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Background and Purpose: Nitidine chloride (NC) is a botanical drug renowned for its potent anti-inflammatory, antimalarial, and
hepatocellular carcinoma-inhibiting properties; however, its limited solubility poses challenges to its development and application. To
address this issue, we have devised a colon-targeted delivery system (NC-CS/PT-NPs) aimed at modulating the dysbiosis of the gut
microbiota by augmenting the interaction between NC and the intestinal microbiota, thereby exerting an effect against nonalcoholic
fatty liver disease.

Methods: The NC-CS/PT-NPs were synthesized using the ion gel method. Subsequently, the particle size distribution, morphology,
drug loading efficiency, and release behavior of the NC-CS/PT-NPs were characterized. Furthermore, the impact of NC-CS/PT-NPs on
non-alcoholic fatty liver disease (NAFLD) induced by a high-fat diet (HFD) in mice was investigated through serum biochemical
analysis, ELISA, and histochemical staining. Additionally, the influence of NC-CS/PT-NPs on intestinal microbiota was analyzed
using 16S rDNA gene sequencing.

Results: The nanoparticles prepared in this study have an average particle size of (255.945.10) nm, with an encapsulation rate of
(72.83£2.13) % and a drug loading of (4.65+0.44) %. In vitro release experiments demonstrated that the cumulative release rate in the
stomach and small intestine was lower than 22.0%, while it reached 66.75% in the colon. In vivo experiments conducted on HFD-
induced NAFLD mice showed that treatment with NC-CS/PT-NPs inhibited weight gain, decreased serum aspartate aminotransferase
(AST), Alanine aminotransferase (ALT) and lipid levels, improved liver and intestinal inflammation, and altered the diversity of gut
microbiota in mice.

Conclusion: This study provides new evidence for the treatment of NAFLD through the regulation of gut microbiota using active
ingredients from traditional Chinese medicine.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common forms of chronic liver disease throughout the
world."? It encompasses a spectrum ranging from simple steatosis to nonalcoholic steatohepatitis (NASH), which is
a more aggressive form of the disease that can progress to liver fibrosis, cirrhosis, and life-threatening complications.’
The global incidence of NAFLD has been steadily increasing, with a growth rate of 0.7% per year between 1990 and
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2019. In 2019, the prevalence rate reached approximately 37%. Notably, North and South America had the highest
prevalence rates at 35%, while Asia and Europe exhibited a prevalence rate of 28%.* China has particularly high rates of
NAFLD, with an overall prevalence rate of 29.6% from 1999 to 2018. This makes China the country with the highest
prevalence, incidence, and annual NAFLD-related mortality rate in Asia. It is projected that by 2030, China will
experience the largest increase in NAFLD prevalence globally, leading to a significant rise in the economic burden
associated with the disease.” The current treatment strategies for NAFLD include rational diet and exercise intervention,
as well as combined drug treatment. However, due to the complex pathogenesis of NAFLD, there is still a lack of specific
drugs.®’ Previous research has shown that the transition from steatosis to steatosis hepatitis is influenced by genetic
predisposition, insulin resistance, abnormal lipid metabolism, and mitochondrial dysfunction.2 Despite these findings,
a comprehensive understanding of the underlying mechanisms is still lacking, which hinders the development of effective
treatments for NAFLD. Interestingly, the gut microbiota has been identified as a crucial factor in the pathophysiology of
metabolic disorders, including NAFLD, through the gut-liver axis.*'® Several clinical studies from past years demon-
strated that gut microbiome signature also exists in human NAFLD. This indicates that gut microbiota may be
a promising therapeutic target for NAFLD.

