Original
ISSN 2413-0516

The Protective Effect of 3-0-Acetyl-11-Keto-Beta Boswellic
Acid-Nanostructured Lipid Carriers and Magnesium Oxide Nanoparticles

on Experimental Liver Fibrosis
Afraa Alsamkari', Gamal Said Abd El-Aziz’, Emad Ahmed Hindi?, Osama Abdelhakim Aly Ahmed®

Department of Anatomy, Faculty of Medicine in Rabigh, King Abdulaziz University, Rabigh 25732, Saudi Arabia.
‘Department of Clinical Anatomy, Faculty of Medicine, King Abdulaziz University, Jeddah 21589, Saudi Arabia.
“Department of Pharmaceuticals, Faculty of Pharmacy, King Abdulaziz University, Jeddah 21589, Saudi Arabia.
*Correspondence to: Afraa Alsamkari (E-mail: fwlsamkari@kau.edu.sa)

(Submitted: 22 March 2025 — Revised version received: 04 April 2025 — Accepted: 03 May 2025 — Published online: 26 June 2025)

Abstract

Objective: Chronic liver disease is a global burden, causing 2 million deaths annually. No FDA-approved treatment exists. This study aimed
to compare 3-acetyl-11-keto-beta-boswellic acid (AKBA), magnesium oxide nanoparticles (MgO NPs), and AKBA-nanostructured lipid
carriers (AKBA-NLCs) combined with MgO NPs (AKBA-NLCs + MgO NPs) in the treatment of thicacetamide (TAA)-induced liver fibrosis in
rats.

Methods: AKBA-NLCs were prepared using high-shear homogenization, emulsification, and sonication, and characterized using DLS and
TEM. Twenty-five Wistar male rats (N = 25) were randomly assigned to five groups; Group 1 (normal control group) received 1 ml of distilled
water via i.p. (intraperitoneal), thrice weekly for 4 weeks, and 1 ml p.o. (by oral gavage). Group 2 (TAA group) received TAA (200 mg/kg body
weight (b.wt.), i.p.), 3 times weekly for 4 weeks. Group 3 (TAA + MgO NPs group) received TAA and MgO NPs (100 pg/ml, p.o.). Group 4 (TAA
+ AKBA group) received TAA and AKBA (10 mg/kg b.wt,, p.o.). Group 5 (TAA + AKBA-NLCs + MgO NPs group) received AKBA-NLCs and MgO
NPs (10 mg/kg b.wt. + 100 ug/mL, p.o.). All groups, except Group 1, received the same thioacetamide dosage as Group 2. All groups, except
group 2, received their oral treatments/ vehicle daily for 4 weeks. Liver injury was assessed via serum biomarkers (ALT, AST, albumin, and
total bilirubin), cytokines (TNF-a, IL-16, IL-6, and GSH), and staining with hematoxylin and eosin (H&E), Masson’s Trichrome, and a-smooth
muscle actin (a-SMA) immunohistochemistry. One-way analysis of variance (ANOVA) and Tukey—Kramer tests were used for analyzing data,
and P < 0.05 was considered statistically significant.

Results: Liver serology, inflammatory, and oxidative stress markers were comparably reduced in all treatment groups; however, collagen

deposition and a-SMA expression were significantly lower in the combination group.
Conclusion: This dual nanomedicine approach warrants further investigation as a therapeutic strategy.
Keywords: Liver fibrosis, AKBA, magnesium oxide nanoparticles, nanostructured lipid carriers, thioacetamide

Introduction

Chronic liver disease is an emergent medical concern
with a massive burden globally." Every year, approximately
two million deaths occur due to chronic liver disease and
cirrhosis.” Chronic liver disease culminates in liver fibrosis.
Eventually, liver fibrosis leads to cirrhosis and subsequently
to hepatocellular carcinoma. Alcohol-related liver disease,
metabolic-associated liver disease, chronic viral hepatitis,
and autoimmune hepatitis are chronic liver diseases, and they
lead to hepatic fibrosis. In response to chronic liver injury,
a healing scar consisting of collagen fibers laid by hepatic
stellate cells replaces hepatocytes and leads to liver fibrosis.’
Liver transplantation is the only treatment. Liver fibrosis is a
reversible stage.' However, an FDA-approved treatment is still
lacking while liver fibrosis is on the rise.”

The use of nanomaterials, including both natural and
synthetic types, represents a promising direction in the man-
agement of liver fibrosis.” Magnesium oxide nanoparticles
(MgO NPs) are renowned for their potent antioxidant prop-
erties.” Oxidative stress is the primary mechanism by which
liver fibrosis is initiated and propagated in many disease
models, including the thioacetamide (TAA)-induced animal
model.* Additionally, MgO NPs have shown efficacy in alle-
viating cardiotoxicity induced by the DNA-intercalating drug
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doxorubicin.” This cardioprotective effect, mediated through
antioxidative and anti-apoptotic pathways, reinforces the sys-
temic protective role of MgO NPs against chemically induced
organ damage, which parallels the hepatotoxic context of thio-
acetamide-induced fibrosis.

