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ABSTRACT 
Objective(s): Diabetes mellitus is a chronic metabolic disorder characterized by persistent disturbances in 

glucose homeostasis. Novel therapeutic strategies are needed to improve glycemic control while minimizing 

toxicity. This study investigated the hypoglycemic potential of 4-methoxychalcone (MPP), synthesized via 

the Claisen–Schmidt reaction, and evaluated the efficacy of its nanoencapsulation in diabetic mice. 

Materials and Methods: MPP was synthesized and subsequently nanoencapsulated (NCs) using ethanol, 

isopropyl palmitate, and organic phase surfactants. Nanocarriers were characterized by particle size, 

polydispersity index (PDI), zeta potential, and morphology through transmission electron microscopy (TEM). 

Diabetes was induced in CL57/6BL mice using streptozotocin/nicotinamide. Animals were treated for 28 days 

with free MPP (200 mg/kg), metformin (200 mg/kg), or NCs (10 mg/kg). Biochemical assays were performed 

on blood samples, and histological analyses were conducted on liver tissues. 

Results: NCs exhibited a mean particle size of 187 nm, zeta potential of −19.9 mV, and PDI of 0.21, 

demonstrating stability across varying temperatures and pH conditions. TEM confirmed spherical morphology 

and uniform distribution. Both metformin (176.33 ± 44.68 mg/dL, p < 0.0001) and NCs (163.2 ± 76.3 mg/dL, 

p < 0.0001) significantly reduced blood glucose levels. NCs further normalized glycated hemoglobin (HbA1c) 

without evidence of hepatotoxicity, as indicated by low malondialdehyde levels and preserved liver histology. 

Conclusion: Nanoencapsulation of MPP enhances its antidiabetic efficacy, enabling therapeutic effects at 

lower doses while reducing toxicity risks. This strategy represents a promising approach for the development 

of safer and more effective antidiabetic interventions. 
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INTRODUCTION 
Diabetes mellitus is considered a metabolic 

syndrome whose main characteristic is chronic 
hyperglycemia, which is usually caused by some 
alteration in insulin receptors or by a drastic 
reduction in the production of this hormone [1,2]. It 
causes several complications, such as nephropathy 
[3,4], liver disease [5,6], immunodeficiency [7] and 
heart failure [8,9,10], among others that can affect 

two-thirds of diabetes sufferers [11,12]. Peripheral 
diabetic neuropathy affects half of the diabetic 
population [13]. For these reasons, diabetes and its 
complications cause serious socio-economic 
problems for families who have to deal with this 
disease on a day-to-day basis. In addition, in 2021, 
there was a global expenditure of approximately US$ 
966 billion on diabetes patients, equivalent to 11.5% 
of all health spending [14]. 
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Although current pharmacological therapies for 
glycemic control are efficient, they bring several 
adverse effects, such as weight gain, hypoglycemia, 
abdominal discomfort, diarrhea, nausea, vitamin 
B12 deficiency, risk of lactic acidosis, water 
retention and anemia, among others [15]. When 
insulin is injected under the skin, this can cause skin 
trauma with the formation of nodules; in addition, 
the body can produce antibodies to insulin, thereby 
requiring higher doses. Moreover, the cost of an 
insulin pump is high, and some patients do not 
respond to injections [16]. 

Given the problems related to diabetes 
treatments, there is a need to seek new therapeutic 
alternatives, intensified by the global increase in 
cases and treatments with clinical limitations [17]. 
Among these, testing innovative biovehicles such as 
nanoparticles, which are already described in the 
literature and demonstrate advantages, one of 
which is transporting promising molecules that are 
insoluble in water [18], which could modulate 
glucose metabolism. Within the group of chalcones 
we can highlight the presence of 4-
methoxychalcone (MPP), which has demonstrated 
several interesting in vitro biological activities such 
as anti-inflammatory [19], glucose uptake 
stimulation [20], antineoplastic [21] and antitumor 
[22]. Although 4-methoxychalcone is more focused 
on innovative and selective antimitotic action [23]. 
It nevertheless presents chemical structures of 
chalcones at its base, which may contribute to 
enormous antidiabetic potential, acting on multiple 
pharmacological targets (PPARγ, α-glicosidase, 
PTP1B) [24, 25].  

