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Abstract

This study aimed to investigate bioactive compounds, as well as the antihyperglycemic and antidiabetic effects of freeze-dried
Melicoccus bijugatus Jacq. (huaya) peels. In the freeze-dried peels, the concentrations of total phenols (209.87 + 3.40 mg Gallic
Acid Equivalents/100 g freeze-dried) and the antoxidant capacity (282.85 + 4.62 mg Ascobic Acid/100 g freeze-dried) were
high and moderate in flavonoids (87.67 + 0.97 Quercetin/100 g freeze-dried) compared to the reported in pulp fruit. The con-
centrations of organic acids per 100 g of freeze-dried were high: tartaric acid (21216.69 + 1258.98 mg), malic acid (12336.9054
+ 555.05 mg), citric acid (10062.7239 + 395.36 mg), and ascorbic acid (1941.56931 + 68.20 mg). In male Wistar rats, the
freeze-dried (25 mg/kg) reduced hyperglycemia by 10.54% in an oral glucose tolerance test, and the insulin signaling might be
involved. The combination of metformin plus freeze-dried at low doses produced effects similar to monotherapy. In rats with
type 2 diabetes (T2D), administration of freeze-dried (14 days) reversed hyperglycemia, glucose intolerance, and insulin re-
sistance. Huaya peels represent a potential source of bioactive compounds for the treatment of T2D.

Rezumat

Studiul a avut ca scop investigarea compusilor bioactivi, precum si evaluarea efectelor antihiperglicemice si antidiabetice ale
cojilor liofilizate de Melicoccus bijugatus Jacq. (huaya). Tn cojile liofilizate s-au evidentiat concentratii ridicate de compusi
fenolici totali (209,87 + 3,40 mg echivalenti acid galic/100 g produs liofilizat) si o capacitate antioxidanta crescuta (282,85 *
4,62 mg echivalenti acid ascorbic/100 g produs liofilizat), in timp ce continutul de flavonoide totale a fost moderat (87,67 +
0,97 mg echivalenti quercetina/100 g produs liofilizat), comparativ cu valorile raportate pentru pulpa fructului. Concentratiile
acizilor organici raportate la 100 g produs liofilizat au fost ridicate: acid tartric (21.216,69 + 1.258,98 mg), acid malic
(12.336,91 £ 555,05 mg), acid citric (10.062,72 + 395,36 mg) si acid ascorbic (1.941,57 + 68,20 mg). La sobolanii Wistar
masculi, administrarea produsului liofilizat in doza de 25 mg/kg a redus hiperglicemia cu 10,54% in cadrul testului oral de
tolerantd la glucoza, sugerand o posibild implicare a cdii de semnalizare a insulinei. Asocierea metforminului cu produsul
liofilizat, administrate in doze reduse, a determinat efecte comparabile cu cele ale monoterapiei. La sobolanii cu diabet zaharat
de tip 2, administrarea produsului liofilizat timp de 14 zile a ameliorat hiperglicemia, intoleranta la glucoza si rezistenta la
insulina.
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Introduction

Type 2 diabetes (T2D) accounts for more than 90% anti-inflammatory properties, which are associated
of the 589 million global cases of diabetes reported with the bioactive compounds present in fruits (4, 5).
in 2024 (1). Although pharmacological treatments Although the peels of tropical fruits are usually dis-
and lifestyle modifications are available for its man- carded, they contain valuable bioactive compounds,
agement, plant- and fruit-based natural alternatives primarily phenolics, anthraquinones, and triterpe-
have recently gained popularity; however, only a lim- noids, which are often concentrated in this tissue (6).
ited number have sufficient scientific evidence support- Melicoccus bijugatus Jacq. (huaya) is a tropical fruit
ing their efficacy (2, 3). Epidemiological studies have widely consumed in Mexico and has been associated
shown that fruit consumption helps prevent chronic with various pharmacological properties. The seeds
diseases such as T2D because of its antioxidant and have been reported to contain higher levels of
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phenolic compounds and to exhibit greater antioxi-
dant and antimicrobial activities than the pulp (7).
Laxative effects have been attributed to the pulp,
probably due to the presence of ferulic acid deriva-
tives (8). The phenolic compounds p-coumaric acid
and caffeic acid detected in pulp extracts may ex-
plain the traditional use of huaya fruit in the manage-
ment of hypertension (9, 10).

Among the phenolic acids identified in M. bijugatus
fruits, coumaric acid is one of the most abundant
(11). This compound possesses antioxidant with an-
tiplatelet activities and may have potential applica-
tions in the primary prevention of vascular diseases
(9). Furthermore, the traditional use of huaya fruit
for the treatment of asthma and other respiratory dis-
orders could be related to the presence of resveratrol,
which has been identified in the pulp by mass spec-
trometry (12). Resveratrol inhibits the NFxB tran-
scription factor, a key regulator of inflammatory pro-
cesses involved in the pathogenesis of asthma (13).
Pulp extracts exhibited antimicrobial activity, whereas
pulp and embryo extracts have demonstrated anti-
fungal activity (14).

Although the peels and seeds are generally discarded
as agro-industrial waste, Chel-Guerrero et al. 2018
(7) demonstrated that methanolic extracts of huaya
peels can modulate acetylcholinesterase (AchE) ac-
tivity. Therefore, huaya peels represent a promising
source of bioactive compounds with potential appli-
cations as functional ingredients for the prevention
and management of various diseases (15).
Accordingly, the aim of the present study was to
evaluate the antihyperglycemic effects of freeze-
dried huaya peels and to elucidate their possible
mechanism of action in male Wistar rats. Subse-
quently, their antidiabetic effects were assessed in a
T2D model induced in neonatal male Wistar rats.
Based on the bioactive compounds present in huaya
peels, it was hypothesized that their acute admin-
istration to healthy Wistar rats would produce anti-
hyperglycemic effects following a glucose challenge
and exert antidiabetic effects in the T2D model. To
the best of our knowledge, this is the first study to
provide comprehensive evidence regarding the anti-
hyperglycemic mechanism of action of freeze-dried
huaya peels and to propose their potential use as a
therapeutic alternative for the management of hyper-
glycemia and T2D.