Boswellia species plants grow in India, China, and Arab
countries, and they have been used as traditional therapies.
The 3-acetyl-11-keto-beta-boswellic acid (AKBA) is a pen-
tacyclic triterpenoid obtained from Boswellia serrata. AKBA
is renowned for suppressing inflammation in various disease
conditions, including osteoarthritis, rheumatoid arthritis, and
inflammatory bowel disease.”” In a rat model of high-fructose
diet-induced nonalcoholic fatty liver disease (NAFLD), AKBA
significantly reduced tumor necrosis factor-alpha (TNF-a)
and interleukin-6 (IL-6) after only 6 weeks of administration."
It targets 5-lipoxygenase (5-LO), an enzyme involved in the
metabolism of arachidonic acid to leukotrienes, which drive
chemotaxis, vascular permeability, and immune cell activation
during liver inflammation. In the liver, 5-LO activates hepatic
stellate cells, which are major contributors to fibrosis.'> AKBA
also inhibits cyclooxygenase-2 (COX-2) and suppresses the
nuclear factor-kappa B (NF-«kB) pathway by stabilizing its
inhibitor kappa B alpha (IkBa) and thus decreasing the expres-
sion of the inflammatory cascade, including TNF-a, IL-6, and
interleukin-1p."” Although AKBA showed anti-inflammatory,
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antioxidant, and anti-cancer properties in the literature, its
effectiveness is hindered by poor water solubility and oral
bioavailability." Therefore, investigators are attempting to
enhance the absorption of boswellic acid derivatives by several
methods, including nanoformulations.'>"*

Nanostructured lipid carriers (NLCs) are drug delivery
systems known for their imperfect crystalline matrix struc-
ture, which enhances the bioavailability of drugs.” The core
matrix of NLCs is composed of both solid and liquid lipids.”’
Nanoparticles are defined by a size range of 0-100 nm, though
this definition is often extended to include particles up to 500
nm.”' As noted in the review by Goel et al., numerous nano-
herbal formulations were tested for liver treatment, such as
silybin nanoemulsion and naringenin nanoparticles.” NLCs
enhance drug delivery by being absorbed through intestinal
M cells directly into the lymphatic system, thereby avoiding
extensive hepatic metabolism.”> Nanoparticles are also
engulfed by liver macrophages, which is expected to further
enhance drug delivery.”

To date, no previous studies have investigated the effec-
tiveness of MgO NPs, AKBA, or AKBA-NLCs combined with
MgO NPs (AKBA-NLCs + MgO NPs) in the treatment of liver
fibrosis in a rat model induced by TAA. This study aims to
investigate and compare the therapeutic efficacy of MgO NPs,
AKBA, and AKBA-NLCs + MgO NPs in the TAA-injected
Wistar rat model of liver fibrosis in terms of their effects on
oxidative stress, inflammatory cytokines, a-SMA immunobhis-
tochemical expression of activated hepatic stellate cells, and
collagen production.

Materials and Methods

Chemicals and Reagents

All chemicals and reagents used in this study were of analytical
grade and were purchased from reputable suppliers. 3-acetyl-
11-keto-beta-boswellic acid (AKBA; CAS No. 67416-61-9)
was obtained from Alfa Chemistry (Holbrook, NY, USA).
Magnesium oxide nanoparticles (MgO NPs; CAT No. 549649),
thioacetamide (TAA; CAT No. 163678), 1-Oleoyl-rac-glycerol
(CAT No. M7765), Poloxamer 407 (CAT No. 16758), and other
excipients were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Precirol ATO 5 (CAT No. 3092) was obtained
from Gattefossé (La Défense, France). Goat Anti-Rabbit IgG
H&L (HRP) (AB6721), Anti-a smooth muscle actin antibody
(AB24964), and DAB Substrate Kit (AB64238) were procured
from Abcam (Cambridge, UK).

Preparation of AKBA-Loaded Nanostructured
Lipid Carriers (AKBA-NLCs)

AKBA-NLCs were formulated using a modified high-shear
homogenization and ultrasonication technique as described
by Ajiboye et al.** Briefly, the lipid phase, comprising 750 mg
of Precirol ATO 5 and 250 mg of 1-Oleoyl-rac-glycerol, was
heated to 70°C to ensure complete melting. AKBA (125 mg)
was dissolved in the molten lipid phase. The aqueous phase,
containing 500 mg of Poloxamer 407 as a surfactant, was heated
to 70°C and gradually added to the lipid phase under magnetic
stirring. The resulting pre-emulsion was immediately trans-
ferred to a high-shear mixer homogenizer (Ultra-Turrax® IKA
T 25 D Basic, Staufen, Germany) and homogenized at 20,000
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rpm for 7 minutes. The nanoemulsion was then transferred to
a bath sonicator (UltraWave QS10 Ultrasonic Cleaner, South
Korea) and sonicated for another 7 minutes. The final formu-
lation was cooled to room temperature for 4 hours to allow
lipid matrix solidification and then stored at 4°C.

Characterization of AKBA-NLCs

Dynamic light scattering (DLS) analysis was performed
using a Malvern Zetasizer (Nano ZSP, Malvern Instruments,
UK) to estimate the mean particle size (Z-average), polydis-
persity index (PDI), and zeta potential of the AKBA-NLCs.
Samples were appropriately diluted with distilled water.
Measurements were taken at a backscattering angle of 173
degrees and a temperature of 25°C. This method was adapted
from Ajiboye et al.**

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (JEM-100 CXII, JEOL Ltd.,
Japan), operated at 80 kV, was used to measure the particle size
of the AKBA-NLCs. A well-dispersed AKBA-NLCs sample
was placed on a carbon-coated copper grid mesh and stained
with 2% (w/v) phosphotungstic acid solution. Excess stain was
removed using filter paper, and the grid was left to air-dry for
10 minutes before analysis."

