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A B S T R A C T

Hyperuricemia (HUA) is a metabolic disease characterized by high levels of uric acid (UA) in the blood and 
varying degrees of kidney damage. Desirable nanoliposomes should simultaneously exhibit efficient 
biocompatibility and effective drug delivery. However, they both usually require special structural 
properties. Herein, we propose a strategy to prepare nanoliposomes with varying rigidity by replacing 
cholesterol (CH) with phytosterol esters (PE). The results showed that the particle size of PE naringenin 
nanoliposomes (PE-NAR) was 179.5 nm, and the encapsulation efficiency (EE) was 79.93%. In atomic 
force microscopy (AFM) tests, PE-NAR showed a 1-fold increase in rigidity compared to CH naringenin 
nanoliposomes (CH-NAR). By observing the effects of naringenin nanoliposomes (NAR-NLs) on the 
physiological and biochemical indicators in HUA mice, we explore its impact on kidney damage and 
inflammatory pathways in HUA mice. The results show that NAR-NLs significantly inhibit UA levels and 
improve kidney damage. Compared to oral naringenin, NAR-NLs generally enhance the in vivo antioxidant 
effects of naringenin. Furthermore, high-rigidity PE-NAR downregulated the renal inflammatory factor 
interleukin-1β (IL-1β) to 6.67%, demonstrating the highest inhibitory effect. Further experiments have 
demonstrated that naringenin exerts a protective effect in kidney injury by inhibiting the activation of NOD-
like receptor protein 3 (NLRP3) inflammasome and reducing oxidative stress within the body. In summary, by 
adjusting the rigidity of the nanoliposomes, the oral administration of naringenin can effectively improve the 
alleviation of HUA.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Hyperuricemia (HUA), characterized as serum uric acid (UA) level 
exceeds 7 mg/dL, is a metabolic disease caused by abnormal purine 
metabolism or UA excretion in humans[1]. In recent years, due to 
abnormal dietary habits and lifestyles, such as overconsumption of 

high-purine food, the increasing prevalence of HUA in the population 
has become an unstoppable trend[2]. HUA has been found to be a 
contributing factor in the progression of gout and chronic kidney 
disease[3-4]. Furthermore, previous studies have confirmed a strong 
correlation between HUA and the incidence of insulin resistance, 
cardiovascular disease, hypertension, and diabetes[5]. UA is maintained 
in dynamic balance in healthy humans, with 600–700 mg of UA 
produced and excreted daily[6]. Excess UA in the blood stimulates the 
mesangial cells to generate a large amount of reactive oxygen species 
(ROS)[7]. Meanwhile, a high level of serum UA promotes the release of 
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pro-inflammatory cytokines via the nuclear factor kappa-B (NF-κB) 
signaling pathway[8]. Hence, controlling serum UA levels and reducing 
kidney inflammation are considered two key strategies in terms of 
HUA treatment. Numerous anti-HUA drugs have been developed for 
HUA therapy, such as allopurinol, febuxostat, and benzbromarone[9]. 
However, the adverse reactions of these drugs, such as rashes, 
severe allergies, and nephrotoxicity, sometimes limit their clinical 
application[10]. Hence, safe and effective strategies against HUA are 
urgently needed to replace current drug therapies.

In recent years, more and more studies have focused on 
phytochemicals to regulate UA levels and prevent related diseases[11]. 
Naringenin, which is derived from citrus fruits, such as lemons and 
oranges, is a citrus flavonoid[12]. When used as a food supplement, 
naringenin might have various pharmacological activities in vivo, 
including antioxidant, antimicrobial, and suppressing inflammation 
activities[13-14]. In the study of HUA mice induced by potassium 
oxonate (PO) and fructose water, naringenin played a protective 
role in renal injury by inhibiting increases in the levels of 
proinflammatory cytokines interleukin-16 (IL-16) and tumor necrosis 
factor alpha (TNF-α)[15]. In vitro, naringenin has notable activities of 
inhibiting xanthine oxidase (XOD) and adenosine deaminase (ADA) 
to reduce urate production[16-17]. However, the low solubility of 
naringenin reduces its availability by hindering its transport across 
biological membranes[18]. This largely limits the application of 
naringenin in the pharmaceutical field.

