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Phyllanthus niruri niosomes ameliorate
obesity-induced hepatic steatosis in rats
via modulating MALAT1/miR-206/GLP-1R
signaling and hepatic lipid metabolism
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Abstract

Metabolic dysfunction associated fatty liver disease (MAFLD) is a rapidly growing global health burden
characterized by hepatic lipid accumulation, insulin resistance, oxidative stress, and inflammation. Phyllanthus niruri
(PHYLN) is rich in polyphenols and lignans with known antioxidant and anti-inflammatory properties; however,

its therapeutic efficacy is limited by poor bioavailability. This study investigated the protective potential of PHYLN
extract loaded into niosomal nanocarriers (PHYLN-NIO) against obesity-induced hepatic steatosis and explored

its mechanistic similarity to glucagon-like peptide-1 receptor agonists (GLP-1RAs). Rats were divided into seven
groups: control, PHYLN-NIO, HFD, HFD + Semaglutide, HFD + Semaglutide + exendin 9-39, HFD+ PHYLN-NIO, and
HFD + PHYLN-NIO +exendin 9-39. PHYLN-NIO markedly reduced body weight and body mass index, hepatic
steatosis, and inflammation, while enhancing antioxidant status, insulin sensitivity, and lipid profiles. Mechanistically,
PHYLN-NIO modulated the INcCRNA-MALAT1/miR-206 axis, restored GLP-1/GLP-1R signaling, and downregulated

key hepatic lipogenic regulators (LXR-a, SREBP-1c, FASN, ACC-1), while upregulating genes involved in fatty acid
oxidation and metabolic homeostasis (FXR, PPAR-a, FOXA?2). Notably, co-administration of exendin 9-39 reversed
these effects, confirming a GLP-1R-dependent mechanism. These findings suggest that PHYLN-NIO effectively
targets MALAT1/miR-206/GLP-1R signaling pathways, demonstrating its potential as a promising nanotherapeutic
candidate for MAFLD management.
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Introduction

Metabolically-dysfunction-associated fatty liver disease
(MAFLD) is a major worldwide health issue that is tightly
correlated with oxidative stress, obesity, and insulin resis-
tance [1]. It is also closely linked to several metabolic
diseases, including type 2 diabetes mellitus (T2DM),
insulin resistance (IR), and hyperlipidemia [2]. Obesity is
a significant etiological factor in MAFLD, which is rec-
ognized by liver cell triglyceride accumulation exceed-
ing 5% of weight without excessive alcohol intake [3].
Hepatic steatosis is a multifactorial ailment that results
from metabolic dysfunction caused by unhealthy dietary
patterns and excessive caloric intake. Alcohol consump-
tion is another independent factor that contributes to the
buildup of hepatic lipids and the advancement of the dis-
ease [4].

Semaglutide (Sema), a long-acting Glucagon-like pep-
tide-1 receptor agonist (GLP-1-RAs), has already been
validated for clinical use in the management of obesity
after liraglutide [5]. It is known to benefit metabolic syn-
drome indicators strongly associated with MAFLD [6].
GLP-1 receptor agonists efficiently reduce fat content,
body weight, and liver damage markers. Additionally,
there is some evidence that these medications can pro-
mote the resolution of steatohepatitis and inhibit the
development of hepatic fibrosis in NASH patients [7].
Various mechanisms are involved by GLP-1-RAs, mainly
enhancing insulin secretion and lowering gastric empty-
ing [8]. Moreover, GLP-1 RAs have anti-steatotic mecha-
nisms through actions on the farnesoid X receptor (FXR),
liver X receptor (LXR) [8], peroxisome proliferator-acti-
vated receptor gamma (PPAR-y) expression [9], oxidative
stress [9], and expression of pro-inflammatory factors
[10].

Long non-coding RNAs (IncRNAs) are transcripts
containing more than 200 nucleotides and are cru-
cial for many processes, including post-transcriptional
control and epigenetic changes [11]. Among IncRNAs,
Metastasis Associated Lung Adenocarcinoma Tran-
script 1 (MALAT1) is assumed to be essential for con-
trolling hepatic deposits of lipids [12] and liver fibrosis
[13]. MALAT1 and MicroRNA-206 are linked to the
initiation and progression of MAFLD and obesity due
to their role in inflammation, lipid metabolism, and IR
[14]. MALAT1 is frequently overexpressed in obesity and
MAFLD, enhancing fat accumulation and inflammatory
responses in hepatic tissues, hence worsening disease
development. MiR-206, on the other hand, is a regula-
tory microRNA that suppresses MALAT1, reducing its
lipogenic and pro-inflammatory effects. MALAT1 and
miR-206 dysregulation exacerbate MAFLD and meta-
bolic dysfunction commonly correlated with obesity by
promoting chronic inflammation and hepatic fat stor-
age [15]. Compounds present prospective targets for
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addressing metabolic diseases like MAFLD and obesity.
By repressing MALAT1, miR-206 can reduce the expres-
sion of certain transcription factors linked to lipid accu-
mulation and inflammatory responses. This intricate
interaction between MALAT1, miR-206, and transcrip-
tion factors forms a regulatory network that impacts cel-
lular processes, especially those relevant to metabolic
diseases and cancer progression, where precise control
over gene expression is crucial [16—18].

Natural phytochemicals have recently been studied as
potential anti-NAFLD agents [19]. Phyllanthus niruri
(PHYLN) is a member of the Euphorbiaceae family and is
abundant in tropical and subtropical climates, including
parts of Sri Lanka and India. PHYLN extract is a popular
Ayurvedic remedy for treating bronchitis, anemia, der-
matological conditions, asthma, cough, liver, and kidney
disorders [20]. PHYLN is high in flavonoids and pheno-
lic compounds that contribute to its strong antioxidant
effects [21], which could be crucial for liver protective
activity [22]. PHYLN has an anti-NAFLD effect by reduc-
ing hepatic lipid peroxidation, fat deposits, and hepatic
fibrosis and improving liver enzyme abnormalities [23].
Nanoscale technology has been proven to significantly
enhance the therapeutic potential of medicinal plants
[24]. PHYLN nanoparticles show great promise in drug
delivery systems because they have antimicrobial proper-
ties that protect against Salmonella pullorum [25]. Fur-
thermore, the nanoemulsion of PHYLN extract exhibits
antioxidant and antibacterial properties [26].

This study assessed the potential role of PHYLN-loaded
niosomes (PHYLN-NIO) in ameliorating HFD-induced
hepatic steatosis in rats, emphasizing its resemblance to
the action of GLP-1 receptor agonists (GLP-1RA), like
Sema. The PHYLN-NIO function as GLP-1RA mimet-
ics was validated by directly comparing their effects with
Sema and further confirmed by the antagonistic reversal
observed with exendin 9-39, a GLP-1R antagonist. This
was verified by analyzing the mRNA expression levels
of genes induced by lipogenesis, including LXR-a, FXR,
SREBP-1c, FOXA2, PPAR-a, PPAR-y, GLP-1, GLP-1r,
FASN, and ACC-1, as well as their epigenetic regulation.

Materials and methods

Extraction of PHYLN

The aerial parts of PHYLN were purchased from Harraz
for Food Industry & Natural Products, located at 1
Ahmed Maher Street, Bab Alkhalq, Cairo, Egypt. The
extraction procedure was done using the method out-
lined by [27]. 500 g of air-dried, powdered PHYLN aer-
ial pieces were thoroughly extracted using 80% ethanol
(3x1.5 L). The ethanolic extract was then filtered and
concentrated under vacuum, yielding 45 g of alcoholic
extract (9% w/w). The extract was kept at - 20 °C for later
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use. The crude extract yield was calculated using the
formula:

Yield (%) = (Dry weight of extract + Dry weight of plant
material) x 100 = (45/500) x 100 = 9%.