Although the MPP molecule has demonstrated 
interesting biological activities, it has one main 
disadvantage, it is insoluble in water, making it not 
very useful orally and limiting its absorption.  In 
addition, it is necessary to use high amounts of MPP 
to achieve the desired pharmacological effect, 
which could cause difficulties in its bioavailability. 
These disadvantages have made the molecule 
unattractive in the eyes of researchers looking for 
new treatments for diabetes and its complications 
[26]. Both 4-methoxychalcone (MPP) and the 
sulfonamide chalcone derivative IP-004 display 
antidiabetic activity; nevertheless, both 
compounds show poor oral absorption. In diabetic 
murine models, treatment with IP‑004 via 
intraperitoneal injection at 20 mg/kg significantly 
lowered circulating glucose concentrations. [27]. 
Although MPP also stimulates glucose uptake in 
vitro, its high lipophilicity limits aqueous solubility 
and, consequently, intestinal absorption [19]. 

Studies using nanotechnology have shown that 
the average size of nanocarriers can result in an 

improvement in the therapeutic activity of drugs. 
The application of this technology signifies a 
differentiated profile for the release of drugs, such 
as nanocapsules, which can achieve positive results 
in both distribution, specificity, and/or penetration 
of substances into tissues. The influence on 
absorption is one of the fundamental advantages of 
nanopharmacology [18].  

Given the above context, the present study 
aimed to develop a nanodispersed polymeric 
system containing MPP, then evaluate its effect on 
the glycemia of diabetic mice and investigate its 
toxicity. Our objective was achieved by establishing 
technically stable nanocapsules incorporated with 
MPP as a prototype for diabetes treatment, oral 
route of administration. 

 
MATERIALS AND METHODS 
Chemicals 

The inputs utilized in the development of the 
nanocapsules were MAE 100 P (Kollicoat®), Sorbitan 
monolaurate (Span®20), polyoxyethylene sorbitan 
monooleate (Tween®80), and isopropyl palmitate 
(PMP). Streptozotocin (STZ) and nicotinamide (NA), 
required for in vivo assays, were obtained from 
Sigma‑Aldrich (St. Louis, MO, USA). The kits used for 
the biochemical analyses were from Wiener Lab 
(Rosario, Argentina). As for the MPP, this was 
quantified synthetically and presented 96.32% 
purity according to a study of [28]. 

 
Synthesis of 4-methoxychalcone (MPP) 

For the synthesis of MPP, the Claisen-Schmidt 
condensation method was used [29], using p-
methoxy-benzaldehyde [30] and acetophenone 
[31] as reagents (0.12 and 0.1 eq., respectively). 
Transformation of the aromatic aldehyde into 
chalcone (MPP) was achieved by exposure to 0.05 
eq. NaOH in a mixed ethanol–water solvent system, 
with the reaction conducted at temperatures not 
exceeding 10 °C. The compound was purified by 
recrystallization and identified using mass spectra 
analysis and nuclear magnetic resonance of 
hydrogen and carbon. 

 
Preparation of the nanocapsules 

The nanoencapsulation of the MPP was 
performed following the solvent displacement 
method described by [32] under constant stirring at 
400 rpm for 30 min at room temperature, carried 
out in two phases (Table 1). The organic phase 
contained isopropyl palmitate, MPP, Span® 20, 
Kollicoat®, 96% ethanol, and acetone. The aqueous 
phase was composed of ultrapure water and 
Tween® 80. The incorporation of the nanocapsule 
with the MPP was through the junction of the 
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organic phase by dripping on the aqueous phase 
that remained under agitation. After complete 
stirring of the formulation, it was left top stand for 
20 minutes, then it was homogenized in a blender 
(Ultra-turrax® IKA, Switzerland) at 10xg for 10 min to 
obtain particles of viable sizes. At the end of the 
process, alcohol and acetone were eliminated using 
vacuum rotary evaporation (IKA, Switzerland) at 
50°C. 

 
Size and PDI 

The calculation of particle size and 
polydispersity index (PDI) was conducted using 
photon correlation spectroscopy (PCS) with a 
Zetasizer Nano (Malvern, USA), operating at 
633 nm wavelength, 173° scattering angle, and 
25 °C [33]. The nanocapsule formulation was 
pre‑filtered through a Millipore® membrane 
(0.45 µm) before measurement. Triplicate 
determinations were conducted, from which the 
mean and standard deviation were subsequently 
derived. 

