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ABSTRACT

Context: Asparagus stipularis Forssk decoction (ASD) has shown potential metabolic and
antioxidant benefits, yet its effects on pancreatic dysfunction associated with metabolic syndrome
remain insufficiently explored.

Objective: The aim of this work was to assess the pancreatic protective properties of ASD in
high-fructose diet (HFrD)-fed rats and to characterize ASD-loaded poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs) as a delivery system to enhance its therapeutic potential.

Methods: Rats were fed an HFrD and treated with ASD at two dose levels. Serum a-amylase and
lipase activities were measured to assess digestive enzyme modulation. Pancreatic lipid
peroxidation was quantified using thiobarbituric acid reactive substances (TBARS), while
antioxidant enzyme activities, including superoxide dismutase, catalase, and glutathione
peroxidase, were determined. Histopathological examination was performed to evaluate structural
alterations in pancreatic tissues. ASD was encapsulated into PLGA NPs, and particle size,
polydispersity index (Pdl), zeta potential (ZP), and encapsulation efficiency (EE) were analyzed.
Results: ASD significantly reduced serum a-amylase activity to 2285.3 + 256.6 U/L (low dose) and
1846.4 + 82.8U/L (high dose) compared to HFrD controls. Serum lipase activity decreased by 13%
and 18% at the respective doses. TBARS levels were markedly reduced, and antioxidant enzyme
activities were restored to near-control levels. Histological analysis revealed improved {-cell
morphology and reduced acinar degeneration. ASD-loaded PLGA NPs exhibited a mean size of
248 + 5nm, Pdl of 0.13 + 0.01, ZP of —24.7 £ 1.3mV, and an EE of 75.5 + 3.2%.

Conclusion: ASD demonstrates significant pancreatic protective effects, and nanoencapsulation
enhances its therapeutic promise for metabolic disorders.

ARTICLE HISTORY
Received 26 July 2025
Revised 26 March 2026
Accepted 9 May 2026

KEYWORDS

Asparagus stipularis;
a-amylase; pancreatic
lipase; high-fructose diet;
oxidative stress; PLGA
nanoparticles

Introduction aged 18 years and older have diabetes - more than
twice the prevalence observed in 1990. This upward

The global prevalence of type 2 diabetes mellitus . ) . .
trend is strongly associated with modern dietary hab-

(T2DM) has increased dramatically in recent decades,

representing a major global health concern. The
International Diabetes Federation [1] estimates that
about 589 million adults aged 20-79 years are cur-
rently affected, corresponding to 11.1% of the global
population. Likewise, the World Health Organization
[2] reported in 2022 that approximately 14% of adults

its, particularly the high intake of fructose from table
sugar, high-fructose corn syrup, soft drinks, and pro-
cessed foods. Excessive fructose consumption induces
profound metabolic disturbances, such as impaired
glucose tolerance, dyslipidemia, and hypertension,
largely through its lipogenic action and effects on
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pancreatic B-cell function [3-5]. Chronic exposure to
fructose promotes p-cell overstimulation, oxidative
stress, and islet damage, leading to insulin secretion
impairment and features of metabolic syndrome [6,7].
Current pharmacological interventions, including insu-
lin therapy and oral antidiabetic drugs, often have lim-
itations such as hypoglycemic episodes, fat
accumulation, and limited efficacy against diabetes-
associated complications [8]. Moreover, achieving sta-
ble and bioavailable delivery of therapeutic proteins
remains challenging [9]. In this context, natural prod-
ucts are being increasingly explored as alternative
antidiabetic agents. Medicinal plants, rich in antioxi-
dants and bioactive phytochemicals, can modulate
glucose metabolism, promote B-cell regeneration, and
enhance insulin activity [10-12]. Among these, species
of Asparagus - notably Asparagus stipularis Forssk. -
are traditionally used in folk medicine for diabetes
management. Previous studies, including our own,
demonstrated that A. stipularis extract lowers blood
glucose and mitigates oxidative stress in rats fed a
high-fructose diet (HFrD) [13]. Nevertheless, the thera-
peutic potential of plant extracts is limited by the
instability and poor bioavailability of their active con-
stituents. Encapsulation within polymeric nanocarriers
such as poly(lactic-co-glycolic acid) (PLGA) nanoparti-
cles (NPs) may enhance stability, bioavailability, and
sustained release of these bioactives [14-16]. Despite
the extensive use of PLGA systems in drug delivery, no
study has yet examined the protective effects of A.
stipularis on pancreatic tissue in vivo, neither the com-
patibility and encapsulation efficiency (EE) of this
extract into a nanoformulation was evaluated thus far.
Therefore, the present work aimed to assess the effects
of A. stipularis shoot decoction on carbohydrate and
lipid metabolism, oxidative stress, and pancreatic his-
topathology in rats fed a HFrD, and to develop a PLGA
NP formulation encapsulating this decoction, in order
to evaluate its physicochemical properties and its fea-
sibility to be further studied in the future for its health
benefits. This integrated pharmacological and nano-
technological approach may offer a novel strategy for
the development of plant-based therapies for T2DM.

