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a b s t r a c t

Objective: To evaluate the therapeutic potential and underlying mechanisms of action of propolis in db/
db mice.
Methods: The chemical composition of propolis was analyzed using UHPLC-MS/MS. Thirty mice,
including six wt/wt and 24 db/db mice, were randomly assigned to four groups (n ¼ 6 per group):
control, model, metformin (250 mg/kg), low dose propolis (100 mg/kg), and high dose propolis (HDP;
400 mg/kg). Treatments were administered orally for four weeks. Body weight and FBG levels were
recorded weekly, and an oral glucose tolerance test was conducted on the 25th day. Serum levels of FIN,
GSP, connecting peptide, AST, ALT, HDL, LDL, TG, and TC were quantified using ELISA. Liver histopathology
was assessed using H&E and PAS staining. Western blotting was performed to examine the expression
levels of NF-kB, phosphorylated NF-kB, IkBa, pIkBa, and AKT in liver tissues.
Results: The top 10 metabolites of propolis were identified in positive and negative ion modes. The HDP
group exhibited a significant reduction in FBG levels, body weight, connecting peptide levels, homeo-
static model assessment of b-cell function scores, and homeostasis model assessment of insulin resis-
tance scores (all P < .05). GSP levels were significantly reduced in both treatment groups (all P < .001).
The HDP group also exhibited a reduction in TC and LDL levels (both P < .05), whereas HDL levels
increased in both treatment groups (all P < .05). Liver weight, AST levels, and ALT levels were reduced in
both treatment groups (all P < .05). Histological analysis revealed improved liver morphology. Protein
analysis demonstrated downregulation of phosphorylated NF-kB and phosphorylated IkB, alongside
upregulation of AKT.
Conclusion: Propolis exhibited significant antihyperglycemic effects in db/db mice, potentially by
modulating the AKT and NF-kB signaling pathways, highlighting its potential as a therapeutic agent for
diabetes management.
© 2025 Published by Elsevier B.V. on behalf of Beijing University of Chinese Medicine. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diabetes mellitus is a chronic disease caused by genetic
pancreatic defects, acquired deficiencies, or ineffective insulin uti-
lization.1 It is a prevalent chronic condition globally and is cate-
gorized into different types, with Type 1 and Type 2 being the most
common. Type 1 diabetes, also known as insulin-dependent
rsity of Chinese Medicine.
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diabetes, results from the pancreas's inability to produce sufficient
levels of insulin. Type 2 diabetes mellitus, or non-insulin-depen-
dent diabetes, arises from an inadequate response of the body to
insulin and often involves insulin resistance, insufficient insulin
production, and ineffective glucose regulation.1 These factors lead
to hyperglycemia, which, if left unmanaged, can progress to dia-
betes. In addition to cardiovascular diseases, cancer, and chronic
respiratory conditions, diabetes is a leading non-communicable
cause of death worldwide.2 In traditional Chinese medicine (TCM),
diabetes corresponds to a condition termed “xiaoke,” characterized
by symptoms such as excessive eating, drinking, urination, and
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weight loss. According to the 10th edition of International Diabetes
Federation Global Diabetes Atlas, approximately 537 million adults
aged 20 to 79d equivalent to 1 out of 10 adultsdwere living with
diabetes. This number is projected to increase to 643million (11.3%)
by 2030 and 783 million (12.2%) by 2045.3 The World Health Or-
ganization emphasizes that a healthy diet and lifestyle modifica-
tions are essential for diabetes prevention and treatment.1,4

However, the clinical management of diabetes remains challenging,
and available treatments are often associated with side effects. This
challenge has spurred interest in exploring natural compounds
with hypoglycemic properties as complementary or alternative
therapies.

Propolis, a natural therapeutic agent with potential for diabetes
management, has garnered considerable attention owing to its
medicinal benefits.5e7 According to the Chinese National Standard
(GB/T 24283-2018), propolis is a mixture of plant resins and secre-
tions from the maxillary and wax glands of worker bees, primarily
from the Apidae family.8 Historically, it has been utilized across
cultures for centuries. Egyptians, Greeks, and Romans used propolis
for embalming and wound healing, whereas Chinese, Indians, Ma-
yans, Australians, and Persians independently developed local
therapeutic applications.9 In China, the use of propolis dates back to
ancient times. The Agriculture God's Canon of Materia Medica (Shen
Nong Ben Cao Jing) referred to it as “Lu Feng Fang” and “Feng Fang,”
describing its components as beeswax, resin, and beehive oil. It has
been traditionally used to treat convulsions, fever, and epilepsy.10

Later, the Compendium ofMateria Medica (Ben Cao Gang Mu) of the
Ming Dynasty (1368e1644) documented its use as a topical treat-
ment for swelling and abscesses,11 often prepared as a powder
mixed with vinegar.

