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Background: Diabetes is a chronic metabolic disease that causes serious consequences in different organs such as the heart, kidneys,
pancreas, and liver. Metformin (MTF) is a common treatment for type 2 diabetes. It controls the blood glucose level by improving
insulin sensitivity and glucose absorption. MTF belongs to BCS class III, which is characterized by high solubility and low
permeability. Several types of nanoparticles have been developed to overcome the permeability problem of MTF.

Methods: In this study, we prepared nanostructured lipid carriers (NLCs) loaded with metformin (MTF) using hot melt homogenization-
ultrasonication. To select the best formulation, the prepared MTF-NLCs were evaluated for entrapment efficiency % (EE%), particle size,
zeta potential, polydispersity index (PDI), and in vitro drug release. The optimized formulation was selected based on the high EE%, small
particle size, high absolute zeta potential, low polydispersity index, and high in vitro drug release. The optimized formulation was evaluated
for surface morphology by transmission electron microscope (TEM) and for further biochemical and histological analyses in a high-fat diet-
induced type 2 diabetes mellitus (T2DM) in vivo rat model; HFD was administered (44.3-kJ/kg total energy) for four weeks, followed by
a single intraperitoneal injection of streptozotocin (STZ). Rats were allocated into four groups; Diabetic (DM), DM+MTE, DM+MTF-NLC,
and control group. Serum and tissue samples were processed for inflammatory markers detection and histopathology.

Results: The prepared MTF-NLC formulation exhibited high EE% (80.65 = 1.95% t0 99.31 + 3.25%), small particle size (247.72+5.74nm-
503.23+7.26nm), high negative zeta potential (from —31.83+0.98mV to —51.6+2.64mV), PDI value less than 0.5 for all MTF-NLCs, and
controlled drug release. MTF-NLC7 appeared spherical when examined by TEM. MTF and MTF-NLC groups significantly alleviated the
degenerative effects of DM in both submandibular glands (SMG) and pancreas. Additionally, treatments improved kidney and liver function
reduced serum inflammatory cytokines, and tissue SMG and pancreatic immunostaining of inflammatory cytokines with favorable effects of
MTF-NLCs. Moreover, the MTF-NLCs showed a significant reduction of serum inflammatory cytokines, including (TNF-o and IL-1p) and
pancreatic TNF-a expression, in addition to ameliorating liver and renal functions compared to MTF alone.

Conclusion: The preparation of MTF as NLCs improved its permeability, enhancing its anti-inflammatory activity and providing
more protection against diabetes-induced organ injury.
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Introduction

According to the International Diabetes Federation atlas (2021), the global prevalence of diabetes mellitus (DM) is
anticipated to be 783 million by 2045 (1 in 8 adults) with half of them unaware of the condition. In the Middle East and
North Africa, DM incidence was 73 million in 2021, with the expectation to rise to 136 million by 2045, with an 87%
projected increase.! DM is expected to be the seventh leading cause of death worldwide by 2030.% Indeed, DM has been
reported as one of the four major non-communicable diseases, along with cardiovascular diseases, cancer, and chronic
respiratory disease. Among various types of DM, type 2 (T2DM) is the most common, accounting for around 90% of
diabetic cases.” The development of insulin resistance represents a major hallmark of T2DM pathogenesis, which is
mainly caused by irregularities in hepatic glucose metabolism.* Furthermore, oxidative stress and inflammation play
a crucial role in the pathogenesis of T2DM and represent a risk factor for insulin resistance.” Moreover, obesity and
increased free fatty acids trigger B-cell failure.®

Metformin (MTF) is an oral hypoglycemic dimethyl biguanide that was approved by the FDA in 1994 for T2DM and
is currently recommended as a first-line treatment. MTF does not normally enhance insulin secretion; therefore, it is
associated with a reduced risk of hypoglycemia.” Additionally, it does not cause weight gain. It acts by enhancing the
body’s sensitivity to insulin, thus reducing hepatic glucose production. Additionally, it combats diabetes-associated
oxidative stress and inflammation.® Moreover, metformin has proven effects in the prevention and adjuvant treatment of
tumors.” Of note, MTF has been reported to alleviate T2DM-accompanied alteration in salivary microbiota partially'’
and ameliorate the diabetic effect on orthodontic tooth movement.'"'? Despite metformin’s effectiveness, its limited
permeability, bioavailability, and gastrointestinal side effects necessitate alternative delivery methods.”"?

Therefore, formulating MTF into a nano-drug delivery system would modify its physicochemical properties and
endogenous delivery characteristics, thereby enhancing its absorption and therapeutic efficacy and improving patient
compliance.'® One of the methods that can improve the permeability of the drugs and, as a result, their bioavailability is
the use of nanostructured lipid carriers (NLCs) as a drug delivery system.'”> NLCs are lipid nanoparticles prepared from
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both solid and liquid lipids and developed from oil-in-water emulsion.'® The inclusion of liquid lipids is advantageous
because it reduces the ordered structure of solid lipids, which ultimately results in an increase in the loading capacity of
nanoparticles as well as the entrapment efficiency of drugs within NLCs.'”'® NLCs offer a promising approach for
enhancing the therapeutic efficacy of MTF by overcoming its pharmacokinetic limitations such as poor intestinal
absorption and rapid renal excretion. NLCs, composed of solid and liquid lipids, improve drug encapsulation, stability,
and controlled release, thereby enhancing bioavailability and prolonging systemic circulation. Additionally, NLCs
facilitate targeted drug delivery, reducing systemic side effects and improving therapeutic outcomes. Their biocompat-
ibility and ability to enhance permeability across biological membranes make them particularly suitable for improving
MTF’s delivery to target tissues. Furthermore, NLCs provide a versatile platform for modifying drug release profiles,
ensuring sustained therapeutic effects. Given these advantages, the incorporation of MTF into NLCs represents a novel
strategy to optimize its pharmacological effects, particularly in conditions requiring improved bioavailability and
prolonged drug action, such as diabetes and inflammatory disorders.

Numerous researchers prepared NLCs as a drug delivery system for anti-diabetic drugs. Piazzini et al devel-
oped silymarin-loaded NLCs using Cetyl palmitate and Lauroglycol 90 as the lipid combination and Brij as
surfactant'® to improve its oral bioavailability. Also, Ilyas et al developed and optimized pioglitazone-loaded
NLCs by utilizing various types of surfactants (Tween 80 and Span 80) as well as solid lipid (Compritol 888
ATO) and liquid lipid (Labrasol) to improve pioglitazone bioavailability and hence its antidiabetic efficacy.?”
While several studies have developed metformin-loaded nanostructured lipid carriers (MTF-NLCs), this work
demonstrates unique advancements in formulation and evaluation. The novelty lies in the optimized preparation
method combining hot melt homogenization and ultrasonication to produce MTF-NLCs with superior entrapment
efficiency, smaller particle size, high zeta potential, and sustained drug release. Unlike previous studies, this work
specifically examines the protective effects of MTF-NLCs on diabetes-induced damage in the submandibular
glands, pancreas, liver, and kidneys, addressing gaps in understanding the systemic benefits of metformin in
advanced nano-formulations. The study also highlights the reduction of serum inflammatory cytokines (TNF-a and
IL-1B) and the amelioration of pancreatic TNF-a expression, showing that MTF-NLCs significantly outperform
free MTF in mitigating inflammation and tissue injury.

