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Introduction
Diabetes mellitus (DM) is a global metabolic disorder 
characterized by chronic hyperglycemia, insulin dysfunc-
tion, and increased oxidative stress, which contribute to 
severe complications including cardiovascular disease, 
nephropathy, neuropathy, and retinopathy [1, 2]. Despite 
advances in pharmacotherapy, conventional antidiabetic 
treatments often face limitations such as adverse side 
effects, variable patient compliance, and suboptimal 
long-term efficacy [3, 4]. Consequently, there is grow-
ing interest in complementary or adjunct nutritional 
approaches that leverage natural bioactive compounds to 
support diabetes management [5].
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Abstract
Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia, oxidative stress, and impaired 
glucose homeostasis. This study investigates the antidiabetic potential of microencapsulated phenolic-rich fractions 
from Alhagi maurorum (PRF-AM) as a novel nutritional therapy. Phenolic fractions were extracted and encapsulated 
using a combination of maltodextrin, modified starch, and whey protein concentrate via spray-drying, yielding 
uniform spherical microcapsules averaging 497.2 nm with 91% encapsulation efficiency. Key phenolics identified 
included gallic, caffeic, cinnamic, and ellagic acids, known for their antioxidant activity. In an alloxan-induced 
diabetic mouse model, oral administration of PRF-AM (100 mg/kg) for five weeks significantly reduced blood 
glucose, triglycerides, total cholesterol, and LDL cholesterol while increasing HDL levels. Histopathological 
evaluation confirmed no adverse effects on liver, pancreas, or spleen tissues. Mechanistically, PRF-AM enhanced 
antioxidant defense by upregulating catalase and suppressing iNOS expression, alongside significant increases 
in GLUT2 and GLUT4 mRNA levels, promoting improved glucose transport and insulin sensitivity. These findings 
suggest that microencapsulated phenolic compounds from A. maurorum offer a safe and effective adjunctive 
approach for diabetes management, combining metabolic regulation with antioxidant and anti-inflammatory 
benefits.
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Among such bioactives, polyphenols, a large family 
of plant-derived phenolic acids, flavonoids, and related 
compounds have attracted considerable attention for 
their broad biological activities. These include antioxi-
dant and anti-inflammatory effects, inhibition of car-
bohydrate‑digesting enzymes, improvement of insulin 
secretion and sensitivity, modulation of lipid metabolism, 
and mitigation of oxidative damage [6, 7]. Indeed, numer-
ous in vitro and in vivo studies have demonstrated that 
polyphenol-rich extracts can ameliorate hyperglycemia, 
dyslipidemia, and oxidative stress in diabetic models [8]. 
However, the therapeutic utility of polyphenols is often 
compromised by poor stability, low water solubility, rapid 
degradation under gastrointestinal conditions, and lim-
ited systemic bioavailability, which together reduce their 
efficacy when administered orally [6, 9, 10].

To overcome these challenges, micro- and nano‑encap-
sulation technologies have been proposed and exten-
sively studied. Encapsulation involves enclosing bioactive 
compounds within protective carriers such as polysac-
charides, proteins, or lipids to shield them from adverse 
environmental conditions (e.g., pH, light, oxygen, heat), 
mask undesirable taste, improve solubility, and control 
their release kinetics during digestion and absorption 
[10–12]. Recent reviews have highlighted that encapsula-
tion can significantly enhance the bioavailability, stability, 
and bioactivity of polyphenolic compounds compared to 
their free forms [12–14]. Moreover, micro‑ or nano‑car-
riers have demonstrated promise as oral delivery systems 
for therapeutic agents, including peptides such as insu-
lin, offering improved absorption, controlled release, and 
better patient compliance [15, 16].

Given these advances, naturally‑derived polyphe-
nol‑rich plants emerge as attractive candidates for 
development into functional nutraceuticals or adjunct 
therapies in metabolic diseases such as DM. Among 
these, Alhagi maurorum is a perennial shrub widely used 
in traditional medicine and reported to contain a variety 
of bioactive phenolics, flavonoids, and other phytochemi-
cals with antioxidant, anti‑inflammatory, and metabolic 
regulatory potentials [17]. Previous studies have docu-
mented antihyperglycemic and antioxidant effects of 
crude extracts of A. maurorum in diabetic animal mod-
els including modulation of insulin levels and antioxidant 
enzyme activities but these studies remain constrained 
by issues of stability, poor bioavailability, and lack of con-
trolled administration [18].