Animal Model and Experimental Design

Twenty-five male Wistar rats, weighing 200-250 g, were
obtained from King Fahd Medical Research Center (KFMRC),
King Abdulaziz University (Jeddah, Saudi Arabia). Rats were
housed at KFMRC under standard laboratory conditions.
Environmental parameters were maintained at 25 + 2°C tem-
perature, 50% humidity, and 12-hour light/dark cycles. Rats
had free access to food and water throughout the experimental
period, including a one-week acclimatization period.

All experimental procedures were approved by the
Animal Care and Use Committee (ACUC) of King Abdulaziz
University (Approval No. ACUC-24-10-21). All animal pro-
tocols complied with the guidelines of the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 8023, revised 1978).

Rats were randomly assigned to five groups, each con-
sisting of five rats (n = 5). Group 1 served as the normal
control group and received 1 mL of distilled water intraperito-
neally (i.p.) three times per week for 4 weeks, followed by 1 mL
orally (p.o.) daily for 4 weeks. Group 2 (TAA group) received
thioacetamide (TAA; 200 mg/kg b.wt., i.p.) three times per
week for 4 weeks. Group 3 (TAA + MgO NPs group) received
MgO NPs (100 ug/mL, p.o.) daily for 4 weeks. Group 4 (TAA +
AKBA group) received AKBA (10 mg/kg b.wt., p.o.) daily for
4 weeks. Group 5 (TAA + AKBA-NLCs + MgO NPs group)
received AKBA-NLCs combined with MgO NPs (10 mg/kg
b.wt. + 100 ug/mL, p.o.) daily for 4 weeks.

All groups, except Group 1, received the same TAA dosage
as Group 2. The selected dosage and treatment duration for
TAA were based on the study by Alkreathy and Esmat et al.”®
The MgO NPs dosage was adapted from Mazaheri et al.,** and
the AKBA dosage was derived from the study by Khan et al.’®

TAA was freshly dissolved in sterile distilled water before
each administration to ensure stability. MgO NPs were sus-
pended in distilled water and subjected to brief sonication to
achieve uniform dispersion before oral gavage.
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Twenty-four hours after the completion of the exper-
iment, rats were anesthetized using isoflurane, and blood
samples were collected via cardiac puncture. Blood was cen-
trifuged at 4000 rpm for 15 minutes and stored at —80°C.”
Animals were euthanized by cervical dislocation, and livers
were harvested for homogenate preparation and histological
assessment. Hepatic tissue intended for homogenate testing
was stored at —80°C.**

Ethical Approval

All animal procedures were approved by the Animal Care
and Use Committee (ACUC) of King Abdulaziz University,
Jeddah, Saudi Arabia (Approval No. ACUC-24-10-21). All
experiments were conducted in strict accordance with the
guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No.
8023, revised 1978), and all efforts were made to minimize
animal suffering.

Biochemical Assessments

Colorimetric enzyme-linked immunosorbent assay (ELISA)
kits were provided by MyBioSource (San Diego, CA, USA)
for biochemical analysis. The following kits were used to
assess liver homogenate pro-inflammatory cytokines and
oxidative status: Rat Tumor Necrosis Factor-a (TNF-a; CAT
No. MBS8579427), Rat Interleukin-1B (IL-1p; CAT No.
MBS265868), Rat Interleukin-6 (IL-6; CAT No. MBS269892),
and reduced glutathione (GSH; CAT No. MBS265966).

Serum levels of liver function markers, including ala-
nine aminotransferase (ALT; CAT No. MBS269614), aspar-
tate aminotransferase (AST; CAT No. MBS264975), albumin
(CAT No. MBS2022813), and total bilirubin (CAT No.
MBS730053), were measured according to the manufactur-
er’s instructions.

Histopathological Examination

After fixation of liver sections in 10% neutral-buffered for-
malin, tissue processing and paraffin embedding were per-
formed. Liver histological sections (4 pm) were stained with
hematoxylin and eosin (H&E) and Masson’s Trichrome for
collagen deposition according to established protocols.”
Slides were visualized using light microscopy (Olympus
BX53, Tokyo, Japan), and microphotographs were taken
with the DP72 imaging system (Evident Corporation, Tokyo,
Japan).

Fibrosis staging was performed using the METAVIR
scoring system by a blinded histopathologist.® Blue-stained
collagen fibers were quantified as fibrosis area percent. Quan-
tification was conducted using image analysis software (Image]
1.52p, NIH, Bethesda, MD, USA). For each group, at least
five random fields from representative slides were imaged at
%100 magnification, saved as TIF images, color deconvoluted,
and thresholded to isolate either Masson’s Trichrome (MT)-
stained collagen or DAB-positive areas, accordingly. Images
were converted to 8-bit grayscale, and the entire image was
used as a region of interest. Collagen-stained area percentage
(area %) was then measured.’!
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Immunohistochemical Staining of a-Smooth
Muscle Actin (a-SMA)

Paraffin-embedded liver sections underwent deparaffiniza-
tion using xylene, followed by rehydration in a descending
ethanol series. Sections were immersed in citrate buffer (pH
6.0) and heated in a microwave system at 98°C for 20 min-
utes. After cooling in tap water for 10 minutes, the slides
were incubated with 5% bovine serum albumin (5% BSA)
for 60 minutes at room temperature to block nonspecific
binding.

