Journal of Drug Delivery Science and Technology 100 (2024) 106078

Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

ELSEVIER

Check for

In vivo antihyperglycemic effect of Ptilostemon casabonae (L.) Greuter leaf | i
extract and its liposomal formulation

a,b
)

Simone Pani?, Carla Caddeo ™", Laura Dazzi®, Giuseppe Talani ", Enrico Sanna
Arianna Marengo ©, Patrizia Rubiolo ¢, Ramon Pons , Aurélien Dupont ¢, Sonia Floris?,
Cinzia Sanna’, Francesca Pintus®

@ Department of Life and Environmental Sciences, University of Cagliari, S.P. Monserrato-Sestu km 0.700, 09042, Monserrato (Cagliari), Italy

b Institute of Neuroscience, National Research Council (CNR), S.P. Monserrato-Sestu km 0.700, 09042, Monserrato (Cagliari), Italy

¢ Department of Drug Science and Technology, University of Turin, via P. Giuria 9, 10125, Turin, Italy

4 Department of Surfactants and Nanobiotechnology, Institute for Advanced Chemistry of Catalonia (IQAC-CSIC), ¢/Jordi Girona, 18-26, 08034, Barcelona, Spain
¢ Biosit — UMS 3480, US_S 018, University of Rennes, F-35000, Rennes, France

f Department of Life and Environmental Sciences, University of Cagliari, via S. Ignazio da Laconi 13, 09123, Cagliari, Italy

ARTICLE INFO ABSTRACT

Keywords:

Ptilostemon casabonae extract
Gastro-resistant liposomes
Oral delivery

In vivo assay
Antihyperglycemic effect

Prolonged exposure to hyperglycemia is recognized as the primary factor in the pathogenesis of diabetes, a
metabolic disease that affects millions of people and one of the top 10 causes of death globally. Ptilostemon
casabonae (L.) Greuter is an edible plant whose extract has recently shown inhibitory activity against a-gluco-
sidase and antioxidant activity. This suggests that this plant could be a candidate to develop natural remedies
against hyperglycemia. In this study, the in vivo antihyperglycemic effect of an extract from P. casabonae leaves is
presented, and a nanoformulation is proposed to possibly enhance such effect, upon oral administration in rats.
Liposomes coated with a gastro-resistant polymer, Eudragit, were developed for the loading and delivery of the
extract. Nanosized (ca. 90 nm), unilamellar vesicles were produced, as demonstrated by light scattering results
and cryo-TEM micrographs. The effects of the loading of the extract and the coating with Eudragit on the li-
posomes’ bilayered structure were described by Small-Angle X-ray Scattering. The physical stability of the
P. casabonae Eudragit-coated liposomes was evaluated in storage and in simulated gastrointestinal fluids, results
showing that the vesicles’ key features were preserved. The vesicles efficiently entrapped rutin (57.4 % + 5.7)
and apigenin (82 % =+ 9.1), main flavonoids in the extract, as indicated by the quali-quantitative characterization
via HPLC-PDA. P. casabonae extract was found to exert a significant antihyperglycemic effect in rats subjected to
a sucrose load, with a reduction in peak glucose level of 33 and 63 % at doses of 40 and 100 mg/kg, respectively.
A 10 mg/kg dose of the extract in Eudragit-coated liposomes produced the same reduction (30 %) as that ob-
tained with a 4-fold higher dose of the extract on its own.

1. Introduction

Hyperglycemia is a growing global health problem that causes dia-
betes and leads to cardiovascular complications [1-3]. Diabetes is a
major metabolic disorder that affects people from almost every country
and age group worldwide. In 2021, the number of people with diabetes
was estimated to be 537 million, and this number is projected to reach
643 million by 2030 and 783 million by 2045 [4]. Diabetes can affect
different organs in the human body and can lead to serious complica-
tions, such as cardiovascular diseases and stroke [5]. In addition,
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diabetic patients commonly experience neuropathy, nephropathy, reti-
nopathy, kidney diseases and gangrene [6]. Currently, the most common
therapies for diabetes include the use of insulin, thiazolidinediones,
sulfonylureas and biguanides, which have several side effects.

Plants have traditionally been used, especially in developing coun-
tries, to treat various diseases, including diabetes [7,8]. However, only a
limited percentage of plant biodiversity has been explored for pharma-
cological properties [9,10]. Endemic or subendemic species are often
understudied due to their restricted range of distribution, despite their
phytochemical and biological peculiarities [11]. Ptilostemon casabonae
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(L.) Greuter is a subendemic plant that grows spontaneously in Sardinia
(Italy), Corsica and Hyeres Island (France) [12]. Recently, a study
examining a hydroalcoholic extract from P. casabonae aerial parts
revealed the presence of flavonoids (e.g. quercetin and apigenin glyco-
sides) and phenolic acids (e.g. caffeoylquinic acid derivatives) with
known antioxidant properties [13]. Furthermore, an extract from
P. casabonae leaves has shown activity against oxidative stress and
a-glucosidase, a target enzyme in diabetes treatment [14]. It is well
known that there is a strong correlation between oxidative stress, hy-
perglycemia and diabetes [15]. Hence, based on this prior knowledge,
we hypothesized the use of P. casabonae extract against hyperglycemia
and on a possible enhancement of its bioactivity by the formulation in
nanocarriers, namely liposomes, to be given orally. To this purpose,
Eudragit-coated liposomes were used [16]. Eudragit® L100, a poly-
anionic copolymer that is insoluble at gastric pH and dissolves above a
pH of 6, was used to coat cationic liposomes loaded with P. casabonae
leaf extract. The gastro-resistant polymer is expected to preserve the
liposomes’ structure under acidic pH and favor the release of their cargo
at at near-neutral pH. The features of the Eudragit-coated liposomes key
to their functionality were studied, such as size, surface charge,
morphology, lamellar structure, entrapment efficiency, and stability in
storage and in simulated gastrointestinal fluids. Finally, the anti-
hyperglycemic activity of the nanoformulated extract was investigated
in vivo, in normal rats administered with a sucrose load, and compared
with that produced by the extract on its own.