Materials and Methods

Huaya fruits were purchased from local markets in
Meérida, Yucatan, Mexico. All procedures involving
experimental animals were conducted in accordance
with Mexican federal regulations (Ministry of Agricul-
ture, SAGARPA, NOM-062-Z00-1999, Mexico).

The experimental protocol was approved by the Insti-
tutional Ethics Committee of Universidad Auténoma
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Metropolitana-Iztapalapa (UAM-Iztapalapa) (approval
number: 14605022) and was carried out in accordance
with the Guidelines for the Care and Use of Labora-
tory Animals. Rats assigned to the different experi-
mental groups were randomized using a simple ran-
domization procedure.

Preparation of freeze-dried peels

Fruits with the same degree of ripeness, free of visi-
ble physical damage, of similar size, and exhibiting
homogeneous peel and pulp coloration were selected.
The peels were manually separated from the fruits
and freeze-dried using a Labconco Model 6 freeze
dryer (Labconco, MO, USA) at 0.04 mbar and 5°C for
48 h. Subsequently, the dried peels were ground into a
fine powder and stored at -20°C until use. The yield of
freeze-dried huaya peels was 25.12 + 0.26%.
Preparation of methanolic extracts

Bioactive compounds were extracted by macerating
1.5 g of freeze-dried huaya peel powder in 30 mL of
methanol. The mixture was maintained in a shaking
incubator at 160 rpm for 24 h at 25°C. The resulting
methanolic extract (ME) was filtered and stored at -
20°C until analysis. The extraction yield of the meth-
anolic extract was 9.91 + 1.75%.

Quantification of total phenolic compounds

The total phenolic content of the ME was deter-
mined using the Folin-Ciocalteu method described
by Singleton and Rossi (16). Briefly, 0.25 mL of
huaya ME was mixed with 0.75 mL of distilled water.
The diluted extract was transferred to a test tube, and
1.0 mL of 10% (v/v) Folin-Ciocalteu reagent was
added. After incubation for 1 min, 0.8 mL of 7.5%
(w/v) NapCOs; solution was added. The mixture was
incubated in the dark for 1 h, and absorbance was
measured at 765 nm using a JENWAY 6705 UV/Vis
spectrophotometer. A gallic acid calibration curve
was used for quantification. All measurements were
performed in triplicate, and the results were ex-
pressed as milligrams of gallic acid equivalents per
100 g of freeze-dried peel (mg GAE/100 g FD).
Quantification of flavonoids

The flavonoid content of the ME was determined ac-
cording to the method described by Chang et al.,
(17). Briefly, 0.5 mL of ME was placed in a test tube
and mixed with 1.5 mL of methanol, 0.1 mL of 10%
(w/v) AICl3, 0.1 mL of 1M CH3CO2K, and 2.8 mL
of distilled water. The mixture was vortexed, incu-
bated in the dark for 30 min, and the absorbance was
measured at 415 nm using a Thermo BIOMATE 3
UV/VIS spectrophotometer. A quercetin standard
curve was used for quantification. All measurements
were performed in triplicate, and the results were ex-
pressed as milligrams of quercetin equivalents per
100 g of freeze-dried peel (mg QE/100 g FD).
Antioxidant capacity

The antioxidant capacity of the ME was determined
using the ABTS [2, 2-azino bis (3-ethylbenzothia-
zoline-6-sulfonic acid)] radical scavenging assay
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described by Rivero-Pérez et al., (18). Briefly, 75 pL of
huaya ME was diluted in 925 pL of distilled water.
Subsequently, 0.1 mL of the diluted extract was trans-
ferred to a test tube, and 1.0 mL of ABTS solution was
added. The mixture was incubated in the dark for 7
min, and absorbance was measured at 734 nm using
a JENWAY 6705 UV/VIS spectrophotometer.
Antioxidant capacity was quantified using an ascor-
bic acid standard curve. All measurements were per-
formed in triplicate, and the results were expressed
as milligrams of ascorbic acid equivalents per 100 g of
freeze-dried peel (mg AAE/100 g FD). Data are pre-
sented as mean + standard error of the mean (SEM).
Quantification of organic acids

The contents of citric, malic, ascorbic and tartaric ac-
ids in freeze-dried huaya peels were determined by
high-performance liquid chromatography (HPLC).
Briefly, 2 mg of freeze-dried huaya peel powder were
resuspended in 2 mL of HPLC-grade water and sub-
sequently filtered through 0.45 pm nylon membrane
filters. Samples and standards were automatically in-
jected into the HPLC system equipped with an
XTerra MS C18 column, (5 pum, 4.6 x 250 mm). A
phosphate buffer (50 mM, pH 2.8) was used as the mo-
bile phase under isocratic conditions at a flow rate of
0.7 mL/min. Quantification was performed using cali-
bration curves prepared with citric, malic, ascorbic,
and tartaric acid standards. All analyses were con-
ducted in triplicate, and the results were expressed as
milligrams of compound per 100 g of freeze-dried peel.
Oral glucose tolerance test (OGTT)

Male Wistar rats weighing 200 - 250 g were used for
the OGTT. Before the test, animals were fasted for
14 h. All experimental groups received an oral D-
glucose load (2 g/kg) by gavage, and selected groups
received the corresponding treatments before glu-
cose administration. Capillary blood glucose levels
were measured from tail vein blood samples before
treatment and glucose administration (time 0) and
subsequently at 30, 60, 90 and 120 min using a glu-
cometer (Accu-chek® Roche Diagnostics).