Drug delivery systems involve delivering the potentially active 
drug to the site of action via a nano-vehicle to enhance the 
pharmacological properties of free drugs[19]. Nanoliposomes are 
one of the most explored nanocarriers used in targeted drug delivery 
systems. Nanoliposome is a kind of lipid bilayer colloidal vesicles 
with a nanometer size range, which can encapsulate compounds with 
poor water solubility[20]. However, the role of nanoliposomes is 
mainly affected by a variety of factors, including composition, 
particle size, surface charge, and biological environment[21]. Recently, 
studies have shown that nanoliposomes with greater rigidity exhibit 
favorable stability in simulated gastrointestinal tract experiments[22]. 
Our latest studies have shown that high-rigidity 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) nanoliposomes have the best 
endocytosis in cell uptake experiments[23]. Phytosterol, as a natural 
triterpenoid, plays a similar role as cholesterol (CH) in regulating the 
rigidity and membrane stability of nanoliposomes[24]. In addition, 
phytosterols have the health effects of reducing serum CH levels and 
preventing cardiovascular and cerebrovascular diseases[25]. Therefore, 
it is feasible to use phytosterols instead of CH to prepare 
nanoliposomes and regulate their rigidity.

In this study, phytosterol ester (PE) was used to replace CH to 
prepare nanoliposomes, and it was found that naringenin could be 
effectively encapsulated. The rigidity of nanoliposomes was obtained by 
atomic force microscopy (AFM) quantization to determine the feasibility 
of PE as membrane stabilizers instead of CH. Then, PO (200 mg/kg) and 
hypoxanthine (HX, 100 mg/kg) were used to induce a HUA model to 
observe the renal injury[26]. The therapeutic effects of different rigid 
naringenin nanoliposomes (NAR-NLs) on HUA mice were evaluated by 
further detecting UA, creatinine (Cr), blood urea nitrogen (BUN), 
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione 
peroxidase (GSH-PX), and cytokine levels. Finally, the effect of NAR-
NLs on the NOD-like receptor protein 3 (NLRP3) inflammasome was 
studied to elucidate its mechanism of improving renal inflammation.

2.　Materials and methods

2.1　Materials and reagents

Naringenin were purchased from Shanghai Macklin 
Biochemical Co., Ltd. (Shanghai, China). DPPC and 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP) were obtained from AVT 
Pharmaceutical Co., Ltd. (Shanghai, China). PE were purchased from 
Xi’an Healthful Biotechnology Co., Ltd. (Xi’an, China). UA, Cr, BUN, 
XOD, MDA, SOD and GSH-PX texting kits were provided by Nanjing 
Key GEN Biotech. Co., Ltd. (Nanjing, China). Enzyme linked 
immunosorbent assay (ELISA) kit of IL-1β and 1L-18 was obtained 
from Cusabio Biological Engineering Co., Ltd. (Wuhan, China). All 
other materials used were of analytical grade.

2.2　Preparation of NAR-NLs

NAR-NLs were prepared by ethanol injection method[27]. Briefly, 
naringenin was dissolved in anhydrous ethanol and chloroform (V:V = 
1:1) according to the ratio of DPPC:CH/PE: DOTAP = 0.65:0.25:0.1, 
and fully dissolved by ultrasound for 5 min. The organic phase was 
injected into a 5% glucose aqueous solution and an appropriate amount 
of Tween 80, and then the mixture was placed in a rotary evaporator 
and evaporated under reduced pressure at 45 ℃ for 30 min to remove 
the residual solvent. An appropriate amount of 5% glucose aqueous 
solution was used to obtain 10 mL liposome suspension.

2.3　Characterization of NAR-NLs

2.3.1　Particle size and zeta-potential measurements

A Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK) was used 
to determine particle sizes, polydispersity indexes (PDI) and zeta 
potentials of the CH/PE-NAR. Before measurement, the CH/PE-NAR 
were diluted 4-fold with deionized water to prevent multiple 
scattering. Then, 1 mL of diluted sample was pipetted into the sample 
cell and tested at 25 ℃ in triplicate.

2.3.2　Encapsulation efficiency (EE) and loading amount (LA)

The NAR-NLs EE and LA were determined according to a 
previously described method, with some modification[23]. Briefly, 
4 mL of NAR-NLs was centrifuged at 4 500 r/min for 15 min and 
then filtered through a 100 kDa membrane filter (Millipore) to separate 
free naringenin from the nanoliposomes. The concentration of free 
naringenin in the aqueous solution was determined by measuring 
the absorbance at 301 nm. The amount of free naringenin was 
determined using a standard curve (y = 0.003x + 0.014 2, R² = 0.995 3). 
EE and LA were calculated as follows:

EE (%)=
Total NAR (mg)-Free NAR (mg)

Total NAR (mg)
´ 100 (1)

LA (g/100 g)=
Total NAR (g)-Free NAR (g)

Total lipids (g)
(2)

2.3.3　Microstructure and morphology analysis

The amount of free naringenin was determined by microstructure 
and morphology analysis. The morphology of the nanoliposomes was 

2



S.M. Feng et al. / Food Science and Human Wellness 14  (2025) 9250454

observed using an HT-7700 instrument (Hitachi, Japan). The samples were 
diluted to an appropriate concentration and dropped on a carbon coated 
copper mesh. The excess dispersion was then absorbed with a filter paper. 
Samples after drying were loaded into a sample holder for observation.