Nanostructured lipid carrier-loaded metformin hydrochloride demonstrated significant cytotoxicity and anticancer
potential against oral cancer KB cell line. Increased intracellular reactive oxygen species and apoptosis were proposed for
the anticancer effect.”!

Moreover, metformin nanostructured lipid carriers were reported to bypass the blood—brain barrier, consequently
reducing secondary injuries (like oxidative stresses, mitochondrial dysfunction, ... etc) and inflammatory cytokines in
cerebrospinal fluid and alleviating histological changes after brain injury.*?

The effect of metformin nanostructured lipid carriers on submandibular salivary glands has not been fully elucidated.
Given metformin’s poor permeability and associated side effects, this study aims to enhance its bioavailability and
therapeutic efficacy using NLCs and test its functionality both in vivo and in vitro.

Materials and Methods

Materials

Metformin (MTF) was kindly provided by Tabuk Pharmaceutical Company (Tabuk, Saudi Arabia). Geleol was purchased
from Sasol Germany GmbH (Witten, Germany), Stearic acid from Hi-Media Laboratories Pvt. Ltd. (Mumbai, India),
Oleic acid and Pluronic F-68 from Sigma Aldrich (St. Louis, MO., USA), and Tween 80 from Sigma Chemical Company
(St. Louis, MO., USA) (Taufkirchen, Germany). All other chemicals were of analytical grade.

Experimental Part

Design of Different Nanostructured Lipid Carrier Formulations of MTF

Factorial design is an important method used in the field of pharmaceutical preparation to obtain the best composition of
the formulation ingredient that achieves the best performance of the drug. This study used 2° factorial design, using
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Design Expert Software version 11, to obtain different formulations of MTF-NLCs with different compositions. A three-
factor, two-level factorial design (2°) is an efficient statistical approach used to optimize metformin-loaded NLCs by
evaluating the effects of three independent variables, each at two levels.”® This design requires eight experimental runs
(2% = 8) to assess the main effects and interactions between factors.>* It helps identify optimal conditions for enhancing
drug encapsulation, particle size, and controlled release. The factorial design also reveals synergistic or antagonistic
interactions between variables, enabling precise formulation adjustments. This systematic approach minimizes experi-
mental runs while maximizing data reliability, ensuring an optimized NLC system for improved metformin delivery.

Three independent variables were applied, X1; type of solid lipid, X2; type of surfactant, and X3; solid lipid to liquid
lipid ratio. All previous independent variables were used in two levels. Five dependent variables were studied, Y1,
entrapment efficiency %, Y2; particle size, Y3; zeta potential, Y4; polydispersity index, and Y5; drug release. The
independent and dependent variables are represented in Table 1.

Preparation of MTF-NLCs

Eight formulations of MTF-NLCs were designed and prepared by hot melt homogenization technique.”> An accurate
amount of both solid and liquid lipids was added to a small beaker and melted at 80 °C using a hot plate (Barnstead/
Thermolyne, Swedesboro, NJ, USA). In another small beaker, an accurate amount of MTF (20 mg) was dissolved in
distilled water in presence of surfactant (Tween 80 or Pluronic F-68) and heated to the same temperature as the lipid
phase. The aqueous phase was added dropwise to the heated lipid phase while homogenized at 15,000 rpm using
a Heidolph Silent Crusher®™ homogenizer (Heidolph, Schwabach, Germany). The homogenization was continued for
10 min, after addition of the aqueous phase, to obtain a homogeneous O/W coarse emulsion. To reduce the size of oil
droplets in the internal phase, the resultant preparation was sonicated for 5 min by probe sonicator (2 sec on and 2 sec
off) using a digital sonifier (Branson, Danbury, CT, USA). The prepared formulations were then allowed to cool for
2 hours at room temperature to solidify the prepared MTF-NLCs.?® The composition of MTF-NLC formulations is
represented in Table 2.

Evaluation of the Prepared MTF-NLC Formulations
The effect of independent variables on EE%, PS, ZP, PDI, and DR of MTF-NLC formulations was studied.

Table | The Independent and Dependent Variables of
MTF-NLCs Using 2° Factorial Design

Independent Variables Used Levels
Low (-1I) High (+1)
X1 | Type of solid lipid Stearic acid | Geleol
X2 | Type of surfactant Tween 80 Pluronic F-68
X3 | Solid lipid: liquid lipid | 2:3 32
Dependent variables Goal
YI | EE (%) Maximize
Y2 | PS (nm) Minimize
Y3 | ZP (mV) Maximize
Y4 | PDI Minimize
Y5 | DR (%) Maximize

Abbreviations: DR, Drug release; EE, Entrapment effeciency; PDI,
Polydispersity index; PS, Particle size; ZP, Zeta potential.
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Table 2 The Designed Nanostructured Lipid Carriers Loaded Metformin According to 2* Factorial Design

Formulation Code | XI: Type of Solid Lipid | X2: Type of Surfactant | X3: Solid Lipid: Liquid Lipid
MTF-NLC | Stearic acid Tween 80 2:3
MTF-NLC 2 Stearic acid Tween 80 32
MTF-NLC 3 Stearic acid Pluronic F-68 2:3
MTF-NLC 4 Stearic acid Pluronic F-68 32
MTF-NLC 5 Geleol Tween 80 2:3
MTF-NLC 6 Geleol Tween 80 32
MTF-NLC 7 Geleol Pluronic F-68 2:3
MTF-NLC 8 Geleol Pluronic F-68 32

Abbreviation: MTF-NLC, Metformin nanostructured lipid carriers.

Determination of the EE% (Y1)

Entrapment efficiency (EE%) is essential for evaluating the amount of drug effectively encapsulated within carriers,
influencing therapeutic efficacy, release profile, and overall formulation performance. In this study, EE% of MTF was
determined by indirect technique. Two milliliters of each formulation were transferred to Eppendorf and centrifuged for
30 min at 15,000 rpm with temperature control at 4°C using a cooling centrifuge (Biofuge, primo Heraeus, Germany).?’
The centrifugation process allows the separation of entrapped drug in NLCs (the precipitate) and free drug (the
supernatant). The clear supernatant (1 mL) was separated into a volumetric flask diluted with distilled water up to
100 mL. The resultant solution was analyzed spectrophotometrically at 232 nm, to determine the concentration of the free
drug, using UV spectrophotometer (Shimadzu, Japan). The EE% of MTF was determined by applying the following
equation:

Total amount of MTF — Free MTF
EE%) = 100
(EE%) Total amount of MTF X

Determination of PS (Y2), ZP (Y3) and PDI (Y4)

PS, PDI, and ZP are crucial for optimizing drug delivery, influencing stability, uniformity, bioavailability, and cellular
uptake, ensuring effective and consistent therapeutic outcomes. The measurements of PS, ZP, and PDI were done by
a dynamic light scattering technique using Zetasizer (Malvern Instruments Ltd., Malvern, UK). The prepared formula-
tions of MTF-NLCs were diluted with distilled water before measurement (1:100). The measurements were done at room

temperature and an angle of 90°.*®

Study of in vitro Drug Release (Y5)