Gas chromatography-mass spectrometry analysis (GC-MS)
PHYLN GC-MS Analysis was carried out using Shi-
madzu GC-MS-QP2010 (Kyoto, Japan) equipped
with Rtx-5MS fused bonded column (30 mx0.25 mm
i.d.x0.25 pm film thickness) (Restek, USA) equipped
with a split—splitless injector. The initial column tem-
perature was kept at 50 °C for 3 min (isothermal) and
programmed to 300 °C at a rate of 5 °C/min and kept
constant at300 °C for 10 min (isothermal). Injector

Table 1 Chemical composition of PHYLN ethanolic extract
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temperature was 280 °C. Helium carrier gas flow rate
was 1.37 ml/min. All the mass spectra were recorded
applying the following conditions: (equipment current)
filament emission current, 60 mA; ionization voltage,
70 eV; ion source, 220 °C. Diluted samples (1% v/v) were
injected with split mode (split ratio 1: 15). The constitu-
ents of PHYLN extract were based on the comparison
of their mass spectra (MS) to those reported in NIST 11
Mass Spectral Library (NIST11/2011/EPA/NIH), Wiley
library database 10th edition, and the available litera-
ture. The retention indices were assigned in relation to
those of a homologous set of standard n-alkanes (C—-C)
injected under the same conditions. Table 1 summarizes

Peak Compound name Chemical formula Retention time (min) Rl g’ RI;° Area%
1 Tridecanoic acid, 12-methyl-, methyl ester Ci5H300, 28.866 1729 1615 0.11
2 9-Hexadecenoic acid, methyl ester, (2)- Ci7H3,0, 32.751 1910 1886 0.10
3 Hexadecanoic acid, methyl ester (Methyl palmitate) Ci7H3,0, 33.205 1932 1878 18.05
4 n-Hexadecanoic acid CiH3,0, 34.044 1972 1968 2.89
5 Heptadecanoic acid, methyl ester Ci5H360, 35.186 2030 1978 0.51
6 9,12-Octadecadienoic acid, methyl ester CioH340, 36.547 2102 2093 16.68
7 9-Octadecenoic acid (Z)-, methyl ester CioH360, 36.660 2108 2085 14.42
8 11-Octadecenoic acid, methyl ester, (2)- CioH360, 36.745 2112 2085 0.11
9 Methyl stearate CigH380, 37.116 2132 2077 6.69
10 cis-Vaccenic acid CigH340, 37.489 2152 2175 8.13
11 Linoleic acid ethyl ester CyoH360, 37770 2166 2193 0.25
12 Octadecanoic acid CigH360, 37.858 2171 2167 1.38
13 Nonadecanoic acid, methyl ester CyoHagO, 38.949 2231 2177 0.08
14 Eicosanoic acid, methyl ester CyHp0, 40.709 2333 2276 0.94
15 13-Docosenoic acid, methyl ester, (Z)- Cy3H40, 43,642 2509 2483 0.15
16 Docosanoic acid, methyl ester Cy3Has0, 44.035 2534 2475 0.74
17 Di-n-octyl phthalate Cy4H350, 44410 2557 2832 1.14
18 Tricosanoic acid, methyl ester CosHig0, 45.599 2634 2574 033
19 Tetracosanoic acid, methyl ester Cys5Hs500, 4711 2735 2674 0.90
20 Olean-12-en-28-al CaoHagO 47615 2769 2886 0.59
21 Pentacosanoic acid, methyl ester Cy6Hs5,0, 48.570 2836 2773 0.21
22 Hexadecane, 1,1-bis(dodecyloxy)- CuoHg20, 49.072 2872 4085 0.16
23 Hexacosanoic acid, methyl ester CyHs,0, 49.979 2937 2872 0.10
24 24-Noroleana-3,12-diene CooHag 51.698 3065 2635 0.18
25 Stigmasta-5,22-dien-3-ol, acetate, (3.3.)- C31Hs500, 52.206 3103 2879 0.77
26 24-Norursa-3,12-diene CooHag 52.330 3113 2622 0.66
27 Stigmasta-3,5-diene CooHug 52487 3125 2525 0.32
28 Octacosanoic acid, methyl ester CyoHs50, 52.661 3138 3071 0.34
29 Stigmasterol CogHaeO 54.808 3228 2739 0.63
30 B-Sitosterol CooHs00 55.784 3353 2731 13.21
31 B-Amyrone C3oHas0 56.045 3370 2869 5.49
32 Lup-20(29)-en-3-one CyoHagO 56.844 3422 2831 0.56
33 1,4-Dimethyl-7-(prop-1-en-2-yl) decahydroazulen-4-ol CisHy0 57.264 3450 1601 1.1
34 Stigmasta-3,5-dien-7-one CyoHas0O 57439 3461 2696 040

Compounds are arranged based on their elution on the Rtx-5MS GC column

?Retention index defined experimentally on RTX-5MS column compared to Cg—C,g n-alkanes as references

PReported retention index. Identification was established by matching the mass spectral (MS) data and retention index (RI) values of compounds from NIST 11 Mass
Spectral Library, Wiley Registry of Mass Spectral Data 10th edition, and the literature
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the chemicals that have been identified along with their
percentages (Figs. 1, 2).

Preparation and characterization of niosomal systems
encapsulating PHYLN

Niosomal formulations encapsulating PHYLN have been
developed using the solvent injection method, as out-
lined previously [28]. In this approach, a mixture of Span
60, cholesterol, polyethylene glycol 4000 (PEG,q,), and
PHYLN was dissolved in a minimal volume of anhydrous
alcohol to form the organic phase, which was subse-
quently heated to 60-70 °C. In parallel, phosphate-buff-
ered saline (PBS) at pH 7.4 was maintained at the same
temperature and agitated at 1000 rpm within a closed
system. The heated organic phase was then injected into
the PBS solution through a 23G syringe, resulting in the
formation of a niosomal suspension. This mixture was
continuously stirred at 60—70 °C until any residual ethyl
alcohol was completely evaporated. After the completion
of the process, the PHYLN-loaded niosomes were stored
at 4 °C for later analysis and experimentation. Blank
niosomal systems were prepared following the same
protocol without PHYLN. The niosomal systems were
characterized by evaluating various parameters, includ-
ing entrapment efficiency, drug loading efficiency, mean
particle size, zeta potential, morphology using scanning
electron microscopy (SEM), and in vitro drug release
profiles, as described in earlier work [29]. Entrapment
efficiency was determined after separating free PHYLN
and assayed spectrophotometrically at 210 nm against
blank niosomes.

inlbesidly
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Animals

Fifty-six male Sprague—Dawley rats weighing 150+5 g
were included in this study. The rats were housed in a
controlled environment with a 12-h light-dark cycle,
a temperature maintained at 22+3 °C, and a relative
humidity of 60+5%. The Institutional Animal Care and
Use Committee (IACUC) of Zagazig University, Egypt
(ZU-IACUC/2/F/217/2024) approved the study. The ani-
mals were assigned to seven experimental groups (n=38).
The five groups of rats were separated as follows:

1. Control group: Rats were provided with a standard
diet for 18 weeks and received oral gavage with PBS
once daily for the final 6 weeks. The standard pellet
diet used had the following composition: 7-10%
fat, 68—70% carbohydrates, 18—20% protein, 1-2%
vitamins and minerals; 210 kcal/100 g/day.

2. PHYLN-NIO group: Rats were provided with a
normal diet for 18 weeks and treated with PYLNI-
loaded niosome (100 mg/kg body weight) via oral
gavage once daily for the final 6 weeks.

3. HFD group: Rats were provided with an HFD for
12 weeks to induce NAFLD [30]. HFD consisted
of 30% calories from buffalo fat (30% fat, 50-52%
carbohydrates, 18—20% protein, and 1-2% vitamins
and minerals; 210 kcal/100 g/day). For fatty diet
preparation, fat was melted by heating it, then the
chow, in powder form, was mixed with the added
30% melted animal abdominal fat until it became
homogenous in a dough-like consistency. Obtained
chow blocks were dried and used for feeding. These
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Fig. 1 GC/MS chromatogram of PHYLN ethanolic extract. Numbers are related to Table 1
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diets were prepared at the feeding department of the
Faculty of Veterinary Medicine, Zagazig University.

. HFD + Sema group: Rats were provided with an HFD
and treated subcutaneously with Sema (12 pg/kg
body weight) once weekly for the final 6 weeks [31].