To date, no study has explored the antidiabetic effects 
of microencapsulated phenolic-rich fractions derived 
from A. maurorum in a diabetic animal model. In this 
context, microencapsulation offers the potential to over-
come the intrinsic limitations of free phytochemical 
extracts, stabilize phenolic compounds against degrada-
tion, improve their bioaccessibility and absorption upon 

oral administration, and thereby enhance their therapeu-
tic efficacy. Therefore, in the present study, we extracted 
the phenolic-rich fraction from A. maurorum, micro-
encapsulated it via spray-drying using a carrier matrix 
composed of maltodextrin, modified starch, and whey 
protein, and characterized the resulting microcapsules 
(particle size, encapsulation efficiency, phenolic content). 
We subsequently evaluated their antidiabetic, antioxi-
dant, and metabolic effects, including lipid and glucose 
profiles, hepatic enzyme markers, and gene expression 
of glucose transporters in an alloxan‑induced diabetic 
mouse model. This investigation aims to provide proof-
of-concept data supporting microencapsulated plant 
polyphenols as a novel, stable, and effective nutritional 
therapy for diabetes management.

Material and methods
Materials
All chemicals and reagents used in this study were 
obtained from Merck, Germany, unless otherwise speci-
fied. Maltodextrin (DE = 18–20; Foodchem, China) and 
modified starch (HI-CAP ® 100, Ingredion, Hamburg, 
Germany) were utilized as carrier matrices for microen-
capsulation. Alloxan monohydrate, daidzein, and lecithin 
were purchased from Sigma Aldrich, Germany. Male 
Balb/c mice were supplied by Razi Vaccine and Serum 
Research Institute, Mashhad, Iran, and were housed 
under standard laboratory conditions prior to experi-
mental use.

Extraction procedure
The extraction of the phenolic-rich fraction (PRF) from 
Alhagi maurorum was performed based on our previous 
methodology [19]. The aerial parts of the plant were first 
freeze-dried. Subsequently, 100 g of dried material were 
extracted with 1000 mL of 80% aqueous methanol under 
constant agitation. The extract was filtered through 
Whatman No. 1 filter paper, and the solvent was removed 
using a rotary evaporator (Büchi, Flawil, Switzerland) at 
60°C under vacuum conditions. To enrich the phenolic 
content, the crude extract underwent sequential liquid–
liquid fractionation using solvents of increasing polarity: 
hexane, chloroform, ethyl acetate, n-butanol, and water, 
repeated three times. Each fraction was filtered and con-
centrated using the rotary evaporator to obtain the final 
PRF [19].

Microencapsulation of PRF-AM
The pilot plant-scale spray dryer, designed with counter-
current airflow, was utilized for this process. Specifically, 
eight grams of PRF of A. maurorum and three grams of 
Tween 80 were gradually incorporated into 100 mL of 
distilled water, along with 32 g of wall material, which 
consisted of 70% maltodextrin, 20% modified starch, and 
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10% whey protein concentrate, achieving a core-to-wall 
ratio of 1:4. To ensure thorough rehydration and homog-
enization, the mixtures were refrigerated overnight at 
4 ± 2 °C on a stirrer set to 200 rpm (IKA, Germany). The 
solution was subsequently homogenized at 10,000 rpm 
for five minutes using an Ultra Turrax homogenizer. The 
spray dryer operated at inlet and outlet temperatures of 
130°C and 80°C, respectively, with a pressure of 0.4 kg/
cm2 and a flow rate of 8 mL/min. Finally, 100 mL of the 
solution was pumped, and the resulting powder was 
stored for further analysis [19].

Bioactive profiling and characterization of PRF-AM
The phenolic compounds in the microcapsules were 
analyzed using HPLC (Agilent 1200 Series), which was 
equipped with a UV–Vis detector and a C18 analyti-
cal column (150 mm × 4.6 mm, 5 μm). The mobile phase 
consisted of deionized water (Solvent A) and acetonitrile 
(Solvent B), with the ratio set to 15% A and 85% B over a 
duration of 50 min. The standards used in this analysis 
included gallic acid, syringic acid, vanillic acid, salicylic 
acid, caffeic acid, pyrogallol, catechin, cinnamic acid, 
ellagic acid, naringin, chrysin, and ferulic acid.

To determine the size and dispersion index of the syn-
thesized microcapsules, a dynamic light scattering (DLS) 
technique was employed. The surface potential of the 
microcapsules was assessed using a Zeta sizer instru-
ment. Additionally, the morphology of the PRF-AM was 
analyzed using a scanning electron microscope (SEM).

Entrapment efficiency
The entrapment efficiency of microcapsules was analyzed 
as previously described based on the below equation [20, 
21]. A total of 100 mg of dried microcapsules was dis-
persed in 1.5 mL of 80% methanol and then centrifuged 
at 12,000 rpm for 5 min. The supernatant was analyzed 
to determine the total phenolic compounds. The pel-
let (residue) was then re-extracted using 1.5 mL of 80% 
methanol and sonicated at 60 kHz for 30 s. The extract 
obtained from the pellet also measured the total phenolic 
compounds.