In vitro release study evaluates drug release from formulations, simulating biological conditions to predict in vivo
performance. The release study of MTF from prepared NLC formulations was done using Franz cell diffusion apparatus
(Maharashtra, Mumbai, India). A sample of each formulation was added to the donor cell (equivalent to 2 mg MTF). The
receptor cell was filled with 10 mL of phosphate buffer saline pH 7.4. The donor and receptor cells were separated with
a cellophane membrane (molecular weight cut off 12.000-14.000). The dissolution media was maintained at 37 £ 1 °C
and was stirred at 100 rpm. At various time intervals (1, 2, 3, 4, 6, 8, 10, and 12 h), | mL was withdrawn from the
receptor cell and analyzed using a UV spectrophotometer at 232 nm after suitable dilution with distilled water using
water as a blank. The experiment was carried out in triplicate, and the Mean + SD was calculated. The data of the in-vitro
release study was kinetically treated, using multiple kinetic models, including Zero-order, First-order, Second-order,

Higuchi, Korsmeyer—Peppas, Hixson-Crowell, and Baker-Lonsdale, to determine the best-fitted release mechanism.*’
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The Optimization Process

Design-Expert 11 software was used to find the best level of the independent variables (X1, X2, and X3) for preparing
MTEF-NLC with the desired dependent variables. Numerical optimization was performed using a desirability function to
achieve an optimal balance between EE, PS, ZP, PDI, and DR. The goal of the optimization process was to maximize EE
% (Y1), minimize the PS (Y2), maximize the absolute ZP (Y3), minimize the PDI (Y4), and maximize the DR (Y5).

The Surface Morphology Study of the Optimized MTF-NLCs

Transmission Electron Microscopy (TEM) provides high-resolution imaging to analyze nanoparticle morphology, size,
and structural details, ensuring accurate characterization of pharmaceutical nanocarriers. The surface properties of the
optimized MTF-NLC formulation (MTF-NLC7) were studied using a Transmission electron microscope (TEM) (JTEM
model 1010, JEOL®, Tokyo, Japan). The optimized formulation was diluted with distilled water after that one drop was
applied to a collodion-coated copper grid and kept for drying at room temperature. Uranyl acetate (2% w/v) was used to
stain the sample then pictured with TEM at room temperature.”

Infra-Red Spectroscopy (IR)

IR spectroscopy is crucial for confirming drug-excipient compatibility, identifying functional groups, and detecting
chemical interactions. It ensures formulation stability, structural integrity, and the absence of undesirable degradation or
molecular changes in drug delivery systems. IR spectroscopy was applied to determine the drug’s compatibility with
other formulation components. Samples of pure MTF, Geleol, and lyophilized MTF-NLC7 were compressed into discs
with potassium bromide. Each disc was scanned using Fourier-Transform Infrared Spectroscopy (Shimadzu 435 U-O4 IR
spectrometer, Japan), from 4000 to 400 cm '.°

Thermal Analysis

Differential Scanning Calorimetry (DSC) analyzes thermal transitions, measuring heat flow differences to assess material
crystallinity, purity, compatibility, and phase transitions in pharmaceutical formulations. The differential scanning
calorimetry study (DSC) of pure MTF, Geleol, and lyophilized MTF-NLC7 was done using Shimadzu DSC-50
(Japan). Samples were subjected to heating at a temperature ranging from 25 to 250 °C after sealing in an aluminum
pan. The scanning was done under a flow of nitrogen gas with a rate of 10 °C/min. The used standard was an empty

: 21,31
aluminum pan.”'~

In vivo Study
The experimental design was conducted guided by the principles of the declaration of Helsinki, and the interna-
tional ethical guidelines for biomedical research involving animal subjects developed by the council for interna-
tional organization of medical science (CIOMS) and was approved by the scientific research ethics committee at
the Faculty of Pharmacy, Sinai University, Arish, Egypt (approval number SU-SREC-3-02-23). Forty male
Sprague Dawley rats (200-250 gm) were kept for one week of acclimatization with free access to food and
water under standardized lab conditions. The sample size was calculated using F-test (ANOVA: fixed effect,
omnibus, one way) with an alpha (0.05) and power (1-p) (0.85) using G*Power 3.1.9.4.°

High-fat diet (HFD)/streptozotocin (STZ, Sigma Aldrich, USA, S0130) was used to induce T2DM.** The HFD
(44.3-kJ/kg total energy) was composed of fat 22%, carbohydrate 48%, and protein 20%.>* Thirty rats (10 per group)
were maintained on HFD for four weeks followed by a single intraperitoneal injection of STZ. After 72 hours, blood
glucose was quantified in tail vein samples using a glucometer (Accu-Chek Performa, USA) to confirm the successful
induction of the diabetic model. Blood glucose levels higher than 250 mg/dl were accepted, and animals were further
randomly assigned to three experimental groups (n = 10) as follows: DM animals received no treatment. DM+MTF,
animals received MTF for eight weeks. DM+MTF-NLC, animals received MTF-NLC for eight weeks. MTF and MTF-
NLC were administered orally (50mg/kg) daily. An additional group of rats (n=10) were kept on a regular standard diet
for eight weeks and served as a control group. The weight of rats from various experimental groups as well as blood
glucose were weekly recorded.
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Every week, blood glucose level was checked in tail vein samples using a glucometer. Twenty-four hours following
the last dose of various treatments, rats were euthanized using thiopental sodium (40 mg/kg). Blood was withdrawn and
then centrifuged for 10 min at 3000 rpm for serum separation. Serum was used for assessment of renal and liver function.
Both pancreas and submandibular salivary glands were harvested and washed in ice-cold saline. The right salivary gland
and one part of the pancreas were flash liquid nitrogen for further use in gene expression analysis by real-time
polymerase chain reaction (RT-PCR). The left salivary gland and the other part of the pancreas were cut longitudinally

and preserved in 10% buffered formalin for histological studies.

Assessment of the Effect of Treatments on Liver and Kidney Function Tests
Serum samples were assessed for quantitative determination of activity of both alanine aminotransferase (ALT)
((BEIS11-I, SPINREACT) detection range from 0 U/L to 400 U/L) and aspartate aminotransferase (AST)
((MDBEIS46-1, SPINREACT) detection limit of 0 U/L to linearity limit of 467 U/L.) as indicators of liver function.
The optical densities were determined at the wavelength 340 nm for ALT and AST.

The colorimetric detection of creatinine (MDBSIS13-I, SPINREACT) with detection limit of 0.000 mg/dL to
linearity limit of 35 mg/dL) and blood urea nitrogen (BUN) ((TKBSIS47-1, SPINREACT) with detection range from
0.743 mg/dL to 400 mg/dL), was conducted according to manufacturers’ instructions (SPINREACT, Spain). The optical
density was adjusted at primary wavelength of 550 nm for creatinine and 340 for blood urea nitrogen.