 
Zeta potential and conductivity 

The determination of zeta potential and 
conductivity was carried out using a Zetasizer 
particle size analyzer (Malvern, USA) fitted with a 
disposable polycarbonate zeta cell. Electrophoretic 
mobility measurements were automatically 
transformed into zeta potential values using the 
Smoluchowski approximation. Measurements were 
conducted at 25 °C under an applied voltage of 
150 V, a parameter integrated into the instrument’s 
software to calculate zeta potential from 
electrophoretic mobility [33]. Each sample was 
analyzed in triplicate, and mean values with 
standard deviations were reported. 

 
Effect of pH 

The influence of pH on nanocapsule size and 
zeta potential was assessed using an MPT‑2 titrator 
(Malvern, UK) coupled to a Zetasizer particle size 
analyzer. Titrations were performed with sodium 
hydroxide (0.1 mol/L) and hydrochloric acid 
(0.1 mol/L). Instrument calibration was carried out 
with buffer solutions at pH 4, pH 7, and pH 10 
(Alphatec, Brazil). Triplicate measurements were 
conducted for all experiments under standardized 
conditions at 25 °C[34]. 

 
Thermal effect 

The effect of temperature on nanocapsule 
particle size and polydispersity index was 
investigated by subjecting the suspension to 
heating between 20 °C and 70 °C, at 5 °C 
increments. Samples were equilibrated for 

5 minutes at each temperature prior to 
measurement. Triplicate determinations of particle 
size and PDI were obtained, and values were 
presented as mean with standard deviation [34]. 

 
Morphology 

Transmission electron microscopy (JEM 1011, 
Tokyo, Japan) was utilized to acquire morphological 
images of the nanocapsules. The samples were 
diluted in water (1:200, v/v), mounted on gold 
grids, coated with formvar resin, and air‑dried at 
ambient temperature. Residual formulation was 
removed using filter paper. A 3 µL aliquot of 3% 
(w/v) uranyl acetate was subsequently added and 
dried for 5 minutes at room temperature in the 
absence of light. Morphological assessment was 
conducted at magnifications of 10,000× and 
25,000×. 

 
In vivo study 

For this study, male Swiss mice (Unib:SW), six 
weeks of age and weighing 18–20 g, were obtained 
from the Central Animal Husbandry Unit at UFAM, 
Manaus. The animals were maintained under 
standardized laboratory situations, with a 12-h 
light/dark cycle, measured temperature of 
21 ± 1 °C, and relative humidity of 35–60%. They 
were provided with standardized vivarium feed and 
water ad libitum[35]. 

 
Induction of diabetes 

Diabetes induction was achieved according to 
the protocol designated in [36] with minor 
adaptations. Animals received nicotinamide 
(50 mg kg⁻¹ body weight) diluted in saline, followed 
20 minutes later by intraperitoneal administration 
of streptozotocin (150 mg kg⁻¹ body weight) 
prepared in 0.1 M citrate buffer at pH 4.5. After 
96 hours, animals presenting blood glucose levels 
above 200 mg/dL were classified as diabetic. 

 
DM2 chronic hypoglycemic activity test 

Diabetic mice were randomly divided into seven 
groups, with each group containing six animals. The 
groups were alienated as follows: 1) non-diabetic 
group (normoglycemic) (NG); 2) untreated diabetic 
group (DG); 3) group treated with metformin 200 
mg kg-1 (GP200) per animal, orally; 4) group treated 
with MPP, with 100 mg kg-1 (MPP100) per animal, 
orally; 5) group treated with MPP, with 200 mg kg-1 
(MPP200) per animal, orally; 6) group treated with 
nanocapsules containing MPP, with 5 mg kg-1 (NC5) 
per animal, orally; 7) group treated with 
nanocapsules containing MPP, with 10 mg kg-1 
(NC10) per animal, orally. 
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Every seven days, sufficient time to monitor 
treatment progress without causing unnecessary 
pain or stress to the animals, blood glucose was 
measured and the groups were weighed. Blood 
glucose was measured using a Precision Xtra 
glucometer (Abbott Diabetes Care, Portugal) by 
placing a small drop of blood on a new test strip and 
the measurements were recorded. Treatment was 
started after the confirmation of diabetes [36]. 