The animals were randomly assigned to five experi-
mental groups: 1. Control (D-glucose 2 g/kg), 2.
Metformin (300 mg/kg), 3. Freeze-dried huaya peels
(25 mg/kQ), 4. Freeze-dried huaya peels (100 mg/kg)
and 5. Freeze-dried huaya peels (200 mg/kg).
Freeze-dried huaya peels were reconstituted in puri-
fied drinking water before administration. Dose ex-
trapolation between species was performed using the
allometric scaling equation: human dose x animal
dose x (body weight numan/body weight animar)®7 (19).
None of the doses evaluated exceeded the reported
LD50 value of 2,000 mg/kg described for several
plant species of the Sapindaceae family (20). The
metformin dose was selected according to previ-
ously published metformin tolerance test (MTT)
protocols (21).
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In addition to evaluating the antihyperglycemic ef-
fects of monotherapy, the efficacy of a low-dose
combination of metformin and freeze-dried huaya
peels was also assessed. The experimental groups
were as follows: 1. Control (D-glucose 2 g/kg), 2.
Metformin (300 mg/kg), 3. Freeze-dried huaya peels
(25 mg/kg) and 4. Metformin (50 mg/kg) + Freeze-
dried huaya peels (10 mg/kg). Glucose values are ex-
pressed as mean (n =5 - 6) + standard error of the
mean (SEM). The area under the curve (AUC) of the
OGTT glucose profiles was calculated using the
trapezoidal method.

Evaluation of the possible mechanism underlying the
antihyperglycemic effect of freeze-dried huaya peels
To investigate the possible mechanism responsible
for the antihyperglycemic effect of freeze-dried
huaya peels, a pharmacological inhibitor of the insu-
lin signaling pathway was employed. Wortmannin
(Sigma-Aldrich, USA), a specific phosphatidylino-
sitol 3-kinase (PI3-K) inhibitor, was dissolved in di-
methyl sulfoxide (DMSOQO) and administered at a
dose of 1 mg/kg. Male Wistar rats (200 - 250 g) were
fasted during 14 h before the OGTT. Animals were
weighed, and baseline glucose levels (time 0) were
measured. Subsequently, all groups received a D-
glucose load (2 g/kg) while groups 2, 3, 4 and 5 also
received the corresponding treatments. The experi-
mental groups were as follows: 1. Control (D-glu-
cose 2 g/kg), 2. Metformin (300 mg/kg), 3. Freeze-
dried huaya peels (25 mg/kg), 4. Wortmannin (1
mg/kg) + D-glucose (2 mg/kg), 5. + Wortmannin (1
mg/kg) + Freeze-dried huaya peels (25 mg/kg).
Wortmannin was administered intraperitoneally
(i.p.) 30 min before treatment administration. Blood
samples were collected from the tail vein at 30, 60,
90 and 120 min after glucose loading, and capillary
glucose concentrations were determined using a glu-
cometer (Accu-chek® Roche Diagnostics). Data are
expressed as mean (n =5 - 6) £ SEM, and AUC val-
ues were calculated using the trapezoidal method.
Type 2 diabetes model in neonatal male Wistar rats
Male neonatal Wistar rats (3 - 4 days old) were used
to establish the T2D model (22). Animals were ran-
domly assigned to two experimental groups. Group
1: Control group (CT): rats received vehicle (0.1 M cit-
rate buffer, pH 4.5) intraperitoneally (i.p.) and Group 2:
Diabetic group (DB): rats received a single intraperito-
neal injection of streptozotocin (STZ; 70 mg/kg) dis-
solved in 0.1 M citrate buffer (pH 4.5). Both CT and
DB rats were evaluated at 8 weeks of age.

Evaluation of the antidiabetic effect of freeze-dried
huaya peels

Eight weeks after vehicle or STZ administration, CT
and DB rats received one of the following treatments
by oral gavage for 14 consecutive days: 1.- Vehicle
(water); 2.- Metformin (300 mg/kg) and 3.- Freeze-
dried huaya peels (100 mg/kg). Blood glucose con-
centrations were monitored throughout the
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treatments period. At the end of the treatment, an
OGTT and an intraperitoneal insulin tolerance test
(IPITT) were performed. The OGTT was conducted
as previously described.

For the IPIIT, rats were fasted for 6 h at the end of
the treatment period. Baseline glucose concentra-
tions (time 0) were measured from tail vein samples.
Subsequently, insulin (2 IU/kg) was administered in-
traperitoneally, and capillary glucose concentrations
were measured at 30, 60, 90 and 120 min. Glucose
response curves were generated for each experi-
mental group, and the AUC values were calculated
using the trapezoidal method.

Statistical analysis

All statistical analyses were performed using Sigma
Plot version 14.0 (San José, CA, USA). Data are as
mean = SEM. OGTT and IPITT data were analyzed
using two-way analysis of variance ANOVA fol-
lowed by Duncan’s post hoc test. Organic acid con-
centrations and AUC values were analyzed one-way
ANOVA followed by the Student-Newman-Keuls
post hoc test. Differences were considered statisti-
cally significant at P <0.05.

Results and Discussion

Antioxidant compounds present in freeze-dried
huaya peels

The concentrations of selected antioxidant com-
pounds present in freeze-dried huaya peels were de-
termined using spectrophotometric methods. Table |
summarizes the contents of total phenolic com-
pounds, total flavonoids, and antioxidant capacity
measured using the ABTS assay. In addition, HPLC
analysis was used to quantify the concentrations of
organic acids present in the freeze-dried peels. High
concentrations of organic acids were detected, with
the following abundance pattern: tartaric acid >
malic acid > citric acid > ascorbic acid (Table II).