	

EE (%) =

100 × total phenolics in the pellet − total phenolics in the supernatant
total phenolics in the pellet

Phenolic content and antioxidant potential of PRF-AM
The total phenolic content of each fraction was quanti-
fied colorimetrically using a visible spectrophotometer 
(Novaspec II, Japan) at a wavelength of 765 nm, fol-
lowing the Folin-Ciocalteu assay protocol. The results 
were expressed as milligrams of gallic acid equiva-
lent (GA eq.) per gram of dry crude extract. To evalu-
ate the antioxidant activity of microcapsules, the DPPH 

(2,2-diphenyl-1-picrylhydrazyl) free radical scavenging 
activity assay was employed, with Vitamin C serving as 
the control [19].

Experimental animal trial
Forty male Balb/c mice, aged 4 weeks and weigh-
ing between 30 and 32 g, were individually housed and 
acclimatized for one week on a standard chow diet with 
unlimited access to clean water. The in vivo dosage of 100 
mg/kg BW for the microencapsulated phenolic formula-
tion was selected based on previously published studies 
using comparable polyphenol-rich plant extracts in dia-
betic rodent models. Similar dosage ranges (80–150 mg/
kg BW) have been shown to exert significant antioxi-
dant, anti-inflammatory, and antihyperglycemic effects 
without observable toxicity [22]. Additionally, microen-
capsulation increases bioavailability and stability [23], 
allowing effective biological activity at this concentra-
tion. Therefore, the selected 100 mg/kg dose aligns with 
established preclinical practices and is considered both 
effective and safe for evaluating therapeutic potential 
in alloxan-induced diabetic rats. The mice were kept in 
a controlled environment at 23 ± 1°C and 85% humidity, 
following a 12-h light/dark cycle. After fasting for 13 h, 
diabetes was induced by a single intraperitoneal injection 
of alloxan monohydrate at a dosage of 20 mg/kg. Blood 
glucose levels were measured 48 h post-injection, select-
ing mice with levels exceeding 200 mg/dL. The mice were 
then divided into four groups of 10 each: Groups 1 and 2 
served as normal and diabetic controls receiving standard 
food; Group 3 was treated with PRF-AM at 100 mg/kg; 
and Group 4 received Metformin at 250 mg/kg per day. 
After five weeks of treatment, the mice were anesthetized 
with a combination of ketamine and xylazine for further 
evaluation, following ethical guidelines established by the 
Institute of Animal Care and Use Committee of Islamic 
Azad University of Mashhad.

Serological markers of liver and lipid level
Blood samples were collected through cardiac puncture 
and placed into standard tubes. Serum was then sepa-
rated using a centrifuge at 2000  rpm for 10  min. The 
serum levels of total high-density lipoprotein (HDL), 
low-density lipoprotein (LDL), cholesterol, and triglyc-
erides were measured using an auto-analyzer (Hitachi 
902, Japan). Additionally, the serum concentrations of 
liver enzymes, including alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and alkaline phospha-
tase (ALP), were determined with an automated chemis-
try analyzer (Roche, Hitachi 902 analyzer, Japan).

Histopathological evaluation
To distinguish the histopathological changes in the 
spleen, pancreas, and liver tissues, the samples were 
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carefully cut, lightly washed with physiological saline, 
and preserved in buffered formalin (10% formalin in 0.1 
M sodium phosphate buffer, pH 7). The samples were 
then paraffin-embedded (4 μm sections) and stained 
with eosin and hematoxylin. Finally, they were examined 
under a light microscope (Nikon, Japan) at a magnifica-
tion of X100.

Gene expression method
The pancreas tissues were rapidly separated and stored in 
liquid nitrogen at -80°C for RNA extraction. Total RNA 
was isolated according to the instructions provided with 
the RNeasy lipid tissue mini kit (Cat. number 74804, Qia-
gen, Hilden, Germany). Following this, single-stranded 
cDNA was synthesized using the method outlined in the 
Quantitect® reverse transcription kit instructions (Qia-
gen, Hilden, Germany). The expression levels of inducible 
nitric oxide synthase (iNOS), catalase (CAT), and glucose 
transporters 2 and 4 (GLUT-2, GLUT-4) were analyzed, 
with the β-actin gene serving as the internal control. The 
specific target primers used in this study are listed in 
Table 1.

Statistical analysis
Data were analyzed using one-way ANOVA, following 
the MIXED instruction in the SAS software package ver-
sion 9.1 (SAS Institute Inc., Cary, NC, USA). The nor-
mality of the data was assessed using the UNIVARIATE 
instruction in SAS. A p-value of less than 0.05 was con-
sidered significant.