2.4　AFM measurements

AFM imaging and force measurements were performed using an 
atomic force microscope (Oxford Cypher ES) in tap mode in aqueous 
media at (26 ± 1) ℃ . Before the measurement, a micro-cantilever 
(BL-AC40TS-C2) with a specified spring constant of 0.09 N/m and a 
tip curvature radius of 10 nm (Olympus, Tokyo, Japan) was immersed 
in the sample for 30 min to achieve thermal equilibrium. The scanning 
speed is set to 1 Hz, the stretching/contraction rate is 1.98 m/s, and 
the driving amplitude is 0.1–0.2 V. The obtained morphology image 
pixel is 256 × 256, and multiple force curves are obtained from 
nanoliposomes with a diameter of 150–250 nm. At least 100 times of 
force curve analysis was performed on each nanoliposome to obtain 
sufficient data for statistical analysis.

2.5　AFM data analysis

The Shell model was used to fit the force and liposome 
deformation curves to extract Young’s modulus (E) [28]. The model is 
applied to the elastic region, and the penetration of the AFM tip to the 
sample should not exceed 10% of its diameter. Shell model uses the 
following relationship:

F =
E4h2

R 3(1 - v2 )
δ (3)

Where F represents the applied force (N), R represents the radius of 
curvature of the indented nanoliposomes, h represents the membrane 
thickness and δ represents indentation. The Poisson’s ratio (v) is 
typically assumed to be 0.5 and the membrane thickness 4 nm.

When immobilized nanoliposomes were positioned, closer 
images were recorded (typically 2 μm × 2 μm or smaller), and 
sections were drawn across the images to survey the height H and 
base width W of individual nanoliposomes, thereby ignoring tip 
convolution effects. The formula for calculating the volume V of the 
adsorbed nanoliposome is:

V =
πH
6

(
3
4

W 2 +H 2 ) (4)

Moreover, the mean diameter D of a sphere of equivalent volume 
was calculated as:

D =
6V
π

3

=H
3
4

W 2

H 2
+ 1

3

(5)

2.6　Animals and treatment

Male Kunming mice (18–22 g) were purchased from the Hangzhou 
Qizhen Experimental Animal Technology Co., Ltd. (Hangzhou, China) 
(SCXK(Zhe)2022-0005). Animals were acclimated for 1 week before 
the experiments. All animals were allowed to eat a standard diet and 
drink ad libitum, and adapted to the specific pathogen free (SPF) 
conditions at (22 ± 2) ℃, humidity (60 ± 5)% with a fixed 12 h artificial 
light period. The study was guided and approved by the Animal Ethics 
Committee of Zhejiang University of Technology Medicine 

(MGS20230711097). All mice were randomly divided into 6 groups 
(n = 7 per group): (G1) control group, (G2) model group, 
(G3) benzbromarone group (20 mg/kg), (G4) naringenin group 
(50 mg/kg), (G5) CH-NAR group (40 mg/kg), and (G6) PE-NAR group 
(40 mg/kg). PO (200 mg/kg) and HX (100 mg/kg) were dissolved in 
0.5% sodium carboxymethyl cellulose solution, and mice were 
intraperitoneally injected with combined modeling drugs to induce 
HUA. Naringenin and benzbromarone were dissolved in 0.5% sodium 
carboxymethyl cellulose solution. After 1 h of modeling, the 
corresponding therapeutic drugs were intragastrically administered. The 
control mice were treated with 0.5% CMC-Na for 14 days. The body 
weight, diet and water intake of each mouse were recorded before the 
experiment every day. On day 15, mice were euthanized 1 h after the 
final administered dose; the blood samples and tissues of the liver and 
kidney were collected and stored at −80 ℃. The kidney index and liver 
index uses the following relationship:

Kidney index (%)=
Weight of kidney (mg)

Body weight (g)
´ 100 (6)  

Liver index (%)=
Weight of liver (mg)

Body weight (g)
´ 100 (7) 

2.7　Biochemical measurement

The levels of UA, Cr, BUN and XOD in the serum and XOD 
in the liver were detected by using commercial detection kits 
(Jiancheng Bioengineering Institute, China) according to the 
instructions of manufacturers.