. HFD + Sema + exendin 9-39 group: Rats were
provided with an HFD, administered Sema
subcutaneously (12 ug/kg body weight) once daily for
the last 6 weeks, and received intravenous injections
of exendin 9-39 (50 pg/kg body weight) daily during
the final 2 weeks [31].

. HFD + PHYLN-NIO group: Rats were provided with
an HFD and treated with PHYLN-NIO (100 mg/kg

Fig. 2 Chemical structures of the major components identified in PHYLN ethanolic extract

body weight) via oral gavage once daily for the final 6
weeks.

. HFD + PHYLN-NIO + exendin 9-39 group: Rats were

provided with an HFD and treated with PHYLN-
NIO (100 mg/kg body weight) via oral gavage once
daily for the last 6 weeks, along with intravenous
injections of exendin 9-39 (50 pg/kg body weight)
daily during the final 2 weeks.

Sampling

After an 8-h fast, the animals were sedated with thio-
pental (120 mg/kg, intraperitoneally) and euthanized by
decapitation. Blood samples were collected with a tube
containing an anticoagulant and centrifuged at 2000 g for
10 min at 4 °C. The serum was preserved at — 80 °C for
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subsequent analysis. The liver was separated into three
portions. One section was used for homogenization, the
other one was kept in sterile cryotubes at — 80 °C for gene
expression analysis, and the rest of the tissue was main-
tained in formaldehyde for histological and immunobhis-
tochemical examination.

Anthropometric measurements

The body mass index (BMI) was assessed by dividing the
body weight by the square of the body length, measured
from the nose to the anal length in rats [32]. The formula
used was BMI =body weight (g)/length? (cm?) [33]. Liver
and adipose tissue weight were measured using an elec-
tronic digital weighter.

Biochemical analysis

Glucose levels were measured using a glucose meter
(Accu-Chek Performa; Roche Diagnostics, USA). Blood
insulin levels were determined by ELISA kits (RayBio-
tech, Georgia, USA). The HOMA-IR index was calcu-
lated as detailed in previous research [34]. Leptin levels
were measured using Cusabio ELISA kits (CSB-E07433r).

Alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and alkaline phosphatase (ALP) were
assessed using a commercial kit (BioClin®, Brazil). Quan-
titative detection of albumin, creatinine, and urea was
performed using kits from Spinreact (Girona, Spain).
Serum lipid profiles, including total cholesterol (TC),
triglycerides (TAG), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-
C), were evaluated with a commercial KitWST (Nanjing
Jiancheng, China). Very-low-density lipoprotein choles-
terol (VLDL-C) levels were assessed using the formula:
VLDL=TAG/5 [35]. NF-kB, IL-6, and IL-1f3 were quan-
tified using ELISA assay kits from Komabiotech INC.,
USA, and MyBioSource, USA.

The quantification of malondialdehyde (MDA) was
carried out using the technique outlined by Ohkawa et
al. [36]. The total antioxidant capacity (TAC) was evalu-
ated following Erel’s method [37]. Superoxide dismutase
(SOD) activity in blood was quantified by inhibiting the
formation of formazan dye at 505 nm, using the xanthine-
xanthine oxidase system to produce superoxide radicals.
Glutathione peroxidase (GPx) activity was assessed by
quantifying the oxidation of nicotinamide adenine dinu-
cleotide phosphate (NADPH) at 340 nm, with cumene
hydroperoxide as the substrate (Randox Laboratories,
Crumlin, UK).

RNA extraction and real-time quantitative polymerase
chain reaction (RT-PCR)

Total RNA was purified using TRIzol reagent (Invitro-
gen, CA, USA) as outlined by the manufacturer. Com-
plementary DNA (cDNA) was assembled from 1 pg of
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RNA using a high-capacity cDNA reverse transcription
kit (Thermo Fisher Scientific Inc., Massachusetts, USA)
following the manufacturer’s instructions. For miRNA,
c¢DNA synthesis was conducted using the miRCURY
LNA RT kit (Cat. No. 339340, Qiagen, Hilden, Germany).
RT-PCR analysis was carried out using the Rotor-Gene
Q 2 Plex system (Qiagen, Hilden, Germany) [38]. The
miRNA primers were designed using the online tool at
http://www.srnaprimerdb.com, based on mature miRNA
sequences available in the miRNA database https://ww
w.mirbase.org. Primer sequences for the analyzed genes
are listed in Table 1. The relative expression of miRNA
and mRNA was assessed in a reaction volume of 20 pL,
which included 10 pL of TOPreal SYBR Green (Cat. No.
RT500S, Enzynomics, Korea) and 1 pL each of forward
and reverse primers (synthesized by Sangon Biotech, Bei-
jing, China) [37]. Gene expression was calculated relative
to GAPDH and p-Actin for mRNA and U6 for miRNA
using the 2-AACt method [39].

Histopathological assessment of the liver

Liver specimens were collected and fixed in 10% neu-
tral buffered formalin for 24 h. They were dehydrated in
graded ethanol, cleared with xylene, embedded in par-
affin, and sectioned into 5 pm-thick slices. The sections
were dyed with hematoxylin and eosin (H&E) and ana-
lyzed microscopically for histopathological changes [40].
Images of the sections were captured using a Swift micro-
scope equipped with a Swift digital camera. Histopatho-
logical scoring was performed using a semiquantitative
scale: “0=no alterations, 1=mild alterations, 2=moder-
ate alterations, and 3 =severe alterations” [41]. The his-
tological sections were independently evaluated by two
blinded examiners to ensure unbiased analysis (Table 2).

Immunohistochemical examination

Paraffin-embedded liver tissue sections from various rat
groups were stained using immunohistochemistry (IHC)
following the method mentioned by [42] and the manu-
facturer’s protocol. Anti-PPAR alpha antibody (ab59256)
and anti-LXR-a antibody (ab6672) from Abcam, Cam-
bridge, UK, were used. Tissue sections from all experi-
mental groups were dewaxed and rehydrated before
staining with the DAB chromogenic agent (Abcam;
UK). Hematoxylin counterstaining was then performed.
Images of the IHC-stained tissue sections were captured
using a Swift microscope. For quantitative evaluation,
five representative areas were chosen, including both
regions with positive cell expression and areas with-
out expression. If a tissue section exhibited areas with
varying levels of stained cells, both high and low-abun-
dance regions were included in the analysis. Individual
cells were distinguished by the intense brown stain and
counted manually.
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Table 2 Primers used for real-time polymerase chain reaction

Genes Forward (5’ = 3’) Reverse (5" = 3’)

MALAT-1 TTCACTCTAGTGCTTTATGGCTT GGCTTCCATCCCTA-
CATGAGA

miR-206 AACACGTGTGGAATGTAAGGAA GTCGTATCCAGTG-
CAGGGT

FASN GCAGCAGCATGATGTAGCAC AGTTGCACACCA-
CAAGGTCA

ACC-1 GAAAAGCGATTCCCATCCGC CATTCCATGCAGTG-
GTCCCT

GLP-1 CTCAGCTCAGTCCCACAAGG AGCTGCCTTGTAC-
CAGCATT

GLP-1r AGGTAGTCTTTGCCCATGCC CCCCTAGGCAGGT-
TACTCCT

PPAR-a GTCCTCTGGTTGTCCCCTTG GTCAGTTCA-
CAGGGAAGGCA

FXR CCACTGACACGCCCTTTTTG TGTTGCCGCATG-
GAGGATAA

PPAR-y TGTTGACCCAGAGCATGGTG CACAGAGAGGTC-
CACAGAGC

SREBP-1c GGAGCCATGGATTGCACATT GCCTGTGTCTCCT-
GTCTCAC

FOXA2 CTGGTCGTTTGTTGTGGCTG CGTAGTAGCT-
GCTCCAGTCG

LXR-a GAGTCATCCGAGCCTACAGC AAGAATCCCTTG-
CAGCCCTC

U6 CTCGCTTCGGCAGCACA AACGCTTCAC-
GAATTTGCGT

GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGT-
GAAGACGCCAGTA

B-actin AAGATCCTGACCGAGCGTGG CAGCACTGTGTTG-
GCATAGAGG

Statistical analysis

All graphs were generated using GraphPad Prism soft-
ware, version 10.0.1 (San Diego, CA, USA). Data analy-
sis was conducted using one-way ANOVA, followed by
the Tukey—Kramer test. A significance level of 0.05 was
established as the threshold for statistical significance.