Results and discussion
Fractionation analysis
Our fractionation procedure demonstrated that the ethyl 
acetate fraction of the Alhagi maurorum extract exhib-
ited the highest total phenolic content, at 278.5 ± 4.72 
mg GAE/g DW. The other fractions followed in decreas-
ing order: n‑butanol (153.5 ± 5.32 mg GAE/g DW), water 
(89.1 ± 4.18 mg GAE/g DW), chloroform (57.5 ± 5.01 mg 
GAE/g DW), and hexane (32.1 ± 4.84 mg GAE/g DW). 
Given the significantly higher yield, the ethyl acetate 

fraction was selected for subsequent microencapsulation 
and bioactivity studies.

These results align with broader evidence that solvent 
polarity strongly influences the efficiency and selectivity 
of phenolic compound extraction. Phenolic compounds, 
due to their hydroxyl groups and moderate polarity, are 
more effectively solubilized in moderately polar organic 
solvents such as ethyl acetate or mixtures thereof [28]. In 
a similar recent study, ethyl acetate was shown to extract 
a wide range of phenolic acids and flavonoids with good 
yield from botanical materials, outperforming non-polar 
solvents [29]. These findings support our choice of ethyl 
acetate for fraction enrichment.

Moreover, the gradually decreasing phenolic content 
from n-butanol to water, chloroform, and hexane frac-
tions suggests that many of the bioactive phenolics in 
A. maurorum are semi-polar to moderately polar, and 
less likely to partition into non-polar solvents. This 
observation is consistent with prior reports indicating 
that non-polar solvents preferentially extract lipophilic 
compounds (e.g., terpenoids, sterols), while phenolic 
acids and flavonoids remain in more polar or mid-polar-
ity fractions [30].

Selecting the ethyl acetate fraction for further work 
thus enhances the probability of capturing the maximum 
relevant phenolic content, which is crucial for down-
stream antioxidant, metabolic, and therapeutic evalua-
tions. Importantly, this fractionation strategy provides a 
more concentrated source of phenolic compounds than 
crude extracts, potentially improving consistency, repro-
ducibility, and biological potency of the microencapsu-
lated formulation.

Furthermore, although more “universal” solvents like 
methanol or aqueous methanol are often used to maxi-
mize extraction yield, they also co-extract many other 
non-phenolic constituents (e.g., sugars, proteins, chlo-
rophylls) that may interfere with bioactivity assays or 
stability [31–33]. By contrast, ethyl acetate fraction-
ation improves selectivity for phenolics, minimizes 
co‑extracted impurities, and thus supports a cleaner 
extract for encapsulation and biological testing.

HPLC analysis and Physicochemical characteristics
The HPLC analysis of the microencapsulated phenolic 
fraction from Alhagi maurorum (PRF-AM) revealed the 
presence of several bioactive phenolic compounds with 
significant therapeutic potential. Specifically, the micro-
capsules contained 211.4 µg/g DW of gallic acid, 407.3 
µg/g DW of caffeic acid, 255.1 µg/g DW of cinnamic 
acid, and 323 µg/g DW of ellagic acid. These compounds 
are widely recognized for their potent antioxidant, anti-
inflammatory, and antidiabetic activities, and their pres-
ence in microcapsules provides a concentrated source for 
in vivo applications [34, 35].

Table 1  Sequences of the primers used in this research
Gene Forward (5 ́ → 3 ́) Reverse (5 ́ → 3 ́) Refer-

ences
CAT ACATGGTCTGGGACTTCTGG CAAGTTTTTGAT-

GCCCTGGT
[24]

iNOS CACCTTGGAGTTCACCCAGT ACCACTCG-
TACTTGGGATGC

[25]

GLU2 ATGTCAGAAGACAAGATCACCGG CCTACTGGACG-
GATTTTGGCTC

[26]

GLU4 AAGATGGCCACGGAGA GTGGGTTGTG-
GCAGTGAGTC

[26]

β-actin CCTGAACCCTAAGGCCAACC CAGCTGTGGTG-
GTGAAGCTG

[27]
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Phenolic acids such as gallic and caffeic acids exert 
antioxidant effects by scavenging free radicals, chelat-
ing metal ions, and modulating endogenous antioxidant 
enzyme systems, thereby mitigating oxidative stress 
associated with diabetes and other metabolic disorders 
[36, 37]. Similarly, cinnamic and ellagic acids have dem-
onstrated significant protective effects against hyper-
glycemia-induced oxidative damage and inflammation 
in multiple preclinical studies, further supporting their 
therapeutic relevance [38, 39].