In recent years, there has been growing global inter-
est in foods that provide health-promoting benefits.
However, relatively few studies have specifically in-
vestigated tropical fruits as sources of secondary me-
tabolites with potential therapeutic applications (4, 7).
Interactions between tropical plants and their natural
predators are often complex and may involve the
production of unique bioactive compounds with sig-
nificant pharmacological potential (23). Phenolic
compounds present in fruits have attracted consider-
able attention because of their antioxidant properties.
In the present study, the total phenolic content of
freeze-dried huaya peels (209.87 + 3.40 mg GAE/100
g FD, Table I) was comparable to that previously re-
ported for huaya fruit (295.35 + 17.54 mg GA/ 100
g fresh weight) (24). Similarly, the flavonoid content
observed in our study (87.67 £ 0.97 mg QE/100 g
FD, Table 1) was moderate compared with the con-
centration reported by Moo-Huchin et al., (24) for
the fruit (275.76 £ 8.08 mg QE/100 g fresh weight).
The antioxidant capacity of plant-derived foods re-
sults from the cumulative and often synergistic ac-
tion of a wide range of antioxidant compounds,
which may contribute to the prevention of diseases
associated with oxidative stress (25, 26). Therefore,
the antioxidant activity of the freeze-dried huaya
peels was evaluated using the ABTS assay.

The antioxidant capacity observed in freeze-dried
huaya peels (282.85 + 4.62 mg AAE/100 g FD, Ta-
ble 1) was comparable to that reported by Moo-
Huchin et al., (24) for huaya fruit (194.27 £ 6.17 mg
Vitamin C equivalents/100 g fresh weight). Quanti-
tatively, polyphenols represent the major dietary an-
tioxidants, followed by vitamins and carotenoids
(27). Consequently, the antioxidant capacity ob-
served in the present study is likely attributable, at
least in part, to the phenolic compounds and flavo-
noids present in the freeze-dried peels.

Table |

Content of antioxidant compounds in methanolic extracts of freeze-dried huaya peels

(mg AAE/100 g FD)

Antioxidant capacity (ABTS)

Total flavonoids
(mg QE/100 g FD)

Total phenolic compounds
(mg GAE/100 g FD)

Methanolic extract of

freeze-dried huaya peels 282.85+4.62

209.87 +3.40 87.67 +0.97

Values are expressed as mean * standard error of the mean (SEM) (n = 11)

HPLC analysis revealed high concentrations of or-
ganic acids in freeze-dried huaya peels, following the
order: tartaric acid > malic acid > > citric acid > >
ascorbic acid (Table II). Organic acids may contrib-
ute to the biological activity of huaya peels including
potential modulation of the insulin signaling path-
way. Previous in vitro studies have shown that citric
acid and L-malic acid protect cardiomyocytes
against hypoxia/reoxygenation-induced injury by
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reducing necrosis and apoptosis, possibly through
activation of the PI1-3K/Akt survival pathway (28).
Furthermore, several studies have reported im-
portant biological activities associated with malic,
citric, tartaric, and succinic acids (28-30). In agree-
ment with these reports, our results demonstrated
that freeze-dried huaya peels contain substantial
concentrations of these organic acids (Table II).
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Table 11
Content of organic acids in freeze-dried huaya peels

Tartaric Acid Malic Acid Citric Acid Ascorbic Acid
(mg/100 g FD) (mg/100 g FD) (mg/100 g FD) (mg/100 g FD)
if;;gg;ﬁg 21,216.69 + 1,258.98A | 12,336.9054 + 555.058 | 10,062.7239 +395.36° | 1,94156931 + 68.20°

Values are expressed as mean + standard error of the mean (SEM) (n = 4). # = P < 0.05 Tartaric Acid vs. Malic, Citric and Ascorbic Acids;
B = P <0.05 Malic Acid vs. Tartaric, Citric and Ascorbic Acids; © = P < 0.05 Citric Acid vs. Tartaric, Malic and Ascorbic Acids; ® = P < 0.05
Ascorbic Acid vs. Tartaric, Malic and Citric Acids; One-way ANOVA followed by Student-Newman-Keuls post hoc test
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Figure 1.

Oral glucose tolerance test (OGTT) following administration of freeze-dried huaya peels. A) Antihyperglycemic effects
were observed at 30 min during the OGTT with all tested doses of freeze-dried huaya peels (25, 100 and 200 mg/kg)
compared with the control group. A = P < 0.05 Metformin (300 mg/Kg) vs. Control, B = P < 0.05 huaya peels (25,
100 and 200 mg/kg) vs. Control. Data were analyzed using two-way ANOVA followed by Duncan's post hoc test
and are presented as mean £ SEM (n =5 - 6 rats per group). B) The 25 mg/kg dose of freeze-dried huaya peels
resulted in a significantly lower area under the curve (AUC) than that of the control group. A = P < 0.05 Metfor-
min vs. Control, B = P < 0.05 Huaya peels (25 mg/kg) vs. Control. Data were analyzed using one-way ANOVA fol-
lowed by the Student-Newman-Keuls post hoc test and are presented as mean = SEM (n =5 - 6 rats per group).