Results

Characterization of PHYLN-NIO

The ethanol injection method was employed to fabricate
PHYLN-NIO, which were subsequently characterized
using several analytical techniques, including particle size
analysis, polydispersity index (PDI), zeta potential mea-
surement, encapsulation efficiency, scanning electron
microscopy (SEM), and in vitro drug release studies. The
average particle size of the PYLNI niosomes, determined
via Zetasizer Nano, was found to be 225.1+19.6 nm
(Fig. 3A). The polydispersity index of 0.372 indicated a
relatively narrow size distribution, suggesting a uniform
dispersion of the niosomal particles. The zeta potential of
the niosomal systems was measured at —11.4+0.92 mV
(Fig. 3B), reflecting a moderate negative surface charge,
which is indicative of the stability of the formulations.
SEM analysis revealed that the niosomes exhibited a
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predominantly spherical morphology, with the particle
size closely matching that observed through dynamic
light scattering measurements (Fig. 3C). The encapsula-
tion efficiency of the PHYLN-NIO was determined to be
73.5+4.2%, indicating a substantial entrapment of the
active compound within the vesicles. In vitro, release
studies demonstrated a sustained release profile for the
PHYLN from the niosomal systems, with the free drug
releasing approximately 40% of the encapsulated amount
within 6 h and 55.4% after 24 h. In contrast, the PHYLN-
NIO released 78% and 90.1% of the drug at 6 and 24 h,
respectively, suggesting a prolonged and controlled
release mechanism (Fig. 3D).

Effects of PHYLN-NIO and Sema on BW, liver, and adipose
tissue weight and BMI

A comparison of rat BW and BMI across all groups is
illustrated in Table 3. No marked differences in initial
BW were found between the control and PHYLN-NIO
groups, but there is a considerable drop in BW and
BMI in the PHYLN-NIO group compared to the con-
trol group. At baseline, no significant differences were
observed between the control (150.33+0.85 g) and HFD
(150.10 £ 0.64 g) groups. During the first two weeks, body
weight increased gradually in both groups, reaching
160.10+£1.2 g in controls and 161.00+1.1 g in HFD rats
at week 1, and 170.25+1.5 g and 175.20+1.6 g, respec-
tively, at week 2. By week 3, rats fed the HFD exhibited
a significant increase in body weight (210.25+2.5 g)
compared to the control group (180.40+1.7 g, p<0.05),
indicating the onset of HFD-induced weight gain. By the
end of the experiment, rats in the HFD group exhibited
much higher BW and BM], increasing by approximately
0.4-fold and 0.3-fold, respectively, compared to the con-
trol group. Obese rats treated with Sema or PHYLN-NIO
revealed a notable reduction in BW and BMI, decreasing
by about (0.4-fold and 0.3-fold), (0.2-fold, and 0.3-fold),
respectively, compared to the HFD group. However, co-
treatment with exendin 9-39 in the HFD+Sema and
HFD + PHYLN-NIO groups caused a significant increase
in BW and BMI, both rising by approximately (0.2-fold
and 0.1-fold), (0.1-fold and 0.1-fold), respectively. Fur-
thermore, rats in the HFD group exhibited much higher
liver and adipose tissue weight, increasing by approxi-
mately 0.4-fold and 2.3-fold, respectively, compared
to the control group. Obese rats treated with Sema or
PHYLN-NIO revealed a notable reduction in liver and
adipose tissue weight, decreasing by about (0.4-fold and
0.6-fold), (0.3-fold, and 0.2-fold), respectively, compared
to the HFD group. However, co-treatment with exendin
9-39 in the HFD + Sema and HFD + PHYLN-NIO groups
caused a significant increase in liver and adipose tissue
weight. Additionally, Daily dietary intake was monitored
throughout the study to determine whether changes in
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Fig. 3 Characterization of PHYLN-NIO formulation. PHYLN-NIO was evaluated for mean particle diameter A, zeta potential B, scanning electron micros-

copy C, and in vitro drug release D

Table 3 Effect of PHYLN-NIO and Sema treatment on body weight, liver, adipose weight, and BMI in HFD rats

Group Initial body weight (g)  Final body weight (g)  Liver weight (g)  Adipose weight(g) BMI

Control 150.33%+0.85 355.009+3.68 142094015 2840°+0.29 0.75°+0.02
PHYLN-NIO 1493224165 311.70°+333 12474013 31.17%€+033 0.649+0.009
HFD 150.10%+0.64 520.00°+4.47 20.80°+0.18 93.60°+0.80 1.04°+0.01
HFD +Sema 149607+2.12 315.00°+4.18 12.60°+0.17 31.504+042 068%+0.02
HFD + Sema + exendin 9-39 150.30°+0.96 393.40°+6.04 15.74°+0.24 47214072 0.77°+0.01
HFD +PHYLN-NIO 150.307+1.64 391.60°+4.90 15.66°+0.20 46.99°+059 0.76°+0.03
HFD +PHYLN-NIO +exendin 9-39  151.00%+1.70 43440°+598 17.38°+0.24 52134072 0.84°+0.02

Data are expressed as the mean+SD (n=8). Groups assigned different letters are deemed to differ statistically (p <0.05), while groups with identical letters are not

statistically different

body weight were influenced by caloric consumption.
During the 12-week experimental period, the average
daily food intake of HFD-fed rats was 23.8+1.2 g/day,
which was slightly higher but not significantly different
from the control group (22.5+1.1 g/day). These results
indicate that the significant weight gain observed in the
HFD group was primarily due to the metabolic effects of
the high-fat diet, rather than increased food consump-
tion. Similarly, PHYLN-NIO-treated rats maintained a
daily intake of approximately 22.9+1.0 g/day, suggesting
that the body weight-reducing effect of PHYLN-NIO
occurred independently of caloric restriction.

Impact of PHYLN-NIO and Sema on serum lipid profile
levels

TC, TAG, VLDLc, HDLc, and LDLc concentrations in
serum were analyzed to observe the antihyperlipidae-
mic effect of PHYLN-NIO in HFD-fed rats. Lipidogram
is presented in Table 4. The levels of TC, TAG, VLDLc,
and LDLc in the HFD group increased significantly by
approximately 0.6-fold, 0.7-fold, 0.6-fold, and 1.2-fold,
respectively, while HDLc levels decreased significantly
by 0.3-fold, compared to the control group. Further-
more, no statistically significant differences in lipid
profile levels were observed between rats treated with
PHYLN-NIO alone and those in the control group. Com-
pared to the HFD group, obese rats treated with Sema
showed evident reductions in serum TC, TAG, VLDLc,
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Table 4 Effect of PHYLN-NIO and Sema treatment on serum lipid profile in HFD rats

Group TAG (mg/dL) TC (mg/dL) HDLc (mg/dL) VLDLc (mg/dL) LDLc (mg/dL)
Control 14158°+2.38 152.09+1.0 50.30°+1.6 2830°+0.4 733094176
PHYLN-NIO 13699407 146794137 57.30°+038 27.2°9+0,07 50.93+4.85
HFD 237.30°+33 244307423 32609+0.9 47447408 162.20°+2.9
HFD+Sema 122.33°+1.03 147.329+0.89 6136°+141 2443°+027 6132°+1.59
HFD+ Sema+ exendin 9-39 203.00°+4.69 201.30°+1.49 4200°+1.30 40.66°+0.83 118.78°+3.34
HFD+PHYLN-NIO 132.009+2.02 166.30°+2.14 44.00°+2.34 26.429+0.39 95.92°+1.54
HFD + PHYLN-NIO +exendin 9-39 195.66°+3.97 201.60°+4.29 36699+1.15 39.12°+0.81 126.84°+5.19

Data are expressed as the mean+SD (n=8). Groups assigned different letters are deemed to differ statistically (p <0.05), while groups with identical letters are not

statistically different

Table 5 Effect of PHYLN-NIO and Sema treatment on serum levels of AST, ALT, ALP, and albumin of HFD rats