Materials and methods
Plant material

Shoots of A. stipularis were collected in January (2015)
from the cliff of Monastir (Tunisia). The plant material
was dried by active ventilation and later ground in an
ultra-centrifugal mill ZM 200 (Retsch, Haan, Germany).
The plant was identified by Pr. Fethia Harzallah Skhiri, a

qualified botanist at the Higher Institute of Biotechnology
of Monastir, Tunisia. As the plant was identified specifi-
cally for this research and not deposited in a formal
herbarium, no voucher/approval number was assigned.

Preparation of decoction

Dry shoots (10g) were added to 2L of distilled water
and boiled for 5min [13]. The mixture was cooled and
filtered under reduced pressure. The obtained decoc-
tion was frozen before being lyophilized (FreeZone 4.5,
Labconco, Kansas City, MO) and the dry extract was
designed as ASD (Asparagus shoots decoction).

Animals, diet, and experimental study design

Male Wistar rats aged 8-10 weeks, weighing 180-200g,
were used in the experimental investigation of this
study. The experimental protocol was approved by the
National Ethics Committee ENMV under authorization
numbers ECM 3129/24 and CER 0017/2026-0211, in
accordance with the US National Institutes of Health
guidelines (NIH No. 85-23, revised 1996) and approval
number ECM#2024-3129. The rats were housed in
cages in the Central Animal House and fed standard
pellet diet and tap water. The rats were divided into
seven groups, with each containing eight rats and
treated as described below:

Group 1 (normal control): Rats fed a standard chow
and drinking water for 5 months.

Group 2 (HFrD): Rats fed a HFrD (10% fructose solu-
tion) instead of water for 5 months as the neg-
ative control.

Group 3 (HFrD + Met): Rats fed a HFrD for 5 months
and administered with metformin (150mg/kg,
orally, once daily in the morning) for the last 4
weeks as the positive control.

Group 4 (HFrD + ASD (L)): Rats fed a HFrD for 5
months and administered ASD (100mg/kg,
orally, once daily in the morning) for the last 4
weeks.

Group 5 (HFrD + ASD (H)): Rats fed a HFrD for 5
months and administered ASD (300 mg/kg,
orally, once daily in the morning) for the last 4
weeks.

Group 6 (Cont + ASD (L)): Rats fed with a standard
chow and drinking water for 5 months and
administered ASD (100 mg/kg, orally, once daily
in the morning) for the last 4 weeks.

Group 7 (Cont + ASD (H)): Rats fed with a standard
chow and drinking water for 5 months and
administered ASD (300 mg/kg, orally, once daily
in the morning) for the last 4 weeks.



Effects of A. stipularis on a-amylase and
pancreatic lipase activities

At the end of experimental period, the animals were
anesthetized by inhalation of diethyl ether. Blood
samples were obtained from cardiac puncture in an
empty vacutainer tube and centrifuged at 4000 x g
for 10min at 4°C. Plasma was then collected and
a-amylase and pancreatic lipase were analyzed with
an automatic analyzer (Roche Diagnostics, Mannheim,
Germany). Enzyme activity results were then
expressed as U/L.

Pancreatic markers of oxidative stress

Following blood collection, an abdominal incision was
made, and the pancreas was removed and immedi-
ately washed with ice-cold physiologic saline solution
(0.9%, w/v), blotted dry and weighed. About 0.4g of
the pancreas was cut into small pieces, homogenized
in 3mL ice-cold appropriate buffer (TBS, pH 7.4) using
an Ultra Turrax homogenizer T25 (Cole-Parmer, Vernon
Hills, IL) and then centrifuged at 9000 x g for 15min
at 4°C. Supernatants were collected, aliquoted, and
kept at —80°C until use for enzyme assays. The total
protein content in each sample was determined using
the Bradford method, which relies on protein-dye
binding and provides rapid and sensitive quantitation
of microgram protein levels [17].