Microencapsulation represents a strategic approach 
to enhance the stability, bioavailability, and controlled 
release of these phenolic compounds. This technology 
has gained substantial attention for delivering bioactive 
molecules with improved pharmacokinetic profiles and 
reduced gastrointestinal degradation [40, 41]. Various 
microencapsulation systems, including microspheres, 
microemulsions, and microparticles, enable tailored drug 
delivery based on particle size, wall material, and core-to-
wall ratio [42, 43].

In this study, the synthesized PRF-AM microcapsules 
exhibited a hydrodynamic diameter of 497.3 nm, indica-
tive of a nanoscale particle size favorable for enhanced 
absorption and bioactivity (Fig.  1). The encapsulation 
efficiency (EE) was measured at 91%, demonstrating that 
the majority of phenolic compounds were successfully 
retained within the carrier matrix. A polydispersity index 
(PDI) of 0.236 confirmed the uniformity and monodis-
persity of the microcapsules, which is critical for repro-
ducibility, stability, and predictable release kinetics (Table 
2).

Morphological evaluation via scanning electron 
microscopy (SEM) revealed predominantly spherical 
microcapsules with smooth surfaces (Fig.  1), consistent 
with previous reports on polysaccharide- and protein-
based microencapsulation systems [44, 45]. Spherical 
morphology and uniform particle distribution are advan-
tageous for minimizing aggregation, enhancing solubility, 
and ensuring consistent therapeutic delivery in vivo.

Antioxidant potential of microcapsules
Antioxidant therapy has emerged as a promising strat-
egy to mitigate oxidative stress in both human and ani-
mal models. Oxidative stress arises from an imbalance 
between reactive oxygen species (ROS) production and 
the body’s endogenous antioxidant defense mechanisms, 
contributing to the pathogenesis of chronic diseases such 
as diabetes, cardiovascular disorders, and neurodegener-
ative conditions [46, 47]. Bioactive phenolic compounds 
are particularly effective in this regard due to their ability 
to donate electrons, scavenge free radicals, chelate metal 
ions, and inhibit lipid peroxidation, thereby disrupting 
the chain reactions initiated by ROS [48].

In this study, the synthesized microcapsules of the 
phenolic-rich fraction of Alhagi maurorum (PRF-AM) 
demonstrated considerable antioxidant activity in the 
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scaveng-
ing assay. The IC50 value for PRF-AM microcapsules was 
80.3 ± 1.43 µg/mL, indicating substantial free radical inhi-
bition. Although this IC50 value was higher than that of 
the standard antioxidant vitamin C (26.3 ± 2.76 µg/mL), 
the microcapsules still exhibited potent radical-scaveng-
ing potential.

The slightly lower activity compared to pure vitamin 
C may be attributed to the complex matrix of bioactive 
compounds within the microcapsules, which provides 
sustained release and enhanced stability, rather than 
immediate radical scavenging. Microencapsulation pro-
tects phenolic compounds from environmental degrada-
tion (e.g., pH changes, light, and heat), thereby preserving 
their antioxidant activity over time (Dandamudi et al., 
2023; Zhang et al., 2024). Moreover, the combination of 
multiple phenolics within PRF-AM likely produces syn-
ergistic antioxidant effects, as previously reported in 
multi-component plant extracts [49, 50].

These results are consistent with recent studies dem-
onstrating that microencapsulation of polyphenol-rich 
plant extracts significantly enhances their stability and 
biological activity while maintaining effective radical-
scavenging properties [23, 50]. Therefore, PRF-AM 
microcapsules represent a viable natural antioxidant sys-
tem capable of reducing oxidative stress and potentially 
alleviating oxidative damage in diabetic and other oxida-
tive stress-related conditions.

Table 2  Physical characteristics of synthesized microcapsules
Particle size (nm) Polydispersity index (PDI) Encap-

sulation 
efficien-
cy (%)

497.3 ± 18.4 0.236 91 ± 4.83

Fig. 1  Scanning electron micrographs of PRF-AM microcapsules
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Weight and dietary intake alteration
Table 3 presents the average daily weight gain (ADWG, 
mg/day) and average daily feed intake (ADFI, g/day) in 
mice subjected to different treatments. The results indi-
cate that treatment with phenolic microencapsulation 
(PRF-AM) significantly enhanced ADWG in diabetic 
mice compared to both untreated diabetic controls and 
those receiving standard Metformin therapy. Specifically, 
diabetic mice treated with PRF-AM exhibited an ADWG 
of 39.4 ± 3.76 mg/day, which was significantly higher than 
untreated diabetic mice (35.2 ± 2.63 mg/day) and compa-
rable to or exceeding Metformin-treated mice (31.2 ± 4.61 
mg/day). Similarly, ADFI improved in the PRF-AM group 
(2.8 ± 0.46 g/day) relative to untreated diabetic mice 
(2.6 ± 0.31 g/day), suggesting enhanced feed consumption 
and potential improvements in nutrient utilization.