Modern authoritative texts, including the Chinese Materia
Medica (Zhong Yao Da Ci Dian) and The Compilation of National
Chinese Herbal Medicine (Quan Guo Zhong Cao Yao Hui Bian),12,13

recognize propolis as a valuable natural substance for health
enhancement. These sources describe propolis as a material
collected by worker bees of the Apidae family to seal smooth hive
surfaces. Although these references predominantly focus on prop-
olis from Apis mellifera Linnaeus (European honeybee), interest in
propolis derived from Heterotrigona itama (Cockerell) (H. itama;
stingless bee), which is native to Southeast Asia, has grown.14

Stingless bee propolis contains bioactive compounds such as fla-
vonoids, phenolic acids, and terpenoids,15 which are comparable to
those obtained from other bee species and alignwith the concept of
medicine and food homology. It is commonly consumed as a di-
etary supplement or used as a natural additive in functional foods
and beverages, such as honey, teas and health products, to support
overall wellness. Studies have highlighted the antioxidant, anti-
microbial, and anti-inflammatory properties of stingless bee
propolis,16,17 suggesting its potential applications in modern and
traditional medicine. Research from Brazil and Thailand has
demonstrated its efficacy in immune regulation, wound healing,
andmetabolic disorders such as diabetes.18e20 In TCM, the bioactive
properties of propolis align with principles such as regulating qi
and blood and clearing heat and removing toxic substances out of
the body.21,22 These attributes are integral to addressing chronic
inflammatory diseases, diabetes, and immune disorders by
restoring balance within the internal systems of the body.19,21

This study focused on the hypoglycemic effects of propolis from
H. itama, positioning it as a natural remedy for diabetes while
integrating traditional knowledgewithmodern analytical methods.
The chemical profile of this propolis was analyzed using ultra-high-
performance liquid chromatography-mass spectrometry (LC-MS/
MS), which identified key compounds such as 4,5-dicaffeoylquinic
acid and baicalin. By combining traditional wisdom with modern
science, propolis has demonstrated anti-inflammatory,23
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hepatoprotective,24 and antidiabetic properties.25 The therapeutic
effects are linked to pathways such as AKTand nuclear factor kappa-
B (NF-kB). TheAKTpathway, crucial for cellularmetabolism, growth,
and survival, is often impaired in diabetes, leading to reduced
glucose uptake and increased gluconeogenesis. Propolis activates
the AKT pathway,26,27 enhancing glucose utilization and lipid
metabolism. Similarly, the NF-kB pathway, central to inflammation
and oxidative stress, plays a role in pancreatic b-cell apoptosis and
insulin signaling. Modulation of this pathway could mitigate
inflammation and systemic complications,28,29 further under-
scoring the potential of propolis as a therapeutic candidate for dia-
betes management in this study.

2. Materials and methods

2.1. Ethical approval

The study protocols were reviewed and approved by the Animal
Ethics Committee of Beijing University of ChineseMedicine (BUCM-
2024031808-1167).

2.2. Medication preparation and chemical composition analysis of
propolis

Metformin hydrochloride tablets (batch No: ACM4722) were
purchased from Merck Pharmaceutical (Merck Sante, Semoy,
France). The propolis samples used in this studywere obtained from
H. itama, a stingless bee specieswidely distributed in Southeast Asia.
The propolis sample, provided in liquid form under the name
“Propolis Liquid,” was obtained from Simpulan Emas SDN.BHD
(batch No: 110723, Sibu, Malaysia), a supplier specializing in bee-
derived products. All samples were harvested from tropical rain-
forests to ensure consistency in botanical origins and ecological
conditions.

The chemical composition of the solutionwas analyzed using LC-
MS/MS. The analysis was performed on an ultra-high performance
liquid chromatography (UHPLC) system (Vanquish, Thermo Fisher
Scientific,Waltham,MA) equippedwith a Phenomenex Kinetex C18
column (2.1 mm � 100 mm, 2.6 mm, Phenomenex, Torrance, CA),
coupled to an Orbitrap Exploris 120 mass spectrometer (Thermo
Fisher Scientific). The mobile phase consisted of 0.01% acetic acid in
water (phase A) and a mixture of isopropanol and acetonitrile (1:1,
v/v) (phase B). Samples were injected at a volume of 2 mL with an
auto-sampler maintained at 4�C. The mass spectrometer was
operated in the information-dependent acquisition mode,
controlled by Xcalibur software (Thermo Fisher Scientific), contin-
uously evaluating full-scan mass spectrometry (MS) spectra. The
electrospray ionization source parameters were as follows: sheath
gasflowat 50Arb, auxiliarygasflowat 15Arb, capillary temperature
at 320�C, spray voltage of 3.8 kV (positive mode) or �3.4 kV
(negative mode), full MS resolution of 60 000, MS/MS resolution of
15 000, and stepped normalized collision energy at 20/30/40. Raw
data were converted to the mzXML format using ProteoWizard
software (ProteoWizard Foundation,Madison,WI). Data processing,
including peak detection, extraction, alignment, and integration,
was performed using an in-house R-based workflow built into the
XC-MS package. Metabolites were identified using curated and
validated databases such as TCM (V1.0) and BT-HERB (V1.0), which
specialize in TCM and botanical compounds. Customized R scripts
were used for data visualization and statistical analyses.