 
Blood and liver collection after the chronic test 

At the end of the treatment, the animals were 
anesthetized intraperitoneally with ketamine and 
xylazine (100:10 mg/kg bw). Blood was collected via 
cardiac puncture to measure biochemical 
parameters, then euthanasia was performed by 
cervical displacement. After exploratory laparotomy, 
the liver was sectioned and placed in a 10% formalin 
solution buffered to pH 7 for further histological 
analysis. In addition, malonaldehyde was dosed with 
1 g of liver fragments that were stored at -70⁰C in 10 
mL of phosphate buffer pH 7 until the day of the test. 

 
Biochemical analysis 

At the end of the treatment, after euthanasia, 
whole blood was collected by intracardiac puncture 
with the aid of a heparinized syringe. After 
separation of plasma by centrifugation, this was used 
to determine the glycemic (glucose and HbA1c), lipid 
(cholesterol and triglycerides), hepatic (ALT and AST) 
and renal (uric acid, creatinine and urea) profiles. The 
levels were determined using an automatic analyzer 
(Chem Well Model 2910; Awareness Technology Inc) 
and Wiener Lab biochemical and ELISA commercial 
Kits (Wuhan Fine Biological Technology) [35]. 

 
Dosage of malonaldehyde (MDA) 

Hepatic malondialdehyde (MDA) levels were 
quantified using the thiobarbituric acid reactive 
substances (TBARS) assay, which estimates lipid 
peroxidation intensity through the formation of a 
pink chromogen. In short, a 1 g portion of liver tissue 
was homogenized in 10 mL of 150 µM NaCl. An 
aliquot of 100 µL homogenate was added to 1.5 mL 
of reaction mixture comprising 0.1% thiobarbituric 
acid, 0.25 N hydrochloric acid, and 10% 
trichloroacetic acid. Samples were vortexed for 30 s, 
sealed with marbles, and incubated in a water bath 
at 100 °C for 45 min. Next, centrifugation at 3.5×g for 
5 min, the supernatant was analyzed at 535 nm using 
a UV/VIS spectrophotometer (T70, PG Instruments 
Ltd). Results were expressed in µmol/L of MDA, 
based on a calibration curve prepared with 

1,1,3‑tetrahydroxypropane standards at 0.25, 0.5, 
1.0, 2.0, 4.0, and 8.0 µmol [37]. 

 
Histological analysis 

Liver and kidney tissue samples from each mouse 
were sequentially dehydrated in graded 
concentrations of ethyl alcohol (70%, 80%, 96%, and 
100%), followed by immersion in xylol/alcohol (1:1) 
and subsequently in 100% xylol for 30 minutes each. 
All samples were fixed in paraffin blocks at 60 °C and 
maintained under refrigeration. Slices of 3–5 µm 
thickness were produced with a microtome (RM 
2125rt, Leica Microsystems, Wetzlar, Germany), 
mounted on slides, stained with hematoxylin and 
eosin (HE), and fixed with Canada balsam. Coverslips 
were used, and the samples were examined under a 
DM500 optical microscope (Leica Microsystems, 
Wetzlar, Germany) fitted with an ICC50W integrated 
camera. 

 
Statistical analysis 

To show the differences between the groups 
analyzed in vivo, one-way ANOVA for univariate 
results and two-way ANOVA and Dunnett's test for 
bivariate results were used for analysis, with P < 0.05 
being measured statistically important. Analysis was 
reached using the software GraphPad Prism®. 

 
RESULTS AND DISCUSSION 
Size, PDI, and Zeta potential 

The size of the nanocapsules of the formulation 
showed an average diameter of 187.0 ± 3.8 nm and 
maintained a narrow monomodal distribution with a 
PDI of 0.210 ± 0.007, as shown in Fig. 1A. 

The developed nanoparticles had a zeta potential 
of -19.0 ± 0.7 mV, which did not change over time 
(Fig. 1B). As for conductivity, the measurement was 
0.041 ± 0.004 m/s cm-1. The particles presented a 
decreased mobility of free ions in the solution. 
Regarding the effect of pH on particle size (Fig. 1C), it 
was observed that at pH 5 the nanoparticles 
remained unchanged, suffering small variations in 
size when exposed to a pH above 6, with rupture of 
the particles at pH 9. However, the stability of the 
particles at pHs below 5 indicated that the 
nanocapsules may be gastro-resistant. On the other 
hand, the isoelectric point of the zeta potential 
increased between pH 1 and 5, accentuating at pH 9 
and reaching a value of -40 mV, which may favor the 
release of the active ingredient in the intestine. The 
results obtained in these tests may indicate that the 
nanocapsules should not undergo major structural 
changes at pH values of less than 5.  
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Fig. 1. Size and distribution of nanocapsules (A); zeta potential (B); effect of pH on the zeta potential of the nanocapsules (C); effect of 

temperature on particle size and dispersion index of nanocapsules (D). 