Assessment of the Effect of Treatments on Serum Inflammatory Markers

Serum concentration of inflammatory cytokines tumor necrosis factor-a (TNF- o), (catalog No E-EL-R2856 with
a detection range 15.63—1000 pg/mL) and Interleukin-1B (IL-1B), (catalog No (E-EL-R0012) with detection range
31.25-2000 pg/mL) were measured by Sandwich-ELISA principle. (Biotinylated) detection antibody specific for each
inflammatory cytokine (Rat IL-1p and Rat TNF-a) and Avidin Horseradish Peroxidase (HRP) conjugate were added
successively to each microplate well containig the samples and incubated. The substrate solution was added to each well.
The enzyme-substrate reaction was terminated by the addition of stop solution and the color turns from blue to yellow.
The optical density (OD) was measured spectrophotometrically at a wavelength of 450 nm.

Assessment of the Effect of Treatments on Gene Expression of Inflammatory Markers

The Interleukin-1p (IL-1B) and Tumor necrosis alpha (TNF-a) gene expression levels were measured in both SMG and
pancreas using quantitative Real-time PCR technique. Tissues were homogenized and purified, followed by RNA
extraction and then cDNA synthesis using QuantiTect Reverse Transcription Kit, cat. No: 205310 (Qiagen, Hilden,
Germany). The produced cDNA was then amplified using QuantiTect SYBR Green PCR Kit cat no: 204141 (Qiagen,
Germany). All samples were analyzed using the 5 plex Rotor Gene PCR Analyzer (Qiagen, Germany). The relative
expression level (for both genes) was normalized to internal control (B-actin) and relative to the calibrator (negative

control sample) using the equation 2 **“" test control.

Histopathological Studies

Pancreas and submandibular salivary gland sections were fixed in 10% buffered formalin, washed and processed into
paraffin blocks then cut into 3microns sections that are then deparaffinized, rehydrated, and stained by routine H&E
stain.”® Regarding immunohistochemical staining, after antigen retrieval, the tissue sections were stained with primary
antibodies against tumor necrosis factor-a (TNF- o) (Servicebio, GB11188) at dilution of 1:1000 and Interleukin-1 (IL-
1B) (GB11113) at dilution of 1:800 followed by incubation with secondary antibody and counter stained with hematox-
ylin. Slides were photographed using Olympus® digital camera installed on Olympus® microscope with 1/2 X photo
adaptor, using 20X objective. The result images were analyzed on Intel® Core 17® based computer using VideoTest
Morphology®™ software (Russia) with a specific built-in routine for area, % area, measurement, object counting, and
contact_Angle using software IMAGE J 1.5. The percentage of areas of positive reaction (areas of interest) was

thresholded and calculated in relation to the total surface area.>®
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Statistical Analyses

Data were presented as mean + SD Statistical analyses and graphical presentations were performed using GraphPad
Prism 9. A p-value of less than 0.05 was considered statistically significant. Data were analyzed with one-way analysis of
variance (ANOVA) to compare the different groups, followed by a Tukey posthoc test for multiple comparisons. Two-
way ANOVA was used for the analysis of changes in blood glucose level and body weight.

Results and Discussion

Using Design Expert version 11, the 2° factorial design was used to design the composition of different formulations of
MTEF-NLCs based on the selected independent variables and their levels. All formulations of MTF-NLCs were prepared
by the hot melt homogenization-ultrasonication technique and evaluated for Y1: EE%, Y2: PS, Y3: ZP, Y4: PDI, and Y5:
DR. Table 3 represents the findings of the previous responses.

As represented in Table 4, it was found that the suggested model for all responses was the linear one. The Model F-values
of Y1, Y2, Y3, Y4, and Y5 were 455.81, 613.19, 38.62, 294.44, and 2117.82 implying a significant model with a p-value
<0.01. Also, the data were well fitted on the suggested linear model with R? values of 0.9971, 0.9978, 0.9666, 0.9955, and
0.9994 for Y1, Y2, Y3, Y4, and Y5, respectively, and the difference between Predicted R? and Adjusted R? were less than 0.2
for all responses which indicate best fitting by linear model. The adequate Precision, which measures the signal-to-noise ratio,
were 57.1984, 64.5779, 16.1457, 41.6413, and 123.2883 for Y1, Y2, Y3, Y4, and Y5, respectively. All values greater than 4
indicated an adequate signal and the linear model could be used to navigate the design space.

Table 3 The Determined Dependent Variables of MTF-NLCs

Formulation code | YI: EE% | Y2: PS (nm) | Y3: ZP (mV) | Y4: PDI | Y5: DR (%)
MTF-NLC | 83214215 | 47585+6.85 | —32.87+125 | 045+001 | 82.97+2.84
MTF-NLC 2 80.65+1.95 | 50323726 | —31.83:098 | 0.48+0.02 | 79.88+3.26
MTF-NLC 3 89324357 | 40833594 | —428+1.89 | 0.39+001 | 8836244
MTF-NLC 4 86.28+2.41 | 43587+635 | —3827#221 | 041+0.03 | 8527+2.17
MTF-NLC 5 94.64+1.89 | 326274421 | —45.83+2.04 | 027+001 | 93.54£1.98
MTF-NLC 6 91.4743.95 | 364.98+4.98 | —4563+1.54 | 0.31£001 | 90.39+2.54
MTF-NLC 7 99314325 | 247724574 | 516264 | 023+001 | 9871£3.42
MTF-NLC 8 96.1243.65 | 285314654 | —48.87+1.32 | 0.24+0.02 | 96.29+2.94

Note: All data presented as Mean+SD.
Abbreviations: DR, Drug release; EE, Entrapment effeciency; PDI, Polydispersity index; MTF-NLC, Metformin
nanostructured lipid carriers; PS, Particle size; ZP, Zeta potential.

Table 4 Fit Statistic for the Dependent Variables Y1, Y2, Y3, and Y3 Regarding Linear Model

Response | Model F-values | Model P-value R? Predicted R? | Adjusted R* | Adeq Precision
YI:EE 455.81 < 0.0001 0.9971 0.9883 0.9949 57.1984
Y2:PS 613.19 < 0.0001 0.9978 0.9913 0.9962 64.5779
Y3:ZP 38.62 0.0021 0.9666 0.8665 0.9416 16.1457
Y4:PDI 294.44 < 0.0001 0.9955 0.9820 0.9921 41.6413
Y5: DR 2117.82 < 0.0001 0.9994 0.9975 0.9989 123.2883

Abbreviations: DR, Drug release; EE, Entrapment effeciency; PDI, Polydispersity index; PS, Particle size; R?, correlation coeffecient; ZP,
Zeta potential.
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Effect of Independent Variables on Y1: EE%