2.3. Animals and treatments

Thirty 5-week-oldmalemicewereused in these experiments: 24
BKS-db/db (db/db) and 6BKS-db/wt (wt/wt)mice. All themicewere
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purchased fromGemPharmatech (Nanjing, China). This experiment
was conducted at the Barrier Animal Experimental Facility of Beijing
University of Chinese Medicine, Key Laboratory of TCM, and the
Ministry of Education (SYXK[JING]2023‒0011). All mice were
housed in a barrier-level animal roomwith a controlled temperature
of 22e24�C, 50%e60% humidity, and a 12-h light/dark cycle.

All mice were maintained under laboratory conditions for 1
week before the experiment. The db/db mice were then randomly
allocated to one of four treatment groups for 4 weeks (n ¼ 6). The
experiment included five groups: control groupdwild-type (wt/
wt) mice treated with distilled water via oral gavage; model
groupddiabetic (db/db) mice treated with distilled water via oral
gavage; metformin groupddiabetic (db/db) mice treated with
250 mg/kg metformin via oral gavage; low dose propolis group
(LDP)ddiabetic (db/db) mice treated with 100 mg/kg propolis via
oral gavage; high dose propolis group (HDP)ddiabetic (db/db)
mice treated with 400 mg/kg propolis via oral gavage.

Unlike conventional medicines, propolis is predominantly used
as a dietary supplement or health drink, and universally established
dosage for human use are lacking.30,31 For this preliminary study,
doses of 100 and 400 mg/kg body weight per day were selected
based on previous studies using propolis or similar natural com-
pounds in animal models.32,33 These doses were chosen to evaluate
low and high doses within a biologically relevant range, while
balancing feasibility, safety, and efficacy. Furthermore, a metformin
dose of 250mg/kg body weight per day was selected based on prior
research as a comparative reference for evaluating the effects of
propolis.34 This study was designed as an exploratory trial; how-
ever, the observed promising results suggest that these doses
warrant further validation and optimization in future studies.
2.4. Biochemical and metabolic indicators

Body weight and fasting blood glucose (FBG) levels of the mice
were monitored weekly during the 4-week treatment period. Mice
were fasted for 12 h and anesthetized with 3% isoflurane for in-
duction and maintained at 1% isoflurane for 2 min during the pro-
cedure. Anesthesia was delivered in oxygen via a small laboratory
animal anesthesia device (TAIJI, RWD Life Science, Shenzhen, China)
at the end of the experiment to collect blood samples. After excision,
the livers of all themicewereweighed and photographed on a scale
board for morphological documentation. Liver tissues were then
rinsed immediately and stored in liquid nitrogen at �80�C for
further analysis. Blood serum was isolated by centrifugation at
5000�g for 10 min and stored at �80�C for biochemical analyses.

Fasting insulin, glycated serum protein (GSP), connecting pep-
tide (C-peptide), aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) were measured using enzyme-linked
immunosorbent assay kits purchased from American Laboratory
Products Company (Cat# ALPCO 80-INSMSU-E01, Salem, NH) and
Quanzhou Ruixin Biological Technology (Cat# RX202604M, Cat#
RX201960M, Cat# RX2D278306, Cat# RX203182M, Quanzhou,
China), following the manufacturer's instructions. Additionally,
lipid profile parameters, including high-density lipoprotein (HDL),
low-density lipoprotein (LDL), triglyceride (TG), and total choles-
terol (TC) levels, were analyzed using an automatic biochemical
analyzer (BS220, Mindray Bio-Medical Electronics, Shenzhen,
China) with built-in assay kits. The homeostasis model assessment
of insulin resistance (HOMA-IR) and homeostatic model assess-
ment of b-cell function (HOMA-b) were calculated as follows:

HOMA� IR ¼ fasting insulin ðmU=LÞ*FBG ðmmol=LÞ
22:5

(1)
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HOMA� b ¼ 20*
fasting insulin ðmU=LÞ
FBG ðmmol=LÞ � 3:5

(2)

2.5. Oral glucose tolerance test (OGTT)

OGTTwas performed at the end of the fourth week of treatment.
All mice were fasted overnight (12 h) before receiving an oral
glucose load (2.0 g/kg body weight, batch No. 2H93J5, China Otsuka
Pharmaceutical, Tianjin, China). Blood glucose levels were
measured at specific time points (0, 30 min, 60 min, 90 min, and
120 min post-glucose administration) using a CONTOURNEXT ONE
glucose meter (Ascensia Diabetes Care, Basel, Switzerland). Glucose
tolerance was assessed by calculating the area under the curve for
blood glucose levels over time.

2.6. Liver histopathology

The liver samples were carefully dissected, rinsed with normal
saline, and fixed in 10% formalin for at least 24 h. Tissues were
processed using an automated tissue processor (JT-12S, Wuhan
Junjie Electronics, Wuhan, China) and embedded in paraffin blocks.
Sections with a thickness of 4 mm were prepared and stained
separately using hematoxylin and eosin and periodic acid-Schiff
techniques. Histopathological analysis was performed under a light
microscope (BX53F, Olympus, Tokyo, Japan) using a 20� objective
lens.

2.7. Protein extraction and western blotting

Western blot analysis was performed to evaluate the protein
levels of NF-kB, phosphorylated NF-kB (pNF-kB), inhibitor of NF-kB
alpha (IkBa), phosphorylated IkBa (pIkBa), and protein kinase B
(Akt) in liver tissue. Liver samples were lysed in radio-
immunoprecipitation assay buffer supplemented with protease
and phosphatase inhibitors (Cat# HY-K0010, Cat# K0021, Cat#
K0022, Cat# K1001, MedChemExpress, Monmouth Junction, NJ).
The total protein concentration was quantified using a bicincho-
ninic acid protein assay kit (Thermo Fisher Scientific, Waltham,
MA).

Proteins (10 mg per lane) were separated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using the OmniEasy™
One-Step UV imaging PAGE gel rapid preparation kit (PG222,
Shanghai Epizyme Biomedical Technology, Shanghai, China). Pro-
teins were transferred onto polyvinylidene fluoride membranes
and blocked for 30 min at 25�C using a protein-free rapid blocking
buffer (PS108P; Shanghai Epizyme Biomedical Technology). The
membranes were incubated overnight at 4�C with primary anti-
bodies: antieNFekB p65 (Cat# ab32360, 1:1000, Abcam, Cam-
bridge, UK), anti-pNF-kB (Cat# 8242, 1:1000, Cell Signaling
Technology, Danvers, MA), anti-pIkB (Cat# ab133462, 1:1000,
Abcam), anti-IkBa (Cat# ab32518, 1:1000, Abcam), and anti-AKT
(Cat# ab8805, 1:1000, Abcam). After washing with Tris-buffered
saline containing 0.1% Tween-20, the membranes were incubated
with horseradish peroxidase-conjugated goat anti-rabbit Immu-
noglobulin G (Cat# ab205718, 1:10 000; Abcam) for 1 h at 25�C.
Protein bands were visualized using an enhanced chem-
iluminescence detection system with its super kit (Cat# RM02867,
ABclonal, Wuhan, China) after washing. Densitometric analysis of
protein bands was performed using Image Lab 5.2.1 software (Bio-
Rad Laboratories, Hercules, CA), with b-actin as the internal
normalization control.
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2.8. Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics
(version 22.0; IBM Corp., Armonk, NY). Data were expressed as
mean (standard deviation). Group comparisons were performed
using a one-way analysis of variance. Post-hoc analysis was
performed using the Least Significant Difference for normally
distributed data with homogeneous variances, whereas Dun-
nett's T3 test was applied for data with unequal variances. For
non-normally distributed data, the KruskaleWallis test was used
for non-parametric analysis. Statistical significance was set at
P < .05.

3. Results

3.1. Chemical composition of propolis

The chemical composition of propolis with positive and
negative ions was determined using UHPLC and MS. The selec-
tion of the first 10 positive and negative ions was guided by the
data processing algorithms of the LC-MS/MS system, which
prioritized compounds based on their signal intensity, detection
frequency, and identification confidence. These compounds
represent the most prominent and biologically relevant com-
ponents of the propolis extract under the specified analytical
conditions. This targeted approach provides insights into the key
bioactive compounds, although not exhaustive. The mass spec-
trogram and the top 10 chemical compositions are shown in
Fig. 1 and Table 1.
Fig. 1. Mass spectrogram of propolis from ultra-high-performance liquid chromatog

168
3.2. Impact of propolis on body weight in diabetic mice

The effects of propolis on the body weight of diabetic mice were
analyzed over 4 weeks. The model group showed a significant in-
crease in bodyweight comparedwith the control group throughout
the study period (all P < .001; Fig. 2). Compared with the model
group, the metformin and HDP groups exhibited significant
decrease in weight gain (P ¼ .037 and P ¼ .022, respectively), with
the HDP group showing the strongest effect.