Measurement of lipid peroxidation products

Lipid peroxidation (LP) was assessed by measuring
thiobarbituric acid reactive substances (TBARS), includ-
ing malondialdehyde (MDA). In an acidic and hot
medium, one molecule of MDA condenses with two
molecules of thiobarbituric acid (TBA) to form a
pink-colored complex that can be detected at 530 nm.
Briefly, 125 uL of supernatant was mixed with 150 uL of
trichloroacetic acid (TCA, 40%), stirred, and centrifuged
at 3000rpm for 10min. Subsequently, 200puL of the
resulting supernatant was combined with 160pL of
TBA (120mM), mixed, and incubated at 80°C for
15min. The absorbance was measured at 530nm and
was proportional to the amount of TBARS formed
[18,19].

Assay for antioxidative status in pancreas
homogenate

Catalase activity
Catalase (CAT) activity was determined by measuring
the rate of hydrogen peroxide (H,0,) decomposition
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according to the method described by Nasri et al. [18].
The reaction mixture consisted of 780 uL of phosphate
buffer (100mM, pH 7.0), 200uL of freshly prepared
H,O, (500mM), and 20puL of tissue supernatant. The
decrease in absorbance was kinetically monitored at
240nm for 1min. Enzyme activity was calculated using
an H,0, extinction coefficient of 0.043mM~" cm™, and
the results were expressed as units per milligram of
protein (U/mg protein).

Superoxide dismutase activity

Superoxide dismutase (SOD) activity was determined
according to the method previously described by Nasri
et al. [18]. Briefly, 1000puL of EDTA (2.69 mM)-
methionine (39mM) solution was added to 892.2 uL of
phosphate buffer (TPO,, 50mM, pH 7.8), followed by
50puL of tissue supernatant, 950uL of phosphate buf-
fer, 85.2uL of nitro blue tetrazolium (NBT, 1 mM), and
22.6 uL of riboflavin (1 mM). The mixture was incubated
under white light for 20min. Two additional tubes
were prepared: the first served as a blank (kept in the
dark for spectrophotometer zeroing), and the second
was used for total activity measurement, incubated
under light under the same conditions as the samples.
The optical density was read at 580nm. One unit of
SOD activity was defined as the amount of enzyme
required to inhibit 50% of NBT oxidation, and the
results were expressed as U/mg protein.

Glutathione peroxidase activity

Glutathione peroxidase (GPx) activity was determined
according to the method described by Histo Flohé
and Gunzler [20], H,0, was used as the substrate.
GPx activity was calculated based on the decrease in
reduced glutathione (GSH) levels relative to the
non-enzymatic reaction. For the enzymatic assay,
0.2mL of tissue supernatant was mixed with 0.4mL
of reduced GSH (1mM) and 0.2mL of Tris-buffered
saline (TBS; pH 7.8). The mixture was incubated at
25°C for 5min, followed by the addition of 0.2mL of
H,O, (1.3mM) to initiate the reaction. After 10min,
the reaction was terminated by adding 1 mL of TCA
(1%) and placing the tubes on ice for 30min. The
samples were then centrifuged at 3000rpm for
10min. Subsequently, 0.48 mL of the supernatant was
added to 2.2mL of sodium phosphate buffer
(Na,HPO,; 032 M) and 0.32mL of 5,5 -dithio-
bis(2-nitrobenzoic acid) (DTNB; 1mM). Absorbance
was measured at 412nm within 5min. For the
non-enzymatic control, the same reagents were used
without the tissue supernatant. GPx activity was
expressed as U/mg protein.
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Histopathological examination

A small portion of the pancreas was sampled and
immediately fixed in Bouin’s solution for at least 48h.
Following fixation, tissues were processed using a
graded ethanol series for dehydration: 70%, 80%, 95%,
and 100% ethanol, each for 1-2h. This was followed
by clearing in xylene and infiltration with molten par-
affin wax at 60°C. Tissues were embedded in paraffin
blocks and sectioned at 5 pm thickness using a rotary
microtome. Sections were mounted on glass slides,
deparaffinized in xylene, rehydrated through a

EE% =

amountof TPCinthe encapsulatedextract—amount of TPCinthe supernatant N

hydroxycinnamoyl derivatives such as caffeic acid
[23]. By measuring the amount of unloaded free TPC
in the supernatant recovered after centrifuging the
NP suspension at 15,000rpm for 20 min, the quantity
of TPC entrapped within the NPs was determined.
The NPs were centrifuged, re-suspended in bidistilled
water, and then freeze-dried for 48h at —50°C and
400 mTorr using a LABCONCO FreeZone 25° freeze
dryer (Kansas City, MO). The TPC was determined by
ultraviolet-visible  (UV-vis) spectrophotometry at
765nm. EE was calculated according to the formula:

100

amountof TPCinthe encapsulated extract

descending ethanol series, and stained with hematox-
ylin and eosin (H&E) for histopathological examination
under an Olympus CX41 light microscope (Hachioji,
Japan) [21].