2.8　Histological analysis

After the mice were sacrificed, some kidney tissues were collected 
from each group of mice, washed with saline solution and fixed in 4% 
paraformaldehyde. The tissue samples were dehydrated and embedded 
in paraffin, and evenly cut into 4 μm sections. After staining with 
hematoxylin and eosin (H&E), the histopathological changes of the 
kidney were observed under an optical microscope magnification. The 
kidney injury was scored according to the previous.

2.9　Antioxidant activity and cytokine levels

The activities of MDA, SOD and GSH-PX in the serum were 
detected by using commercial detection kit (Jiancheng Bioengineering 
Institute, China) and the protein concentration of kidney supernatant 
was detected by BCA kit. The levels of IL-1β and IL-18 in the serum 
and kidney were detected by ELISA kits. The detection method was 
performed according to the instructions of manufacturers.

2.10　Immunohistochemical staining

The paraffin embedded kidney sections were deparaffinized using 
xylene and dehydrated using graded concentrations of alcohol. 
Antigen retrieval was conducted by autoclaving at 120 ℃ for 15 min 
in citrate buffer (pH 6.0), and then sections were incubated with 3% 
hydrogen peroxide was used to inactivate the endogenous peroxidase. 
Then, sections were blocked with 10% horse serum. And they were 
incubated with IL-1β antibody (1:200, Proteintech, Wuhan, China) for 
overnight at 4 ℃. Then, the sections were incubated with 
HRP-conjugated secondary antibody (Bioss, Beijing, China) for 1 h at 
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room temperature. Subsequently, the sections were incubated with 
streptavidin HRP (Bioss, Beijing, China), results were obtained via 
fluorescence microscopy.

2.11　Western blotting analysis

The kidney tissue was homogenized in protein lysate (RIPA:5× 
cooktail:PMSF:phosphatase inhibitor = 100:2:1:1), lysed on ice for 
30 min, and centrifuged at 12 000 × g at 4 ℃ for 15 min. Then the 
supernatant was collected and the protein concentration was detected 
by BCA protein assay kit. The sample protein and the sample buffer 
were mixed in a ratio of 4:1 and boiled for 10 min.

The protein samples were separated by 8%–10% SDS-PAGE gel 
electrophoresis and transferred to PVDF membrane. The PVDF 
membrane was blocked in 5% skim milk at room temperature for 1 h, 
and incubated with 1: 1 000 diluted anti-NLRP3, apoptosis-associated 
speck like protein containing a CARD (ASC), Caspase-1 and IL-1β 
(Servicebio, Wuhan, China) antibodies at 4 ℃ overnight. Then, after 
washing with TBS-Tween for 3 times, these membranes were incubated 
with the second antibody at room temperature for 1 h. Protein bands 
were exposed using a chemiluminescence (ECL) kit (Beyotime, 
Nanjing, China) and quantified by ImageJ software. All protein 
expression levels were normalized to the expression level of β-actin.

2.12　Gene expression

The TRIzol reagent (Invitrogen, USA) was used to isolate the total 
RNA from kidney tissues following the standard protocol and then the 
RNA was reversely transcribed into cDNA using the HiScript II Q RT 
SuperMix kit (Vazyme Biotech Co., Ltd., China). The cDNA was 
amplified by using the SYBR Green PCR Master Mix and specific 
primers in the CFX96 Real-Time PCR Detection system (Bio-Rad, 
USA) and these primers were listed in Table S1. The β-actin was used as 
the housekeeping gene. All target genes were normalized with β-actin.

2.13　Statistical analysis

Data is expressed as means ± SD and all data analysis were using 
SPSS version 26.0 software. Differences between groups were 
determined using analysis of variance (ANOVA). When the F ratios 
were significant, post hoc comparisons were made using the least 
significant difference (LSD) post hoc test. P < 0.05 was considered 
statistically significantly.

3.　Results

3.1　Characteristics of NAR-NLs

As depicted in Fig. 1A, NAR-NLs consist of translucent, milky white 
suspensions exhibiting a light blue glow, characterized by their uniformity, 
stability, and non-stratification. Nanoliposomes synthesized using CH and 
PE exhibited varying zeta-potentials, where PE-NAR ((40.87 ± 0.97) mV) 
surpassed CH-NAR ((35.16 ± 0.02) mV) by significant difference 
(P < 0.05). Polydispersity frequently served as a measure for the 
distribution of particle diameters in colloidal systems. The particle 
diameter distribution was narrow when the value of PDI was small, and 
thus particles showed better uniformity in diameter[29]. The PDI of 
nanoliposomes was (0.208 ± 0.030) and (0.221 ± 0.020), respectively, 
suggesting that the particle size distribution was uniform (Fig. 1B).