2. Materials and methods
2.1. Materials

Phospholipon 90G (>94 % soy phosphatidylcholine) was purchased
from Lipoid GmbH (Ludwigshafen, Germany). Eudragit® L100 was a gift
from Evonik Industries AG (Essen, Germany). Stearylamine, phosphate
buffered saline (pH 7.4), HPLC-grade acetonitrile (LC-MS grade), formic
acid (>98 % purity), chlorogenic acid, apigenin, rutin and all other re-
agents, if not otherwise specified, were purchased from Sigma-Aldrich/
Merck (Milan, Italy). A Milli-Q purification system (Millipore, Bedford,
MA, US) was used to obtain deionized water (18.2 MQ cm). 1,5-dicaf-
feoylquinic acid and 1,3 dicaffeoylquinic acid were from Phytolab
(Vestenbergsgreuth, Germany).

2.2. Plant material and preparation of P. casabonae extract

P. casabonae is not protected by local or international laws, thus its
leaves were sampled in Jerzu (Sardinia, Italy) in May 2021, and
extracted with 80 % ethanol. The yield of the extract was 11.5 % w/w.
The details of the extraction method were previously reported [14].

2.3. Chemical characterization of P. casabonae extract

The analysis was performed on a Shimadzu Nexera x 2 system
equipped with an SPD-M20A photodiode detector in series to a triple
quadrupole Shimadzu LCMS-8040 system with electrospray ionization
(ESI) source (Shimadzu, Dusseldorf, Germany), as previously reported
[13,14]. Quantification was performed in the UV at the absorption
maximum characteristic of the compounds considered: chlorogenic acid
(A = 330 nm), 1,5-dicaffeoylquinic acid (A = 330 nm), rutin (A = 350
nm) and apigenin (A = 340 nm). Chlorogenic acid, rutin and apigenin
were quantified with the calibration curves of their reference standards.
1,3-dicaffeoylquinic acid, 1,5-dicaffeoylquinic acid, succinyldi-
caffeoylquinic acid 1, succinyldicaffeoylquinic acid 2, succinyldi-
caffeoylquinic acid 3 and succinylsuccinyldicaffeoylquinic acid were
quantified at A = 330 nm with the calibration curve of 1,5-dicaffeoyl-
quinic acid. Detailed information is given in Table S1.
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2.4. Preparation of eudragit-coated liposomes

First, liposomes were prepared by dispersing the phospholipid
(P90G) and stearylamine in phosphate buffered saline, with or without
P. casabonae extract (Table 1), and sonicating for 31 alternate cycles (5 s
ON/2 s OFF) + 13 alternate cycles (3 s ON/2 s OFF) using an ultrasonic
disintegrator (Soniprep 150 plus, MSE Crowley, London, UK). Second,
liposomes were coated by adding dropwise the liposome dispersion to an
equal volume of an Eudragit L100 solution (0.1 % w/v in phosphate
buffered saline), under gentle stirring [16].

Empty Eudragit-coated liposomes (Table 1) were prepared to eval-
uate the effect of the extract on the vesicles’ features.

Uncoated liposomes, both empty and loaded with the extract
(Table 1), were prepared to evaluate the effect of the Eudragit coating
and the extract on the vesicles’ features.

2.5. Characterization of eudragit-coated liposomes

2.5.1. Average diameter, polydispersity index, and zeta potential

The average diameter, polydispersity index, and zeta potential of the
Eudragit-coated liposomes were measured by dynamic and electropho-
retic light scattering using a Zetasizer nano-ZS (Malvern Panalytical,
Worcestershire, UK). Uncoated liposomes were characterized as well.
These three parameters were measured during 90 days to determine the
storage stability (at +4 °C) of the vesicles.

2.5.2. Stability in simulated gastrointestinal fluids

The stability of the nanoformulations was evaluated in simulated
gastric fluid (0.1 M HCL, pH 1.2) and in simulated intestinal fluid
(disodium hydrogen phosphate buffer, pH 7.0; Carlo Erba reagents Srl,
Cornaredo, Milan, Italy). 0.3 M Sodium chloride was added to both
fluids to increase the ionic strength. P. casabonae Eudragit-liposomes
were diluted (1:100 v:v) with the simulated gastric or intestinal fluid
and incubated for 2 or 6 h (at 37 °C), respectively. The average diameter,
polydispersity index, and zeta potential were measured after dilution
(tp) and after incubation (t; or tg). P. casabonae uncoated liposomes were
analyzed as well.