As represented in Table 3, it was found that EE% ranged from 80.65 £ 1.95 to 99.31 £ 3.25%. Figure 1, shows the effect
of the independent variables in the different responses. As shown in Figure 1A, at an average value of X3, it was found
that the EE% of MTF was increased using Pluronic F-68 rather than Tween 80 either using Geleol or stearic acid as
a solid lipid. These outcomes could be explained by Pluronic F-68’s higher HLB.?” Also, the EE% increased using
Geleol rather than stearic acid in all formulations either using Pluronic F-68 or Tween 80 as surfactant. These findings
may be related to Geleol’s longer carbon chain than stearic acid, which led to a higher internal space for drug
entrapment.*® At a fixed value of X1, the interactive effect of surfactant type and solid: liquid lipid was shown in
Figure 1B. It was found that the EE% was increased in formulation prepared with Pluronic F-68 rather than Tween 80
either using a low or high ratio of solid to liquid lipid and also, EE% was higher at a low ratio of solid to liquid lipid (2:3)
in all formulations. Figure 1C shows the interactive effect of solid lipid type and solid lipid to liquid lipid ratio on the EE
% at a fixed value of X2. It was found that the EE% was increased using Geleol as a solid lipid instead of stearic at both
levels of solid to liquid lipid. Also, EE% was increased using a low ratio of solid to lipid in all formulations either using
Geleol or stearic acid as a solid lipid. These outcomes might be explained by the fact that the drug’s solubility in the lipid
matrix increased as the ratio of liquid lipids increased and that the large imperfections in the solid lipid crystal lattice
caused by an increase in liquid lipids led to more space for drug entrapment. According to other studies, adding liquid
lipids made solid lipids more flexible, which helped to explain why the EE% was higher when the liquid lipid content
was high.? As represented in Table 5, all independent variables had a significant effect on EE% (P < 0.001).

- Design-Expert® Software
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Figure | Effect of independent variables in EE% (A) effect of type of solid lipid and type of surfactant, (B) effect of type of surfactant and solid to liquid lipid ratio, (C) effect
of type of solid lipid and solid to liquid lipid ratio.
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Table 5 Analysis of Variance for the Effect of Independent Variables in the
Dependent Variables

Responses | Intercept | XlI: Type of | X2: Type of | X3: Solid Lipid:
Solid Lipid Surfactant Liquid Lipid

EE 90.125 5.26 2.6325 —1.495
p-values < 0.0001 < 0.0001 0.0008

PS 380.945 —74.875 —36.6375 16.4025
p-values < 0.0001 < 0.0001 0.0012
zpP —42.2125 =5.77 -3.1725 1.0625
p-values 0.0007 0.0069 0.1616
PDI 0.3475 —0.085 -0.03 0.0125
p-values < 0.0001 0.0006 0.0151
DR 89.4263 5.30625 273125 —1.46875
p-values < 0.0001 < 0.0001 < 0.0001

Note: The data were considered significant if the P value less than 0.05.
Abbreviations: DR, Drug release; EE, Entrapment effeciency; PDI, Polydispersity index; PS,
Particle size; ZP, Zeta potential.

Effect of Independent Variables on Y2: PS, Y3: ZP, and Y4: PDI

The concept of particle size was developed so that a comparison could be made between various formulations based on
the dimensions of the dispersed particles. Based on the data presented in Table 3, it was observed that the particle size of
all of the prepared MTF-NLC formulations fell within the nano range (247.72 + 5.74 to 503.23 + 7.26 nm). As shown in
Figure 2A, at a fixed value of X3, it was observed that the formulation prepared by Geleol as a solid lipid had a smaller
particle size than that prepared by Stearic acid either using Tween 80 or Pluronic F-68 as a surfactant. This may be due to
the higher viscosity of stearic acid, which causes it to solidify into larger particles upon congealing during the
preparation. Also, the type of surfactant had a substantial impact on the size of MTF-NLCs, where the PS of formulations
prepared in the presence of Pluronic F-68 have smaller size than those prepared by tween 80 either the Geleol or stearic
acid were used as solid lipid. This may be due to the difference in HLB value. The higher the HLB value of the
surfactant, the more stable the prepared emulsion with a reduction in particle size.*® Similar results were obtained by
Mura et al who found that NLCs of Hydrochlorothiazide prepared in the presence of Pluronic F-68 were smaller than
those prepared with tween 80.*' At a fixed value of X1, it was found that PS was reduced using Pluronic F-68 instead of
tween 80 at both low and high levels of solid-to-liquid lipid ratio, see Figure 2B. In addition, the PS was decreased using
low solid lipid and high liquid lipid either in formulations prepared in the presence of Pluronic F-68 or tween 80. This
could be attributable to the greater liquid lipid content, which decreases the viscosity inside of NLCs and, as a result,
decreases surface tension, resulting in the formation of smaller and smoother surface particles. Figure 2C shows the
interactive effect of X1 and X3 at a fixed value of X2. It was found that the PS of the MTF-NLCs decreased using Geleol
instead of stearic acid either at low or high levels of X3 and also, decreased at low level of X3 either using Geleol or
stearic acid. As represented in Table 5, all independent variables had a significant effect on PS.

Zeta potential refers to the electric potential, which exists in the interface of NLCs. The higher the value of ZP value, either
positive or negative, the higher the repulsion between NLCs and hence higher stability. In general, 30 mV for ZP of nanoparticles
is thought to be suitable for obtaining stable nanoparticle dispersion due to electrical repulsion between the particles.** As shown
in Table 3, all produced MTF-NLCs have a negative zeta potential value that ranges from —31.83 0.98 to —51.6 2.64 mV. The
presence of oleic acid and the hydroxyl ions on the surface of NLCs may both contribute to the negative charge. It was observed
in Figure 3 that ZP negative value was increased in formulations prepared in the presence of Geleol, Pluronic F-68, and a high
ratio of oleic acid. Table 5 showed that both type of solid lipid and type of surfactant had significant effects on ZP.

3774 https: International Journal of Nanomedicine 2025:20



Qushawy et al

Design-Expert® Software Design-Expert® Software
Factor Coding: Actual Factor Coding: Actual
PS (nm) PS (nm)
X1 = A: Solid lipid X1 = B Surfactant
X2 = B Surfactant X2 = C: Solid:Liquid lipid
Actual Factor Actual Factor 600
C: Solid:Liquid lipid = Average over A: Solid lipid = Average over
600
500
500
g 400
A g 400 B &
12}
@ 300
300
200
200 Pluronic F-68 Tween 80
Stearic acid i
B: Surfactant B: Surfactant

A:Solidlipia  Oeteol Tween 80 Pluronic F-68 23 : Solid:Liquid lipid
Design-Expert® Software
Factor Coding: Actual
PS (nm)
X1 = A: Solid lipid
X2 = C: Solid:Liquid lipid
Y —— 600
500
g 400
[7]
(-1
C 300
200
Stearic acid
A: Solid lipid

Geleol 23 C: Solid:Liquid lipid

Figure 2 Effect of independent variables in PS (A) effect of type of solid lipid and type of surfactant, (B) effect of type of surfactant and solid to liquid lipid ratio, (C) effect of
type of solid lipid and solid to liquid lipid ratio.

The polydispersity index, often known as the PDI, is a size-based indicator that is used to evaluate the homogeneity of
a sample. According to the results provided in Table 3, the DPI value of all formulations occurred in the range of (0.23+
0.01 to 0.48+ 0.02). Figure 4, demonstrates that the PDI value was increased in formulations that were prepared with
stearic acid, Tween 80, and in a low ratio of liquid lipid. On the other hand, the value was decreased in formulations that
were prepared with gelelol, pluronic F-68, and a higher amount of liquid lipid, with p value <0.0001, 0.0006, and 0.0151,
respectively, see Table 5.