Group ALT (U/L) AST (U/L) ALP (U/L) Albumin (gm/dl)
Control 34.707+0.53 57.40<+081 8148940385 3.60°+0.03
PHYLN-NIO 34.001+044 53409+ 146 77.00°+1.04 3.56°+0.02

HFD 99.70°+ 149 97.30° +4.44 134.68°+0.78 3.38°+003

HFD +Sema 42314082 61.00°+ 145 97.57°+0.77 3.572+0.05

HFD + Sema +exendin 9-39 6833+ 1.07 79.36°+1.58 123.70°+1.85 34324001

HFD + PHYLN-NIO 520094121 63334148 94474239 3597+0.1

HFD + PHYLN-NIO +exendin 9-39 73.00°+0.70 82.33°+2.75 126.04°+1.59 34424002

Data are expressed as the mean+SD (n=8). Groups assigned different letters are deemed to differ statistically (p <0.05), while groups with identical letters are not

statistically different

and LDLc levels (approximately 0.3-fold, 0.4-fold, 0.4-
fold, and 0.6-fold, respectively), along with a significant
increase in HDLc levels (approximately 0.9-fold). Simi-
larly, the HFD + PHYLN-NIO group exhibited compa-
rable reductions in TC, TAG, VLDLc, and LDLc levels
(approximately 0.3-fold, 0.4-fold, 0.4-fold, and 0.4-fold,
respectively) and an increase in HDLc levels (approxi-
mately 0.3-fold). However, co-administration of exendin
9-39 with Sema and PHYLN-NIO reversed these antihy-
perlipidemic effects in HFD rats.

The ameliorative effects of PHYLN-NIO and Sema towards
changes in liver function indices in HFD rats

As illustrated in Table 5, liver enzymes ALT, AST, and
ALP increased significantly by approximately 1.9-
fold, 0.7-fold, and 0.6-fold each, while albumin levels
decreased by about 0.1-fold in the HFD group, in con-
trast to the untreated group. No significant changes in
liver function markers were observed between the con-
trol and PHYLN-NIO groups. Compared to the HFD
group, treatment with Sema and PHYLN-NIO signifi-
cantly improved liver function, reducing ALT levels by
0.5-fold and 0.5-fold and AST levels by 0.4-fold and 0.3-
fold, and ALP levels by 0.3-fold and 0.3-fold, respectively,
while increasing albumin levels by 0.1-fold and 0.1-fold,
respectively. However, co-administration of Sema with
exendin 9-39 in HFD rats reversed these improvements,
resulting in a pronounced rise in ALT, AST, and ALP
levels and a fall in albumin levels compared to the Sema
group. Similarly, co-administration of PHYLN-NIO with
exendin 9-39 in HFD rats caused an increase in ALT,

AST, and ALP levels and a fall in albumin levels com-
pared to the PHYLN-NIO group.

Effect of PHYLN-NIO and Sema treatment on fasting
glucose, insulin, HOMA-IR, and leptin in HFD rats
Compared to the control group, HFD rats showed a
notable increase in fasting glucose, insulin, HOMA-IR,
and leptin levels by 0.9-fold, 0.6-fold, 2.7-fold, and 1.7-
fold, respectively. No observable differences in these
parameters were monitored between the PHYLN-NIO
and control groups. When compared to the HFD group,
administration of Sema and PHYLN-NIO significantly
improved these markers, reducing fasting glucose levels
by 0.4-fold and 0.3-fold, insulin levels by 0.2-fold and 0.2-
fold, HOMA-IR levels by 0.6-fold and 0.5-fold, and leptin
levels by 0.3-fold and 0.3-fold, respectively. However,
co-administration of exendin 9-39 with either PHYLN-
NIO or Sema in the HFD group negated these beneficial
effects (Fig. 4A-D).

Effect of PHYLN-NIO and Sema treatment on the oxidant/
antioxidant parameters in HFD rats

As revealed in Table 6, HFD rats displayed a significant
increase in hepatic MDA levels by 0.2-fold and a reduc-
tion in TAC, GPx, and SOD levels by 0.3-fold, 0.5-fold,
and 0.4-fold, respectively, compared to the untreated
control group. Interestingly, rats treated with PHYLN-
NIO alone showed significant improvement in the anti-
oxidant status against untreated rats. Treatment with
Sema e and PHYLN-NIO led to marked reductions in
hepatic MDA levels by 0.1-fold and 0.1-fold, respectively.
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Fig.4 Effect of PHYLN-NIO and Sema treatment on fasting glucose A, insulin B, HOMA-IR C, and leptin D in HFD rats. Data are expressed as the mean +SD
(n=8). Groups assigned different letters are deemed to differ statistically (p < 0.05), while groups with identical letters are not statistically different

Table 6 Effect of PHYLN-NIO and Sema treatment on MDA, TAC, GPx, and SOD in the liver of HFD rats

Group MDA (nmol/g) TAC (umol/g) GPX (ng/g) SOD (ng/g)
Control 103.60°+0.81 356.40°+2.73 16153°+1.18 121.95°+0.85
PHYLN-NIO 9760 +1.24 37160°+3.38 1742174038 128.24°+0.67
HFD 127.00°+1.14 249.62°+2.96 79.939+0.92 71.209+1.13
HFD+Sema 110.009+1.70 314.00°+4.38 151.58°+2.17 112.71€4+1.00
HFD+ Sema + exendin 9-39 120.00°+0.99 292679+2.28 114.94°+163 95.72°+2.50
HFD+PHYLN-NIO 115.33°+0.66 309.00°+1.00 1346294232 105.80%+ 169
N HFD +PHYLN-NIO +exendin 9-39 119.67°+0.78 2843394521 102.921+2.11 86.45'+2.21

Data are expressed as the mean +SD (n=8). Groups assigned different letters are deemed to differ statistically (p <0.05), while groups with identical letters are not

statistically different

Additionally, these treatments significantly enhanced
TAC by 0.2-fold and 0.2-fold, respectively, GPx by 0.9-
fold and 0.7-fold, respectively, and SOD levels by 0.6-
fold and 0.5-fold, respectively, in comparison to the HFD
group. However, co-administration of exendin 9-39 with
either Sema or PHYLN-NIO reversed the antioxidant
effects of these treatments in obese rats.

The effects of PHYLN-NIO and Sema on the serum level
proinflammatory cytokines induced by HFD

HED feeding caused a remarkable rise in serum levels of
IL-1B, IL-6, and NF-kB by 0.3-fold, 1.4-fold, and 2.8-fold,
respectively. No differences in these inflammatory mark-
ers were observed between rats treated with PHYLN-
NIO alone and the control group. Treatment of HFD rats
with Sema notably declined serum levels of IL-10, IL-6,
and NF-kB by 0.2-fold, 0.5-fold, and 0.6-fold, respec-
tively, compared to the HFD group. Similarly, PHYLN-
NIO treatment led to a comparable decline in these

markers by 0.2-fold, 0.5-fold, and 0.4-fold, respectively.
However, co-administration of exendin 9-39 with Sema
or PHYLN-NIO in HFD-fed rats resulted in an additional
boost in serum levels of IL-1p, IL-6, and NF-kB com-
pared to each treatment alone (Fig. 5A-C).

Effect of PHYLN-NIO and Sema on IncRNA-MALAT1 and
miR-206 expression in hepatic tissue of HFD rats

The location of the 3" UTR region for miRNA binding to
the targeted mRNA and IncRNA-MALAT]1 is indicated
in Fig. 6A and B. As illustrated in Fig. 4, the HFD group
demonstrated a marked rise in the mRNA expression
level of IncRNA-MALAT1 by 8.4-fold, accompanied by
a corresponding decrease in miR-206 mRNA expression
by 0.8-fold compared to the control group. No appre-
ciable differences were recorded in the mRNA levels of
IncRNA-MALAT1 and miR-206 between rats treated
with PHYLN-NIO alone and control rats. Treatment of
HEFD rats with Sema or PHYLN-NIO markedly reduced
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the mRNA expression level of IncRNA-MALAT]1 by 0.6-
fold and 0.5-fold and boosted the miR-206 mRNA level
by 3.6-fold and 3.6-fold, respectively. However, co-admin-
istration of exendin 9-39 with Sema or PHYLN-NIO
in HFD-fed rats further suppressed IncRNA-MALAT1
expression while strongly enhancing the induction of
miR-206 (Fig. 6C and D).