These findings are consistent with the reported meta-
bolic and bioactive effects of plant-derived phenolic 
compounds, which include antioxidant, anti-inflamma-
tory, and hypoglycemic activities [22, 51]. The observed 
increase in weight gain among PRF-AM-treated mice 
may be attributed to improved glucose homeostasis, 

reduced oxidative stress, and enhanced energy metabo-
lism, which collectively facilitate better growth perfor-
mance in diabetic models. Importantly, the superior 
performance of PRF-AM relative to Metformin high-
lights the potential of microencapsulated phenolics as 
a nutritional adjunct or alternative therapeutic strategy 
in diabetes management, particularly in contexts where 
natural bioactives are preferred for their lower side-effect 
profiles [6, 52].

The improvement in feed intake further underscores 
the positive physiological impact of phenolic micro-
encapsulation. Enhanced feed intake may result from 
several mechanisms, including increased palatability, 
modulation of gastrointestinal health, and improved 
nutrient absorption [6]. Given that diabetes often leads 
to appetite dysregulation and nutrient malabsorption, 
nutritional interventions that improve feed consump-
tion can have substantial implications for maintaining 
optimal body weight and metabolic homeostasis [52, 53]. 
Furthermore, the synergistic effects of multiple pheno-
lic compounds in PRF-AM may contribute to improved 
energy metabolism and gastrointestinal integrity, sup-
porting both growth and feed utilization in diabetic mice.

Biochemical analysis of serum
As shown in Table 4, alloxan-induced diabetic mice (T2) 
exhibited significant alterations in biochemical param-
eters, including elevated blood glucose, total choles-
terol, LDL, and triglyceride levels, alongside a reduction 
in HDL concentrations, when compared to the control 
group (T1). These changes are consistent with the well-
documented hyperglycemia, dyslipidemia, and hepatic 
stress associated with diabetes mellitus. The increased 
serum levels of hepatic enzymes, including alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), 
and alkaline phosphatase (ALP), in diabetic mice further 
indicate hepatic dysfunction, which is a common compli-
cation arising from chronic oxidative stress and insulin 
resistance [54, 55].

Table 3  The average daily weight gain and average daily feed 
intake in mice receiving different treatments
Average T1 T2 T3 T4 SEM
Average 
daily weight 
gain (mg/
day)

43.6 ± 3.94a 35.2 ± 2.63c 39.4 ± 3.76b 31.2 ± 4.61d 1.28

Average 
daily feed 
intake (g/
day)

3.0 ± 0.21a 2.6 ± 0.31c 2.8 ± 0.46b 3.1 ± 0.18a 0.09

T1: control

T2: Diabetic mice

T3: Diabetic mice + 100 mg /kg BW

T4: Diabetic mice + 250 mg Metformin/kg BW

Different letters in the same row indicated significant differences (p < 0.05)

The analyses were performed in triplicates

Table 4  The mice’s blood parameters receiving different treatments
Treatment Glu

(mg/dI)
TG
(mg/dI)

Chol
(mg/dI)

HDL
(mg/dI)

LDL
(mg/dI)

ALT
(U/L)

AST (U/L) ALP
(U/L)

T1 196c 117b 95b 44a 32b 120b 47bc 379d

T2 260a 121a 129a 39b 36a 130a 49a 604a

T3 209b 116b 98b 44a 29c 119b 45c 432c

T4 198c 118b 92b 46a 35a 131a 50a 544b

SEM 3.1 2.9 3.2 1.8 1.4 2.73 1.68 8.96
T1: control

T2: Diabetic mice

T3: Diabetic mice + 100 mg /kg BW

T4: Diabetic mice + 250 mg Metformin/kg BW

Different letters in the same row indicate significant differences (p < 0.05)

The analyses were performed in triplicate
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Treatment with microencapsulated phenolic com-
pounds (PRF-AM, T3) significantly ameliorated these 
metabolic disturbances. Glucose levels were reduced 
from 260 mg/dL in untreated diabetic mice to 209 mg/
dL, while cholesterol and LDL levels decreased to 98 mg/
dL and 29 mg/dL, respectively, reflecting an improve-
ment in lipid metabolism. The HDL levels remained 
stable, suggesting a protective effect on beneficial lipo-
proteins. Importantly, the PRF-AM treatment normal-
ized hepatic enzyme activity ALT (119 U/L), AST (45 
U/L), and ALP (432 U/L) indicating a hepatoprotective 
effect. These observations suggest that phenolic com-
pounds exert both antihyperglycemic and hepatoprotec-
tive effects, likely mediated through antioxidant activity, 
modulation of lipid metabolism, and enhancement of 
insulin sensitivity [54, 56].

