concentration. All experiments were repeated in triplicate.

3.8. Evaluation of Stability over Time

ME-EXT was stored at 4 °C and 25 °C for eight weeks. The changes in terms of
particle size, homogeneity, (-potential, and TTPs concentration were assessed using DLS
and HPLC-DAD analyses.

3.9. PAMPA Assay

The passive diffusion across an artificial membrane was checked using a 96-well
MultiScreen IP filter plate for PAMPA (Millipore corporation). EtOH:PBS (30:70 v/v)
solution (250 uL) was the acceptor medium. Each membrane was activated with a lecithin
(10 g/L) and cholesterol (8 g/L) in 1,7-octadiene. After the deposition of this solution
on the artificial membrane, 250 pL of EXT solution and appropriately diluted ME-EXT
were added to each donor compartment. The plate was incubated at room temperature for
1 h. Then, the samples were withdrawn, diluted with methanol, centrifuged for 10 min at
14,000 g, and the TTP concentration was determined through HPLC-DAD analysis. The
permeability was expressed as a coefficient of permeability Pe (cm/s) [41].



Int. J. Mol. Sci. 2023, 24, 12113

12 of 16

3.10. Cell Line and Culture Conditions

The human HepG2 hepatoma cell line was provided by the American Type Culture
Collection (ATCC®). Cells were grown in a 5% CO, humidified atmosphere at 37 °C in
DMEM containing 10% FBS, 100 ug/mL streptomycin, 100 U/mL penicillin, and 2 mM
L-glutamine (complete medium), and at a physiological glucose concentration (5 mM).
HepG2 cells were appropriately propagated at 90% confluence using a 0.025% trypsin-
0.5 mM EDTA solution and suitably diluted in growth medium. The here reported in vitro
cell-based experiments were performed in complete medium containing 5 mM D-glucose
(normal glucose, NG) or 25 mM D-glucose (high glucose, HG), in the presence of EXT or
ME-EXT. Cells untreated or exposed to empty microemulsion (ME) were used as a control.

3.11. Cell Viability Assay

A 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) colorimetric assay was
used to evaluate the HepG2 cell viability under different culture conditions. Briefly, HepG2
cells were seeded at a density of 3 x 10* in 96-well plates in NG growth medium. Subse-
quently, the cells were treated under NG and HG conditions with EXT in the range of 0.04 to
0.30 ug/mL (w/v) or ME-EXT, at the corresponding concentrations of EXT. Cells untreated
or treated with corresponding dilutions of the unformulated vehicle (ME) were used as
controls. After 24 h of incubation, 100 pL of MTT solution (0.5 mg/mL) was added to each
well and incubated for 1 h in the dark. Next, cells were lysed with dimethyl sulfoxide
(100 uL/well), and the absorption values were measured using a microplate reader at
595 nm. The MTT assay was repeated in triplicate.

3.12. Intracellular Neutral Lipids Detection (Oil Red O Staining)

HepG2 cells were seeded at a density of 6 x 10* in 24-well plates in NG growth
medium and incubated overnight. Next, cells were treated in both NG and HG conditions
with EXT in the range of 0.04 to 0.30 pug/mL (w/v) or ME-EXT, at the corresponding
concentrations of EXT. Cells untreated or treated with corresponding dilutions of the
empty ME were used as controls. After 24 h incubation, cells were fixed in 2% (v/v)
paraformaldehyde for 10 min. After two PBS washes, wells were left to dry at 37 °C
for a few minutes. At this point, a 60% (v/v) ORO solution in bi-distilled water was
added at 200 pL/well and incubated at 37 °C, with stirring for 30 min. Subsequently,
repeated washes in bi-distilled water were carried out to remove the excess dye. Images
of intracellular lipid staining were captured using a Nikon TS-100 microscope equipped
with a digital acquisition system (Nikon Digital Sight DS Fi-1; Nikon, Minato-ku, Tokyo,
Japan). The staining intensity was measured by solubilizing the dye with isopropanol
(200 uL/well). The absorption values were measured with an iMARK microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA) at a wavelength of 490 nm [75]. Cell viability
values were used to normalize the ORO assay data. Values are reported in terms of the
percentage with respect to untreated control cells.

3.13. Fatty Acid Synthase (FASN) Detection Using Western Blot Assay

HepG2 cells (15 x 10* cells/well) were cultured in 6-well plates for 24 h. The cells
were then exposed to NG and HG conditions in the absence or presence of EXT at a
concentration of 0.30 ug/mL (w/v) or ME-EXT, at the corresponding concentration of EXT
for 24 h. A Laemmli buffer solution containing Tris-HCl (62.5 mM, pH 6.8), 10% (w/v)
SDS, and 25% (w/v) glycerol was used to lyse the cells. Lysates were centrifuged at 4 °C
for 1 min at 12,000x g. The total protein concentration of each sample was determined
using a BCA protein assay. Then, 30 nug protein from each sample was mixed with 5%
(v/v) B-mercaptoethanol and bromophenol blue and heated at 95 °C for 5 min. Protein
samples were electrophoretically separated on 12% SDS-polyacrylamide gels and blotted
onto PVDF membranes (0.45 um). After a saturation step with a BSA blocking buffer
(5% (w/v) BSA in 0.1% (v/v) PBS-Tween®-20), the membranes were incubated overnight
at 4 °C with FASN primary antibody (Rabbit IgG, Cell Signaling) diluted 1:1000, and
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o-Tubulin (Rabbit IgG, Genetex) diluted 1:1000 in the blocking buffer. After three washes in
0.1% (v/v) PBS-Tween®-20 solution, HRP-linked secondary antibodies of goat anti-rabbit
IgG (1:10,000) (Invitrogen, Waltham, MA, USA) were added to each membrane for 1 h at
room temperature. After three washes in 0.5% (v/v) PBS-Tween®-20, Clarity Western ECL
solution was used to detect protein bands, using an Amersham™ 600 Imager imaging
system (GE Healthcare Life Science, Pittsburgh, PA, USA). Quantity One (version 4.6.6,
Bio-Rad) was used as the instrument for densitometric analysis of the protein bands.

4. Conclusions

In this study, a microemulsion was proposed to improve the oral administration of a
TTP-enriched extract obtained from olive leaves. The ME was obtained as homogeneous
dispersed-phase droplets with sizes within the appropriate range for oral application, with
a significant increase in the aqueous solubility of EXT. Physical and chemical analyses
of ME over two months at two different temperatures showed the high stability of the
formulation. The ME allowed a prolonged release of EXT, and PAMPA permeation studies
revealed that the formulation significantly increased their permeability. In addition, cell-
based experiments showed that the EXT was able to reduce lipid accumulation in HepG2
cells by acting on de novo lipogenesis. Interestingly, the ME-EXT formulation was shown
to potentiate the inhibitory activity of EXT. The effect of the TTP-enriched extract on the
reduction in lipid accumulation and the bio-enhancement achieved by the ME formulation
were evaluated on a human HepG2 hepatocarcinoma cell line, a good model of liver
cancer. In light of these findings, this work underscores the potential of ME as a promising
and effective oral formulation for the delivery of lipophilic extracts. However, it will be
necessary to test the oral application of ME-EXT through in vivo animal models to assess
the influence of the formulation on pharmacokinetics parameters and its potential clinical
value for the treatment of chronic and noncommunicable diseases.
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