PHYLN-NIO and Sema balanced the mRNA expression of
GLP-1 and GLP-1R in the liver of HFD rats

The findings revealed that administering PHYLN-NIO
alone did not influence GLP-1 and GLP-1R expression
levels in rats on a normal diet. In contrast, GLP-1 and
GLP-1R expression levels in HED rats were significantly
lower, by 0.8-fold and 0.7-fold, respectively, than those
on a normal diet. Treatment with PHYLN-NIO markedly
elevated GLP-1 and GLP-1R expression levels in HFD
rats by twofold and 1.5-fold, respectively. A comparable
pattern was noted in HFD-fed rats treated with Sema.
However, combining exendin 9-39 with either Sema or
PHYLN-NIO in HFD rats further reduced GLP-1 and
GLP-1R mRNA levels compared to each treatment alone
(Fig. 7A and B).

PHYLN-NIO and Sema modulate the mRNA expression of
genes involved in hepatic lipogenesis in HFD rats

Figure 10 illustrates a significant rise in the mRNA lev-
els of LXR-a, SREBP-1c, PPAR-y, FASN, and ACC-1
(Fig. 8A-E) and a diminution in the expression of FXR,
FOXAZ2, and PPAR-a (Fig. 8F—H), which are associated
with hepatic lipogenesis in the HFD group, in contrast
to the untreated group. In contrast, treatment with Sema
significantly suppressed the mRNA expression of LXR-
a, SREBP-1c, PPAR-y, FASN, and ACC-1 by 0.5 fold, 0.6
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fold, 0.5 fold, 0.5 fold, and 0.6 fold, respectively, while
increasing the mRNA expression of FXR, FOXA2, and
PPAR-a by 0.2 fold, 0.2 fold, and 0.2 fold, respectively,
relative to the HFD group. Similarly, PHYLN-NIO treat-
ment led to a comparable suppression of LXR-a, SREBP-
1c, PPAR-y, FASN, and ACC-1 by 0.4 fold, 0.5 fold, 0.4
fold, 0.6 fold, and 0.5 fold, respectively, alongside an
equivalent increase in FXR, FOXA2, and PPAR-« expres-
sion by sixfold, 1.1 fold, and twofold, respectively, com-
pared to the HFD group. However, co-administration of
exendin 9-39 with either Sema or PHYLN-NIO in HFD
rats resulted in increased lipogenesis compared with
Sema or PHYLN-NIO alone (Fig. 8A-H).

Immunohistochemical analysis
Immunostaining of liver sections for PPAR-a revealed
strong cytoplasmic expression within hepatocytes in
both the control group (Fig. 9A) and PYLNI-loaded nio-
somes alone (Fig. 7B). However, the HFD group displayed
a complete absence of PPAR-a expression (Fig. 9C).
In contrast, re-established expression was observed
in numerous hepatocytes in the HFD+Sema group
(Fig. 9D). A moderate number of PPAR-a-positive cells
were detected in HFD + Sema + exendin 9-39 (Fig. 7E)
and HFD+PHYLN-NIO group (Fig. 9F), whereas
HFD + PHYLN-NIO + exendin 9-39 group showed only a
few immunopositive cells (Fig. 9G).
Immunohistochemical staining of liver sections for
LXR-a demonstrated no expression in the control group
(Fig. 10A) and PHYLN-NIO alone (Fig. 10B). Conversely,
an intense number of LXR-a-positive cells was observed
in the HFD group (Fig. 10C). Among the treated groups,
the HFD+Sema group exhibited the lowest num-
ber of LXR-a-positive cells (Fig. 10D), while moderate
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Fig. 7 Effect of PHYLN-NIO and Sema treatment on the mRNA expression of GLP-1 and GLP-1R in the liver of HFD rats. Data are expressed as the
mean+SD (n=8). Groups assigned different letters are deemed to differ statistically (p<0.05), while groups with identical letters are not statistically

different
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Fig. 8 Effect of PHYLN-NIO and Sema treatment on lipogenesis-related genes in liver tissues of HFD rats. A LXR-a, B SREBP-1¢, C PPAR-y, D FASN, E ACC-1,
FFXR, G FOXA2,and H PPAR-a. Data are presented as the mean +SD (n=7). Data are expressed as the mean = SEM (n =8). Groups assigned different letters
are deemed to differ statistically (p < 0.05), while groups with identical letters are not statistically different

expression was detected in NAFLD + Sema + exendin
9-39 (Fig. 10E). The HFD + PHYLN-NIO group showed
a few positive cells (Fig. 10F), and the HFD + PHYLN-
NIO +exendin 9-39 group had abundant cytoplasmic
expression (Fig. 10G), though less pronounced than in
the HFD group.

Histopathological analysis of hepatic tissues

Examined sections from the liver of both the control
group (Fig. 9A) and PHYLN-NIO alone (Fig. 9B) showed
normal histomorphology of hepatic cells, portal areas,
Kupfer cells, and central veins. However, the HFD group
(Fig. 11C) revealed diffuse areas of fatty degeneration
within hepatocytes. The fatty degenerated cells were rep-
resented by large, clear vacuoles with compressed nuclei
to the periphery. On the other hand, there are ameliora-
tions in the degenerative changes of liver tissues among
different treated groups. HFD + Sema group (Fig. 11D)
exhibited more pronounced ameliorations among differ-
ent treated groups with minute fatty droplets within a
few hepatocytes. HFD + Sema + exendin 9-39 (Fig. 11E)
revealed a moderate degree of vacuolated hepatic cells

with centrally located nucleii HFD+PHYLN-NIO
group (Fig. 11F) exhibited a mild degree of degenera-
tive changes within the hepatic parenchyma. The worst
degree of amelioration was seen in the HFD + PHYLN-
NIO group (Fig. 11F) with a moderate degree of vacu-
olated hepatic cells with centrally located nuclei beside
dilated hepatic blood vessels.

A scoring system for evaluating commonly observed
lesions in liver tissues across different groups was illus-
trated in Table 7.

Discussion

MAFLD is a prevalent liver disorder identified by an
abnormal accumulation of liver fat without excessive
alcohol consumption [2]. It comprises a range of condi-
tions, from simple fat buildup (steatosis) to non-alco-
holic steatohepatitis (NASH), which can lead to severe
fibrosis and cirrhosis [43]. With the global prevalence
of MAFLD, there is an urgent need for effective preven-
tion and treatment strategies. Dietary flavonoids and
phenolic compounds that exist in P. niruri exert strong
anti-inflammatory and antioxidant properties, and it has
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Fig. 9 Representative photomicrographs of immunostained liver sections (Scale bar 20um) for PPAR-a showing strong cytoplasmic expression within
hepatocytes in both the control group A and PHYLN-NIO alone B. However, the HFD group displayed a complete absence of PPAR-a expression C. In
contrast, re-established expression was observed in numerous hepatocytes in the HFD +Sema group D. A moderate number of PPAR- a-positive cells
were detected in HFD +Sema+exendin 9-39 E and HFD+PHYLN-NIO group F, whereas HFD +PHYLN-NIO +exendin 9-39 group showed only a few
immunopositive cells G. Graphical demonstration of the area % of PPAR-a in the different groups H. IHC counterstaining with Mayer's haematoxylin. (The
positive expressed cells revealed a golden-brown color). (Arrows refer to positively expressed cells)

been reported that using P. niruri extract has been dis-
played as an effective alternative therapy to ameliorate
MAFLD [44]. However, the absorption pathway of P.
niruri extract may be limited, affecting the distribution
of its active substances. Nanotechnology is a novel and
underutilized strategy to address this issue. Thus, this
study proposed that the incorporation of P. niruri extract
into a nanocarrier will exert a protective role in experi-
mental rat models with obesity-induced hepatic steatosis.
The efficacy of PHYLN-NIO as GLP-1RA mimetics was
validated by directly comparing their effects to Sema, a
widely studied GLP-1RA. Sema appears to be a promis-
ing therapeutic option for patients with NAFLD. Upon
binding to its ligand, the GLP-1 receptor promotes intra-
cellular signaling pathways that elicit various beneficial
impacts. Notably, Sema has been shown to improve the
parameters of metabolic syndrome, a condition strongly
connected to the pathogenesis of MAFLD [45-47]. Exen-
din9-39, a GLP-1 receptor antagonist, was also used to

investigate the GLP-1-RA-related mechanism through
which PHYLN-NIO influences hepatic lipid metabolism.