Extract encapsulation into nanoparticles
ASD-loaded PLGA nanoparticles

To produce PLGA NPs, a modified solvent emulsifica-
tion—-evaporation method was adopted as previously
described by Fonte et al. [22]. PLGA 50:50 (100mg)
was dissolved in dichloromethane (2mL) to create an
organic phase. After that, 0.2mL of ASD were added
and the mixture was sonicated for 30s at 70% ampli-
tude using a Q125 Sonicator (QSonica Sonicators,
Newtown, CT). Then, the emulsion was quickly added
to PVA (10mL, 2% w/v) and sonicated under the same
conditions. To evaporate the organic solvent, the emul-
sion was magnetically stirred for 3h at room tempera-
ture. Unloaded PLGA NPs were elaborated following
the same procedure and used as control.

Physicochemical properties of nanoparticles

Particle size, polydispersity index (Pdl), and zeta poten-
tial (ZP) of the ASD-loaded NPs were analyzed using a
Coulter Nano-sizer Delsa™ Nano C from Beckman
Coulter, Inc. (Brea, CA). The samples were diluted with
distilled water. The mean particle size and Pdl of NPs
were analyzed by dynamic light scattering (DLS).
Electrophoretic mobility analysis was used to calculate
the ZP. Experiments were carried out in triplicate.

Determination of encapsulation efficiency

The EE of the ASD loaded into PLGA NPs was mea-
sured using total phenolic content (TPC) analysis as
previously described by our group, since A. stipularis
presents several phenolic compounds, namely

Scanning electron microscopy (SEM) analysis

A FEI Quanta 400 FEG SEM (FEl, Hillsboro, OR) was used
to study the morphology of NPs. The nanocarrier sam-
ples were placed on metal stubs, and vacuum-coated
with a layer of gold/palladium for 60s with a current of
15mA, prior to observation in the equipment.

Fourier transform infrared (FTIR) spectroscopic
analysis

ATR-FTIR was used to characterize the molecular com-
position of the ASD, PLGA, the physical mixture (shoots
decoction and PLGA), and unloaded and loaded PLGA
NPs. The analysis was carried out using a MB3000 FTIR
spectrometer (ABB, Zurich, Switzerland) linked to a
MIRacle single reflection attenuated total reflectance
(ATR) accessory from PIKE Technologies (Madison, WiI).
All spectra were registered between 600 and 4000cm™'
with 50 scans at a resolution of 4cm™".

Differential scanning calorimetry analysis

An analysis was performed using a differential scan-
ning calorimetry (DSC) device 200 F3 Maia (Netzsch,
Selb, Germany) on the shoots decoction, PLGA, physi-
cal mixture (shoots decoction and PLGA), and unloaded
and loaded PLGA NPs. Each sample (2mg) was sealed
in an aluminum pan. With a heating rate of 10°C/min
from 20°C to 260°C, the heating curves were recorded.
An empty pan was used as reference.

Statistical analyses

Data are presented as mean z standard error (SE).
Statistical analyses were performed using SPSS version
18.0 (Statistical Package for Social Sciences, Chicago,
IL). Comparisons between groups were conducted
using one-way ANOVA, followed by Duncan’s multiple
range test. A value of p < 0.05 was considered statisti-
cally significant.



Results
In vivo inhibition assay of a-amylase

Compared to the control group, the serum a-amylase
activity showed a significant augmentation in HFrD
group, where it raised up to 3376.6 + 384.9U/L (Figure
1). However, the ASD administration to HFrD rats sig-
nificantly lowered the serum a-amylase activity, reach-
ing 2285.3 + 256.6 and 1846.4 + 82.8U/L (p < 0.05) for
HFrD + ASD (L) and HFrD + ASD (H), respectively. In
the Cont + ASD groups, rats exhibited a-amylase activ-
ity similar to the control group. It is worthy to note
that ASD effect was almost equal to that showed by
metformin.