Antihyperglycemic effect of freeze-dried huaya peels
In the OGTT performed in healthy rats, freeze-dried
huaya peels produced significant antihyperglycemic
effects at 30 min post-glucose administration at all
tested doses (25, 100, and 200 mg/kg) compared
with the control group. This reduction in blood glu-
cose observed at 30 min was comparable to that
achieved with metformin treatment (Figure 1A).
Among the doses evaluated, 25 mg/kg of freeze-
dried huaya peels resulted in a significantly lower
area under the curve (AUC) than that of the control
group (Figure 1B), suggesting that this dose exert a
sustained antihyperglycemic effect. Interestingly,
the freeze-dried huaya peels exhibited a non-linear,
biphasic dose-response profile, with the lowest tested
dose (25 mg/kg) showing the most consistent and
prominent antihyperglycemic effect compared to
higher doses. This lack of proportional improvement
at higher doses is a characteristic hallmark of crude
botanical extracts and complex phytochemical ma-
trices (31). From a molecular perspective, this phe-
nomenon can be explained by the saturation and sub-
sequent desensitization of key intracellular compo-
nents (receptors). Furthermore, unlike isolated
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pharmaceutical drugs, whole extracts contain an ar-
ray of secondary metabolites that interact simultane-
ously with multiple biological targets. At lower
doses (25 mg/kg), the concentrations of primary an-
tidiabetic agents (such as specific organic acids or
polyphenols) are sufficient to exert therapeutic ef-
fects, while counter-effective or mildly antagonistic
compounds remain below their active thresholds. As
the dose increases, these secondary compounds may
reach concentrations high enough to compete for
transporters, inhibit key metabolic enzymes, or in-
duce minor counter-regulatory hyperglycemic re-
sponses, resulting in a plateau or reduction of the net
therapeutic outcome (32).

Numerous pharmacological activities have been at-
tributed to polyphenolic compounds, including the
regulation of glucose homeostasis (33) and anti-in-
flammatory and analgesic effects (34).

In the present study, freeze-dried huaya peels exhib-
ited high concentrations of total phenolic compounds.
In this context, quercetin, a polyphenol isolated from
Cassia fistula, has been reported to reduce plasma
glucose concentrations when administered chroni-
cally to diabetic rats. This effect was associated with
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the restoration of hepatic glucokinase, glucose-6-
phosphatase (G6Pase), glycogen synthase, and gly-
cogen phosphorylase activities to near-normal lev-
els, as well as with increased GLUT4 mRNA and
protein expression in skeletal muscle (35).

In addition, quercetin-3-rutinoside (rutin) has been
identified in crude extracts of huaya seed coats. Sev-
eral mechanisms have been proposed to explain the
antihyperglycemic effects of rutin, including: (i) re-
duced intestinal glucose absorption through inhibi-
tion of o-glucosidase and a-amylase activities in-
volved in carbohydrate digestion; (ii) suppression of
hepatic gluconeogenesis through downregulation of
the key gluconeogenic enzymes G6Pase and phos-
phoenolpyruvate carboxykinase (PEPCK); (iii) en-
hancement of insulin-mediated glucose uptake in pe-
ripheral tissues; (iv) stimulation of insulin secretion
by pancreatic B-cells; and (v) protection of the islets
of Langerhans against degeneration (36).

It is important to emphasize that our study did not
specifically evaluate the presence of quercetin and
rutin; rather, we performed an assessment of total
phenolic compounds. It is essential to characterize
the specific bioactive compounds in the freeze-dried
Melicoccus bijugatus (huaya) peels using HPLC-
MS/MS.

Possible mechanism underlying the antihyperglyce-
mic effect of freeze-dried huaya peels

To investigate the mechanism underlying the antihy-
perglycemic effect of freeze-dried huaya peels dur-
ing the OGTT, phosphatidylinositol 3-kinase (P13-
K), a key component of the insulin signalling path-
way, was pharmacologically inhibited using wort-
mannin. Administration of freeze-dried huaya peels
produced significant antihyperglycemic effects at 30
and 60 min during the OGTT. However, pretreat-
ment with wortmannin abolished the antihypergly-
cemic effect observed at 30 min, suggesting that ac-
tivation of the insulin signalling pathway may con-
tribute to this response; however, it is essential to
evaluate the expression of proteins involved in the
insulin signaling pathway (IRS-1, PI3K, Akt, p-Akt,
and GLUT4) in target tissues (muscle and adipose
tissue) to confirm its activation. Interestingly, wort-
mannin did not completely reverse the effect observed
at 60 min, suggesting the involvement of additional an-
tihyperglycemic mechanisms (Figure 2A). Analysis of
the AUC further demonstrated that the group receiv-
ing wortmannin (1 mg/kg) plus freeze-dried huaya
peels (25 mg/kg) exhibited a significantly greater
AUC than the huaya-treated group, indicating atten-
uation of the antihyperglycemic effect (Figure 2B).
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Figure 2.

Mechanism of action of the antihyperglycemic effect of freeze-dried huaya peels. A) The antihyperglycemic ef-
fects induced by the freeze-dried huaya peels were observed at 30 and 60 min during the OGTT compared with
the control group. Pretreatment with wortmannin reversed the effect observed at 30 min but did not abolish the
effect detected at 60 minutes. A = P < 0.05 Metformin vs. Control, B = P < 0.05 Huaya peels vs. Control, C=P <
0.05 Wortmannin (1 mg/kg) + D-glucose vs. Control, D = P < 0.05 Wortmannin (1 mg/kg) + Huaya peels (25 mg/kg)
vs. Huaya peels (25 mg/kg). Data were analyzed using two-way ANOVA followed by Duncan'’s post hoc test (n =
5 - 6 rats per group). B) The AUC of Wortmannin (1 mg/kg) + Huaya peels (25 mg/kg) group was significantly
higher than that of the Huaya peels (25 mg/kg) group, indicating attenuation of the antihyperglycemic effect.
A =P <0.05 Metformin vs. Control, B = P < 0.05 Huaya peels vs. Control, D = P < 0.05 Wortmannin (1 mg/kg) +
Huaya peels (25 mg/kg) vs. Huaya peels (25 mg/kg). Data were analyzed using one-way ANOVA followed by
the Student-Newman-Keuls post hoc test and are presented as mean + SEM (n =5 - 6 rats per group).