3.3. Effect of propolis on glycemic control and metabolic parameters
in diabetic mice

Various parameters were selected to assess the therapeutic ef-
fects of propolis in improving the glycemic and metabolic profiles
in db/db mice (Fig. 3). The metformin and HDP groups had signif-
icantly lower FBG levels than the model group at the fourth week
(P ¼ .000073 and P ¼ .017, respectively; Fig. 3A). However, except
for the metformin group (P ¼ .045), no significant differences were
observed in the OGTT and its area under the curve, in propolis
treatment groups.

Despite this, key metabolic markers such as C-peptide and GSP
have highlighted the efficacy of propolis. A significant reduction in
C-peptide level (P¼ .018) and improvements in HOMA-IR (P¼ .049)
and HOMA-b (P ¼ .006) indices in the HDP group suggest improved
pancreatic b-cell function and insulin sensitivity (Fig. 3E, G, and H).
However, the increase in fasting insulin levels in the HDP group
(Fig. 3D), which even surpassed that in the model group, warrants
further investigation. Additionally, GSP, a marker of long-term
raphy-mass spectrometry in (A) positive ion mode and (B) negative ion mode.



Table 1
The first 10 chemical compositions of propolis in positive and negative ion modes.

No. Identification Formula CAS KEGG id HMDB id RT (s) Fragment (m/z)

Pos 1 1,3,6-Trihydroxy-8-(3-hydroxy-3-methyl-butyl)-7-
methoxy-2-(3-methylbut-2-enyl)xanthen-9-one

C24H28O7 107390-08-9 NA NA 458.4 411.1801

Pos 2 Dimethyl phthalate C10H10O4 131-11-3 C11233 HMDB0251388 335.1 177.0545
Pos 3 Baicalin C21H18O11 21967-41-9|206752-33-2 C10025 NA 313.7 447.0922
Pos 4 4,5-Dicaffeoylquinic acid C25H24O12 57378-72-0 NA HMDB0030707 296.6 517.1338
Pos 5 Hypoxanthine C5H4N4O 68-94-0 C00262 HMDB0000157 76 137.0457
Pos 6 D-pantothenic acid C9H17NO5 79-83-4 C00864 HMDB0000210 189 220.1179
Pos 7 Isoleucine C6H13NO2 73-32-5 C00407 HMDB0000172 65.7 132.1019
Pos 8 3-[(2R,3S)-5-hydroxy-2,3,8,8-tetramethyl-4-oxo-2,3-

dihydropyrano[2,3-h]chromen-6-yl]hexanoic acid
C22H28O6 40737-92-6 NA NA 484.5 389.1957

Pos 9 Xanthyletin C14H12O3 553-19-5 C09317 NA 401.5 229.0858
Pos 10 3-[5,7-Dihydroxy-2-(4-hydroxyphenyl)-4-oxo-

chroman-3-yl]-5,7-dihydroxy-2-(4-hydroxyphenyl)
chroman-4-one

C30H22O10 NA NA NA 367.3 543.1283

Neg 1 Vidarabine C10H13N5O4 24356-66-9 C07195 HMDB0014340 196.8 266.0893
Neg 2 Propionic acid C3H6O2 79-09-4 C00163 HMDB0000237 115.3 73.0295
Neg 3 2-Hydroxyisobutric acid C4H8O3 NA NA NA 84.2 103.04
Neg 4 Kynurenic acid C10H7NO3 492-27-3 C01717 HMDB0000715 230.7 188.0352
Neg 5 trans-11-Eicosenoic acid C20H38O2 2462-94-4 NA HMDB0034296 591.6 309.2794
Neg 6 Naringenin chalcone C15H12O5 5071-40-9 C06561 HMDB0029631 348.7 271.0609
Neg 7 3-Hydroxyoctanoic acid C8H16O3 14292-27-4 C20793 HMDB0001954 344.4 141.0919
Neg 8 Dihydroferulic acid C10H12O4 1135-23-5 NA HMDB0062121 283.5 195.0661
Neg 9 Phenol C6H6O 108-95-2 C00146 HMDB0000228 283.1 93.0345
Neg 10 3-Hydroxybenzaldehyde C7H6O2 100-83-4 C03067 NA 273.3 121.0294

Notes: CAS: chemical abstracts service; HMDB: human metabolome database; KEGG: Kyoto Encyclopedia of Genes and Genomes; NA: not available; Neg: negative; Pos:
positive; RT: retention time.