The mechanism underlying these beneficial effects 
is closely linked to the microencapsulation process, 
which enhances the bioavailability and stability of phe-
nolic compounds. Microencapsulation protects pheno-
lics from premature degradation in the gastrointestinal 
tract, facilitates controlled release, and improves targeted 
absorption, resulting in more consistent therapeutic out-
comes [23, 57]. The reduction in liver enzymes observed 
in PRF-AM-treated mice is indicative of diminished 
oxidative stress and improved hepatic cellular integrity, 
supporting prior findings that dietary polyphenols can 
attenuate liver injury in diabetic models [54, 56].

Comparatively, Metformin-treated mice (T4) dem-
onstrated reductions in glucose and lipid parameters 
but exhibited slightly higher hepatic enzyme levels than 
the PRF-AM group, suggesting that phenolic micro-
encapsulation may provide complementary or supe-
rior hepatoprotective effects relative to conventional 

pharmacotherapy in preclinical models. The combined 
antihyperglycemic, hypolipidemic, and hepatoprotective 
actions of PRF-AM underscore its potential as a multi-
functional therapeutic agent for managing diabetes and 
its associated complications [56].

Microscopic analysis
The histopathological analysis, as illustrated in Fig.  2, 
demonstrates the morphological integrity of the spleen, 
liver, and pancreas in alloxan-induced diabetic mice fol-
lowing treatment with phenolic microencapsulated 
Alhagi maurorum (PRF-AM). Across all treated groups, 
the absence of significant histological alterations indi-
cates that the microencapsulated phenolic compounds 
did not induce cellular or tissue damage, confirming their 
favorable safety profile. Preservation of normal histo-
logical architecture in these organs is particularly critical 
for therapeutic evaluation, as hepatotoxicity, pancreatic 
injury, and splenic alterations are commonly reported 
adverse effects associated with conventional antidiabetic 
pharmacotherapies [58].

In the liver, PRF-AM treatment maintained normal 
hepatocyte morphology, intact sinusoidal structures, and 
an absence of inflammatory infiltration or steatosis. This 
finding aligns with studies reporting the hepatoprotec-
tive effects of polyphenol-rich plant extracts, which miti-
gate oxidative stress-induced hepatic damage in diabetic 
models [59, 60].

The pancreas exhibited preserved islet architecture and 
acinar cells, suggesting protection against β-cell dam-
age induced by alloxan. Such preservation may facilitate 
improved insulin secretion and glucose homeostasis, 
supporting the antihyperglycemic effects observed in 
biochemical assays [60]. Similarly, the spleen showed 

Fig. 2  The histopathological changes in the mice liver and pancreas received different treatments (T1: Control; T2: Diabetic mice; T3: Diabetic mice + 100 
mg MC/kg BW; T4: Diabetic mice + 250 mg Metformin/kg BW). Images are shown at 100 × magnification
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normal white and red pulp morphology without evi-
dence of congestion or cellular necrosis. This mainte-
nance of splenic integrity highlights that PRF-AM does 
not adversely impact immune organ architecture, which 
is essential considering that diabetes often compromises 
immune function.

Gene expression pattern
The regulation of glucose homeostasis involves complex 
insulin signaling pathways, which are critically depen-
dent on the transport of glucose into target cells via 
glucose transporter (GLUT) proteins and subsequent 
intracellular glucose metabolism [61, 62]. Within pancre-
atic β-cells, glucose is phosphorylated to glucose-6-phos-
phate (G6P) by glucokinase, serving as a key glucose 
sensor that triggers insulin secretion. Impairments in 
glucose transport, especially involving GLUT4 in skeletal 
muscle and adipose tissue, play a pivotal role in the devel-
opment of insulin resistance, contributing to hyperglyce-
mia in both type 1 and type 2 diabetes [62].

Table 5 summarizes the effects of phenolic microen-
capsulated Alhagi maurorum (PRF-AM) and metformin 
on the expression of genes associated with glucose trans-
port (GLUT2 and GLUT4) and oxidative stress/inflam-
matory pathways (catalase [CAT] and inducible nitric 
oxide synthase [iNOS]) in pancreatic and muscle tissues. 
Diabetic mice (T2) exhibited significant downregulation 
of CAT and iNOS in pancreatic tissue, reflecting height-
ened oxidative stress and inflammatory signaling, which 
are known to impair insulin secretion and β-cell function 
[63]. Treatment with PRF-AM (T3) partially restored 
CAT and iNOS expression, indicating antioxidant and 
anti-inflammatory effects that likely contributed to the 
improvement in β-cell function and insulin secretion.