Effect of Independent Variables on Y5: DR
The release of MTF was controlled by incorporation into NLCs. As represented in Table 3, it was found that drug release
after 12 h ranged from 79.88+3.26% for MTF-NLC2 to 98.71£3.42% for MTF-NLC7. The release of MTF from NLCS was
in controlled manner over 12 h, while the free MTF exhibited about 90% dissolution within 1h. The amount of drug release
was higher in formulations prepared by Gelelol, Pluronic F-68, and a higher content of liquid lipid, see Figure 5. This could
be owing to the small size of the prepared NLCs, which increased the surface area and thus the dissolving properties. Table 5
showed that all independent variables had a significant effect had significant effects on DR% (p < 0.0001).

As represented in Table 6 and Figure 1supp, the best-fitted mechanism for the drug release from prepared NLCs was
the Higuchi diffusion model based on the highest value of (r).

The Higuchi diffusion model suggests that the release of MTF from the prepared NLCs is controlled by diffusion
through the matrix, with drug molecules gradually diffusing out over time. This mechanism is often observed for systems

where the drug is homogeneously dispersed in the carrier, allowing for a controlled release profile.
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Figure 3 Effect of independent variables in ZP (A) effect of type of solid lipid and type of surfactant, (B) effect of type of surfactant and solid to liquid lipid ratio, (C) effect of
type of solid lipid and solid to liquid lipid ratio.

On the other hand, free MTF follows a first-order release model where the release is driven by concentration gradients
rather than matrix diffusion. This comparison highlights the difference in release behavior between the NLC-based
formulation and the free drug, with the NLCs offering a more controlled release, which is beneficial for therapeutic
efficacy, especially in chronic conditions like diabetes.

Optimization of Formulation Factors

For the optimization process, 2° factorial design was applied to obtain the optimal level of formulation variables that
produce an optimized MTF-NLC with the appropriate response values. The objective of optimization was to maximize
the EE% (Y1), minimize the PS (Y2), maximize the absolute value of ZP (Y3), minimize the PDI (Y4), and maximize
the DR (Y5). As shown in Figure 6A, the optimal formulation was MTF-NLC7, which was made with a high level of X1
(+1, Geleol), a high level of X2 (+1, Pluronic F-68), and a low level of X3 (—1, 2:3). It was found that the predicted value
was close to the actual value with desirability index equal to 0.996, indicating that the applied factorial design was valid
to obtain an optimized formulation.*> Geleol and Pluronic F-68 were chosen for the optimized NLC formulation due to
their complementary properties. Geleol, a solid lipid, serves as the core matrix for drug loading, offering controlled
release and improved stability. Pluronic F68, a nonionic surfactant, provides steric stabilization, improving colloidal
stability and drug encapsulation efficiency. Its hydrophilic nature ensures biocompatibility and enhances drug release
profiles. Together, these excipients ensure small particle size, reduced aggregation, and controlled drug release, making
them ideal for enhancing the performance of NLCs in drug delivery applications. The optimized MTFNLC7 formulation
exhibits superior physicochemical properties, including small particle size, high entrapment efficiency, and stable zeta
potential, which collectively enhance its biological performance. The nanosized particles facilitate improved cellular
uptake and penetration across biological membranes, ensuring efficient drug delivery to target sites. High entrapment
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Figure 4 Effect of independent variables in PDI (A) effect of type of solid lipid and type of surfactant, (B) effect of type of surfactant and solid to liquid lipid ratio, (C) effect
of type of solid lipid and solid to liquid lipid ratio.

efficiency maximizes drug loading, prolonging metformin release and maintaining therapeutic concentrations for an
extended period. Additionally, the stable zeta potential prevents particle aggregation, ensuring formulation stability and
consistent bioavailability. These characteristics contribute to enhanced therapeutic efficacy, improving metformin’s anti-
inflammatory and organ-protective effects, particularly in managing diabetes and related complications.

TEM Image of MTF-NLC

The TEM image of MTF-NLC7 revealed that the prepared nanoparticles were spherical with Nano size, see Figure 6B.
The interface appeared with high contrast as a result of the adsorption of the uranyl acetate stain at the interface. The
variation in size of NLCs appeared in the TEM may result from shrinking and drying of NLCs during sample preparation
for TEM.***3 Similar results were obtained by Shi et al who studied the surface morphology of Baicalin NLCs and found
that the NLCs were spherical with nanosize.*®

The IR Spectroscopy

IR spectroscopy is one way for determining the compatibility of a drug with other substances. Figure 7A shows the IR
spectra of MTF, Geleol, and MTF-NLC?7. The IR spectrum of pure MF revealed a characteristic peak at 3375 cm™' and
3312 cm !, corresponding to N-H primary stretching, and a peak at 3171 cm ', corresponding to secondary
N-H stretching vibration. Also, two bands at 1631 and 1570 cm ' due to C=N stretching. The absorption band at
wavenumber 1474 cm ™' associated with C-H asymmetric bending (-CH3), 1174 cm™', and 1062 cm ™' corresponding to
C-N stretching. Rostamkalaei et al studied the IR spectrum of metformin and found similar results.*” The IR spectrum of
Geleol showed characteristic peaks 3419.17 cmfl, 2919.7 cmﬁl, 1735.62 cm ! of O-H stretching, C—H stretching, and
C=0 stretching, respectively. The results are in good agreement with Khezri et al who studied the IR spectrum of
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Figure 5 Effect of independent variables in DR% (A) effect of type of solid lipid and type of surfactant, (B) effect of type of surfactant and solid to liquid lipid ratio, (C) effect
of type of solid lipid and solid to liquid lipid ratio.

Geleol.*® All characteristic peaks of the drug were found in the IR spectrum of the prepared MTE-NLC7 which gave an

indication of the compatibility between drug and Geleol. Similar results were obtained by Ngwuluka et al who prepared

metformin solid lipid nanoparticles and found that the IR spectrum of the prepared formulation showed the characteristic

peaks of the drug and revealed the compatibility between MTF and other ingredients.*’

Table 6 The Calculated Correlation Coefficients (r) for the Release of MTF From MTF-NLCs Using

Different Kinetic Orders and Systems

Formulation Code

Correlation Coefficient (r)

Zero First Second | Diffusion | Korsmeyer-Peppas | H-C B-L
MTF-NLC | 0.9847 | —0.9878 | 0.9317 0.9975 0.9919 0.9935 | 0.9804
MTF-NLC 2 0.9825 | —0.9974 | 0.972 0.9985 0.9946 0.9968 | 0.9943
MTF-NLC 3 0.987 | —0.9813 | 0.9022 0.9967 0.9927 0.9923 | 0.9769
MTF-NLC 4 0.9869 | —0.9859 | 0.924 0.9967 0.9910 0.9936 | 0.9784
MTF-NLC 5 0.9906 | —0.9701 | 0.848I 0.9978 0.9968 0.9904 | 0.9738
MTF-NLC 6 0.9842 | —0.9789 | 0.8819 0.9978 0.9963 0.9918 | 0.98
MTF-NLC 7 0.9907 | —0.9141 | 0.7046 0.9977 0.9962 0.9726 | 0.9597
MTF-NLC 8 0.9869 | —0.9492 | 0.785 0.9967 0.9944 0.9823 | 0.9679

Abbreviations: B-L, Baker & Lonsdal; H-C, Hixon-Crowel; MTF-NLC, Metformin nanostructured lipid carriers.
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Figure 6 The optimized formulation (A) The actual and predicted value of the optimized formulation (MTF-NLC7), (B) TEM image of MTF-NLC7.
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Figure 7 IR spectrum of Metformin, Geleol, and optimized MTF-NLCs (A), and DSC thermograms of Metformin, Geleol, and optimized MTF-NLCs (B).