As for the effect of thermal stability, this is 
shown in Fig. 1D. The result obtained was within 
what is expected for this type of molecule, with 
melting temperatures between 10 to 70°C. With 
regard to the particle size and the polydispersity 
index, the variation in particle size remained 
between 160 and 180 nm. The polydispersity index 
remained between 0.240 and 0.260, which indicate 
the high thermal stability of the nanocapsules. 

The average diameter of the particles and their 
homogeneous distribution are of paramount 
importance for their biological activity, as these 
parameters can influence their biodistribution and 
blood clearance [38]. Polystyrene nanoparticles 
coated with D-α-tocopheryl polyethylene glycol 
(TPGS) at sizes of 100 and 200 nm demonstrated 
the potential to encapsulate drugs and deliver them 
through the gastrointestinal or blood-brain barrier 

[39]. In addition, each formulation may contain a 
particular point of surface or repulsion force 
between the particles [40]. High zeta potential 
values, over 30 mV, positive or negative, suggest 
more stable nanocapsules suspensions, due to the 
repulsion between the particles that prevents their 
aggregation [41]. However, the study showed a zeta 
potential value of -19 mV, indicating moderate 
stability of the formulation at a pH of up to 5. 
 
Morphology 

The nanocapsules exhibited a spherical shape 
and showed no sign of agglomeration. Their size 
range is consistent with that observed by DLS 
analysis. Additionally, electron micrographs 
confirmed the nanocapsules' relatively uniform and 
monomodal distribution (Fig. 2) end composition in 
Table 1). 

 

 
Fig. 2. Electron micrographs obtained using TEM to analyze the morphology and size range of the nanocapsules (A: 10,000 ×, B: 25,000 ×). 
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Table 1. Composition of nanocapsules containing MPP 

Organic phase Minimum Maximum Ideal 

Isopropyl palmitatate (mg) 300 800 500 
MPP (mg) 25 100 50 

Span® 20 (mg) 300 1.000 500 
Kollicoat® MAE 100P (mg) 100 1.000 350 

Ethanol 96% (ml) 5 20 5 
Acetone (ml) 5 50 15 

Aqueous phase    

Tween® 80 (mg) 100 800 500 
Ultrapure water (ml) 25 100 50 

 The development and stability of the 
nanoparticles were due to the combination of two 
nonionic surfactants (Span® 20 and Tween® 80), 
which maintained the particle size practically 
constant for extended periods, enhancing medium 
stability and preventing aggregate formation during 
storage [37,42]. 

Similar results were observed in this study. The 
study by [34], investigated Kollicoat® MAE 100P, 
which is a versatile polymer, and one that can be 
used for the preparation of gastro-resistant 
nanoparticles with drugs of various origins. The use 
of this polymer represents a viable, low-cost, and 
multifunctional alternative for the preparation of 
nanoparticle systems. Furthermore, in the 
intestine, Kollicoat® MAE 100P enables a slower 
release of MPP, dissolving gradually in 
environments with pH >5.5 and achieving complete 
dissolution within 90 minutes. Nanocapsules are 
usually used as carriers of poorly soluble drugs to 
recover stability and/or bioavailability [43]. 

To date, there are no specific reports addressing 
the nanoencapsulation of MPP. Kollicoat® MAE 100P 
was selected due to its proven biocompatibility, pH-
dependent solubility, and ability to protect 
bioactive molecules from gastric degradation while 
enabling controlled intestinal release. Moreover, its 
excellent film-forming properties and moderate 
stability make this polymer particularly suitable for 

improving the oral absorption of highly lipophilic 
compounds such as MPP. The choice of Kollicoat® 
MAE 100P was also based on the study by [44], who 
successfully employed this polymer in the 
formulation of nanocapsules containing amirenone, 
a molecule with high lipophilicity. 