Nitidine chloride (NC) is a key active ingredient found in Zanthoxylum nitidum (Roxb.) DC., a commonly used
Chinese herbal medicine. Z. nitidum is known for its various medicinal properties, including promoting blood circulation,
relieving pain, and detoxifying the body."' Numerous modern pharmacological studies have highlighted the impressive
biological activities of nitidine chloride, such as liver protection, anti-liver cancer effects, anti-inflammatory properties,
and its potential in treating conditions like colitis, malaria, and osteoporosis.'> However, the limited water solubility and
low bioavailability of NC pose challenges to its clinical application.'* Therefore, it is crucial to explore the potential of
NC formulations in reducing drug toxicity, improving solubility, and ultimately facilitating its use in clinical settings.

The nanoparticle drug delivery system offers several advantages, including high bioavailability, good system stability,
high drug loading, long blood circulation, and a long selective distribution half-life in organs and tissues.'*'® Oral
administration is particularly beneficial in enhancing the absorption of nanoparticles, especially in inflammatory or
ulcerated tissues. One effective approach for targeted delivery to the colon is through the use of oral colon targeted
delivery systems (OCDDS), which can deliver drugs directly to the colon site with precise localization. Currently,
OCDDS carriers primarily consist of natural polysaccharides and synthetic azo polymers, such as gum, sodium alginate,
chitosan, et cetera.'”'® Chitosan and pectin, for instance, can serve as prebiotics to regulate intestinal microorganisms
and improve hyperlipidemia and obesity. By utilizing the ionic interaction between NH*>" of chitosan and -COO ™ of
pectin, it is possible to form polyelectrolyte composite nanoparticles that exhibit responsiveness to the intestinal
microbiome and pH.' Therefore, in this study, we have specifically chosen chitosan and pectin as carriers that are
tailored to the physiological conditions of regions abundant in gut microbiota. These carriers form polyelectrolyte
complexes that demonstrate dual-stimulus-responsiveness, namely pH sensitivity and degradation by gut microbiota.

In this study, we designed a pH/gut microbiota responsive system of NC nanoparticles (NC-CS/PT-NPs), and
explored whether NC-CS/PT-NPs could treat high-fat diet-induced NAFLD by regulating gut microbiota.

Materials and Methods

Materials

Chitosan (deacetylation degree 75%) and Tripolyphosphate were purchased from Aladdin (Shanghai, China). Pectin was
purchased from Sigma Aldrich (St Louis, MO, USA). Nitidine chloride was obtained from Chengdu Ruide Fensi
Technology Co., Ltd (Chengdu, China). Enzyme-linked immunosorbent assay (ELISA) kits for interleukin-1p (IL-1B),
interleukin-6 (IL-6), tumor necrosis factor-o (TNF-a), and monocyte chemotactic protein-1 (MCP-1) were purchased
from Shanghai Kexing Trading Co., Ltd (Shanghai, China). IHC Caspase-8, keap-1, Nrf2, OH-1 primary antibody were
purchased from Proteintech Group, Inc (Wuhan, China). All other reagents and kits were of analytical grade. All water

used in the study was freshly double distilled.
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Preparation of NC-Loaded CS/PT Nanoparticles

According to a previously described method,'® chitosan (2.0 mg/mL) was dissolved in acetate buffers with pH values of 4.0,
4.5, 5.0, and 5.5. Pectin (2.0 mg/mL), tripolyphosphate (2.0 mg/mL), and Nitidine chloride were separately dissolved in water.
4 mL of Nitidine chloride solution, 6 mL of TPP solution, and 6 mL of pectin solution were successively added to nine
milliliters of chitosan solution (total volume of 25 mL) and stirred at room temperature for 30 min. The precipitate was
separated by ultracentrifugation at 4000 rpm for 20 min using a Table-type Low-speed Centrifuge (TD5A-WS, China), washed
with deionized water, and then freeze-dried. Each precipitate was weighed to determine the weight of the solid complex.