Subsequently, the slides were incubated in 3% hydrogen
peroxide (H,O,) for 30 minutes to block endogenous perox-
idase activity. Sections were then incubated with the primary
anti-a-SMA antibody (1:1500 dilution) overnight at 4 °C, fol-
lowed by incubation with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit IgG H&L secondary antibody (1:1000
dilution) for 30 minutes. Signal detection was performed
using DAB working solution, and hematoxylin was used for
counterstaining.”

Statistical Analysis

GraphPad Prism version 10.4 (GraphPad Software, Inc., La
Jolla, CA) was used to analyze serological data, liver homoge-
nate biomarkers, and fibrosis area quantification. All quantita-
tive results are presented as mean * standard deviation (SD).
The Shapiro-Wilk test was applied to assess data normality.
One-way analysis of variance (ANOVA) followed by the
Tukey-Kramer post hoc test was used for group comparisons.
A P-value of less than 0.05 (P < 0.05) was considered statisti-
cally significant.

Results
Characterization of AKBA-NLCs

Examination of AKBA-loaded nanostructured lipid carriers
(AKBA-NLCs) via dynamic light scattering (DLS) revealed
a primary size distribution centered between 202.4 nm and
226.8 nm across replicates with Z-average diameters ranging
from 237.2 to 262.0 nm. The polydispersity index (PDI)
values ranged from 0.392 to 0.484, indicating moderate poly-
dispersity. Minor peaks corresponding to larger particle sizes
(~5.5 um) were observed at low intensity (0-1.1%), likely due
to occasional aggregation.

The spherical morphology of the NLCs was confirmed
by transmission electron microscopy (TEM) which showed
particle diameters ranging from 107 to 133 nm. These find-
ings confirm that the prepared NLCs fall within the nanoscale
range and exhibit favorable morphology.

Zeta potential analysis indicated a mean surface charge of
—4.82 mV with a standard deviation of 5.09 mV, based on 12
zeta runs. The instrument marked this result as “good,” and
the distribution curve exhibited a single, narrow peak, sug-
gesting sample consistency Figure 1.

Serum Liver Function Tests

Liver function tests showed marked elevations in ALT and
AST levels in Group 2 compared to Group 1 by 357.11% and
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Fig. 1 Characterization of AKBA-loaded nanostructured lipid carriers (AKBA-NLCs). (A) Dynamic light scattering (DLS) analysis showing
the size distribution by intensity. The main peak corresponds to an average hydrodynamic diameter of 202-227 nm (226.8 + 123.8 nm,
PDI = 0.484), with a narrow distribution and minor signals attributed to aggregates. (B) Transmission electron microscopy (TEM) image
displaying spherical nanoparticles with diameters ranging from 107 to 133 nm. (C) Zeta potential distribution indicating near-neutral
surface charge (mean surface charge —4.82 mV + 5.09 mV), suggesting low electrostatic stabilization.

315.60% (P = 0.0002 and 0.0042), respectively, as shown in
Figures 2A and 2B. Groups 3, 4, and 5 demonstrated signifi-
cant reductions in ALT levels by 51.79%, 48.26%, and 73.13%
(P = 0.0129, 0.03, and 0.0005), respectively. A significant
reduction in AST was observed only in Group 5 by 72.90%
(P = 0.0061), while Groups 3 and 4 showed no significant
changes compared to Group 2, as illustrated in Figure 2B.

A significant reduction in serum albumin was noted in
Group 2 by 58.8% (P = 0.0003) compared to Group 1. Treat-
ment groups (Groups 3, 4, and 5) showed significant resto-
ration of albumin levels by 109.12%, 160.09%, and 144.66%
(P = 0.0046, 0.0001, and 0.0002), respectively, as shown in
Figure 2C. Similarly, total bilirubin levels were markedly
elevated in Group 2 by 151.45% (P < 0.0001), while Groups
3, 4, and 5 demonstrated significant reductions by 16.76%,
39.88%, and 66.89%, respectively (all P < 0.0001), as shown
in Figure 2D.

Inflammatory Markers Assay

Liver homogenate analysis revealed a significant elevation
in TNF-a levels in Group 2 by 245.8% (P < 0.0001) com-
pared to Group 1. This elevation was significantly reduced
in all treatment groups by 65.6% in Group 3, 64.8% in
Group 4, and 62.3% in Group 5 (all P < 0.0001), as shown
in Figure 3A.
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Similarly, IL-1f levels increased by 156.7% in Group 2
compared to Group 1. Treatment significantly reduced IL-1p
by 65.9% in Group 3, 55.0% in Group 4, and 58.3% in Group 5
(all P < 0.0001), as presented in Figure 3B.

IL-6 levels were also elevated by 145.2% in Group 2 versus
Group 1. These were significantly attenuated by 63.9% in
Group 3, 57.4% in Group 4, and 66.5% in Group 5 (all P <
0.0001), as shown in Figure 3C.

Reduced glutathione (GSH) levels decreased by 75.1% in
Group 2 (P < 0.0001). Treatment significantly restored GSH
levels by 334.1% in Group 3, 368.7% in Group 4, and 298.3%
in Group 5 (all P < 0.0001), as shown in Figure 3D.

Lastly, liver homogenate malondialdehyde (MDA) levels
were significantly elevated by 117.6% in Group 2 in relation
to Group 1 (P = 0.0015). These elevations were significantly
reduced by 82.2% in Group 3 (P = 0.0004), 75.4% in Group 4
(P =0.7514), and 66.2% in Group 5 (P = 0.0024). MDA data
are not shown for clarity and visual consistency.