In vivo inhibition assay of pancreatic lipase

The lipase activities in all experimental rat groups were
determined (Figure 2). The findings of the present
study demonstrated that, when compared to the con-
trol rats, HFrD increased lipase activity (70.46 + 0.33 U/L)
as expected. However, after the administration of ASD
to rats, a considerable reduction in serum lipase activ-
ity by 18% and 13% was observed in HFrD + ASD (H)
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and HFrD + ASD (L), respectively. Lipase activities in
Cont, Cont + ASD (H), and Cont + ASD (L) rat groups
were similar (p > 0.05).

Pancreatic TBARS

In the present study, the LP markers measured as
TBARS were significantly (p < 0.05) increased in HFrD
group (0.91 £ 0.06 nmol/mg pt) when compared with
the control group (0.50 £ 0.07 nmol/mg pt) (Figure 3).
However, a significant (p < 0.05) decrease in pancreatic
TBARS levels was observed after the oral administra-
tion of ASD and metformin compared to the
HFrD group.

Effect of ASD on enzymatic antioxidants

Table 1 describes the activities of enzymatic antioxi-
dants such as CAT, SOD, and GPx in pancreatic tissues
of control and experimental groups of rats. The activi-
ties were significantly reduced (p < 0.05) in the pan-
creatic tissues of the HFrD group of rats compared to
control for GPx (50%), SOD (47.09%), and CAT (51.46%).
Administration of ASD for HFrD groups completely

Figure 1. Effect of ASD on a-amylase activity. Cont: normal diet; HFrD: HFrD (10% fructose); Cont + ASD (L): normal diet + ASD
(100mg/kg bw); Cont + ASD (H): normal diet + ASD (300 mg/kg bw); HFrD + ASD(L): HFrD (10% fructose) + ASD (100 mg/kg bw);
HFrD + ASD (H): HFrD (10% fructose) + ASD (300 mg/kg bw); HFrD + Met: HFrD (10% fructose) + metformin (150mg/kg bw).
Values are means + SD of eight rats in each group. *A significant difference (p < 0.05) compared with the normal group. A

significant difference (p < 0.05) compared with the HFrD group.
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Figure 2. Effect of ASD on lipase activity. Cont: normal diet; HFrD: HFrD (10% fructose); Cont + ASD (L): normal diet + ASD
(100mg/kg bw); Cont + ASD (H): normal diet + ASD (300 mg/kg bw); HFrD + ASD(L): HFrD (10% fructose) + ASD (100 mg/kg bw);
HFrD + ASD (H): HFrD (10% fructose) + ASD (300 mg/kg bw); HFrD + Met: HFrD (10% fructose) + metformin (150mg/kg bw).
Values are means + SD of eight rats in each group. *A significant difference (p < 0.05) compared with the normal group. *A
significant difference (p < 0.05) compared with the HFrD group.

Figure 3. Effects of the ASD extract on pancreatic TBARS (Cont: normal diet; HFrD: HFrD (10% fructose); Cont + ASD (L): normal
diet + ASD (100mg/kg bw); Cont + ASD (H): normal diet + ASD (300mg/kg bw); HFrD + ASD(L): HFrD (10% fructose) + ASD
(100mg/kg bw); HFrD + ASD (H): HFrD (10% fructose) + ASD (300mg/kg bw); HFrD + Met: HFrD (10% fructose) + metformin
(150 mg/kg bw)). Values are means + SD of eight rats in each group. *A significant difference (p < 0.05) compared with the nor-
mal control group. *A significant difference (p < 0.05) compared with the HFrD group.

prevented HFrD induced decrease in the activities of  Histopathology study

these enzymes in the pancreas. The protective effect Histopathological examination of pancreatic tissues from

of ASD at 300mg/kg was comparable to that of the || experimental groups is illustrated in Figure 4. Normal
metformin-treated group in this study. pancreatic architectures, including the normal acinar cell



Table 1. Effects of the ASD extract on pancreatic enzymatic
antioxidants.