2.5.3. Entrapment efficiency

The P. casabonae Eudragit-coated liposomes were dialyzed against
water (for 2 h) to remove the non-incorporated extract components.
Both non-dialyzed and dialyzed dispersions were diluted with methanol
(1:50 v/v) and analyzed by HPLC-PDA (see Section 2.3). P. casabonae
uncoated liposomes were analyzed as well. The percentage entrapment
efficiency (EE%) was calculated considering quantitative data of char-
acteristic compounds of P. casabonae extract (i.e., caffeoylquinic acid
derivatives and flavonoids such as rutin and apigenin) in uncoated and
Eudragit-coated liposomes using the following equation:

EE% = (compound pg/ml in dialyzed liposomes/compound pg/ml in
non-dialyzed liposomes)*100.

Table 1
Composition of uncoated and Eudragit-coated liposomes.
PO0G P. casabonae SA PBS 0.1%
extract Eudragit
Empty uncoated 90 - 6 1
liposomes mg mg ml
P. casabonae uncoated 90 4 mg 6 1
liposomes mg mg ml
Empty Eudragit-coated 90 - 6 1 1ml
liposomes mg mg ml
P. casabonae Eudragit- 90 4 mg 6 1 1ml
coated liposomes mg mg ml

P90G, phospholipid; P. casabonae, Ptilostemon casabonae leaf extract; SA, stear-
ylamine; PBS, Phosphate Buffered Saline.
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2.5.4. Morphology and lamellar structure

The morphology of the Eudragit-coated liposomes was investigated
via cryogenic-Transmission Electron Microscopy (cryo-TEM). Uncoated
liposomes were studied as well. The vesicle dispersions (3 pL) were
deposited onto glow-discharged grids, blotted, and vitrified by rapid
freezing into ethane. The vitrification process was carried out using an
automatic plunge freezer (EM GP, Leica Microsystems Inc., Deerfield, IL,
US) under controlled humidity and temperature. The vitrified samples
were observed on a 200 kV electron microscope (Tecnai G2 T20 Sphera,
FEI Company/ThermoFisher Scientific, Waltham, MA, US) equipped
with a 4 x 4 k CCD camera (TemCam-XF416, TVIPS GmbH, Gilching,
Germany). Micrographs were acquired under low electron dose condi-
tions using the camera in binning mode 1 and at a 25,000 x nominal
magnification.

Small-Angle X-ray Scattering (SAXS) analyses were performed to
further characterize the liposomes’ structure. A description of the
equipment and the experimental conditions is reported in De Luca et al.
[17]. The SAXS curves were recorded every 20 min for 2 h to check
sample stability, then summed up (background was subtracted), fitted
using a home-made procedure based on a Gaussian description of the
bilayers and a Levenberg-Marquardt minimization scheme [18]. In
order to fully represent the available g range, additional structures, in
the form of polydispersed spheres, were added. Because of the limited
range in which those structures contribute, their parameters (mean
particle radius R and polydispersity index PI of the Shultz distribution)
cannot be considered fully significant. Because of these limitations, a
population of polydispersed cylinders would also provide improved fits.
The use of this additional structures was necessary because in the
samples that show polydispersity, the Bragg peak appears very close to
the upturn of the curves at small q. The error in the parameters was
obtained by applying a boot-strapping technique and corresponded to
the 95 % confidence interval. The value obtained from the boot strap-
ping was increased if required by systematic error or technique resolu-
tion (e.g., for d, the estimated error from the boot-strapping method led
to an error of only 0.005 nm, which is below the instrumental resolution
at the corresponding g, which is 0.05 nm).

2.6. Animals

Forty-eight male Sprague-Dawley rats (200-250 g) (Charles River,
Milan, Italy) were used for the experiments. The animals (four per cage)
were housed in polypropylene cages and maintained at a controlled
temperature of 22 £ 2 °C and humidity of 50-60 %, with a regular 12-h
light/dark cycle. Rats were provided with ad libitum drinking water and
standard pellet diet (Stefano Morini, S. Polo D’Enza, Reggio Emilia,
Italy). All animal experiments were performed according to the ARRIVE
2.0 guidelines and in compliance with the European Community Council
(2010/63/UE L 276 20/10/2010) and the Italian law (DL 04.03.2014,
N° 26) for the care and use of laboratory animals. The ethical approval
number is 186/2023-PR. Every effort was made to minimize suffering
and to reduce the number of animals used.

2.7. Evaluation of antihyperglycemic activity in normal rats

Prior to the experiments, the rats were randomly assigned to control
and treatment groups. Each experimental group consisted of eight rats.
There were no a priori criteria for inclusion or exclusion of animals.