Histopathology Results

Hematoxylin and Eosin (H&E) Examination

H&E-stained liver sections from Group 1 revealed preserved
hepatic architecture, featuring classic hepatic lobules with a
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Fig. 2 Effects of treatments on serum liver biomarkers across experimental groups. (A) Alanine aminotransferase (ALT), (B) aspartate
aminotransferase (AST), (C) albumin, and (D) total bilirubin (TBIL) levels. Data are presented as mean + SD (n = 5). Bars with different
letters indicate statistically significant differences (P < 0.05) between groups based on one-way ANOVA followed by Tukey’s post hoc test.
Each treatment group was compared to both the negative control (Group 1) and the positive control (Group 2). G1: Normal control group;
G2: TAA group; G3: TAA + MgO NPs group; G4: TAA + AKBA group; G5: TAA + AKBA-NLCs + Mg0 NPs group.
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Fig. 3 Effect of treatments on liver homogenate levels of inflammatory and antioxidant markers (A-D). (A) Tumor necrosis factor-a
(TNF-a), (B) interleukin-1p (IL-1p), (C) interleukin-6 (IL-6), and (D) reduced glutathione (GSH). Data are presented as mean =+ SD (n = 5).
Bars with different letters indicate statistically significant differences (P < 0.05) between groups based on one-way ANOVA followed by
Tukey's post hoc test. Each treatment group was compared to both the negative control (Group 1) and the positive control (Group 2). G1:
Normal control group; G2: TAA model group; G3: TAA + Mg0 NPs group; G4: TAA + AKBA group; G5: TAA + AKBA-NLCs + MgO0 NPs group.
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Fig.4 Representative H&E-stained liver sections from each
experimental group. (A, B) Control group showing hepatic lobules
with preserved architecture with hepatocyte cords (Hc) extending
radially from the central vein (CV) toward the portal areas. He-
patocytes exhibit eosinophilic cytoplasm and contain one or two
rounded nuclei (arrow). (C, D) TAA group showing that the normal
hepatic lobule architecture is disrupted with pseudolobule (PS)
and thickened fibrous septa (FS). Most hepatocytes (Hc) display
nuclear condensation (pyknosis). (E, F) TAA + Mg0 NPs group
showing improved lobular organization with minimal dilation of
portal spaces (PS) and hepatocytes with near-normal morphology
(Hc). Slight sinusoidal (S) dilation and focal inflammatory cell
infiltration (ICl) are noted. PV = Portal Vein. (G, H) TAA + AKBA
group showing mild architectural improvement with limited
portal dilation and mostly preserved hepatocyte morphology (Hc).
(1, J) TAA + AKBA-NLCs + MgO NPs group showing marked histo-
logical improvement, with restored lobular structure, regular
hepatocyte cords (Hc), and minimal fibrosis or pseudolobule
formation. (Magnification: Panels A, C, E, G, | at x100; B, D, F,

H, J at x200).
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central vein, a radiating sinusoidal pattern, and a normal per-
iportal structure. Hepatocytes exhibited vesicular nuclei with
prominent nucleoli and granular cytoplasm, with occasional
vacuolations, as shown in Figures 4A and 4B. Minimal inflam-
matory cell infiltration, likely lymphocytes, was observed in
the portal areas. In contrast, Group 2 demonstrated significant
architectural distortion, including pseudolobule formation,
regenerative nodules, and bridging fibrosis between portal
and central regions, as shown in Figures 4C and 4D.

Group 3 exhibited moderate histological improvement
compared to Group 2. While mild portal and pericentral
fibrosis with septations were present, no well-formed pseu-
dolobules were observed. Moderate congestion of the portal
veins was also noted, as shown in Figures 4F and 4F. Group 4
showed mild improvement relative to Group 2, although less
pronounced than in Groups 3 and 5. Histological sections
revealed diffuse portal bridging fibrosis and incomplete pseu-
dolobule formation, as shown in Figures 4G and 4H. Occasional
foci of micro-steatosis were also observed. Group 5 showed
marked histological improvement compared to Group 2. Liver
sections revealed preserved lobular architecture, absence of
pseudolobule formation, and minimal portal fibrosis with little
to no septation, as shown in Figures 41 and 4].

Masson Trichrome Staining

Masson's Trichrome staining revealed minimal collagen exist-
ence around portal structures and preserved lobular struc-
ture in Group 1, as shown in Figure 5A. In contrast, there was
extensive collagen deposition (blue-stained fibers) in Group
2. The fibrosis was staged as F3-F4 based on the METAVIR
scoring system, consistent with advanced fibrosis, as shown in
Figure 5B. Fibrosis area percent quantification using Image J
software demonstrated a significant increase in collagen area
percentage in Group 2 compared to Group 1 (P < 0.0001), as
shown in Figure 5E Although Groups 3 and 4 showed some
reduction in collagen accumulation, as demonstrated in
Figures 5C and 5D, Group 5 showed a significant reduction in
collagen area percentage compared to Group 2 (all P < 0.0001).
Group 3 had an estimated fibrosis score of F2-F3, while
Group 4 scored F3. Group 5 showed significantly reduced
collagen levels compared to both Group 3 (P = 0.03) and
Group 4 (P = 0.0001), as shown in Figure 5F. All Masson’s Tri-
chrome-stained collagen quantifications are summarized in
Figure 5E

Immunohistochemical Results

Group 1 showed minimal expression of a-SMA only limited
to portal structures and scarce around central vein, as shown
in Figure 6A.