skeletal muscle, adipose tissue and the brain. Insulin,
secreted by B-cells in response to nutrient intake,
suppresses hepatic glucose production while promoting
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Glucose homeostasis is maintained through a com-
plex regulatory network involving pancreatic islet
cells, the liver, and peripheral tissues, including
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glucose uptake by skeletal muscle and adipose tissue
(37). The canonical insulin signalling cascade re-
sponsible for maintaining glucose homeostasis in-
volves activation of the serine/threonine kinase Akt,
which requires insulin-receptor activation and sub-
sequent stimulation of phosphatidylinositol 3-kinase
(P13-K) (38). The PI3-K/Akt signalling path-way plays
a central role in insulin-mediated regulation of glu-
cose transport in adipose tissue and skeletal muscle
(39), as well as in the suppression of hepatic gluco-
neogenesis (40). In the present study, wortmannin —
a fungal metabolite recognized as a potent, selective,
and irreversible PI3-K inhibitor — (41), was used to
evaluate the role of this specific component in the
pathway. The reversal of the anti-hyperglycemic ef-
fect of freeze-dried huaya peels at 30 min following
of the OGTT administration (Figure 2A) supports
the involvement of the PI3-K. However, it is essen-
tial to evaluate the involvement of other components
of the insulin pathway using molecular biology to
define its role in the observed response.

Notably, the antihyperglycemic effect reappeared at
60 min despite P13-K/Akt inhibition, suggesting that
additional mechanisms may contribute to the glucose-
lowering activity of freeze-dried huaya peels. In this
regard, Manaharan et al., (42) reported that extracts
from tropical plants exert antihyperglycemic effects
through inhibition of the carbohydrate-hydrolyzing
enzymes o-glucosidase and a-amylase. Therefore,
inhibition of digestive enzymes may also contribute
to the effects observed in the present study; however,
additional experiments are required to confirm this
hypothesis.

Maintenance of the antihyperglycemic effect through
the combination of metformin and freeze-dried huaya
peels at low doses

The combination of metformin and freeze-dried huaya
peels at low doses was evaluated to determine whether
antihyperglycemic efficacy could be maintained while
reducing the doses of both treatments. The combina-
tion consisted of metformin (50 mg/kg) and freeze-
dried huaya peels (10 mg/kg).

A) 220 - B) 20000
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& —O— Metformin (300 mg/kg) o
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S 180 I Metformin (50 mglkg) + E 15000
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Time (10 mg/Kg)
(min)
Figure 3.

Maintenance of the antihyperglycemic effect by the combination of metformin and freeze-dried huaya peels.
A) The combination of metformin and freeze-dried huaya peels at low doses (50 and 10 mg/kg, respectively)
produced significant antihyperglycemic effects at 60 and 90 min during the OGTT in comparison with metformin
monotherapy. Data were analyzed using two-way ANOVA followed by Duncan's post hoc test (n =5 - 6 rats per
group). B) The combination of metformin and freeze-dried huaya peels resulted in a significantly lower AUC than
that of the control group. A = P < 0.05 Metformin (300 mg/kg) vs. Control, B = P < 0.05 Huaya peels (25 mg/kg)
vs. Control, C = P < 0.05 Metformin (50 mg/kg) and Huaya peels (10 mg/kg) vs. Control. OGTT data were analysed
using two-way ANOVA followed by Duncan's post hoc test, whereas AUC values were analyzed using one-way
ANOVA followed by the Student-Newman-Keuls post hoc test. Data are presented as mean £+ SEM (n=5 - 6
rats per group).

Previous experiments demonstrated that the 25 mg/kg
dose of freeze-dried huaya peels produced the most
consistent antihyperglycemic response; therefore, this
dose was included as a reference treatment in the pre-
sent experiment. Consistent with previous findings, ad-
ministration of freeze-dried huaya peels (25 mg/kg)
significantly reduced capillary blood glucose con-
centrations at 30 and 60 min during the OGTT com-
pared with the control group. Interestingly, the
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combination of metformin and freeze-dried huaya
peels at low doses (50 and 10 mg/kg, respectively)
maintained significant antihyperglycemic activity,
with reductions in blood glucose concentrations ob-
served at 60 and 90 min during the OGTT. The mag-
nitude of this effect was comparable to that observed
with metformin monotherapy (Figure 3A). Similarly,
the combination treatment produced a significantly a
lower AUC than that of the control group (Figure 3B).
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Thus, dose reduction did not compromise antihyper-
glycemic efficacy, suggesting a potential additive or
complementary interaction between metformin and
the bioactive compounds present in huaya peels. No-
tably, maintenance of the antihyperglycemic effect
was particularly evident at 60 and 90 min during the
OGTT (Figure 3A). However, additional studies are
required to elucidate the mechanisms responsible for
the observed effects.

Currently, several pharmacological agents with dis-
tinct mechanisms of action are available for the man-
agement of T2D. Among these, metformin remains
one of the most widely prescribed antihyperglycemic
drugs because it suppresses hepatic gluconeogene-
sis, enhances glucose uptake in skeletal muscle, and
improves insulin sensitivity (43). The antihypergly-
cemic efficacy of metformin generally increases with
dose escalation, from 500 mg/day up to the upper
limit of the recommended therapeutic range (> 2000
mg/day) (44). However, high doses may increase the
risk of adverse effects, including gastrointestinal dis-
turbances such as nausea, vomiting, abdominal dis-
comfort, diarrhea, and, in rare cases, lactic acidosis
(45). In the present study, maintenance of antihyper-
glycemic efficacy was observed when low doses of
metformin and freeze-dried huaya peels were admin-
istered in combination (50 and 10 mg/kg, respec-
tively). These findings suggest that this this thera-
peutic strategy may represent a promising comple-
mentary approach for glycemic control. Neverthe-
less, further preclinical and clinical studies are re-
quired to confirm its efficacy and safety.
Antidiabetic effect of the freeze-dried huaya peels

In the present study, the antidiabetic effect of the
freeze-dried huaya peels was evaluated using a T2D
model induced by the neonatal administration of
streptozotocin (STZ). Eight weeks after STZ admin-
istration, diabetic (DB) rats exhibited hyperglycemia
compared to the control group (CT) (Fig. 4). Subse-
quently, both CT and DB rats received oral treatment
for 14 consecutive days with one of the following: (i)
Vehicle (drinking water), (ii) metformin (300 mg/kg)
or (iii) freeze-dried huaya peels (100 mg/kg). At the
end of the treatment period, vehicle-treated DB rats
remained hyperglycemic, whereas administration of
metformin or freeze-dried huaya peels significantly
reduced blood glucose concentrations, reversing the
hyperglycemic state observed in untreated diabetic
animals (Figure 4).