Rats were fasted overnight, and blood glucose levels were 80.6 + 1.5
mg/dl (n = 40) at the beginning of the experiments. Rats received an
intragastric administration (time 0) of different test samples:
P. casabonae extract dissolved in water containing 1 % Tween 80 was
given at the doses of 10, 40 and 100 mg/kg (volume of administration, 3
ml/kg); Eudragit-coated liposomes, which were loaded with
P. casabonae extract at a concentration of 2 mg/ml, could be tested only
at the dose of 10 mg/kg due to the limited volume of intragastric
administration; acarbose was given at a dose of 30 mg/kg (volume of
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administration, 2 ml/kg) as reference compound and positive control
[19]; rats in the negative control groups received an equal volume of
vehicle (1 % Tween 80 in water). After 30 min, the rats were loaded
orally with a 40 % sucrose solution (dose of 3 g/kg) right after the
second blood glucose measurement. Blood glucose was measured again
in each rat at 30, 60, 90, and 120 min after sucrose administration. Food,
but not water, was withheld from the cages during the experiments.
Blood glucose levels were determined by withdrawing a small amount of
blood (~5 pl) from the caudal vein and using a standard glucometer
(OneTouch Verio Reflect; reported result range: 20-600 mg/dl). Results
are expressed as percentage change from basal glucose level and as area
under the curve (AUC).

2.8. Statistical analysis

Results are presented as mean values + standard deviations (SD).
The Student’s t-test was performed for pairwise comparisons using
Microsoft Excel (Office 365). Differences were considered significant for
p < 0. 05. For the in vivo experiments, results are presented as mean +
standard error (SEM) and represent the percentage change from basal
values (glycemia before sucrose administration). For statistical analysis,
raw values were used to avoid missing between-group differences. Data
were analyzed by two- or one-way ANOVA with treatment (Fig. 4B) and
treatment and time (Fig. 4A) as factors, followed by Dunnet’s post hoc
test with the significance level set at p < 0.05, using Prism-GraphPad
10.0 software.

3. Results and discussion

3.1. Characterization of eudragit-coated liposomes and P. casabonae
extract

This study aimed to develop a vesicle-based formulation, namely
liposomes, for the oral delivery of an extract from P. casabonae leaves. In
order to increase the physical stability of the liposomes and to protect
them and their contents from gastric degradation, an enteric polymer
(Eudragit) coating was used. P. casabonae Eudragit-coated liposomes
were prepared and characterized in terms of size, homogeneity and
charge and compared with the empty Eudragit-coated and uncoated li-
posomes to evaluate possible modifications of these parameters induced
by the loading of the extract and/or by the coating with Eudragit
(Table 2). The empty uncoated liposomes were 78 nm in size and fairly
homogeneous (0.28 of polydispersity index) and did not vary upon
incorporation of the extract. The surface charge was positive due to
stearylamine (Table 2). The coating process led to the formation of
larger and more polydispersed vesicles, around 93 nm and 0.37 of
polydispersity index, with statistical significance (Table 2). Further-
more, the Eudragit coating significantly affected the surface charge of
the vesicles: an inversion of the zeta potential from positive to negative

Table 2

Mean diameter (MD), polydispersity index (PI), and zeta potential (ZP) of
P. casabonae Eudragit-coated liposomes vs. empty Eudragit-coated liposomes,
empty uncoated liposomes, and P. casabonae uncoated liposomes. Values are the
means =+ SD (n > 10). *, ** values statistically different (p < 0.01 and p < 0.001,
respectively) from empty uncoated liposomes; ° values statistically different (p
< 0.001) from P. casabonae uncoated liposomes;" value statistically different (p
< 0.05) from empty uncoated liposomes.

MD (nm + PI + SD ZP (mV +
SD) SD)
Empty uncoated liposomes 78 £5.1 0.28 £+ 0.01 +18 £ 6.2
P. casabonae uncoated liposomes 78 £ 3.9 0.28 £0.02 %+15+5.8
Empty Eudragit-coated liposomes **92 + 5.0 *0.35 + **10 + 2.8
0.04
P. casabonae Eudragit-coated °93 £ 5.4 °0.37 + °-9 + 3.7
liposomes 0.05
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values was detected (from +15 to —9 mV; Table 2). This is due to the
anionic chains of the polymer that surround the surface of the cationic
liposomes.

Fig. 1 shows a representative UV profile of the extract of
P. casabonae: the identification and the putative identification of the
main compounds was based on previously published works [13,14].
Before investigating the entrapment efficiency of the extract in the un-
coated and Eudragit-coated liposomes, a comparison was made between
the empty liposomes (blank) and those containing P. casabonae extract,
which excluded the presence of interfering peaks in the blank (Fig. S1).

Some of the most characteristic compounds of the P. casabonae
extract were quantified to calculate the entrapment efficacy. Seven
phenolic acids (caffeoylquinic acid derivatives) and two flavonoids
(rutin and apigenin) were selected, as shown in Fig. 1. As for the fla-
vonoids, a different trend was observed for rutin and apigenin: the
entrapment efficiency was higher for rutin in the uncoated liposomes
(94.3 % + 14.4 vs. 57.4 % =+ 5.7 in the Eudragit-coated liposomes; n =
4), while no difference was observed for apigenin (83 % + 8.2 in the
uncoated liposomes vs. 82.4 % =+ 9.1 in the Eudragit-coated liposomes;
n=4).