Group 2 showed diffuse heightened expression of a-SMA
extending from central veins and delineating pseudolobules,
as shown in Figure 6B. Group 3 showed moderate improve-
ment suggested by the reduction in distribution and staining
intensity around central veins, as shown in Figure 6C.
Group 4 showed mild improvement as indicated by the exces-
sive expression of a-SMA conforming to the pseudolobular
pattern and excessive expansions from central veins resulting
in bridging, as shown in Figure 6D. Group 5 showed a
marked reduction in the expression of a-SMA, as indicated
in Figure 6E. Group 5 showed the most significant suppres-
sion suggesting more effective inhibition of hepatic stellate cell
activation by the combined regimen.
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Fig.5 Representative photomicrographs of Masson’s Trichrome-stained sections and quantitative analysis of collagen deposition in each
group. (A) Control group showing normal hepatic architecture with minimal, blue-stained collagen fibers (arrow) around the central vein
(CV). (B) TAA group displaying extensive collagen fibers (arrow) forming fibrotic septa enclosing pseudolobules (PL). (C) TAA + Mg0 NPs
group showing moderate collagen fiber accumulation around the central vein (CV) and forming bridging septation (arrow). (D) TAA +
AKBA group showing prominent collagen fiber septations (arrow) extending from the central vein (CV). (E) TAA + AKBA-NLCs + MgO NPs
group showing near-normal collagen distribution with minimal perivenular collagen fiber extension (arrow). (F) Quantitative analysis

of collagen area percentage measured from Masson’s Trichrome-stained sections. Bars represent mean =+ SD (n = 5). Bars labeled with
different letters indicate statistically significant differences (P < 0.05) as determined by one-way ANOVA followed by Tukey’s post hoc
test. G1: Normal control group; G2: TAA group; G3: TAA + Mg0 NPs group; G4: TAA + AKBA group; G5: TAA + AKBA-NLCs + MgO NPs group.
(Magnification: Panels A—E at x100).
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Fig.6 Representative a-Smooth Muscle Actin (a-SMA) expression around the central vein (CV) in each experimental group. (A) Normal
control group showing absence of a-SMA expression around the central vein (CV). (B) TAA group showing strong a-SMA immunoreactivity
in perisinusoidal areas and fibrous septa (arrows). (C) TAA + Mg0 NPs group showing a mild reduction in a-SMA expression around the cen-
tral vein (CV) and within fibrous septations extending from the central vein (arrow). (D) TAA + AKBA group showing minimal reduction of
a-SMA expression around the central vein (CV) and in the fibrous septation areas (arrow). (E) TAA + AKBA-NLCs + MgO0 NPs group showing
minimal a-SMA immunostaining around central veins (CV) and no septations extending into the perivenular area (arrow). (F) Quantitative
analysis of a-SMA—positive area percent (area %). Bars represent mean =+ SD (n = 5). Bars labeled with different letters indicate statistical-
ly significant differences (P < 0.05) as determined by one-way ANOVA followed by Tukey’s post hoc test. G1: Normal control group; G2: TAA
group; G3: TAA + MgO NPs group; G4: TAA + AKBA group; G5: TAA + AKBA-NLCs + Mg0 NPs group. (Magnification: Panels A—E at x100).
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Discussion

The observed discrepancy between particle sizes measured
by dynamic light scattering (DLS) and transmission electron
microscopy (TEM) is consistent with established findings for
nanostructured lipid carriers (NLCs). DLS analysis yielded
hydrodynamic diameters in the range of 202-227 nm, while
TEM images revealed physical particle sizes between 107 and
133 nm. This variation is expected due to the different prin-
ciples underlying each technique. DLS measures the hydrody-
namic diameter, which includes the nanoparticle core along
with the solvation layer and any surface-bound lipids or sta-
bilizers, often resulting in larger apparent sizes.”>** In contrast,
TEM provides direct visualization of dehydrated particles in a
vacuum, reflecting only the solid core structure. As reported
by Bhattacharjee et al., if TEM shows particles around 100 nm,
DLS may report sizes as large as 120-160 nm or even up to
200 nm, depending on hydration layers and polydispersity.”
Although the magnitude of the zeta potential was relatively
low, the near-neutral surface charge is characteristic of lipid-
based carriers stabilized by nonionic surfactants, where steric
hindrance contributes more significantly to colloidal stability
than electrostatic repulsion.

The 50-80% increase in size observed by DLS relative to
TEM falls within the acceptable range for lipid-based nanocar-
riers, especially considering the moderate polydispersity (PDI:
0.392-0.484) observed in the formulation. Additionally, the
presence of minor peaks corresponding to larger sizes in the
DLS profile likely reflects low-abundance aggregates, which
are often undetectable in TEM due to sample preparation lim-
itations or a restricted field of view. These combined results
confirm the successful formation of nanosized particles with
favorable morphology and colloidal stability for drug delivery
applications.

Chronic liver disease is a significant global health
problem with a substantial burden.' It often progresses to
liver fibrosis and, eventually, cirrhosis.”” The definitive treat-
ment for liver cirrhosis is liver transplantation.’ The hallmark
of liver fibrosis is the excessive accumulation of extracellular
matrix proteins, which disrupts the normal liver architecture
in response to chronic injury.’