Fig. 2. Effects of propolis on the weight of diabetic mice.
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glycemic control, was significantly lower in the propolis-treated
groups (both P < .001; Fig. 3F), with effects comparable to those
observed with metformin.

3.4. Restoration of liver morphology and function by propolis in
diabetic mice

Morphological analysis of liver samples revealed distinct dif-
ferences among experimental groups. Healthy liver morphology,
characterized by smooth surfaces and consistent coloration, was
observed in the control group. In contrast, the model group showed
significant hepatic abnormalities, including enlarged and pale
livers with irregular edges and rough surfaces, indicating diabetes-
induced hepatomegaly and lipid accumulation. Treatment with
metformin led to a partial recovery, with livers showing reduced
enlargement and more regular edges. The LDP group exhibited
moderate improvements, including reduced surface irregularities
and darker coloration, reflecting reduced lipid deposition. The HDP
group demonstrated the most pronounced improvement, with
169
livers resembling those of the control group in size, smoothness,
and coloration, suggesting a protective effect against diabetes-
induced hepatic damage (Fig. 4). A significant reduction in liver
weight in both propolis-treated groups compared with the model
indicated improvements in hepatomegaly and fatty lesions asso-
ciated with diabetic liver damage (for LDP, P ¼ .024 and for HDP,
P ¼ .012; Fig. 5).

Histopathological analysis using hematoxylin and eosin and
periodic acideSchiff staining further supported these findings
(Fig. 4). The control group showed normal hepatocyte distribution,
clear liver lobule structures, minimal lipid deposition, and strong
glycogen staining. Conversely, the model group exhibited severe
hepatocyte swelling, disrupted architecture, extensive lipid accu-
mulation, and considerable glycogen depletion, all of which are
characteristics of diabetes-induced liver damage. Treatment with
metformin significantly improved these changes, reducing lipid
accumulation, and restoring glycogen levels. Similarly, the HDP
group demonstrated substantial improvements, such as decreased
hepatocyte vacuolation, increased glycogen staining, and overall



Fig. 3. Effects of propolis on (A) fasting blood glucose concentration, (B) blood glucose during OGTT, (C) area under the curve of OGTT, (D) fasting insulin, (E) connecting peptide, (F)
glycated serum protein, (G) HOMA-IR, and (H) HOMA-b in diabetic mice, based on serum analysis.
Notes: HOMA-b: homeostatic model assessment of b-cell function; HOMA-IR: homeostatic model assessment for insulin resistance; min: minute; OGTT: oral glucose tolerance test;
wk: week. Data are expressed as mean (standard deviation) (n ¼ 6). #P < .05, ##P < .01, ###P < .001 between the control and model groups; *P < .05, **P < .01, ***P < .001 between
the model and metformin groups; ,,,P < .001 between the model and low dose propolis groups;

:
P < .05,

::
P < .01,

:::
P < .001 between the model and high dose propolis

groups.
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restoration of liver integrity. Metformin exhibited slightly greater
efficacy in certain areas; however, the enhancements observed in
the propolis-treated groups, especially at higher doses, underscore
its hepatoprotective and metabolic restorative properties. The
observed changes indicate potential improvements in liver
morphology and function following propolis treatment.

This finding was further supported by the evaluation of the liver
function markers, including ALT and AST (Fig. 5). The observation of
lower ALTand AST levels in themetformin and HDP groups (for ALT,
P ¼ .0009 and P ¼ .002, respectively; for AST, P ¼ .004 and P ¼ .014,
respectively), compared with the model group suggests enhanced
liver morphology and function.

3.5. Modulation of lipid metabolism by propolis in diabetic mice

The effect of propolis on lipid metabolism was assessed by
measuring levels of HDL, LDL, TC, and TG (Fig. 6). Compared with
the model group, the HDP group demonstrated a significant
reduction in LDL-C and TC levels (P ¼ .048 and P ¼ .021,
170
respectively). All treatment groups exhibited higher HDL levels
than the model group (all P < .05), suggesting an effective
enhancement of this beneficial lipoprotein. However, no significant
differences were observed between the control and model groups.
Compared with the model group, only the metformin group
showed a significant reduction in TG (P ¼ .016). These results
indicate that propolis could be an effective excipient for managing
diabetes-associated lipid imbalance.