Unexpectedly, for caffeoylquinic acids, the calculated entrapment
efficiency gave incoherent values, even above 100 % (data not shown).
To investigate the behavior of this class of compounds during the
encapsulation process, a comparison was made between the profile of
the raw extract in solution and that of the extract after the encapsulation
process (i.e. non-dialyzed uncoated liposomes). As can be seen in Fig. S2,
although the two profiles should be comparable, there are some differ-
ences concerning the caffeoylquinic acid derivatives. The amounts of
1,3-dicaffeoylquinic acid (peak 2) and succinylcaffeoylquinic acid (peak
6) increase in the uncoated liposomes, while an opposite behaviour is
observed for other compounds, such as chlorogenic acid, 1,5-dicaffeoyl-
quinic acid (peak 4) and succinyldicaffeoylquinic acid 1 (peak 5). In
particular, the concentration of 1,5-dicaffeoylquinic acid (peak 4) in the
raw extract in solution was 62.1 mg/g and decreased to 7.6 mg/g when
the extract was incorporated into the uncoated liposomes. At the same
time, the concentration of succinyldicaffeoylquinic acid 2 (peak 6)
increased from 4.1 mg/g in the raw extract in solution to 20.9 mg/g in
the uncoated liposomes. In contrast, rutin (peak 3) and apigenin (peak 9)
did not show this behavior. For example, the rutin concentration was 17
mg/g in the raw extract in solution and 15.6 mg/g in the uncoated li-
posomes. This indicates the stability of rutin after the incorporation of
the extract into liposomes. These fundings confirm the reliability of the
results when calculating the entrapment efficiency for flavonoids, in
contrast with the incoherent results obtained for the caffeoylquinic de-
rivatives. To better understand the behavior of caffeoylquinic acids after

330nm, 4nm
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the encapsulation process, a test with pure 1,5-dicaffeoylquinic acid was
performed to monitor possible changes due to the liposomes’ prepara-
tion process; uncoated liposomes were used as reference (Fig. S3A). The
results show that 1,5-dicaffeoylquinic acid underwent some changes
during the incorporation into liposomes. In particular, other peaks were
detected in the HPLC-PDA profile of 1,5-dicaffeoylquinic acid in both
non-dialyzed and dialyzed uncoated liposomes. These peaks are prob-
ably due to the conversion of 1,5-dicaffeoylquinic acid into some iso-
mers. The samples were analyzed by HPLC-PDA-MS, which revealed the
presence of 1,3-dicaffeoylquinic acid and other dicaffeoylquinic acid
isomers at 23.843 min and 26.560 min. The same approach was applied
to test the stability of the standard compound rutin after the incorpo-
ration into liposomes. As already observed with the whole P. casabonae
extract, no changes were detected before and after incorporation of rutin
into liposomes (Fig. S3B).

Hence, the results obtained with the standard of 1,5-dicaffeoylquinic
acid confirmed the unexpected outcomes observed for the caffeoylquinic
acid derivatives in P. casabonae extract formulated in liposomes. These
results are likely due to the described behavior of caffeoylquinic acid
derivatives, which may degrade and isomerize under certain conditions.
This can be caused for example by cooking processes (e.g. roasting,
blanching, baking) and by other conditions, such as temperature, pH,
application of ultrasounds. It has been reported that both caffeoylquinic
acids and dicaffeoylquinic acids may undergo degradation (e.g. dicaf-
feoylquinic acid may release monocaffeoylquinic acids) and isomeriza-
tion (e.g. 3,5-dicaffeoylquinic acid can isomerize to 3,4-dicaffeoylquinic
acid and 4,5-dicaffeoylquinic acid), especially under alkaline conditions
[20-22].

Compounds identified through the co-injection of an authentic
reference standard are marked with a *; the other compounds were
putatively identified based on data from Refs. [13,14].

The storage stability of P. casabonae Eudragit-coated liposomes was
evaluated via monthly measurements of their mean diameter, poly-
dispersity index, and zeta potential. After two months, P. casabonae
Eudragit-coated liposomes showed a slight increase in size (from 93 to
104 nm) and variations in the polydispersity index (from 0.37 to 0.32)
and the zeta potential (from —9 to —6 mV), yet not statistically signifi-
cant (p > 0.05). P. casabonae uncoated liposomes displayed a similar
trend, with larger size (from 78 to 93 nm; p > 0.05) and altered poly-
dispersity index and zeta potential (from 0.28 and + 15 mV to 0.34 and
+ 17 mV, respectively; p > 0.05). These results point to good medium-
term stability of the P. casabonae nanoformulation, which was not
impacted by the polymer coating.

Since P. casabonae Eudragit-coated liposomes were intended for oral
administration, their stability in fluids that mimic the gastrointestinal
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Fig. 1. HPLC-PDA profile of P. casabonae leaf extract (2 mg/mL in MeOH 50 %) (A = 330 nm). Peaks’ identity: 1: chlorogenic acid*; 2: 1,3 dicaffeoylquinic acid*; 3:
rutin*; 4: 1,5 dicaffeoylquinic acid*; 5: Succinyldicaffeoylquinic acid 1; 6: Succinyldicaffeoylquinic acid 2; 7: Succinyldicaffeoylquinic acid 3; 8: Succinylsuccinyl

dicaffeoylquinic acid., 9: apigenin*.
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conditions was evaluated and compared to P. casabonae uncoated lipo-
somes (Table 3). After 2 h in simulated gastric fluid, P. casabonae un-
coated liposomes showed an increase in size and polydispersity index
(113 nm and 0.41, respectively), with a marked variability within the
replicates, while the P. casabonae Eudragit-coated liposomes were un-
altered, remaining at around 84 nm in size and maintaining a poly-
dispersity index of 0.3. This confirms the effective protection provided
by Eudragit against acidic conditions.