SOD CAT GPx
Cont 112.20 + 2.00 15.04 + 1.01 1.14 £ 0.10
Cont + ASD (L) 110.29 + 1.09 14.15 £ 0.20 1.03 £ 0.12
Cont + ASD (H)  105.10 + 3.80 15.25 + 0.90 1.21 £ 0.03
HFrD 59. 36 = 2.10* 7. 30 = 1.08* 0.57 + 0.08%
HFrD + ASD (L) 60.75 + 1.27 10.10 = 0.60% 0.69 + 0.05
HFrD + ASD (H) 88.69 + 3.70° 13.40 + 1.40* 0.86 + 0.02*
HFD + Met 90.24 + 1.10¢ 14.89 + 0.80* 0.90 + 0.03*

Cont: normal diet; HFrD: HFrD (10% fructose); Cont + ASD (L): normal
diet + ASD (100mg/kg bw); Cont + ASD (H): normal diet + ASD (300 mg/
kg bw); HFrD + ASD (L): HFrD (10% fructose) + ASD (100mg/kg bw);
HFrD + ASD (H): HFrD (10% fructose) + ASD (300mg/kg bw); HFrD + Met:
HFrD (10% fructose) + metformin (150mg/kg bw). Values are means + SD
of eight rats in each group.

"A significant difference (p < 0.05) compared with the normal control

group.
*A significant difference (p < 0.05) compared with the HFrD group).

and normal cells of pancreatic Langerhans islets, were
seen in the control group (Figure 4(AB), x40). Likewise,
ASD treatment of rats supplied with the control diet
(Figure 4(C,D), x40) had no significant effect, with pan-
creas sections appearing normal without inflammatory
cell collections or other changes, ensuring the absence
of toxicity of this extract at the administrated doses
toward acinar and endocrine cells. The morphology was
however altered on the HFrD rats’ group as depicted by
a severe B-cells atrophy as well as fatty deposition in aci-
nar cells (Figure 4(E), x40), acinar cell degeneration and
fibrosis (Figure 4(F), x40). Treatment with metformin led
to a partial regeneration of islets of Langerhans (Figure
4(G,H)x 40). An alleviation in the histopathological
changes of the pancreas was noted in HFrD rats exposed
to ASD (L) (Figure 4(l), x10, Figure 4(J), x40) and ASD (H)
(Figure 4(K,L), x40) with the high dose treated rats show-
ing near intact features.

Encapsulation of A. stipularis shoots extract into
PLGA nanopatrticles

As shown in Figure 5, the DLS data indicated that the
mean particle size of the unloaded NPs was about
244 + 4nm with a Pdl of 0.11 + 0.02, and a ZP of
about —21.3 + 3.1 mV. ASD-loaded NPs had an average
hydrodynamic diameter of about 248 + 5nm, a Pdl of
0.13 + 0.01, and a ZP of —24.7 = 1.3mV (Figure 6). In
addition, the SEM analysis showed the spherical shape
and smooth surface of NPs confirm the uniform size
distribution (Figure 7). The obtained NPs showed an EE
of 75.5 £ 3.2%.

Fourier-transform infrared spectroscopy analysis

A major goal in preparing NPs is to fully load the car-
rier with the drug. Therefore, addressing this topic is
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particularly important. For this target, ATR-FTIR spectra
of ASD, physical mixture, PLGA, unloaded NPs, and the
ASD-loaded NPs were performed after freeze-drying,
as shown in Figure 8. The results of ASD showed a
peak at 3253cm™, attributed to the stretching of the
hydroxyl groups of carbohydrate and water and to the
N-H stretching of proteins. The peak at 2928cm™' is
due to asymmetrical CH, groups of lipids stretching.
The peak at 1400cm™ is due to the CH, asymmetric
deformation. The ATR-FTIR spectrum of the extract
revealed peaks of absorptions at 1227 and 1044cm™".
This region represents the fingerprint of polysaccha-
rides. The infrared spectrum of the PLGA shows the
characteristic absorption peak at 1744cm™" assigned
to the ester group.

Differential scanning calorimetry analysis

DSC analysis is a powerful technique that provides
information on physical properties such as crystalline
or amorphous nature of samples. The DSC thermo-
gram of PLGA, ASD extract as well as PLGA-ASD NPs
was analyzed. PLGA exhibits a glass transition tem-
perature at 51°C (Figure 9(a)). No significant melting
point was observed in PLGA, due to its amorphous
nature. The thermogram of the extract of A. stipularis
gives rise to a peak at 141°C corresponding to the
melting point of the crystalline regions (Figure 9(b)).
To study the effect of the encapsulation of the extract
on its thermal properties, DSC analyses were per-
formed on the PLGA/extract formulation (ASD-PLGA)
(Figure 9(c)).