3.6. Propolis effect on the expression of NF-kB, IkBa, and AKT

In the HDP group, the expression of pNF-kB was significantly
downregulated (P < .001; Fig. 7), whereas total NF-kB showed no
significant difference. IkBa expression was upregulated in the HDP
group, suggesting that propolis stabilized the inflammatory
response by preventing excessive NF-kB activation. The down-
regulation of pIkBa (P < .001) further ensured that NF-kB remained
sequestered in the cytoplasm in its inactive form. AKT plays a
crucial role in diabetes management, and its expression was



Fig. 4. Comparative evaluation of liver morphology and histopathological changes in the five experimental groups. (A) Gross liver morphology illustrates the external charac-
teristics. (B) Hematoxylin and eosin staining highlights cellular and structural abnormalities. Scale bar: 200 mm. Magnification: 200�. (C) Periodic acideSchiff staining reveals
glycogen distribution and storage patterns. Scale bar: 200 mm. Magnification: 200�.

Fig. 5. Effects of propolis on (A) liver weight, (B) alanine aminotransferase, and (C) aspartate aminotransferase in diabetic mice.
Notes: Data are expressed as mean (standard deviation) (n ¼ 6). ##P < .01, ###P < .001 between the control and model groups; **P < .01, ***P < .001 between the model and
metformin groups; ,P < .05 between the model and low dose propolis groups;

:
P < .05,

::
P < .01 between the model and high dose propolis groups.

Fig. 6. Effects of propolis on (A) HDL, (B) LDL, (C) TC, and (D) TG in diabetic mice.
Notes: HDL: high-density lipoprotein; LDL: low-density lipoprotein; TC: total cholesterol; TG: triglycerides. Data are expressed as mean (standard deviation) (n ¼ 6). ###P < .001
between the control and model groups; *P < .05, **P < .01 between the model and metformin groups; ,,P < .01 between the model and low dose propolis groups;

:
P < .05

between the model and high dose propolis groups.
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Fig. 7. Effects of propolis on the protein expression levels of pNF-kB (p65), NF-kB (p65), pIkBa, IkBa, and AKT.
Notes: NF-kB: phosphorylated nuclear factor kappa-B; pNF-kB: phosphorylated nuclear factor kappa-B, IkBa: inhibitor of NF-kB alpha; pIkBa: phosphorylated IkBa, AKT: protein
kinase B. Data are expressed as mean (standard deviation) (n ¼ 3). ##P < .01, ###P < .001 between the control and model groups; ,P < .05, ,,P < .01 between the model and low
dose propolis groups;

:::
P < .001 between the model and high dose propolis groups.
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significantly upregulated in the HDP group (P < .001), indicating an
enhancement in the insulin signaling pathways. This upregulation
indicates that propolis contributes to anti-inflammatory effects and
enhances metabolic regulation by improving insulin sensitivity.
The results show significant modulation of NF-kB, IkBa, and AKT
expression in response to propolis treatment.

4. Discussion

Compared with honeybee propolis, research on stingless bee
propolis, particularly from H. itama, remains limited. Most studies
on its anti-inflammatory,35 antibacterial,36 antioxidant,36e38 and
antimicrobial properties have been conducted in vitro or through
cell-based experiments.35e37 Over the past decade, only a few
studies have explored the antihyperglycemic effects of stingless bee
propolis. Some studies have explored its potential to alleviate dia-
betic complications when combined with metformin in animal
models.39e43 Therefore, this study represents the first investigation
into the independent antihyperglycemic properties of H. itama
propolis in db/db mice, filling a research gap and highlighting its
therapeutic potential.

This study integrated metabolic parameters, histological
assessment, and molecular pathway analysis to provide evidence
supporting the dual effects of propolis in improving glucose
metabolism and alleviating diabetes-related complications. Our LC-
MS/MS analysis revealed that H. itama propolis is abundant in
bioactive compounds, including flavonoids, phenolic acids, terpe-
noids, and other secondary metabolites, which is consistent with
the findings of previous studies.38,44 These compounds are widely
recognized for their anti-inflammatory, antioxidant, and anti-dia-
betic properties, which contribute to the therapeutic applications
of stingless bee propolis. These constituents play important roles in
anti-inflammatory, antioxidant, and anti-hyperglycemic effects by
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regulating metabolic and inflammatory pathways. For example, 3-
[(2R,3S)-5-hydroxy-2,3,8,8-tetramethyl-4-oxo-2,3-dihydropyrano
[2,3-h]chromen-6-yl]hexanoic acid, which is structurally similar to
known terpenes, plays a role in lipid metabolism and mitigation of
oxidative stress. Phenolic acids such as 4,5-dicaffeoylquinic acid
contribute to antioxidant activity, reducing oxidative damage
commonly associated with diabetes, whereas baicalin, a flavonoid
glucuronide, exhibits glucose-lowering and anti-inflammatory ef-
fects by modulating signaling pathways such as NF-kB.42