The simulated intestinal fluid had a minimal effect on the size and
polydispersity of both uncoated and Eudragit-coated liposomes
(Table 3). Fluctuations of zeta potential values were detected as a
function of the ionic composition of the simulated fluids (Table 3).

The morphological evaluation performed with cryo-TEM indicated
that P. casabonae Eudragit-coated liposomes (Fig. 2) were characterized
predominantly by a unilamellar structure. Some oligolamellar vesicles
were also evident. Despite their variable size, which aligns with the
polydispersity measured by dynamic light scattering (Table 2),
P. casabonae Eudragit-coated liposomes presented with regular round
shapes and diameters <100 nm. P. casabonae uncoated liposomes
demonstrated similar unilamellar structures. Empty Eudragit-coated li-
posomes presented with less regular shapes in the form of round and
elongated vesicles with a higher number of lamellae, similar to empty
uncoated liposomes (Fig. 2).

SAXS analyses were performed to deeper characterize the structure
of the liposomes.

In Fig. 3A, the experimental scattering curves are presented together
with the fits. The shallow maxima around 1.5 nm™! and the secondary
maxima around 3.5 nm~! are typical of symmetric phospholipid bi-
layers. Two different behaviors can be observed: one for the empty li-
posomes and another for the P. casabonae loaded liposomes. The empty
liposomes present a faint superimposed maximum around 1 nm ™~ that
can be associated with a certain number of correlated bilayers. This
feature is absent in the P. casabonae loaded liposomes. A large increase
in intensity at small g is noticeable for both empty liposomes and
P. casabonae loaded liposomes, but larger in magnitude for the former.
This can be attributed to the formation of small globular structures that
could be tentatively related to the presence of stearylamine and aggre-
gates whose characteristics cannot be determined from SAXS experi-
ments. These globular structures could correspond to very small vesicles.
This is in qualitative agreement with the electron microscopy observa-
tions showing the presence of small vesicular structures in a larger
number for the empty liposomes. Therefore, the calculated

Table 3

Mean diameter (MD), polydispersity index (PI), and zeta potential (ZP) of
P. casabonae Eudragit-coated vs. uncoated liposomes in simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF), measured after dilution (ty) and after
incubation for 2 or 6 h (t; or tg), respectively. Values are the means + SD (n = 4).
*: value statistically different (p < 0.05) from P. casabonae Eudragit-coated li-
posomes tp.

Simulated MD (nm PI £+ SD ZP (mV
fluid + SD) + SD)
P. casabonae uncoated SGF 85+ 4.2 0.28 + +13 +
liposomes to 0.01 0.9
P. casabonae uncoated 113 + 0.41 + +13 +
liposomes to 35.2 0.09 1.6
P. casabonae Eudragit- 82 + 3.0 0.28 + +11 +
coated liposomes to 0.04 1.7
P. casabonae Eudragit- 84 + 4.1 0.30 + +11 +
coated liposomes to 0.04 1.2
P. casabonae uncoated SIF 87 +5.5 0.32 + -1+0.7
liposomes to 0.05
P. casabonae uncoated 88 + 1.0 0.37 + -1+23
liposomes tg 0.04
P. casabonae Eudragit- 84+7.5 0.31 + -1+0.7
coated liposomes tq 0.03
P. casabonae Eudragit- 87 +£3.2 *0.38 + -2+0.6
coated liposomes tg 0.02
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polydispersity index PI of the Shultz distribution and mean particle
radius R (Table 4) are only indicative of the order of magnitude.

The fits of the model used were quite good, as can be appreciated
graphically in Fig. 3A and from the reduced chi squared y? values close
to 1 (Table 4). The values obtained for the multilayers (N; Table 4) and
the repetition distance (d; Table 4) are similar to those found for lipo-
somes previously prepared with the same phospholipid [23]. The
amount and correlation of the multilayers are limited to few multilayers
with a low interlayer correlation (high #; values; Table 4). Concerning
the rest of the parameters, the values are similar for the empty and
P. casabonae loaded liposomes. The main differences are the larger
bilayer hydrophobic thickness (Zy; Table 4) and the methyl Gaussian
amplitude (o¢; Table 4) for the P. casabonae loaded liposomes, which are
congruent with the solubilization of hydrophobic molecules such as fatty
acids present in P. casabonae extract [14]. Statistically significant dif-
ferences are also found in the headgroup amplitude (o; Table 4), but it
is difficult to understand those changes due to the complexity of the
extract. The higher polar head density (py, Table 4) could be due to the
preferential adsorption of some electron-rich molecules of the extract
onto the polar headgroups.

Overall, the results point to a major effect on the liposomes’ bilayer
structure induced by the incorporation of the P. casabonae extract rather
than the coating of the polymer.

3.2. Antihyperglycemic activity of P. casabonae extract in normal rats

The basal blood glucose, measured after an overnight fast (time 0),
was 80.6 + 1.5 mg/dl (n = 48). The intragastric administration of su-
crose (3 g/kg) increased the blood glucose to a peak of 104.1 + 18.2 %
with respect to basal value, at 30 min. In subsequent measurements
taken at 30-min intervals, the blood glucose decreased slowly and had
not returned to basal levels (+78 + 12.7 %) 120 min after sucrose
administration (Fig. 4A).