There are no animal liver fibrosis models that mimic
human liver fibrosis exactly.”” To study liver fibrosis, well-
established animal models have been developed, including
carbon tetrachloride, dimethyl nitrosamine, diethyl
nitrosamine, and thioacetamide (TAA), along with others
like bile duct ligation.”® Predominant regenerative nodules are
more conspicuous in the TAA model when compared to the
carbon tetrachloride model.”” Also, the TAA rodent model is
known for its long-lasting fibrotic changes for 2 months after
cessation of the offending agent.”” Furthermore, the TAA
animal model shows lower mortality when compared to the
carbon tetrachloride model.® Although the exact mechanisms
are poorly understood, the TAA model of liver fibrosis is
closely related to alcoholic fibrogenesis observed in humans.*
TAA is known for inducing oxidative stress and centrilobular
necrosis, portal-portal and portal-central bridging fibrosis,
bile ductules proliferation, and portal inflammatory cell
infiltration, consistent with our findings in the TAA group
(Group 2). All the observed pathological features in our TAA
group of Wistar rats in this study are in line with the findings
in the literature.

196

A. Alsamkari et al.

In the current study, all our treatment groups showed
varying degrees of improvement in the stage of liver fibrosis.
MgO NPs are a recent trend in material science and biology.
However, the literature lacks studies testing MgO NPs as
a potential treatment, and they have not been extensively
implemented in liver research. Additionally, MgO NPs can
indirectly reduce oxidative stress by promoting endogenous
antioxidant systems. In a study by Mittag et al., MgO NPs
were evaluated for cytotoxicity in HT29 human intestinal
cells. Using transmission electron microscopy (TEM), no
morphological changes were observed at concentrations
up to 100 pug/mL. Furthermore, assessments including the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay (MTT) assay, 4',6-diamidino-2-phenylindole
(DAPI) staining, and formamidopyrimidine-DNA glyco-
sylase (FPG) assay revealed no significant differences in
metabolic activity or DNA damage compared to control
cells.” These findings suggest that MgO NPs exhibit min-
imal cytotoxicity in intestinal epithelial cells, indicating
their potential safety and applicability in therapeutic con-
texts such as liver fibrosis. In a study conducted by Mazaheri
et al., liver histological analysis showed sinusoidal conges-
tion in various non-specific regions and proliferation of bile
ductules.” Majeed et al. tested MgO NPs at various dosages
of 62.5, 125, 250, and 500 mg/kg/day, administered orally
for 28 days, to study their toxicity."’ Majeed and colleagues
found that liver accumulation has occurred at 500 mg/kg/day
but not in other doses. Interestingly, no kidney accumulation
occurred at all doses. White blood cell count, hemoglobin
concentration, and lymphocyte count were elevated in com-
parison to the control group starting at 62.5 mg/kg/day."
These elevations of blood indices were observed at much
lower concentrations of 250 and 500 ug/ml/day every other
day for 28 days, as documented by Mazaheri et al.** More-
over, aspartate aminotransferase (AST) increased signif-
icantly at a dose of 125 pug/ml/day.*® Therefore, we used a
very minimal volume-based dose of MgO NPs based on the
effects documented by these previous studies. We observed
mild central vein congestion in the MgO NPs-treated group
at a lower concentration of 100 pg/ml/day in our study.
These converging data underpin the view that MgO-NPs can
be utilized as safe antioxidant-enhancing agents in settings
such as liver fibrosis, where oxidative stress drives disease
progression.

AKBA isa pentacyclic triterpenoid derived from Boswellia
serrata and is known for its potent anti-inflammatory and
antioxidant properties. At the molecular level, AKBA has been
shown to inhibit the nuclear factor-kappa B (NF-kB) pathway,
a key transcription factor involved in the regulation of pro-
inflammatory cytokines such as TNF-a, IL-1B, and IL-6."%*
AKBA blocks inhibitor of kappa B (IkB) kinase activity, thereby
preventing the phosphorylation and subsequent degradation
of inhibitor of kappa B alpha (IxBa), which sequesters
NF-xB in the cytoplasm.” This inhibition downregulates
the transcription of inflammatory mediators and attenuates
immune cell infiltration in injured hepatic tissues. In addition
to NF-kB, AKBA also modulates the nuclear factor erythroid
2-related factor 2 / antioxidant response element (Nrf2/ARE)
signaling pathway. Activation of Nrf2 leads to transcription
of antioxidant enzymes such as heme oxygenase-1 (HO-1),
glutathione peroxidase (GPx), and superoxide dismutase
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(SOD), which collectively reduce oxidative stress and lipid
peroxidation."’

Kachoiu et al. tested the effects of AKBA as a preventive
and therapeutic agent in a high-fructose diet model of non-
alcoholic fatty liver disease (NAFLD) in rats. The prevention
group received AKBA and a high-fructose diet concurrently
for six weeks, while the treatment group received a four-week
high-fructose diet followed by a two-week AKBA treatment.
Moreover, AKBA significantly decreased, and nearly normal-
ized, serum ALT and AST levels in both groups. Furthermore,
the inflammatory cytokines TNF-a and IL-6 were significantly
reduced by AKBA. However, AKBA reduced the level of trans-
forming growth factor beta (TGF-f) only in the treatment
group, not in the prevention group." This may explain our
findings that AKBA improved serological and liver homoge-
nate biomarkers, though it had no significant effect on col-
lagen deposition or a-SMA immunohistochemical expression.
This outcome could be due to the concurrent administration
of TAA with AKBA, causing a persistent induction of TGF-p
and subsequent a-SMA activation.

Previous AKBA formulations, such as PLGA nanoparti-
cles, have improved the systemic exposure of AKBA; however,
nanostructured lipid carriers (NLCs) offer additional advan-
tages in encapsulating lipophilic agents, enhancing bioavaila-
bility, and promoting lymphatic uptake.”” In this study, AKBA
was incorporated into an NLC formulation to improve its
therapeutic efficacy in TAA-induced liver fibrosis.