The EE and LA are important parameters determining the amount of 
bioactive components that can be loaded into nanoliposomes. Fig. 1C 
shows the EE and LA values for the CH-NAR and PE-NAR. There were 
no significant differences in EE and LA of nanoliposomes, with EE 
ranging from (77.33 ± 4.55)% to (79.93 ± 2.74)% and LA ranging from 
(4.64 ± 0.27) g/100 g to (4.79 ± 0.16) g/100 g (P > 0.05). Wang et al.[30] 
formulated liposomes of naringenin, and the EE was 78.89%. After oral 
administration, the relative bioavailability increased by about 13.44-fold.

The optical microscopic images and particle size distributions of the 
CH/PE-NAR are shown in Figs. 1D and E. The nanoliposomes particle 
sizes of 2 groups were not significantly different, and the sizes were all 
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in the range of (184.77 ± 1.46)−(179.50 ± 3.96) nm (P > 0.05). This was 
because the size heterogeneity was reduced after the nanoliposomes 
were extruded through the polycarbonate filters. The two nanoparticles 
have similar spherical structures and smooth surfaces.

3.2　Study on the morphology and stiffness of NAR-NLs by AFM

We prepared 2 nanoliposome samples containing naringenin, 
adsorbed NAR-NLs on silicon wafers, and observed their morphology 
using AFM. Fig. 2A shows multiple dispersed circular particles without 
aggregation. Then, the width and new appearance of NAR-NLs were 
further observed by AFM. As shown in Fig. 2B, NAR-NLs exhibit a 
typical spherical shape with a width range of 193–235 nm. The diameter 
of nanoliposomes measured by AFM was larger than the average 
diameter measured by the particle size analyzer and TEM. The volume 
and average diameter of the equivalent sphere were calculated using 
Equations (4) and (5), and the average particle size measured by the 
particle size analyzer was compared (Table S2). The results showed that 
the average diameters of CH-NAR ((179.61 ± 4.08) nm) and PE-NAR 
((176.96 ± 5.38) nm) were not significantly different from those 
measured by particle size analyzer.

While imaging the NAR-NLs surface, multiple scans were 
performed to obtain the corresponding force-deformation curve. The set 
point of more than 2 nN gives the jump state of the force-deformation 
curve, indicating that the AFM tip will produce sharp indentations, 
thereby penetrating the lipid membrane. In order to avoid plastic 
deformation, the maximum force of the set point is less than 500 pN. In 
addition, nanoliposomes with a height greater than 35 nm were selected 
to analyze their stiffness to avoid being affected by the substrate. The 

experiment only collected the elastic behavior data of NAR-NLs with 
less deformation, that is, the maximum indentation is about 10% of the 
measured liposome height. The force-deformation curves of CH-NAR 
and PE-NAR are shown in Fig. 2C. Compared with CH-NAR, the force-
deformation curve obtained by PE-NAR is steeper. The stiffness of 
CH-NAR and PE-NAR obtained by linear curve fitting is shown in 
Fig. 2D, which are (19.88 ± 1.35) and (45.05 ± 3.55) pN/nm, respectively. 
The nanoliposome with the larger Young’s modulus was determined to 
be PE-NAR by Shell model, reaching (93.42 ± 7.37) MPa, which was 
significantly higher than that of CH-NAR ((41.86 ± 2.85) MPa).

3.3　Effects of naringenin on HUA function in mice

To evaluate the impact of naringenin on HUA, a mice model of 
HUA was established (Fig. 3A). The body weight of mice in G2 began 
to decrease on the 7th day, and decreased to (31.0 ± 0.5) g on the 
fourteenth day, which was significantly lower than that in G1 (P < 0.05). 
Benzbromarone and varied doses of naringenin effectively reversed this 
outcome, resulting in a steady gain in body weight, ranging from 
(36.6 ± 2.8) g to (38.3 ± 0.4) g over time (Fig. 3B). G2 consumed 
(2.5 ± 0.2) g of food, significantly less than G1 ((6.5 ± 0.2) g; P < 0.01). 
Other treatment groups alleviated this occurrence (Fig. 3C). However, 
different treatment strategies had no effect on the drinking water intake 
of either group (P > 0.05; Fig. 3D).