In skeletal muscle, GLUT2 and GLUT4 expression were 
significantly suppressed in diabetic mice, correspond-
ing with reduced peripheral glucose uptake and insu-
lin resistance. PRF-AM treatment markedly increased 
the expression of these transporters, comparable to or 
slightly lower than the effect observed with metformin 
(T4). Upregulation of GLUT2 facilitates efficient glucose 
sensing and bidirectional transport in hepatocytes and 
pancreatic β-cells, optimizing glucose homeostasis [64, 
65]. Similarly, enhanced GLUT4 expression promotes 
insulin-stimulated glucose uptake in adipose and skeletal 
muscle tissues, improving systemic glucose utilization 
and insulin sensitivity [65]. Mechanistically, polypheno-
lic compounds are reported to activate AMPK and PI3K/
Akt signaling pathways, which stimulate GLUT4 translo-
cation to the plasma membrane and regulate lipid metab-
olism [66].

The observed modulation of oxidative stress mark-
ers (CAT, iNOS) further reinforces the role of pheno-
lic compounds as anti-inflammatory and antioxidant 
agents, mitigating cellular damage in diabetic conditions 
[63]. This dual action, enhancing GLUT-mediated glu-
cose uptake while reducing oxidative stress, provides a 
mechanistic explanation for the improved serum glucose 
and lipid profiles in PRF-AM-treated mice. These find-
ings are consistent with prior studies demonstrating that 
microencapsulated polyphenols enhance bioavailability 
and targeted delivery, maximizing their pharmacological 
effects while minimizing degradation in the gastrointesti-
nal tract [67].

It is important to note that the alloxan-induced diabe-
tes model primarily mimics insulin-deficient, type 1 dia-
betes. Consequently, extrapolation of these results to type 
2 diabetes, which is characterized by insulin resistance, 
should be performed with caution. Future studies using 
insulin-resistant models, such as high-fat diet/strepto-
zotocin combination or genetic models, are required to 
validate the efficacy of PRF-AM in type 2 diabetic condi-
tions. Additionally, while the selected dose of 100 mg/kg 
BW was effective in this study, dose–response and long-
term safety assessments are necessary for optimization 
and potential clinical translation.

Overall, the upregulation of GLUT2 and GLUT4, along 
with modulation of oxidative stress and inflammatory 
markers, underscores the potential of microencapsu-
lated Alhagi maurorum phenolics as adjunct therapies in 
diabetes management. These natural compounds could 
complement conventional antidiabetic agents, such as 
metformin, by enhancing glucose uptake, improving 
insulin sensitivity, and protecting pancreatic β-cells from 
oxidative damage.

This study demonstrates that microencapsulated 
phenolic-rich fractions from Alhagi maurorum (PRF-
AM) represent a promising strategy for adjunctive 

Table 5  The changes in the expression of inflammatory and 
glucose transporter-related genes in mice pancreatic and muscle 
tissues
Gene expression (Fold changes) S.E.M
Genes T1 T2 T3 T4
Gene expression changes in pancreas tissue

CAT 1a -4.7d -2.2c -3.1b 0.38

iNOS 1a -5.2d -1.9c -3.7b 0.56

Gene expression changes in muscle tissue

GLUT-2 1b -3.1d -1.9c  + 1.1a 0.30

GLUT-4 1b -3.8d -1.2c  + 2.7a 0.26
-: Downregulated as compared to the control group

 + : Up-regulated as compared to the control group

T1: control

T2: Diabetic mice

T3: Diabetic mice + 100 mg /kg BW

T4: Diabetic mice + 250 mg Metformin/kg BW

Different letters in the same row indicated significant differences (p < 0.05)

The analyses were performed in triplicates
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diabetes nutrition therapy. The successful microencap-
sulation process achieved high encapsulation efficiency 
and nanoscale particle size, ensuring enhanced stability, 
bioavailability, and controlled release of key bioactive 
phenolics. In an alloxan-induced diabetic mouse model, 
oral administration of PRF-AM effectively improved gly-
cemic control, normalized lipid profiles, and supported 
healthy weight gain without inducing hepatic, pancreatic, 
or splenic toxicity. Mechanistically, PRF-AM enhanced 
antioxidant defenses by upregulating catalase, modulated 
inflammatory signalling via iNOS suppression, and pro-
moted glucose homeostasis through increased expres-
sion of GLUT2 and GLUT4 transporters. Collectively, 
these findings highlight the multifaceted metabolic, 
antioxidant, and anti-inflammatory effects of PRF-AM, 
positioning it as a safe and effective natural adjunct 
to conventional antidiabetic therapies. Future studies, 
including long-term and clinical investigations, are war-
ranted to validate these benefits and translate PRF-AM 
into functional food or nutraceutical applications for dia-
betes management.
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