The antihyperglycemic effects of intragastric administration of
increasing (10, 40 and 100 mg/kg) doses of P. casabonae extract dis-
solved in water are shown in Fig. 4. The glycemic curves showed a clear
dose-dependent glucose peak reduction (Fig. 4A), and a significant dif-
ference (p < 0.001) was detected between the 40 and 100 mg/kg doses,
with peak values of 70.2 + 11.1 % and 38.5 + 17.1 %, respectively,
compared to the negative control. These effects on the sucrose-induced
hyperglycemic peak were parallelled by a significant reduction in the
AUG, as shown in Fig. 4B. The intragastric administration of acarbose —
an antidiabetic reference compound (30 mg/kg, p.o.) — significantly (p
< 0.01) reduced both the blood glucose peak (23.0 & 16.6 % at 30 min
vs. basal values, Fig. 4A) and the AUC by 73 % (Fig. 4B) compared to the
negative control (vehicle + sucrose).

Animal models, particularly mouse and rat, are often used to test
antidiabetic agents, including plant compounds [24]. These models are
essential for validating the in vitro inhibition of carbohydrate hydro-
lyzing enzymes, such a-glucosidases and a-amylase, responsible for the
increase of postprandial blood glucose levels. The present in vivo results
support our previous in vitro findings suggesting the antihyperglycemic
potential of the P. casabonae extract based on the effective inhibition of
a-glucosidase [14]. The data obtained in this study, although relatively
limited in the range of tested concentrations, show that doses as low as
40 mg/kg of the aqueous solution of the extract produced an effective
antihyperglycemic effect in normal rats loaded with sucrose, and also
show that the maximum dose tested (100 mg/kg) produced an anti-
hyperglycemic effect comparable to that elicited by antidiabetic acar-
bose at a dose of 30 mg/kg. These data suggest that it may be highly
valuable to pursue further research to identify the component/compo-
nents of the extract that are responsible for this pharmacological
activity.

Sanna et al. [14] reported the absence of cytotoxicity in Caco-2 cell
line at the extract concentration required to inhibit a-glucosidase almost
completely, which may suggest an adequate safety profile. In partial
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Fig. 2. Cryo-TEM micrographs of uncoated and Eudragit-coated liposomes, both empty and loaded with P. casabonae extract.
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Fig. 3. A, SAXS patterns of uncoated and Eudragit-coated liposomes. The lines correspond to the fitted models and the symbols to the experimental points. Error bars
are not shown for clarity, their magnitude is similar to the symbols up to 0.7 nm~?, about twice the symbols up to 2.5 nm ' and three times and larger from this point.
B, Electronic density profiles of the bilayers corresponding to the fits in A.
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Fig. 4. Effect of intragastric administration of P. casabonae extract on blood
glucose levels after sucrose challenge. Rats received an intragastric adminis-
tration of 10, 40 or 100 mg/kg extract dissolved in vehicle (1 % Tween 80 in
water), acarbose (30 mg/kg), or Eudragit-coated liposomes loaded with
P. casabonae extract at a dose of 10 mg/kg (P. casabonae 10L). Data are mean +
SEM (n = 8 rats per treatment) and are expressed as percent change from basal
(time 0) glycemia (Panel A) and area under the curve (AUC; Panel B). ? p <
0.001 vs. basal values; b D < 0.001 vs. control (vehicle-treated rats).

support of this hypothesis, we found no overt behavioral signs of toxicity
in the animals after treatment with the extract, and none of them had
died by the end of the experiments. In future research, this safety aspect
will certainly be re-examined in relation to the active compounds that
may be identified in the extract.

Considering our P. casabonae extract’s chemical composition, we
propose that the synergistic interaction of caffeoylquinic acid de-
rivatives, flavonoids, and phenolic acids contributes to the observed
antihyperglycemic effects. Notably, compounds such as caffeoylquinic
acid derivatives (e.g. chlorogenic acid) and the flavonoids rutin and
apigenin have been widely recognized for their positive impact on dia-
betes management by improving glycemic control, lipid profiles, and
antioxidant defenses [25-28]. Both rutin and apigenin demonstrably
lower blood glucose levels in animal models of diabetes [29-32], likely
due to their potent antioxidant properties. Flavonoids play a crucial role
in preventing the deterioration of pancreatic beta-cells and may facili-
tate the regeneration of damaged pancreatic cells [27]. Histopatholog-
ical analyses of diabetic animals have shown that rutin can protect
Langerhans islets from degeneration [33]. While most studies have
explored the antihyperglycemic effects of flavonoids in diabetic animals
(primarily using the streptozotocin-induced model of type 1 diabetes),
Jadhav and Puchchakayala [34] reported rutin’s blood glucose-lowering
effects in both normal and diabetic rats, which aligns with our findings.
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Table 4

Fitting parameters and derived parameters (+ estimated error from the fit) for
SAXS curve of P. casabonae Eudragit-coated liposomes vs. empty Eudragit-coated
liposomes and uncoated liposomes. The parameters of the model are: y*: reduced
chi squared, d: repetition distance, ;: Caillé parameter, N.: number of correlated
bilayers; % of correlated bilayers, oy: polar head Gaussian amplitude, pp:
headgroup contrast electron density; Zy: polar head Gaussian center, o¢: methyl
Gaussian amplitude. The additional spheres population parameters correspond
to the polydispersity index PI of the Shultz distribution and the mean particle
radius R.