3.4　Naringenin reduced UA levels in HUA mice

As shown in Fig. 4A, the serum UA level in G2 were significantly 
increased to 244.53 μmol/L compared to G1 (79.47 μmol/L) (P < 0.05). 
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Serum UA in G6 was considerably lowered to 112.12 μmol/L 

(P < 0.05). G4 and G5 significantly lowered serum UA levels to 184.69 

and 166.10 μmol/L (P < 0.05), respectively. Furthermore, G3 showed 

significantly greater serum BUN levels than G1 (P < 0.05). In HUA 

mice, naringenin and NAR-NLs significantly lowered serum 

BUN levels (P < 0.05; Fig. 4B). Compared to G1 (56.13 μmol/L), 

serum Cr in G2 increased dramatically to 86.79 μmol/L. Both 

20 mg/kg benzbromarone and 40 mg/kg NAR-NLs significantly 

reduced serum Cr levels to 57.56 and 63.21 μmol/L, respectively 

(P < 0.05; Fig. 4C).

In addition, serum levels of MDA, SOD and GSH-PX were examined 

(Figs. 4D-F). In comparison to G1, serum MDA levels in G2 increased 

dramatically to 12.40 nmol/mL (P < 0.05), while serum SOD and GSH-

PX levels decreased significantly (P < 0.05). However, treatment of CH-

NAR and PE-NAR groups downregulated MDA levels (P < 0.05) and 
dramatically elevated SOD and GSH-PX levels (P < 0.05), indicating that 
CH-NAR and PE-NAR can reduce oxidative stress in HUA mice.

3.5　 Naringenin ameliorated PO/HX-induced kidney 
histopathological injuries

The inflammatory cell infiltration and tissue damage are 
considered pathological features of HUA[31]. As shown in Fig. 5A, the 
outer appearance of mice kidneys from G1 revealed a reddish color. 
However, the kidneys in G2 and G3 appeared pale and edematous. 
The treatment with naringenin can restore the ruddy smooth 
phenomenon. In addition, the treatment of naringenin reduced the 
kidney index to 1.96%–1.75% (Fig. 5C), respectively. Consistent with 
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these results, H&E staining demonstrated (Fig. 5B) that the kidney 
tissue morphology of mice in G1 was normal and there was no sign of 
inflammation. While the kidney tissues in G2 displayed serious 
kidney histopathological injuries, characterized by atrophic glomeruli 
and unusual tubular structure. However, G6 remarkably prevented the 
damage to the glomeruli and tubules, with intact glomeruli and 
regular tubules being observed. Compared with G2 (3.94), the 
histopathological score of G6 was significantly decreased to 1.06 
(P < 0.05; Fig. 5D). Overall, these findings indicated that naringenin 
could effectively alleviate kidney damage in the case of HUA.

3.6　Naringenin decreased the levels of XOD in serum and liver

XOD is highly expressed in the liver and is the critical enzyme 
functioning for catalyzing the transformation of HX into xanthine and then 
to UA[32]. Therefore, the effects of naringenin on the activities of XOD in 
serum and liver were investigated to explore the mechanism of lowering 
serum UA levels via the UA synthesis pathway. As shown in Figs. 6A and 
B, G2 had a significantly higher XOD level in serum and liver 
as compared to those levels in G1 (P < 0.05). Compared with G2 
(44.93 U/L), G3 or G6 treatment significantly reduced serum XOD levels 
to 32.64 and 33.33 U/L, respectively (P < 0.05). In addition, XOD levels 
in the liver also showed the same reversal trend. Benzbromarone 
administration could trigger liver injury in mice[33]. In order to evaluate the 
potential hepatotoxicity of the test articles in HUA mice, liver index, 
serum aspartate aminotransferase (AST), alanine transaminase (ALT) and 
liver ALT and AST levels were measured. As shown in Fig. 6C, 
no noticeable changes were observed in liver index among the 
groups (P > 0.05). As shown in Figs. 6D and E, G2 had higher serum ALT 

and AST levels than G1 (P < 0.05). G5 and G6 significantly reduced 
serum ALT and AST levels in HUA mice, and the reversal effect of G6 
was more significant. Compared with G2, 20 mg/kg benzbromarone 
treatment (G3) did not improve serum ALT and AST levels (P > 0.05). 
The average serum ALT and AST in G3 were 18.38 and 18.78 U/L, 
respectively. Besides, in the liver, no differences among the groups in the 
AST and ALT levels were observed (P > 0.05; Figs. 6F and G).