The Thermal Analysis of MTF in the Optimized Formulation MTF-NLC7

It is possible to determine the degree of crystallinity through thermal analysis by employing the differential scanning
calorimetry method (DSC). As shown in Figure 7B, the pure MTF DSC thermogram exhibited a single endothermic peak
at 230 °C corresponding to its melting point.’* Geleol’s DCS thermogram revealed a broad peak at 64 °C, which
corresponds to its melting point.” The MTE-NLC7 DSC thermogram showed a decrease in the intensity of the MTF
peak, which may be owing to the MTF being entrapped in the lipid core of the NLCs. Similar results were obtained by
Kenechukwu et al who prepared metformin as PEGylated lipid nanoparticles, and found that the DSC thermogram of the
formulation exhibited two endothermic peaks one of the lipid and the second for the metformin.>* They explained the
presence of metformin peak by dispersion of metformin in the lipid matrix.

Effect of MTF-NLC on Body Weight and Blood Glucose Levels

There was no statistical significant difference between the groups till 9 weeks where both DM+MTF & DM+ MTF-NLC
groups showed a significant reduction of gained weight compared to the diabetic group (P < 0.05). Additionally, both
DM+ MTF & DM+ MTF-NLC groups showed significant restoration of normal blood glucose levels compared to DM
group starting from the 12 week (p < 0.05) with no significant difference between the MTF and its nanoformulation
(MTF-NLC), Figure 8.

3780 https: International Journal of Nanomedicine 2025:20



Qushawy et al

500+
- Control
’gaoo- —— DM
= i — DM+MTF
% . —— DM+MTF-NLC
A = 2004
>
°
m 100+
o L] L) . L ] L} L) L) . . L} . L L) - Ll L] L] L]
N ~ S A DO 0N ™D O A D
N AN A A A 2 P AP NS AN R RE AT XD RS N N
i\oe‘ ‘\e? $e° 4\o°4‘o°4‘o°$o°ée°$e°eé" e et eé“ O o&" o
KO R O S
600~
% -a- Control
?E» - DM
;—400- - DM+MTF
w
e ~+- DM+MTF-NLC
B =
2 200+
o
o
o
o
o L) . L) L] L) . L) . L Ll -
> O S N SV S ) “ o A 2>
S ST o F T F F &
3% e’ & e’ ©° © <
K R R S R R

Figure 8 Effect of MTF and MTF-NLC on diabetic changes in body weight (A) and blood glucose (B) levels. The data were reported as mean+SD. The data were analyzed
using Two-way ANOVA. P value less than 0.05 was considered significant, n=3-6.

Several studies have reported that HFD model increases body weight and blood glucose levels with insulin resistance
development.™ The reduction of body weight gain with MTF intervention as previously reported was attributed to the
reduction of visceral fat deposition and improved energy expenditure in human and animals.’*> Indeed, 8-week
treatment with MTF prevented HFD-induced weight gain and decreased fat deposition in HFD-fed rats.’® Of note,
Momoh et al reported a similar reduction in blood glucose levels in an alloxan-induced diabetes model using solid lipid
microparticles loaded with metformin hydrochloride.’” They attributed the hypoglycemic effect to the association of the
drug in the core of the lipid and its stability in the acidic conditions of the stomach. Kenechukwu et al reported similar
results with increased bioavailability of several surface-modified nanostructured lipid carriers based on solidified reverse
micellar solutions loaded with metformin.*'

MFT-NLC Improved Kidney and Liver Function

T2DM adversely affects various body organs with reduced cell mass and function. Elmahdy et al reported that oral
administration of HFD for 12 and 18 weeks induced a significant increase in liver enzymes, with concomitant increases
of liver TNF a, IL-1pB, and IL-18.°% Likewise, our results showed marked elevation in markers of kidney and liver
function in the diabetic group when compared to the control group. However, a significant reduction was observed with
MTF and MTF-NLC treatment. Additionally, a significant difference was observed between MTF-NLC treated group
compared to DM+MTF group (p < 0.05) Figure 9.
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Figure 9 Effect of MTF and MTF-NLC on diabetic alteration of serum (A) creatinine and blood urea nitrogen (BUN) (B) liver function markers (C) alanine amino

transferase (ALT) and (D) aspartate aminotransferase (AST). Data were expressed as mean+SD. P < 0.05 was considered significant, compared to control (¥), diabetic (#),
significance between MTF-NLC and MTF ($), n=3.

A similar protective effect of MTF was observed against the hepatotoxicity in STZ-induced diabetic model including
restoration of serum ALT and AST activities, with a reduction of total lipid, sodium, and potassium levels.>® Ossai et al

reported the ability of lipid vesicle-entrapped metformin to reduce insulin resistance effectively and increase creatinine
levels.®

MTF-NLC Attenuated Serum and Tissue Inflammatory Cytokines

As shown in Figure 10, MTF and MTF-NLC showed a significant reduction of TNF-a and IL-1p in serum (p < 0.05)
when compared to the diabetic group. DM+MTF-NLC group showed a significant reduction in serum concentration of
both inflammatory cytokines compared to DM+MTF group (p < 0.05).

The HFD model is one of the most reliable used models as it simulates the most common route of obesity in humans
and its associated metabolic effects such as insulin resistance and Beta cell mass reduction. Salivary glands and pancreas
are among the affected organs.****'**> HFD model is associated with increased inflammatory cytokines including TNF-o
and IL-1p with associated sequelae of fatty degeneration and insulin resistance.®>** IL-1p stimulates hepatic fatty
degeneration by enhancing triglycerides and cholesterol precipitation in liver parenchyma and the formation of lipid
droplets.®>°¢ In addition, IL-1p stimulates local inflammation by inducing another pro-inflammatory cytokine production,
IL-6.>® More importantly, these factors are believed to control salivary amylase release which has recently been reported
to affect the progression of T2DM.%’
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Figure 10 Effect of MTF and MTF-NLC on diabetic alteration of expression levels of Interleukin-18 (IL-1B) (A, C and D) and Tumor necrosis factor-a (TNF- o) (B, E and F)
in serum, pancreas and SMG respectively. Data were expressed as meanSD. P < 0.05 was considered significant, compared to control (¥), diabetic (#), significance between
MTF-NLC and MTF ($). One Way ANOVA was used followed by Tukey post-hoc test, n=3.