SAXS Empty P. casabonae Empty P. casabonae

parameters uncoated uncoated Eudragit- Eudragit-coated
liposomes liposomes coated liposomes

liposomes

Ve 3.7 1.0 1.56 1.4

d (nm) 598 +£0.08 - 5.93 + 0.05 -

n 0.35+0.01 - 0.31 +0.01 -

N, 4.5+ 0.1 1.0 3.5+0.1 1.0

% 26 + 4 32+3

correlated
bilayers

oy (nm) 0.528 + 0.316 + 0.006 0.414 + 0328 + 0.006
0.006 0.006

PH (e/nm®) 61 +1 106 +£ 1 73+1 102 £1

Zy (nm) 1.42 + 0.02 1.56 + 0.02 1.47 £ 0.02 1.57 £ 0.02

o¢ (nm) 0.112 + 0.337 + 0.005 0.088 + 0.346 =+ 0.005
0.005 0.005

Pl 0.24 £ 0.01 0.17 +£ 0.01 0.22 £ 0.01 0.16 £ 0.01

R (nm) 11.25 + 11.70 £+ 0.03 11.04 + 11.65 £+ 0.03
0.03 0.03

Although flavonoids exhibit notable bioactivity in various in vitro
systems, their biological effects in vivo are limited due to low bioavail-
ability, which is primarily a result of poor solubility and limited mem-
brane permeability [35]. Consequently, various strategies, including the
development of delivery systems, have been suggested to enhance their
bioavailability. In this study, to ensure and possibly enhance the de-
livery of P. casabonae extract, Eudragit-coated liposomes were proposed
for its oral administration [36,37].

The intragastric injection of 10 mg/kg of P. casabonae extract
formulated in Eudragit-coated liposomes produced a significant (p <
0.001) antihyperglycemic effect that was quantitatively similar to that
obtained with the 40 mg/kg dose of the extract aqueous solution, as the
glycemic peak was 73.1 + 6.0 % and the AUC was reduced by 44 %
(Fig. 4A and B). These results are clearly indicative of a significant
improvement obtained by using the nanoformulated extract, as
compared to an aqueous solution. Indeed, the vesicles enhanced the
pharmacological action of the extract so that a 4-time lower dose was
required to obtain the same antihyperglycemic effect as that of the 40
mg/kg dose of the aqueous solution. Similarly, Amato et al. [38] re-
ported that the encapsulation in eudragit-containing liposomes allowed
an extract from fermented grain to protect mouse retina from diabetic
retinopathy-induced damage by preventing functional retinal failure,
oxidative stress, inflammation, astrogliosis, cell apoptosis, vascular
endothelial growth factor upregulation, and blood-retinal barrier
breakdown at one-tenth of the concentration at which the free extract
showed protective effects.

The specific pharmacokinetic mechanism that characterizes the
favorable effect of P. casabonae Eudragit-coated liposomes was not
addressed in the present study, but it is reasonable to assume that they
increase the gastrointestinal absorption of the compounds present in the
extract by increasing their bioavailability and facilitating diffusion
across cell membranes. The formulation of P. casabonae extract in
Eudragit-coated liposomes proved to be particularly effective, likely
correlated with the high entrapment efficiency of the flavonoids rutin
and apigenin, and may therefore be advantageous for the administration
of lower doses of the extract (or they active compounds), thus reducing
off-target actions and potential adverse effects.
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However, it has to be noted that for the extract administered in its
liposomal form, we were not able to test doses higher than 10 mg/kg,
due to the concentration of the extract in the Eudragit-coated liposomes
(2 mg/ml) and the limited volume that can be given intragastrically.
Future investigation will be devoted to modifying the nanoformulation,
in terms of qualitative-quantitative composition, to incorporate a higher
amount of P. casabonae extract and increase the dose to be given to rats.

For the data shown in Fig. 4A, two-way ANOVA revealed a signifi-
cant main effect of treatment [F(5,42) = 4.411; P = 0.0001]; a signifi-
cant main effect of time [F(2.585, 108.6) = 179.5; P < 0.0001]; and a
significant interaction between factors [F(25,210) = 9.035; P < 0.0001].
For the data reported in Fig. 4B, one-way ANOVA revealed that the
treatment significantly affected AUC [F(5,41) = 22.76; P < 0.0001].

4. Conclusions

The present study highlights the antihyperglycemic effect of a
hydroalcoholic extract from P. casabonae leaves. The extract decreased
glucose levels in rats after a sucrose load in a dose-dependent manner,
confirming the in vitro antidiabetic potential of the plant. Furthermore,
the extract was successfully incorporated in a stable vesicular system,
and its antihyperglycemic effect at low doses was enhanced by the
nanoformulation. Overall, our findings suggest that P. casabonae could
be a promising candidate to provide lead compounds for the manage-
ment of diabetes, also in the form of a food supplement, since the plant is
edible and traditionally consumed.

Further studies will be conducted to improve the loading capabilities
of the liposomes, which in turn will increase the dose to be administered
to rats intragastrically. Moreover, we also plan to test the extract in
streptozotocin-lesioned rats to better characterize its antihyperglycemic
effect in an experimental model of diabetes.
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