Discussion

Alpha-amylase is a key enzyme responsible for the
digestion of carbohydrates. One of the main therapeu-
tic strategies for lowering postprandial hyperglycemia
is to inhibit carbohydrate-hydrolyzing enzymes, such
as a-amylase, in the intestine [24]. In the present study,
ASD administration to HFrD-fed rats significantly
reduced serum a-amylase activity, similar to the effect
of metformin. Previous LC-MS analysis of ASD identi-
fied phenolic acids and flavonoids as major constitu-
ents [13], which have been reported to exhibit strong
binding affinity toward salivary a-amylase [25,26].
Pancreatic lipase catalyzes the hydrolysis of dietary fats
and phospholipids and participates in the metabolic
processing of lipoproteins such as LDL and HDL cho-
lesterol [27]. Therefore, pancreatic lipase inhibitors are
among the most prescribed agents for obesity man-
agement. Our results demonstrated a significant reduc-
tion in serum lipase activity in both HFrD + ASD(H)
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Figure 4. Photomicrographs of pancreas sections: (A, B, x40) Control group showing normal architecture of pancreas with lobular
arrangement of acini with islets of Langerhans. (C, D, x40) Pancreas of normal rats fed ASD 100 and 300 mg/kg, respectively, the
pancreas shows normal appearance. (E, F, X40) Pancreas of rats fed HFrD, the pancreas showed atrophy in the islets of Langerhans
cells (E, x40), lymphocytic infiltration and fibrosis (F, x40). (G, H, x40) Pancreas of rats fed HFrD + metformin (150 mg/kg) showing
a partial regeneration of its architecture. (I, x10, J, x40) Pancreas of rats fed HFrD + ASD (100 mg/kg), showing atrophy in the
islets of Langerhans cells (I, x10) although some regeneration is visible. (K, L, x40) Pancreas of rats fed HFrD + ASD (300 mg/kg),
showing nearly normal architecture of pancreas. AC: acinar cells; IC: islet cells.

and HFrD + ASD(L) groups. The use of lipase inhibitors fruit extracts have been reported to inhibit pancreatic
derived from natural products has been considered an lipase [28,29]. Phenolic compounds such as
effective strategy against obesity, as several plant and p-hydroxybenzoic acid, quercetin, and kaempferol,
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Figure 5. DLS analysis of the blank NPs: (a) average particle size and (b) zeta potential graphs.

Figure 6. DLS analysis of the ASD-NPs: (a) average particle size and (b) zeta potential graphs.
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Figure 7. SEM image of the ASD-loaded PLGA nanoparticles.

Figure 8. FTIR spectra of (a) PLGA, (b) ASD, and (c) ASD-loaded
PLGA nanoparticles.

which are present in ASD [13], have also been recog-
nized as potent lipase inhibitors [26,30].

Increased LP disrupts membrane function by
decreasing membrane fluidity and altering the activity
of membrane-bound enzymes and receptors [31].
Studies have shown that fructose consumption induces
metabolic abnormalities in the liver, heart, kidney, and
pancreas, leading to oxidative stress [4,32]. Fructose-
induced insulin resistance elevates glucose oxidation
and promotes the formation of reactive hydroxyl radi-
cals [33]. In this study, ASD supplementation prevented

LP in a dose-dependent manner. Similar protective
effects against oxidative membrane damage have
been reported for various Asparagus species [34,35].
These effects are likely attributed to phenolic com-
pounds, particularly quercetin and gallic acid, which
act as reductants by donating electrons to stabilize
free radicals and terminate chain reactions [36,37].
Additionally, flavonols such as quercetin have been
reported to inhibit xanthine oxidase and lipoxygenase
[38,39].

Our findings regarding the enzymatic antioxidants
CAT, SOD, and GPx in pancreatic tissues are in agree-
ment with earlier studies [40,41] showing a marked
decrease in antioxidant enzyme activity in fructose-fed
rats. The current results align with literature describing
the antioxidant benefits of Asparagus species. For
instance, A. racemosus root extract was shown to
enhance hepatic antioxidant status (SOD, CAT, and
ascorbic acid) in hypercholesterolemic rats [42,43],
whereas A. cochinchinensis aqueous extract improved
antioxidant enzyme expression and nitric oxide levels
[44,45]. Previous research demonstrated that met-
formin treatment in high-fat-fed rats enhances antioxi-
dant defenses by partially inhibiting mitochondrial
complex |, thereby reducing reactive oxygen species
(ROS) generation [46]. Accordingly, the antioxidant
potential of ASD may be one of the mechanisms
through which this extract improves pancreatic oxida-
tive balance. Polyphenols have been shown to miti-
gate oxidative stress by directly scavenging ROS or by
stimulating endogenous antioxidant defenses [47].
Moreover, natural antioxidants such as phenolic acids
and flavonoids can induce CAT and SOD gene tran-
scription through activation of nuclear factor erythroid
2-related factor 2 (Nrf2), a master regulator of the
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Figure 9. DSC thermogram of (a) PLGA, (b) ASD, and (c) ASD-loaded PLGA nanoparticles.

antioxidant response [48,49]. Activation of Nrf2 has
been associated with enhanced antioxidant recruit-
ment and is considered a promising therapeutic target
in diabetes management [50].