In this study, HFD rats displayed a pronounced rise in
BW and BMLI. Similarly, [48] reported a steady rise in obe-
sity indices and waist circumference in obese, untreated
rats fed high-fat meals over six weeks. A marked increase
in liver and visceral fat weight in the HFD group is a key
characteristic of MAFLD [7]. Treatment with both Sema
and PHYLN-NIO significantly reduced BW and BMI
compared to the HFD group. Notably, PYLNI-loaded
niosomes show similar efficacy to Sema, suggesting they
could be a promising alternative to GLP-1RA-based ther-
apies. However, co-treatment with exendin9-39 led to an
increase in both BW and BMI, confirming the GLP-1RA-
dependent mechanism of action for both treatments.
PHYLN extracts effectively reduce visceral fat, liver
weight, hepatic steatosis, and inflammation, thereby pre-
venting the advancement of MAFLD [1].
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Fig. 10 Representative photomicrographs of immunostained liver sections (Scale bar 20 pm) for LXR-a showing no expression in the control group
A and PHYLN-NIO alone B. Conversely, an intense number of LXR-a-positive cells was observed in the HFD group C. Among the treated groups, the
HFD + Sema group exhibited the lowest number of LXR-a-positive cells D, while moderate expression was detected in HFD + Sema +exendin 9-39 E. The
HFD +PHYLN-NIO group showed a few positive cells F, and the HFD + PYLNI-loaded niosome +exendin 9-39 group had abundant cytoplasmic expres-
sion G, though less pronounced than in the HFD group. Graphical demonstration of the area % of LXR-a in the different groups H. IHC counterstaining
with Mayer’s haematoxylin. (The positive expressed cells revealed a golden-brown color). (Arrows refer to positively expressed cells)

It has been documented that prolonged oxidative stress
is a key contributor to the initiation and advancement
of MAFLD. Several studies have stated that MAFLD is
accompanied by ROS overproduction or reduced anti-
oxidant activity with subsequent oxidative stress due to
an imbalance between antioxidant activity and ROS [1,
49]. Nrf2 functions as a master sensor of oxidative stress.
Experimental evidence indicates that Nrf2 activation can
attenuate hepatic steatosis by suppressing de novo lipo-
genesis and improving mitochondrial redox efficiency,
whereas Nrf2 deficiency exacerbates oxidative stress,
inflammation, and lipid accumulation in the liver [50].
Our findings revealed that HFD feeding disrupted the
serum lipid profile, impaired liver function, and reduced
antioxidant status while promoting oxidative stress and
proinflammatory cytokine mediators in the HFD rat
model. In detail, the marked rise in serum levels of ALP
and ALT, along with elevated hepatic levels of TG, TC,
and MDA, strongly indicates liver damage and oxidative
stress [51]. According to the “two-hit” theory of MAFLD,
increased free fatty acids are the first hit, causing lipo-
genesis and lipid buildup in the liver, while oxidative

stress and lipid peroxidation are the second strike [52].
Consistent with our findings, accumulated fats in the
liver trigger lipid peroxidation markers like MDA [53]
that trigger inflammation and fibrosis [54]. Our find-
ings showed that the HFD group showed elevated glu-
cose levels, hyperinsulinemia, increased HOMA-IR
values, marked hepatic steatosis, and inflammation.
These results are consistent with other studies, demon-
strating that an HFD may rapidly lead the liver to store fat
and significantly raise HOMA-IR levels [55]. Elevated IR
in the HFD group likely exacerbates liver oxidative stress,
generating reactive oxygen species, causing hepatic lipid
peroxidation, inflammatory responses, and fibrosis. This
process activates hepatic stellate cells (HSC), further pro-
moting fibrosis [3].

In accordance with these previous observations,
PHYLN-NIO and Sema effectively reduced MDA lev-
els while increasing antioxidant markers such as TAC,
GPx, and SOD. They also improved insulin sensitivity
by lowering glucose, insulin levels, and IR. Furthermore,
a significant reduction in TC, TG, VLDLc, and LDLc
was observed. Similar effectiveness to Sema underlines
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Fig. 11 Photomicrograph of H&E-stained sections from liver sections (Scale bar 20um). Examined sections from the liver of both the control group (A)
and PHYLN-NIO alone (B) showed normal histomorphology of hepatic cells, portal areas, Kupfer cells, and central veins. However, the HFD group (C)
revealed Diffuse areas of fatty degeneration with peripherally located nuclei (arrows). On the other hand, there are ameliorations in pathological lesions
of liver tissues in all treatment groups. The HFD + Sema group (D) exhibited Minute fatty droplets within a few hepatocytes (arrow). HFD + Sema + exendin
9-39 (E) revealed a moderate degree of vacuolated hepatic cells with centrally located nuclei (arrow). The HFD + PHYLN-NIO group (F) exhibited a mild
degree of degenerative changes within hepatic parenchyma (arrow). The worst degree of amelioration was seen in the HFD + PHYLN-NIO + exendin 9-39
group (G) with a moderate degree of vacuolated hepatic parenchyma (arrow) beside dilated hepatic blood vessels (arrowhead)

Table 7 Histopathological scoring system for evaluation of commonly observed liver lesions among different experimental groups:
Liver sections were evaluated using a semi-quantitative scoring system as follows: 0=no alteration, 1 =mild alteration, 2=moderate

alteration, and 3=severe alteration

Lesion Control PHYLN-NIO HFD HFD+Sema HFD+Sema+Ex- HFD+PHYLN-NIO HFD+PHYLN-

endin 9-39 NIO +Exendin
9-39

Hepatic steatosis 0 0 3 1 2 1 3

Focal area of necrotic hepatocytes 0 0 2 0 1 1 1

Lymphocyte infiltration 0 0 3 1 1 1 2

Inflamed portal area 0 0 2 0 2 1 1

Congested hepatic blood vessels 0 0 2 1 1 2 2

PHYLN-NIO’s potential as an effective therapy for hyper-
lipidemia, modulating oxidative stress and ameliorat-
ing IR in HFD rats. These effects may be mediated by
the phenolic chemicals found in PHYLN extracts, which
decrease lipid peroxidation and increase 3-oxidation and
insulin signaling to mitigate oxidative stress. Similarly,

previous studies have shown that polyphenols possess
strong antioxidant properties, repressing lipogenesis
and diminishing fatty acid synthesis in vitro [8]. More-
over, the intrinsic antioxidant properties of polyphenolics
that exist in PHYLN have been ascribed to its free radi-
cal scavenging activity and thus protected against free
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radical-induced damage [56, 57]. Additionally, the anti-
hepatic steatosis effects of PHYLN may also be attrib-
uted to ellagic acid, a potent antioxidant and a primary
component of the extract. Ellagic acid is a key factor in
the anti-MAFLD properties of PHYLN in vitro [23]. Fur-
thermore, ellagic acid has also been shown to boost the
expression of FFA oxidative genes in the liver, prevent TG
esterification, and impair de novo lipogenesis. As a result,
the buildup of hepatic lipids decreases substantially [58].