Our formulation was developed based on the 
approach described by [44], while the specific 
proportions were optimized experimentally in our 
laboratory. However, detailed formulation 
parameters cannot be disclosed in the manuscript, 
as they are part of an ongoing patent application. 
We emphasize that all experimental conditions 
were standardized and reproducible, ensuring the 
reliability and consistency of the results presented. 

 
In vivo study 

Treatment with MPP and MPP-loaded 
nanocapsules for 7 weeks significantly reduced 
blood glucose levels in diabetic mice when 
compared to the diabetic control group (469.5 ± 
131.8 mg/dL), with blood glucose decreasing to 
246.2 ± 39.4 mg/dL (MPP200), 197.3 ± 91.9 mg/dL 
(NC5), 163.2 ± 76.3 mg/dL (NC10), and 176.3 ± 44.7 
mg/dL (MET200). These effects persisted 
throughout the treatment period (Figs. 3A and 3B), 
demonstrating a sustained hypoglycemic action of 
the nanoformulations. 

 

 
Fig. 3. Glycemic levels of diabetic mice after 7 weeks of treatment with MPP or nanocapsules containing MPP. Mice with glycemia greater than 
200 mg/dL were separated and divided into groups: non-diabetic group (NG), untreated diabetic group (DG), metformin 200 mg kg-1 (GP200) 

and groups treated with MPP 100 mg kg-1 (MPP100) and 200 mg kg-1 (MPP200) are shown in Figure 3A; groups treated with nanocapsules 
containing MPP 5 mg kg-1 (NC5) and 10 mg kg-1 (NC10) are shown in Figure 3B. Values are expressed as mean ± SEM for (n = 6) with analysis 
using two-way ANOVA for multiple comparisons and Dunnett's test. Asterisks represent statistical differences - p < 0.05 **p < 0.01; *** p < 

0.001; **** p < 0.0001 and nsp > 0.05 shows no statistical difference. 
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Table 2. Results of biochemical parameters of mice treated for seven weeks 

 Cholesterol 
Mg/dL 

Triglycerides 
Mg/dL 

Creatinine 
Mg/dL 

Urea 
Mg/dL 

Uric Acid 
Mg/dL 

TGO 
U/L 

TGP 
U/L 

NG 87±9 a 45±16 a 0.3±0.1 a 44±6 a 1±0.2 a 22±12 a 23±12 a 
DG 86±12 a 68±17 a 1.1±0.3b 79±15bc 2±0.7 bc 20±11 a 20±11 a 

MET200 96±17 a 64±25 a 1.4±0.6b 42±19 ac 1.5±0.4 ac 32±16 a 32±16 a 
MPP200 77±18 a 38±22 a 0.32±0.17 a 51±9 ac 0.8±0.3 a 22±11 a 22±11 a 
MPP100 93±22 a 50±28 a 0.9±0.17 a 57±26 ac 1.4±0.5 ac 23±13 a 23±13 a 

NC10 76±17 a 49±14 a 0.27±0.07 a 46±20 a 0.8±0.6 a 11±6 a 26±13 a 
NC5 81±9 a 47±7 a 0.29±0.04 a 46±14 a 0.4±0.5 ad 18±10 a 28±17 a 

The values are expressed as mean ± SEM (n = 6) with analysis via two-way ANOVA for multiple comparisons and Dunnett's test. Different 
letters represent statistical differences - P < 0.05. 

 
When the data are expressed as a percentage of 

improvement in diabetic control, the reductions 
correspond to 47.6% (MPP200), 58.0% (NC), 65.2% 
(NC10), and 62.5% (MET200). These quantitative 
comparisons demonstrate that MPP at 200 mg·kg⁻¹ 
exerts a hypoglycemic effect comparable to that of 
metformin, while the nanoencapsulated forms, in 
particular NC10, potentiated this therapeutic 
response. These findings reinforce the enhanced 
efficacy of MPP when administered via nanocapsules, 
likely due to better bioavailability and sustained 
release of the active compound. 