Determination of Encapsulation Efficiency

The unbound NC in the supernatant and the weakly adsorbed NC on the surface of the NC-CS/PT-NPs were collected by
centrifugation and washed off twice with methanol, respectively. The amount of NC in the methanol rinse and the
supernatant were both analyzed to determine the total unbound NC by injecting 20 uL on to an HPLC system. The
amount of NC in the samples was obtained by comparing peak area obtained with those from a standard curve treated
similarly. The percentage of encapsulated NC was calculated as follows:

Total N . N
%Encapsulation Efficiency = —— ?;:f‘;lc a‘;ﬁ:zund € 100%

Characterization of NC-CS/PT-NPs

Particle Sizes and Zeta Potentials of NC-CS/PT-NPs

The particle sizes, polydispersity indexes (PDIs), and zeta potentials of NC-CS/PT-NPs were measured by dynamic light
scattering (DLS) (Nano ZS, Malvern, UK).

Transmission Electron Microscopy (TEM)

The morphology of the NC-CS/PT-NPs was analyzed using a transmission electron microscope (TEM) (HTACHI,
H-7650, Japan). After dilution, the NC-CS/PT-NPs were deposited onto copper grids with 200-mesh carbon membranes
and then dried.

Differential Scanning Calorimetry (DSC)

To characterize the crystal form of NC-CS/PT-NPs, we performed DSC using the DSC1 instrument from Mettler-Toledo
International Inc., Switzerland. Approximately 20 mg of the samples were sealed in an alumina crucible and heated from
30 to 300 °C at a linear heating rate of 10°C /min.

X-Ray Diffraction (XRD)

To investigate the crystallinity of NC-CS/PT-NPs, PXRD analysis was conducted using the X’pert Pro-MPD X-ray
diffractometer (Rigaku Corporation, Japan) with the following parameters: scanning speed of 5°/min, 26 range from 5° to
55°, and a scanning increment of 0.02°.

Fourier Transforms Infrared Spectroscopy (FTIR)

The sample was prepared by freeze-drying and grinding it with potassium bromide. The resulting mixture was then
extruded to form a disc. Nicolet IS20 FITC spectrometer scans (Thermo Fisher Scientific, USA) were obtained using
three runs, covering the range of 400 to 4000 cm .

In vitro Release Analysis

The in vitro release of NC from NC, NC-CS/PT-NPs was investigated using dialysis analysis. Cellulose acetate dialysis
bags with a molecular weight cutoff of 8000—14,000 Da (Shanghai Yuanye Biotechnology Co., Ltd, China) were used.
3 mL of NC and NC-CS/PT-NPs were separately added to different dialysis bags and suspended in HCI (pH 2.0, 20 mL)
for 2 h to simulate gastric transit. Subsequently, the dialysis bag was suspended in phosphate buffer (pH 6.8, 20 mL) for 4
h to mimic the conditions of the small intestine. Finally, the dialysis bag was incubated in phosphate buffer (pH 7.4,
20 mL, containing 80% rat cecal filtrate) for 14 h at 37 °C with agitation to simulate the colon conditions. Samples were
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collected at the end of each simulated duration, and the supernatants obtained after centrifugation were used for NC
assay. The release study was conducted in triplicate for each time point. TEM images and size distribution analysis of
NC-CS/PT-NPs were performed after exposure to different simulated biological fluids to confirm the pH and microbial
sensitivity of the delivery systems.

Animal Studies

In vivo Anti-Nonalcoholic Fatty Liver Disease Effect

All animal experiments were conducted with the approval of the Animal Ethics Committee of Guangxi Medical
University and in compliance with the Guidelines for the Care and Use of Laboratory Animals. Male C57 mice weighing
between 18-22 g were obtained from Guangxi Medical University Animal Centre (Guangxi, China). Ethic approval for
animal experiments was obtained from the Guangxi Medical University Laboratory Animal Center (Certificate No.
SYXK2020-003). Animal’s welfare was ensured during whole animal experiments.