3.7　 Naringenin inhibited the production of cytokines in 
serum and kidney tissues in HUA mice

To assess the degree of kidney inflammation, we further investigated 
the levels of inflammatory cytokines IL-1β and IL-18 in serum and 
kidney tissue HUA mice. Compared with G1, the levels of IL-1β and 
IL-18 in serum and kidney of HUA mice (G2) were significantly 
upregulated (P < 0.05; Figs. 7A-D). Compared with G2, 40 mg/kg of G5 
and G6 reversed this level for 2 weeks. Of note, compared with G5, 
the G6 significantly inhibited the expression of inflammatory cytokines, 
including serum IL-1β, IL-18, and kidney IL-18 (P < 0.05). However, 
the G4 had no significant effect on renal IL-1β and IL-18 levels (P > 0.05). 
Furthermore, the immunohistochemical examination of renal IL-1β 
revealed a notable rise in IL-1β positive staining in mice with HUA 
(Fig. 7E). Compared with G2 (33.67%), the quantitative analysis of renal 
IL-1β immunohistochemical staining in G5 and G6 was significantly 
downregulated to 11.33% and 6.67% (P < 0.05; Fig. 7F). There was no 
significant difference between G6 and G1 (5.33%). The findings indicate 
that by integrating naringenin into phytosterol nanoliposomes, it’s 
more effective in suppressing inflammatory cytokines’ expression, 
thus lessening renal inflammation in mice with HUA.
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3.8　Naringenin suppress NLRP3 inflammasome activation to 

inhibit kidney inflammation

As a downstream factor of the NLRP3 inflammasome, IL-1β 

plays a key role in the NLRP3 signaling pathway[34]. On this basis, we 

further studied the effect of naringenin on the NLRP3 inflammasome 

signaling pathway. Compared with G1, the mRNA expression of 

NLRP3, ASC, Caspase-1 and IL-1β in the kidney tissues of mice with 

HUA (G2) induced by PO and HX was significantly increased 

(P < 0.05). In addition, different doses of naringenin treatment groups 

could downregulate their mRNA levels. Among them, the mRNA 

expression of Caspase-1 and IL-1β in 40 mg/kg G5 and G6 was 

significantly lower than that in G4 (P < 0.05； Figs. 8A-D). Next, the 

levels of NLRP3 inflammasome and downstream inflammatory 
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cytokines in the kidney were evaluated by Western blotting (Fig. 8E). 
The expression of NLRP3, ASC, and Caspase-1 in G2 was 
significantly increased, and the expression of related downstream 
inflammatory cytokines IL-1β was increased (P < 0.05). G6 inhibited 
the expression of NLRP3, ASC, and Caspase-1, and inhibited 
the expression of the pro-inflammatory cytokine IL-1β (P < 0.05; 
Figs. 8F-I). In contrast, G5 administration did not significantly inhibit 
the expression of ASC (P > 0.05; Fig. 8G). It is worth noting that 
the 50 mg/kg G4 had little effect on inhibiting the NLRP3 
inflammasome, because it only inhibited the protein expression of 
downstream inflammatory cytokine IL-1β (P < 0.05; Fig. 8I).

4.　Discussion

Nanoliposomes are an important way to overcome the intestinal 
barrier and enhance the solubility, stability, and bioavailability of 
sensitive bioactive ingredients[35-36]. The size and potential of 
nanoliposomes play a key role in the digestion, release, and absorption of 
encapsulated drugs[37]. Similarly, the rigidity of the nanoliposomes affects 
their stability, the release profile of the loaded drug, and the effectiveness 
of drug delivery[28]. Phytosterols play an important role in controlling 
membrane fluidity and permeability, and their own molecular structure 
will influence the rigidity of liposomes constructed by them[24]. Studies 
with model membrane systems have shown that phytosterol molecules 
have three properties that enable them to embed in the phospholipid 
bilayer[38]. By restricting the movement of the acyl chains of the 
phospholipid bilayer acyl chain and anchoring the choline ammonium 
group close to the membrane surface, it leads to an increase in membrane 
ordering and rigidity of the nanoliposomes[24]. For NAR-NLs, the 

incorporation of PE resulted in a significantly greater rigidity of the 
nanoliposomes than that of CH nanoliposomes. Among them, the Young’s 
modulus of PE-NAR calculated by the Shell model is (93.42 ± 7.37) MPa 
(Figs. 2C, D). This was attributed to the fact that the ester carbonyl group 
of PE could form hydrogen bonds with the polar head group (PO2−) of 
the phospholipid, leading to changes in the stacking geometry of the 
phospholipid bilayer and increased membrane cohesion, thereby 
enhancing the stability of the bilayer[39].