The study by [45] showed that the nanoparticles 
preserved the high antioxidant capacity of curcumin, 
as well as presented significant antimicrobial activity 
for bacteria, without presenting toxicity for normal 
cells, only being cytotoxic for cancer cells. Another 
study showed that α-amyrin-loaded nanocapsules 
showed excellent potency and efficacy as 
antileukemic agents, without presenting a cytotoxic 
effect in normal cells, which suggests a selective 
cytotoxicity against leukemia cells [44]. In the study by 
[46], the researchers investigated a nanoparticle 
system loaded with ellagic acid (EA), a compound with 
antiproliferative activity stemming from its ability to 
inhibit the binding of carcinogens and specific 
nitrosamines to DNA. However, therapeutically, EA 
exhibits low aqueous solubility and bioavailability, 
resulting in minimal therapeutic benefit and limiting 
its full clinical application. The study concluded that 
the nanoparticles remained stable for over 24 hours, 
with in vitro drug release exceeding 80%, which could 
improve dosing frequency and support their potential 
use in future research in the field of oral oncology.  

Through the biochemical results shown in (Table 
2), it can be observed that cholesterol and 
triglycerides did not present statistical differences 
between the groups studied. The parameters of 
creatinine levels showed damage in the MET200 and 
DG groups, while urea and uric acid levels showed 
damage in the DG group, and a slight damage in the 
MET200, MPP100 and MPP200 groups. The liver 

biochemical parameters ALT and TGP showed 
homogeneous results between the groups. 

Biochemical parameters are widely used as 
physiological indicators of animals in response to 
endogenous changes and as diagnostic biomarkers. 
Changes in these parameters may suggest, for 
example, injuries to specific organs or tissues, assist in 
the toxicological evaluation of drug candidates, and 
detect deficiencies in the species' rearing system [47]. 
In this study, it was observed that the NC10 and NC5 
nanoparticles didn’t cause hepatic damage. 

Regarding glycated hemoglobin (HbA1c) levels, 
the MPP200 group presented a mean value of 4.5 ± 
0.4% and the NC10 group a mean value of 4.6 ± 0.4%. 
These values were similar to the negative control 
group, for which the value was 4.3 ± 0.2%, which is 
much lower than the untreated group, since HbA1c 
levels were 7.4 ± 0.3%. These experimental 
treatments were shown to be more effective in 
inhibiting hemoglobin glycation than metformin 200 
mg kg-1 pc (6.1 ± 1%), as shown in Fig. 4. 

The high concentration of malonaldehyde 
(µmol/g) shown in Fig. 5, demonstrated liver damage 
of group MPP100 (3.4 ± 0.6) when compared with NG 
group (5.5 ± 1.8). MPP200 (0.9 ± 0.1) and NC10 (1.1 ± 
0.1) did not show oxidative liver damage in relation to 
the NG group. The MET200 (1.9 ± 0.1) and NC5 (2 ± 1) 
groups showed a slight increase in malonaldehyde 
when compared with GN group. 

Intrinsic and extrinsic stimuli can provoke 
excessive and sustained production of reactive oxygen 
species (ROS) beyond physiological metabolic levels, 
potentially damaging cellular structures, enhancing 
lipid peroxidation, impairing function, and weakening 
immune responses [48]. This oxidative imbalance 
produces lipid hydroperoxides and aldehydes such as 
malondialdehyde, 4‑hydroxynonenal, and 
isoprostanes, ultimately culminating in cell death [49]. 
Findings from this study revealed that 
nanocapsule‑treated groups (NC10 and NC5) showed 
reduced malondialdehyde release compared to the 
untreated control group (NG). 
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Fig. 4. Blood glucose (A) and glycated hemoglobin (B) levels in diabetic mice after seven weeks of treatment with MPP and MPP-

containing nanocapsules. Values were expressed as mean ± SEM (n = 6). For the analysis, a two-way ANOVA was used. The treated 
groups were compared with the untreated diabetic group (DG) using Dunnett's test. Asterisks represent statistical differences - P < 0.05 

**P < 0.01; *** P < 0.001; **** P < 0.0001 and ns P > 0.05 shows no statistical difference. 

 
Fig. 5. Serum malonaldehyde levels in diabetic mice after seven weeks of treatment with MPP and nanocapsules containing MPP. 

Values were expressed as mean ± SD (n = 6). For the analysis, a two-way ANOVA of the treated groups was used. The treatment groups 
were compared with the untreated group (NG), using Dunnett's test. Asterisks represent statistical differences - P < 0.05 **p < 0.01; ** 

* P < 0.001; **** P < 0.0001 and ns P > 0.05 shows no statistical difference. 