The first study to investigate the pharmacological
properties of freeze-dried huaya peels was con-
ducted by Chel-Guerrero et al., (7) who reported that
extracts obtained from this tissue where capable of
modulating acetylcholinesterase (AChE) activity. To
the best of our knowledge, the present study is the
first to evaluate both the antihyperglycemic and an-
tidiabetic effects of freeze-dried huaya peels. Alt-
hough limited information is available regarding the
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health-promoting properties of huaya fruit, several
ethnomedicinal uses of its pulp and seeds have been
documented. For example, the improvement in gas-
trointestinal disorders has been associated with the
use of huaya seeds (11) due to the presence of epi-
catechin, catechin and procyanidin B2 (46). These
compounds have been shown to inhibit chloride
transport mediated by the cystic fibrosis transmem-
brane conductance regulator (CFTR) in human co-
lonic epithelial cells (47), which may contribute to
their beneficial gastrointestinal effects. Caffeic acid
has also been identified in huaya pulp (46).

200 1
150 1
100 1

50 1

Capillary blood glucose
(mg/dL)

CT DB CT DB CT DB

CT DB

Metformin Huaya
(300 mg/Kg) (100 mg/Kg)

8 weeks Vehicle

14 days of oral treatment
Figure 4.

Capillary blood glucose concentrations of control
rats (CT) and type 2 diabetes (DB) rats after 14 days
of treatment. Eight-week-old DB rats exhibited
hyperglycemia compared with CT rats. Oral admin-
istration of metformin (300 mg/kg) or freeze-dried
huaya peels (100 mg/kg) for 14 days reduced capil-
lary blood glucose concentrations compared with
those of untreated diabetic rats at 8 weeks of age.
Neither treatment altered capillary blood glucose
concentrations in CT rats. A =P < 0.05 DB (8 weeks)
vs. CT (8 weeks); B =P < 0.05 DB and vehicle vs. CT-
vehicle; C = P < 0.05 DB and metformin vs. DB (8
weeks); D =P < 0.05 DB and Huaya peels vs. DB (8
weeks). One-way ANOVA followed by the Student-
Newman-Keuls post hoc test. Data are presented as
mean + SEM (n = 7 rats per group)

The traditional use of huaya fruit for the manage-
ment of hypertension may be partially explained by
the ability of caffeic acid to antagonize angiotensin
I1-induced vascular smooth muscle cell proliferation
in stroke-prone spontaneously hypertensive rats (48).
Similarly, the use of huaya pulp for the treatment of
diarrhea may be associated with the presence of as-
tringent polyphenolics and antimicrobial hydroxy-
cinnamic acids such as coumaric acid, which may
target the underlying causes of this condition (11).
Furthermore, the traditional use of huaya pulp for
respiratory disorders and asthma may be related to
the presence of caffeic acid, which acts as a selective
inhibitor of leukotriene biosynthesis. Because leukotrienes
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play important roles in immunoregulation, inflam-
mation, asthma, and allergic responses, inhibition of
their synthesis may contribute to the therapeutic ef-
fects historically attributed to huaya fruit (49).

At the end of the treatment period, DB rats receiving
vehicle exhibited glucose intolerance, as determined
by the OGTT (Figure 5A), and insulin resistance, as

—-@— Control+Vehicle
—O— DB+Vehicle

assessed by the IIPT (Figure 5C). Treatment with
metformin (300 mg/kg) or freeze-dried huaya peels
(100 mg/kg) reversed these characteristics of T2D, as
evidenced by lower AUC values in both the OGTT
and the IIPT compared with those observed in vehi-
cle-treated DB rats (Figure 5B and Figure 5D).
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Figure 5.

Oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPITT) after 14 days of treatment.
A) Vehicle-treated diabetic rats exhibited glucose intolerance compared with the control group. Subchronic ad-
ministration of freeze-dried huaya peels reversed glucose intolerance. Treatment with metformin also reversed
glucose intolerance in diabetic rats. This effect was additionally reflected in the AUC values B) compared with
those of the DB and Vehicle group. C) DB and Vehicle rats exhibited insulin resistance, whereas treatment with
freeze-dried huaya peels reversed this condition, producing a response similar to that observed with metformin
treatment. D) AUC values were lower in rats treated with metformin or freeze-dried huaya peels than in the DB
and Vehicle group. OGTT data were analysed using two-way ANOVA followed by Duncan's post hoc test,
whereas AUC values were analysed using one-way ANOVA followed by the Student-Newman-Keuls post hoc
test for AUC. Data are presented as mean £ SEM (n =5 - 6 rats per group).

In the present study, the antidiabetic effect of freeze-
dried huaya peels was evaluated using a T2D model
induced by neonatal administration of STZ, a model
widely used to reproduce several characteristics of
this disease (50, 51). Eight weeks after STZ admin-
istration, DB rats exhibited hyperglycemia com-
pared with CT rats (Figure 4). Furthermore, it has
been reported that, at this age, DB rats develop glu-
cose intolerance and insulin resistance (52). In the
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present study, freeze-dried huaya peels contained
high concentrations of organic acids (tartaric > malic >
citric > ascorbic acid, Table IT). Organic acids have
been reported to exert dose-dependent inhibitory ef-
fects on a-amylase and a-glucosidase activities. The
Inhibition of these digestive enzymes reduces the
amount of absorbable monosaccharides, particularly
glucose, thereby lowering blood glucose concentra-
tions. The inhibitory effects of these organic acids
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follow the descending order: citric acid > tartaric
acid > malic acid > succinic acid > lactic acid > ace-
tic acid (53). While a HPLC-MS/MS analysis is es-
sential to fully characterize the bioactive compounds
in freeze-dried huaya peels, our current HPLC as-
sessment identified organic acids that, according to
the literature, may contribute to reversing hypergly-
cemia in T2D rats.