The combination of AKBA-NLCs and MgO NPs is a
novel approach designed to enhance the antioxidant capa-
bilities of MgO NPs and the anti-inflammatory potential of
AKBA, while improving its oral bioavailability through encap-
sulation in nanostructured lipid carriers. While research on
MgO NPs and NLCs is still emerging, our findings contribute
to the growing understanding of their combined effects on
liver fibrosis. The AKBA-NLCs + MgO NPs-treated group
(Group 5) showed substantial improvement in pseudolobule
distribution, collagen fiber deposition, and cell viability.
On histological quantitative assessment, it showed a signif-
icant improvement in collagen content and inhibition of
a-SMA activation in comparison to the AKBA-treated group
(Group 4) and the MgO NPs-treated group (Group 3).

Although AKBA is inherently hydrophobic and poorly
water-soluble, the development of nanostructured lipid car-
riers (NLCs) allowed for its dispersion into a stable colloidal
form. While this approach may not alter intrinsic aqueous
solubility, it facilitates enhanced gastrointestinal absorption—
potentially through intestinal M cells and lymphatic trans-
port—and thereby improves its oral bioavailability.”

We acknowledge that many anti-fibrotic therapies that
show promise in preclinical liver fibrosis models have strug-
gled to translate to clinical practice due to challenges such
as manufacturing complexity, safety uncertainties, and the
need for long-term efficacy.” Our AKBA-NLCs and MgO
NPs combination was specifically designed with biocom-
patibility and biodegradability in mind. MgO NPs gradually
dissolve into magnesium ions, which are naturally metab-
olized or excreted, distinguishing them from heavy metal
nanoparticles such as silver or cadmium that can leave toxic
residues.”** Additionally, our nanostructured lipid carriers
(NLCs) system is formulated using GRAS-classified lipids
that are non-toxic, non-immunogenic, and enzymatically
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biodegradable.* Recent studies further support the excellent
in vivo biocompatibility and low immunogenicity of such
lipid-based carriers.”® These materials collectively enhance
the safety and tolerability of our formulation, supporting its
suitability for clinical translation.

We also address key challenges related to scalability
and regulatory approval. Transitioning from lab-scale syn-
thesis to industrial-scale manufacturing requires consistent
control over nanoparticle size, charge, and surface proper-
ties to ensure therapeutic uniformity. Notably, NLC-based
formulations are known for their scalability and cost-
effective production. Our approach also avoids the use of
toxic organic solvents, supporting environmentally sus-
tainable manufacturing practices.”” Regarding regulation,
nanotherapies must meet rigorous pharmacokinetic, toxico-
logic, and quality control benchmarks. The success of nano-
medicines like liposomal doxorubicin (Doxil®) has paved
the way for broader clinical acceptance.”® Building on our
encouraging efficacy results, we propose advancing formal
pharmacokinetic and dose-finding studies, which are essen-
tial for defining safe and effective clinical protocols. Liter-
ature supports that once these translational challenges are
addressed, nanomedicine-based antifibrotic strategies are
likely to become viable treatment options.” Liver fibrosis
is a progressive and often relapsing condition, and long-
term therapeutic efficacy is essential for clinical translation.
Although our study demonstrated significant histological
and biochemical improvements within a 4-week treatment
window, it remains unclear whether these antifibrotic effects
would be sustained following treatment cessation or during
extended therapy. Therefore, we have now included in the
discussion that future studies with longer treatment dura-
tions (e.g., 8-12 weeks or more), along with post-treatment
follow-up phases, are necessary to assess the durability of
therapeutic response and the potential for fibrosis rebound
or progression. This approach aligns with previous preclin-
ical research emphasizing the need for prolonged observa-
tion to confirm sustained collagen resolution and reversal
of fibrogenic signaling.”” Additionally, we acknowledge the
importance of evaluating the long-term safety of magne-
sium oxide nanoparticles (MgO NPs). While magnesium is
a physiologically essential mineral, its nanoparticulate form
may exhibit altered biodistribution and toxicity depending
on dose, surface properties, and administration route. In
our study, no acute toxicity or behavioral abnormalities were
observed in the MgO NPs-treated rats. Nonetheless, poten-
tial risks such as nanoparticle accumulation, dose-dependent
toxicity, and immune system interactions must be carefully
considered, particularly with chronic or high-dose exposure.

In conclusion, liver fibrosis is a multifactorial disease with
diverse etiologies; yet many forms share common patholog-
ical mechanisms such as oxidative stress and inflammation. In
this study, we targeted these processes by combining the anti-
oxidant properties of magnesium oxide nanoparticles (MgO
NPs) with the anti-inflammatory effects of Acetyl-11-Keto-p-
Boswellic Acid (AKBA). To enhance the efficacy and bioavail-
ability of AKBA, we formulated it using nanostructured lipid
carriers (AKBA-NLCs). This combination of AKBA-NLCs
and MgO NPs demonstrated promising therapeutic effects
in a preclinical rat model of liver fibrosis, with improvements
observed both histologically and serologically.
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Limitations

This study has certain limitations due to logistical constraints,
including the absence of funding and time. The small number
of rats per group (n = 5), the lack of long-term follow-up on
research endpoints, and the absence of detailed drug toxicity
assessments are notable limitations. We encourage further
exploration on a larger scale with extended treatment duration
and comprehensive safety evaluation.
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