After treatment of hyperglycemic animals with 
nanocapsules containing MPP, a glycated 
hemoglobin level of NC10 of 4.5% and a lower 
glucose value than the reference treatment were 
observed. These biochemical tests are one of the 
main diagnostic methods for hyperglycemia and 
diabetes used in clinical medicine, considered the 
gold standard [50], and were performed in this 
study. The MDA method in urine, although an 
important tool, is indicated for complicated 
diabetes management cases (screening for renal 
complications, detection of ketonuria and 
infections), and not for the diagnosis of 
hyperglycemia and diabetes [51]. Therefore, this 
study sought to track these complications from the 
liver, where MDA is metabolized and can cause 
cellular damage. However, it was observed that the 
NC5 and NC10 samples reduced MDA production, 

resulting in a possible neutralization of the 
molecule, corroborating the liver markers AST and 
ALT which were within normal limits. 

In the histological analysis of the livers, the 
untreated group showed a normal architecture of 
hepatocytes (h) with narrow sinusoid capillaries (s), 
some binucleated hepatocytes and Kupffer cells 
(Fig. 6a). In the DG group, we have few hepatocytes 
(h) and all are hypertrophic expressing vascular 
reduction, presence of inflammatory infiltrate (inf), 
microvesicular infiltrate (hst) with droplets and 
glycogen and macrovesicular steatosis (yellow 
arrow) with well-defined fat droplets. There are 
also cells in apoptosis, with some Küpper cells, due 
to their low vascularization with dilated sinusoid 
(sd) capillaries. This group presents very marked 
and characteristic possible liver damage (Fig. 6d). In 
the MPP100 group, we can observe several 
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apoptotic hepatocytes (hap), with the presence of 
a predominant inflammatory infiltrate (inf) with 
dilated sinusoid capillaries and hepatocytes with 
microvesicular infiltrate (hst). This shows the 
presence of significant liver damage (Fig. 6e). The 
MPP200 (Fig. 6b) and NC10 (Fig. 6c) groups have a 
normal architecture without damage similar to the 
NG group, which was also indicated by a low 
production of malonaldehyde produced in this 
tissue. The NC05 group (Fig. 6f) had only one 
microvesicular steatosis (hst). These findings also 
corroborate the results of the MDA test. 

The liver plays a pivotal role in metabolic 
regulation and in the detoxification and elimination 
of toxic compounds. Because of its extensive 
functional reserve, injury to this organ may not 
instantly affect its performance. Thus, tests 
reflecting hepatocellular injury, such as plasma liver 
enzyme measurements, are necessary. Yet, 
standard biochemical assays often lack diagnostic 
precision, making further investigations such as 
liver biopsy necessary to detect pathological 
changes [52]. The present study confirmed that 
NC10 and NC5 confer protection against 
diabetes‑induced renal and hepatic damage. 

 
CONCLUSIONS 

The nanoformulation containing MPP exhibited 
medium-sized particles and moderate zeta 
potential stability up to pH 5, at temperatures 
ranging from 20 °C to 70 °C. Furthermore, coating 
the nanocapsules with Kollicoat® MAE 100P 
resulted in a delayed release of the bioactive 
compound at intestinal pH during a seven-week 

treatment in diabetic mice, leading to a promising 
antidiabetic effect of the developed formulation, 
superior to the non-encapsulated form. 
Additionally, the nanocapsules containing MPP at a 
dose of 10 mg kg⁻¹ did not exhibit hepatic or renal 
toxicity. Therefore, the nanoencapsulation system 
demonstrated antidiabetic activity in vivo. 
However, further pharmacokinetic investigations of 
nanoformulation are necessary. 
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Fig. 6. Effect of treatment in streptozotocin-induced diabetic mice seen in liver histopathology determined via HE staining (400x 

magnification, 50 µm on bar scale). NG (a), DG (d), MPP200 (b), MPP100 (e), NC10 (c), NC5 (f) and MET 200 (g). h: hepatocyte; bh: 
bilateral hepatocyte; s: sinusoidal capillary; ds: dilated sinusoid; gc: glycogen content; Kp: Kupffer cell; hap: hepatocyte in apoptosis; 

hst: hepatocyte in microvesicular steatosis; inf: inflammatory infiltrate; yellow arrow: macrovesicular steatosis. 
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