Propolis administration significantly improved lipidmodulation,
liver morphology, and hepatic function in db/db mice. The reduced
liver weight in the LDP and HDP groups, along with improved liver
morphology, suggests that propolismaymitigate hepatomegaly and
fatty liver changes, key features of diabetes-induced liver damage.
These improvements are likely mediated by NF-kB pathway inhi-
bition and supported by enhanced lipid profiles, including reduced
TC and LDL levels and elevated HDL levels. As non-alcoholic fatty
liver disease is a frequent comorbidity in individuals with diabetes,
effective lipid modulation is important for its prevention.45 Our
findings alignwith those of previous studies, further supporting the
therapeutic potential of lipid profile improvements inmitigating the
development of non-alcoholic fatty liver disease.46 However, the
lack of significant improvement in TG levels may indicate that the
dose used was insufficient to achieve efficacy.

The significant reduction in AST and ALT levels reflects the
hepatoprotective effects of propolis, probably through its antioxi-
dant and anti-inflammatory properties.

Significantly lower FBG levels were observed in the metformin
and HDP groups. C-peptide levels and HOMA-IR scores were
reduced in the metformin and HDP groups, indicating enhanced
pancreatic-cell function and improved insulin sensitivity. The sig-
nificant increase in HOMA-b levels in the HDP and metformin
groups suggests a protective effect on b-cell function, likely
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contributing to improved insulin secretion and glycemic control.
GSP, a reliable long-term marker of glycemic control, showed sig-
nificant reduction across all treatment groups, proving the consis-
tent hypoglycemic effects of propolis.

The upregulation of AKT in the HDP group further supports the
hypothesis that propolis enhances insulin signaling. AKT is a key
component of the PI3K/AKT pathway. It regulates glucose uptake,
glycogen synthesis, and overall metabolic homeostasis.47 This
upregulation underscores the metabolic regulatory potential of
propolis in improving insulin sensitivity.

However, an unexpected increase in fasting insulin levels was
observed in the treatment groups compared with the model group.
The plausible rationale for the observation is that propolis may
exert a protective effect on pancreatic b-cells, which may be
attributed to its antioxidant and anti-inflammatory properties.48 By
reducing oxidative stress, propolis may preserve b-cell integrity
and maintain their ability to produce and regulate insulin.49 Inhi-
bition of NF-kB further reduces inflammation-induced b-cell death
thereby extending b-cell survival.50 However, the long-term im-
plications of potential compensatory or adaptive responses of
elevated fasting insulin levels need further research.

Overall, this study highlights the therapeutic potential of H.
itama propolis in improving glycemic control, hepatic function, and
lipid metabolism in db/db mice. Owing to its antioxidant and anti-
inflammatory properties, propolis has emerged as a comprehensive
agent for managing diabetes and its associated complications. In
this study, propolis was further explored as a compelling natural
intervention for diabetes management with the potential of sup-
pressing inflammation through the NF-kB pathway and improving
insulin sensitivity through AKT activation.

Despite these promising findings, the study was limited by its
small sample size, absence of human clinical trials, and lack of long-
term follow-up. Future investigations should elucidate the specific
molecular pathways involved, particularly the connections be-
tween b-cell preservation, fasting insulin dynamics, and systemic
insulin sensitivity. Finally, further integrative insights into propolis
could be obtained through the synergistic effects of propolis and
traditional antidiabetic drugs in human models.

5. Conclusion

This study provides novel insights into the therapeutic potential
of propolis for diabetes management, demonstrating its efficacy in
improving glycemic control, lipid metabolism, and hepatic function
in db/db mice. Propolis administration significantly reduced fasting
glucose levels, enhanced insulin sensitivity, and preserved
pancreatic b-cell function, likely through the modulation of in-
flammatory and metabolic pathways. The inhibition of NF-kB and
activation of AKT suggest that propolis exerts its beneficial effects
by reducing oxidative stress and inflammation while enhancing
insulin signaling. Additionally, its impact on lipid profiles and liver
function highlights its broader role in mitigating diabetes-related
complications, including non-alcoholic fatty liver disease. While
these findings underscore the promise of propolis as a natural
intervention for diabetes, further research is necessary to establish
its long-term efficacy, optimize its dosage, and evaluate bioavail-
ability, and investigate its potential synergistic effects with con-
ventional antidiabetic treatments in clinical settings.
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