Different tropical fruits, including the lychee (Litchi
chinensis), longan (Dimocarpus. longan), and huaya,
contain metabolites capable of regulating gluconeo-
genesis and p-oxidation (54). Among these metabo-
lites are hypoglycin A (2-methylenecyclopropaneal-
anine) and methylenecyclopropylglycine (MCPG). The
metabolite of hypoglycin A, methylenecyclopropy-
lacetyl coenzyme A ester (MCPA-CoA) induces hy-
poglycemia and depletes hepatic glycogen stores
(55). Regarding MCPG, its principal metabolites tar-
get enzymes involved in hepatic B-oxidation, includ-
ing 3-oxoacyl-CoA dehydrogenase and acetoacetyl-
CoA thiolase. This results in reduced gluconeogene-
sis through decreased availability of NADH, which
is required for glucose synthesis, and acetyl-CoA, an
allosteric activator of pyruvate carboxylase involved
in glucose production from pyruvate (54). Evaluat-
ing the presence of bioactive compounds -specifi-
cally hypoglycin A and MCPG- in the freeze-dried
huaya peels using HPLC-MS/MS could offer valua-
ble insights into their possible involvement in the ob-
served hypoglycemic effects.

In the present study, treatment with metformin (300
mg/kg) or freeze-dried huaya peels (100 mg/kg) re-
versed key characteristics of T2D, including glucose
intolerance and insulin resistance. These effects may
be associated, at least in part, with antioxidant activ-
ity, since fruit polyphenols play a pivotal role in pro-
tecting the body against oxidative stress and chronic
diseases such as T2D, cardiovascular disease, and can-
cer (56). In the present study, freeze-dried huaya peels
exhibited high antioxidant capacity (282.85 + 4.62
mg AAE/100 g FD, Table I) which may be associ-
ated with their high total phenolic content (209.87 +
3.40 mg GAE/100 g FD, Table I). In addition to their
antioxidant properties, polyphenols have been re-
ported to interact with glucose transporters, thereby
contributing to anti-hyperglycemic effects (57).
Interestingly, the present study is the first to evaluate
the antidiabetic effect of freeze-dried huaya peels in a
T2D model. Therefore, elucidating the mechanisms
responsible for the observed hypoglycemic effects,
as well as those involved in the reversal of glucose
intolerance and insulin resistance, is of particular in-
terest. Natural products and herbal extracts have been
reported to improve insulin resistance through modu-
lation of specific molecular targets, including peroxi-
some proliferator-activated receptor gamma (PPAR-y),
a nuclear receptor that functions as a transcription
factor and plays a key role in lipid metabolism and
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glucose homeostasis (58). In addition, organic acids
present in fruits, particularly citric acid and L-malic
acid, have been reported to significantly increase Akt
upregulated the expression of phosphorylation (28).
This signaling pathway plays a central role in insulin-
stimulated glucose uptake in skeletal muscle and adi-
pose tissue while suppressing hepatic glucose produc-
tion (59). Because natural products have been re-
ported to activate PPAR-y and organic acids to up-
regulate components of the insulin pathway, freeze-
dried huaya peels could exert its antidiabetic effects
by modulating these nuclear receptors and intracel-
lular signaling cascade. Future studies in our labora-
tory will focus on elucidating the specific bioactive
compounds present in the freeze-dried peels and
evaluating the molecular mechanisms involved in the
observed antidiabetic effects.

The limitations of this study include the absence of
LC-MS/MS characterization of freeze-dried huaya
peels, the lack of evaluation of proteins involved in
insulin signaling, and the absence of an isobolo-
graphic analysis to determine the specific pharmaco-
logical interaction associated with the therapeutic
combination. These aspects represent important re-
search perspectives that are currently being addressed
in our laboratory. Finally, while the freeze-dried huaya
peels (Melicoccus bijugatus) demonstrated a signifi-
cant antihyperglycemic and antidiabetic effect, it is
important to acknowledge that a comprehensive tox-
icological profile was not established in this study.
Parameters such as daily food intake, and specific bi-
omarkers of renal or hepatic toxicity were not moni-
tored. Preclinical screenings of agro-industrial by-
products require strict safety clearances, as second-
ary metabolites can sometimes exert unintended ad-
verse effects alongside their therapeutic benefits.

Conclusions

Administration of freeze-dried huaya peels to rats
subjected to an OGTT produced antihyperglycemic
effects. Furthermore, this effect was blocked by a
P13-K inhibitor, suggesting the involvement of one
of the components of the insulin signaling pathway.
The combination of metformin and freeze-dried huaya
peels at low doses maintained antihyperglycemic ef-
ficacy, indicating that this therapeutic combination
may represent a potential antihyperglycemic alterna-
tive. Subchronic administration of freeze-dried huaya
peels to rats with T2D reversed hyperglycemia, glu-
cose intolerance, and insulin resistance.

This study is the first to report both the antihypergly-
cemic mechanism of action and the antidiabetic ef-
fects of freeze-dried huaya peels. Furthermore, the
results demonstrate that freeze-dried peels of Meli-
coccus bijugatus contain significant levels of bioac-
tive compounds and exhibit promising antidiabetic
activity. These findings support further investigation
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of huaya peels as potential functional food ingredi-
ents or phytopharmaceutical agents.
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