The efficient utilization of bioactive compounds is important 
for precision nutrition in disease prevention[40]. Advances in 
nanotechnology have made nanoliposomes a promising vehicle 
for delivering natural active ingredients to improve their oral 
bioavailability. Chen et al.[41] prepared nanoliposomes with an 
inhibitory effect on NAFLD comparable to that of the original 
naringenin, but at a dose fourfold lower than that of the original drug. 
In our study, 50 mg/kg of naringenin treatment group did not reverse 
serum oxidative indices in HUA mice. On the contrary, 40 mg/kg of NAR-
NLs significantly improved this parameter (Figs. 4D-F). The encapsulation 
of nanoliposomes resulted in enhanced solubility of naringenin. After 
administration, the PE-NAR significantly reduced serum AST and 
ALT levels (Figs. 6D, E). The positive control benzbromarone group 
(20 mg/kg) showed some side effects in the treatment of HUA mice, 
and the high expression of serum AST and ALT can indicate this. As 
a novel, natural, and safe phytochemical, naringenin can be used as 
an auxiliary preparation against HUA to reduce some side effects. 
Jiang et al.[42] demonstrated that naringenin restores c-fos expression 
and promotes flap viability by reducing oxidative stress and 
apoptosis. The modulation of stiffness resulted in enhanced diffusivity 
of the nano-lipid particles through the epithelium for more effective 
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drug delivery[43]. In addition, the ability to overcome the epithelial 
barrier could be improved by modulating the stiffness of the 
amphiphilic ionic hydrogel nanoparticles, where the more rigid 
nanoparticles exhibit overall higher transport efficiency[44]. This effect 
was reflected in the ability of PE to significantly reduce the oxidative 
stress of the inflammatory factors IL-1β and IL-18 naringenin.

XOD is a key enzyme involved in the conversion of xanthine and 
HX to UA, and its activity has an important effect on UA production[45]. 
Studies have shown that a large number of flavonoids have notable 
activities of inhibiting XOD and ADA to reduce urate production and 
reverse urate excretion and reabsorption by regulating renal urate 
transporters glucose transporter 9 (GLUT9), adenosine triphosphate 
(ATP) -binding cassette efflux transporter G2 (ABCG2) and organic 
anion transporter 1 (OAT1) [11]. The results showed that naringenin 
blocked serum UA production in HUA mice by inhibiting XOD 
activity (Figs. 6A, B). The excessive accumulation of UA will show 
cytotoxic effects, and the pathological effects include inducing renal 
interstitial inflammatory injury[46]. In addition, oxidative stress and 
pro-inflammatory cytokines are crosstalk in the induction of HUA[47]. 
These factors activate the NLRP3 inflammasome, promote the secretion 
of pro-inflammatory factors by inflammatory cells, up-regulate the level 
of inflammation in the kidney, and cause inflammatory damage in the 
kidney[48]. NLRP3 inflammasome is formed by oligomerization of 
pattern recognition receptor 3 with apoptosis-associated speck-like 
protein (ASC) and Caspase-1 precursor[49]. Under normal physiological 
conditions, Pro-caspase1 is inactive. When the NLRP3 inflammasome is 
activated, Pro-caspase-1 is processed and activated into active 
Caspase-1, and then the IL-1β precursor and IL-18 precursor are cleaved 
to generate and release IL-1β and IL-18, which is involved in the 
pathogenesis of various inflammatory diseases[50]. In this study, 
naringenin inhibited oxidative stress induced by PO combined with HX 
by increasing the levels of endogenous antioxidants GSH-PX and SOD. 
In addition, the pro-inflammatory cytokines IL-1β and IL-18 in the 
serum and kidney of HUA mice were significantly increased, indicating 
that the NLRP3 inflammasome was activated and inflammatory factors 
were produced to increase the inflammatory damage to the kidney. After 
NAR-NLs intervention, the levels of IL-1β and IL-18 in serum and 
kidney of HUA mice were down-regulated, and the expression of the 
NLRP3, IL-1β, and Caspase-1 proteins in kidney was decreased. It 
indicates that the activation of the NLRP3 inflammasome is inhibited, 
the level of renal inflammation is reduced, and renal injury is improved.

5.　Conclusion

In conclusion, PE can be utilized as stabilizers to regulate the 
rigidity of nanoliposomes, and naringenin embedding allows for 
HUA. AFM was used to measure the rigidity of the nanoliposomes 
and evaluate its impact on naringenin bioavailability. The results 
demonstrated that PE-NAR has a high encapsulation rate and 
stiffness. In vivo investigations revealed that rigid nanoliposomes 
containing naringenin were effective at decreasing UA levels in 
HUA mice. Rigid nanoliposomes reduced oxidative stress more 
effectively than flexible nanoliposomes. Further research found that 
NAR-NLs alleviated kidney damage in HUA mice by suppressing 
NLRP3 inflammatory vesicles. Rigidly modifying nanoliposomes to 
behave as natural active products is a promising method that might 
also be used to overcome some physiological barriers. More studies 
will be conducted in the future to study the effects of physiological 

barriers based on this stiffness in order to develop a more complete 
theoretical model.
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