Inflammatory response, particularly in controlling the
expression of cytokines implicated in inflammation, It
was established that polyphenols can inhibit inflamma-
tory responses by diminishing NF-kp and mitogen-acti-
vated protein kinase signaling pathways [59]. Cytokines
are generally recognized as key mediators of inflam-
mation, fibrosis, and cirrhosis in NAFLD [60]. Herein,
treating HFD rats with PHYLN-NIO and Sema mark-
edly dropped serum levels of IL-1B, IL-6, and NF-«kB.
Similarly, Ezzat et al. [61] and [62] reported that PYLNI
decreased levels of caspase-3, TNF-a, IL-1f, IL-18, and
IL-10 in rats with carbon tetrachloride-induced hepatic
damage. The efficient stability and higher bioavailability
of PHYLN-NIO in the current study could effectively
reduce the higher inflammatory response concurrent
with HFD. Additionally, rats given PHYLN-NIO and
Sema also revealed a notable decline in liver enzyme
levels related to rats with HFD, indicating the niosomes’
strong hepatoprotective benefits. The effects were
reversed by exendin 9-39 in both PHYLN-NIO and Sema
groups, highlighting the GLP-1 R-dependent mechanism
of action of PHYLN-NIO. The reduction in liver enzyme
levels can be attributed to the polyphenolic compounds
and flavonoids in PHYLN, which possess strong antioxi-
dant properties, decreasing the adverse impacts associ-
ated with oxidative stress. These Phytochemicals like
Astragalin, Gallocatechin, Ellagic acid, Gallic acid, Brevi-
folin carboxylic acid, Phyllnirurin, and Hypophyllanthin
prevent lipid peroxidation, eliminate free radicals, and
enhance the liver’s antioxidant defense system [57, 63].
Moreover, the anti-inflammatory and hepatoprotective
effects of PHYLN-NIO were further supported by histo-
pathological analysis, which revealed a mildly inflamed
portal area and small foci of necrotic hepatocytes accom-
panied by aggregates of round cells.

Previous investigation has shown interest in the poten-
tial influence of IncRNAs in obesity [64]. LncRNAs may
be crucial for controlling 3-cell functionality and regulat-
ing glucose homeostasis [65]. MALAT1, a member of the
IncRNA family, has numerous regulatory roles related to
the expression of genes. Initially identified in several spe-
cies, including humans [66]. MALAT1 acts as a potential
regulator of fat deposition processes through differential
gene expression analysis. This conclusion was based on
its elevated expression in porcine adipose tissue, which
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was correlated with backfat accumulation [67]. More-
over, MiR-206 is a direct target of MALAT1 in non-small
cell lung cancer, with a negative correlation observed
between their expression levels [68]. Furthermore, MiR-
206 is a strong inhibitor of lipid and glucose production,
improving insulin signaling and suppressing hepatic
lipogenesis [69]. In our investigation, IncRNA-MALAT1
mRNA expression was significantly elevated in the HFD
group, while miR-206 expression was correspondingly
downregulated, indicating IR and lipid accumulation in
hepatic tissues. In harmony, our data showed that both
PYLNI-loaded niosomes and Sema reduced the expres-
sion of IncRNA-MALAT1, promoting a rise in miR-206
mRNA levels. The downregulation of IncRNA-MALAT1
and upregulation of miR-206 indicate a potential part in
controlling hepatic inflammation and lipid metabolism.

Hepatic lipogenesis in the liver is highly regulated by
a network of transcription factors and enzymes. LXRs
are one of the nuclear receptor (NR) class of ligand-acti-
vated transcription factors. Notably, it has been demon-
strated that GLP-1 mimetics administration increases
the expression of important cholesterol transporters in
adipocytes via an LXR-a-mediated mechanism in 3T3-L1
adipocytes [70]. Beyond their role in cholesterol metab-
olism, LXRs are recognized as key regulators of hepatic
fatty acid biosynthesis [71]. In addition, LXRa primar-
ily promotes de novo lipogenesis in the liver by regu-
lating the expression of SREBP1c, ACC1, and FAS [72].
Furthermore, PPARa and PPARy have opposing roles in
fat metabolism: PPARa facilitates fat utilization, while
PPARy activation promotes fat storage. Polyunsaturated
fatty acids (PUFAs) serve as natural ligands for PPAR«
and PPARy, modulating lipid metabolism and mitochon-
drial function. Activation of PPARa by PUFAs enhances
B-oxidation of fatty acids in hepatocytes, reducing lipid
accumulation and preventing steatosis. Moreover, PUFAs
have been shown to improve mitochondrial biogenesis
and maintain mitochondrial integrity, thereby mitigat-
ing oxidative stress and mitochondrial dysfunction com-
monly associated with hepatic steatosis [73].

Moreover, FXR activation lowers triglyceride levels by
reducing liver fatty acid synthesis by reducing SREBP1c
and LXR expression, enhancing PPARa expression,
improving TG clearance, and increasing adipose tissue
storage while modulating adipokine patterns [74] Adi-
pocyte differentiation is facilitated by PPARy-activated
FXR, which promotes lipogenesis by upregulating FAS
expression in adipocytes [75]. Furthermore, FoxO1 not
only downregulates SREBP1c expression but also inhibits
genes involved in fatty acid synthesis, like FAS and ATP
citrate lyase [76]. Our study aligns with this context, as
induced hyperlipidemia downregulated GLP-1 and GLP-
1R expression and upregulated hepatic lipogenic genes,
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ultimately contributing to the progression of obesity-
induced hepatic steatosis in rats.

Sema and PHYLN-NIO treatment suppressed hepatic
lipogenesis by downregulating LXR-a, SREBP-Ic,
PPAR-y, FASN, and ACC-1, suggesting suppression
of hepatic lipogenesis while increasing FXR, FOXA2,
and PPAR-a expression, which are entailed in lipid
metabolism and energy homeostasis. The co-admin-
istration of exendin 9-39 with either Sema or PHYLN-
NIO increased lipogenesis, like the GLP-1 and GLP-1R
expression data. This implies that these lipogeneses are
regulated by GLP-1 signaling through GLP-1R and that
inhibiting this pathway may make hepatic lipid accumu-
lation progressively worse. In harmony, our data showed
that PHYLN-NIO treatment reduced IncRNA-MALAT1
expression, leading to increased miR-206 mRNA levels.
Elevated miR-206 enhances the expression of GLP-1 and
its receptor, GLP-1R. This regulation decreases hepatic
lipid accumulation by influencing genes involved in
lipogenesis. These effects likely contribute to PHYLN’s
ability to limit pathological adipose tissue expansion,
enhance insulin signaling, and reduce inflammation [1].
The PHYLN extract was found to contain several bio-
active lignans, including phyllanthin, hypophyllanthin,
phyltetralin, niranthin, nirtetralin, hinokinin, and isolint-
etralin [77], which belong to the polyphenol group and
possess well-known antioxidant properties [78]. Despite
the promising findings, this study has some limitations.
The HFD-induced MAFLD rat model does not fully
reflect the complexity of human MAFLD; therefore, clini-
cal extrapolation should be made with caution. Although
a GLP-1R-dependent mechanism was confirmed using
exendin 9-39, downstream signaling pathways were not
fully elucidated. In addition, the complex phytochemi-
cal composition of PHYLN extract limits attribution of
the observed effects to a single compound, and possible
synergistic interactions cannot be excluded. Finally, phar-
macokinetic characteristics, long-term safety, and clinical
validation of PHYLN-NIO were not assessed and warrant
further investigation.

Conclusion

The long-term effectiveness of nanotherapeutic
approaches with antioxidant properties opens new ave-
nues for the successful treatment of MAFLD. This study
demonstrates that PHYLN-NIO effectively mitigates
HFD-induced hepatic steatosis in rats. Treatment with
PHYLN-NIO significantly reduced BW, BMI, oxida-
tive stress, and inflammation. The treatment reduced
the expression of IncRNA-MALAT1 while increasing
miR-206 levels, enhancing GLP-1/GLP-1R signaling,
and decreasing hepatic lipid accumulation. Collectively,
these results emphasize the potential of PHYLN-NIO as
a therapeutic approach for managing MAFLD. According
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to this study, PHYLN-NIO has significant clinical and
nutritional significance for the treatment of MAFLD. In
terms of nutrition, it encourages the use of antioxidant
bioactives administered by nanotechnology to enhance
redox and metabolic balance and alter gene expression
related to lipid metabolism. Clinically, PHYLN-NIO
shows potential as a disease-modifying therapy by reduc-
ing obesity-related parameters, oxidative stress, inflam-
mation, and hepatic steatosis while enhancing GLP-1/
GLP-1R signaling, highlighting its promise as an adjunct
or alternative strategy for long-term MAFLD treatment.
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