Antioxidants are widely recognized as effective ther-
apeutic agents against oxidative-stress-induced pan-
creatic injury, owing to their ability to neutralize ROS,
enhance endogenous antioxidant systems, and protect
pancreatic B-cell integrity [51,52]. The protective mech-
anism of ASD may thus be linked to its antioxidant
capacity, reflected in the activities of GPx, SOD, MDA,
and CAT. ASD shoots have been shown to contain sev-
eral phenolic acids and flavonoids [13] which stimulate
antioxidant enzyme gene expression and decrease
MDA levels [38,39,47]. These findings support that
antioxidants in A. stipularis extracts may confer protec-
tion against pancreatic damage induced by HFrD, con-
sistent with our histopathological observations.

Nevertheless, since metabolic syndrome in humans is
a multifactorial pathology, further studies will be
required to fully unveil the mechanistic effects of ASD,
as well as its pharmacokinetic profile.

The functional properties of NPs - such as drug
release, cellular uptake, in vivo biodistribution, and sta-
bility — are largely influenced by particle size, Pdl, and
ZP [53,54]. When comparing the similar results for
unloaded and ASD NPs, it was verified that the produc-
tion method allowed to obtain NPs with a small size,
narrow size distributions, and good colloidal stability
[54]. Hill et al. [55] encapsulated cinnamon root extract
using biodegradable PLGA (ratios 65:35 and 50:50),
obtaining NPs of 145-167 nm in diameter with encapsu-
lation efficiencies of 39% and 48%, respectively. Likewise,
Pereira et al. [56] prepared PLGA NPs containing
carotenoid-rich extract from Campomanesia xanthocarpa
fruit, achieving spherical particles (145-162nm) with
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high encapsulation efficiencies (83.7% and 98.5%). More
recently, Mendez-Pfeiffer et al. [57] developed Sonoran
propolis-loaded PLGA NPs exhibiting an average ZP of
—21.2 £ 0.7mV, mean size 152.6 = 7.1nm, and EE = 68%.
The study of the FTIR spectrum of the NP (PLGA/extract)
aims to show possible shift in the location of certain
absorption peaks, and the appearance or disappearance
of new peaks in comparison to the polymer or extract
alone. The results showed that during the preparation
of PLGA NPs, the characteristic peak of PLGA was not
modified. This suggests that there was no chemical
interaction between the functional groups of the extract
and the polymer during encapsulation process. For the
DSC analysis, we noticed the absence of the peak cor-
responding to the melting point of the crystalline
regions of the extract. This suggests a lack of crystallin-
ity and an amorphous structure for the extract loaded
into NPs. This proof-of-concept displays the suitability to
encapsulate ASD into a nanoformulation, opening the
door for its potential application in food supplementa-
tion and nutraceuticals. Future endeavors will include
detailed evaluation of this nanoformulation in vitro and
in vivo, to further assess the impact of ASD-loaded NPs
in metabolic syndrome, including detailed mechanistic,
safety, stability, reproducibility, and pharmacokinetic
studies.

Conclusion

The present study reveals that A. stipularis extract has
potent antioxidative and -cell protection activities in
HFrD induced metabolic syndrome in rats, based on its
ability to decrease a-amylase and pancreatic lipase
activities. These findings also suggests that the antiox-
idant properties exhibited by ASD can contribute for
the scientific reasoning for the folk medicine applica-
tion of this natural matrix, namely for the treatment of
diabetes and dyslipidemias. For the first time, the for-
mulation of spherical PLGA NPs loaded with an aque-
ous extract of A. stipularis using the solvent evaporation
approach has been demonstrated in the current work,
with great efficiency, opening the door for the future
application of this nutraceutical formulation in thera-
peutics and/or food supplementation, using different
routes of administration. Future endeavors in this field
will include the evaluation of the bioactivity and effec-
tiveness of the newly developed ASD-loaded NPs.
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