Moreover, the anti-inflammatory effect of MTF has been well documented and has been attributed to various
mechanisms including modulating anti-inflammatory genes and attenuating inflammatory cell infiltration with subsequent
reduction in collagen deposition and organ fibrosis in the liver of HFD-fed rats.>® These findings are consistent with the
current results as shown in Figure 10, where both MTF and MTF-NLC significantly reduced the gene expression of both
TNF-a and IL-1P in salivary tissues compared to diabetic group (P < 0.05). Of note, a significant reduction in TNF-a
gene expression was observed between MTF and MTF-NLC-treated groups. However, in pancreatic tissue, only MTF-
NLC treatment significantly reduced the TNF-a gene expression. Meanwhile, a significant reduction was observed in
pancreatic IL-1B gene expression by both MTF and MTF-NLC.

At the protein level, both MTF and MTF-NLC significantly reduced immunostaining of TNF-a and IL-1f in salivary and
pancreatic tissues compared to the diabetic group. Figures 11 and 12 MTF-NLC significantly reduced pancreatic TNF-a
immunostaining when compared to the MTF-treated group Figure 11. Likewise, MTF was previously reported to reduce
salivary gland inflammation and restore the salivary flow rate. Moreover, MTF reduced TNF-a, IL-6, IL-17 mRNA, and protein
levels in the salivary gland model of Sjdgren’s syndrome.®® In parapancreatic adipose tissue of rats, MTF-mediated AMPK
activation inhibited mTOR signaling, leading to a decrease in the levels of the inflammatory cytokine interleukin (IL)-1p.

MTF-NLC Attenuated Diabetes-Induced Histopathological Alteration in Pancreas and SMG
DM group revealed disturbed parenchymal architecture, with multiple degenerative changes affecting the acinar cells as
well as the duct system with vacuolated cytoplasm. Similar features were previously reported in the hyperglycemic
salivary glands of diabetic rats.°” As shown in Figure 13, the intra-cytoplasmic vacuolations were attributed to the change
of lipid profile and fatty degenerative changes of the SMG induced by the HFD model and generated insulin resistance.””
It was proposed that hyperglycemia enhances the generation of reactive species and oxidative stress that in turn induce
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Figure |1 Effect of MTF and MTF-NLC on diabetic alteration of immunostaining of Interleukin-1 (IL-18) (A-D) and Tumor necrosis factor-a (TNF- a) (F-I) in SMG. The
data were expressed as meanSD. P < 0.05 was considered significant, compared to control (cont) (A and F) (*), and diabetic (DM) (B and G) (#).MTF-NLC (C and H) and
MTF (D and I). One Way ANOVA was used followed by Tukey post-hoc test (E and }), n=3.
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% of IL1 beta expression in pan

Figure 12 Effect of MTF and MTF-NLC on diabetic alteration of immunostaining of Interleukin-I1B (IL-1B) (A-D) and Tumor necrosis factor-a (TNF- o) (F-I) in the
pancreas. The data were expressed as mean+SD. P < 0.05 was considered significant, compared to control (cont) (A and F) (¥), diabetic (DM) (B and G) (#), significance
between MTF-NLC (C and H) and MTF (D and I) ($). One Way ANOVA was used followed by Tukey post-hoc test (E and J), n=3.

Figure 13 MTF and MTF-NLC treatment alleviated typical salivary gland and pancreatic changes in high-fat diet-induced T2DM model in rats. Alterations of the acinar and
ductal structure of the submandibular gland in the diabetic group (arrows) (B) were ameliorated with better organization of ductal and acinar structure with MTF (C) MTF-
NLC (D) (arrow head) compared to normal structure of control group (A). Alteration of pancreatic structure and islet cells in the diabetic group (arrows) (F) were
enhanced by MTF (G) and MTF-NLC (H) (arrow head) compared to the normal structure of the control group (E) (H&E, A-H x20), n=3.
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damage to functional and structural macromolecules, disrupting the cell membrane and degenerative changes in the gland
parenchyma and stroma as well.”"”> Additionally, dilatation of glandular ducts was observed in the HFD group, and this
could be attributed to accumulation of salivary secretion and failure of its excretion due to glandular injury and
dysfunction provoked by lipid accumulation.” Altered ductal structure by diabetes was reported in STZ model directly
due to hyperglycemia and indirectly due to diabetic angiopathy with reduced secretory granules and vacuolization similar
to the present results.’>’* Chen et al, attributed the histopathological lesions of SG to inflammatory cell infiltration,
oxidative stress, and down-regulated expression of secretory regulatory genes and proteins in salivary glands, especially
in the parotid gland.”

Of note, lipid vesicle-entrapped metformin showed similar amelioration of pancreatic structure. The mechanism of
action proposed included the antioxidant effect via increases in the activities of antioxidant enzymes or even initiating the
synthesis of antioxidant enzymes. In addition to preventing glycogenolysis and gluconeogenesis through protein kinases
and the three primary enzymes of gluconeogenesis inhibition.®’

The present histological and biochemical results of the nanostructured lipid carriers (NLCs) nanoformulation, the new

2146 are supported by Lupascu et al who reported improved

generations of lipid nanoparticles produced from solid lipids,
biochemical and clinical parameters in the STZ-induced diabetes mellitus rat model.”> NLCs improved metformin
physical properties and subsequently enhanced its anti-inflammatory activity and provided more protection against
diabetes-induced organ injury. These results may pave the way for further translational experiments to test the effect

of NLCs carrier and consider MTF-NLCs a promising candidate for clinical trials to overcome metformin side effects.

Conclusion

Authors successfully prepared MTF-NLCs with different compositions using hot melt homogenization-ultrasonication.
Different formulations were designed with 2* factorial design. The factorial design approved its ability to optimize the
formulation factors including the type of solid lipid, type of surfactant, and solid-to-liquid lipid ratio and obtain an optimized
formulation with the required responses. The optimized formulation exhibited high EE% (99.31 £ 3.25%), small PS (247.72 +
5.74 nm), high negative ZP (-51.6 = 2.64 mV), low PDI (0.23 + 0.01), and high drug release after 12 h (98.7143.42%). Type 2
diabetes mellitus (T2DM) in vivo rat model was used to compare the MTF-NLCs with free MTF. It was concluded that both
MTF and MTF-NLCs significantly alleviated the degenerative effects of DM in both submandibular gland (SMG) and the
pancreas. Additionally, treatments improved kidney and liver function, reduced serum inflammatory cytokines, and reduced
tissue SMG and pancreatic immunostaining of inflammatory cytokines with favorable effects of MTF-NLCs. Overall, the
preparation of MTF as NLCs resulted in increased permeability, leading to greater anti-inflammatory action and enhanced
protection against organ dysfunction related to diabetes. However, future stability studies of MTF formulations are recom-
mended. Future directions include the stability study of NLC formulations, investigating the use of NLCs for encapsulating
other antidiabetic agents to improve drug delivery and the drug outcomes. Also, developing NLC formulations combining
metformin with other antidiabetic or anti-inflammatory agents to achieve synergistic effects.
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