Establishment of the Nonalcoholic Fatty Liver Disease Model and Drug Treatment

C57 mice were housed in the SPF grade rooms and had free access to food and water. C57 mice were randomly
separated into two groups at the first seventeen weeks: the normal chow diet controls (NCD, 12 animals) and high-
fat-diet models (HFD, 48 animals). Then, animals of high-fat-diet group were randomly reallocated into four
groups: HFD group (distilled water, by gavage), NC group (8 mg/kg/day, by gavage), NC-CS/PT-NPs group
(containing NC 8 mg/kg/day, by gavage), and Silymarin group (200 mg/kg/day, by gavage), and the NCD group
was also administered the same volume of distilled water for another 4 weeks. During the entire experiment, body
weight of C57 mice was measured weekly. At the end of experiment, mice were humanely sacrificed; liver, cecum
and colon contents were collected. The liver were weighted and collected at —80 °C for further analysis. Parts of
liver were used for histological and IHC, cecum and colon contents were used for SCFAs measurement.

Plasma Biochemical Assays

Blood samples were obtained from the mice and centrifuged at 3000 rpm for 20 min to separate the serum. The levels of
total cholesterol (TG), triglyceride (TC), aspartate aminotransferase (AST), Alanine aminotransferase (ALT) and low-
density lipoprotein (LDL) were determined using a kit according to the instructions provided by Nanjing Jiancheng
Bioengineering Research Institute, China.

Histological Staining

The livers and colons of mice were removed, flushed with PBS, fixed in 10% paraffin, and then cut into 4 um sections for
subsequent staining. Hematoxylin and eosin staining (HE) was used to analyze morphometric lesions in the liver and
colon. Masson staining and Oil red O staining (ORO) were performed to assess fat accumulation in the hepatic tissue.

Immunohistochemical Staining (IHC)

The liver sections were deparaffinized using xylene, rehydrated with graded alcohol, and subsequently washed in ultrapure water
for 5 min. Next, the sections were heated at 100 °C for 10 min to facilitate antigen retrieval. The tissues were then incubated in 5%
goat serum for a period of 20—60 min. Following this, they were incubated with primary antibodies (The dilution ratio of all
antibodies was 1:200) for 1 h at 37 °C. Finally, the immunoreaction was visualized by incubating with a secondary antibody for
15 min. The expression levels of Caspase-8, Keap-1, Nfr2 and OH-1 proteins in liver tissues were detected using IHC method.
The IHC integral density of each group of proteins was quantitatively analyzed using Image software.

Determination of Pro-Inflammatory Cytokines in Liver Tissue

Liver tissues from different groups were weighed and homogenized at 4 °C. The homogenized samples were then
centrifuged at 3000 rpm for 20 min, and the resulting supernatant was collected. ELISA kits were used to measure the
levels of Interleukin-6 (IL-6), Interleukin-1p (IL-1f), Tumor necrosis factor (TNF-a)), and Monocyte chemotactic protein-
1 (MCP-1) in the supernatant.

2412 s International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Lu et al

Gut Inflammation and Histological Analysis

Colon tissues were homogenized at 4 °C with normal saline at a ratio of 1:9 (mass to volume). After centrifugation at
3000 rpm for 20 min, the supernatant was collected and used to measure the levels of IL-6, IL-1p, MCP-1 and TNF-a
using an ELISA kit.

Mouse Intestine |16S Ribosomal DNA (16 S rDNA) Analysis

The feces from each group were collected in aseptic conditions after treatment with NC-CS/PT-NPs. Total genomic DNA
was extracted from mice feces using the MagPure Soil DNA KF Kit (Magan) according to the manufacturer’s
instructions. DNA concentration and integrity were determined using the NanoDrop 2000 (Thermo Fisher Scientific,
USA). The diversity of gut bacteria in mice feces was analyzed through 16S rDNA gene analysis. The V3-V4 regions of
the 16S rDNA gene were amplified using the universal primers 343F (5’-TACGGRAGGCAGCAG-3") and 798R (5°-
AGGGTATCTAATCCT-3’) and purified using AMPure XP beads (Agencourt). Sequencing was performed on an
[llumina NovaSeq 6000 with 250 bp paired-end reads (Illumina Inc., San Diego, CA; OE Biotech Company;
Shanghai, China). The representative read of each ASV was selected using the QIIME2 software package (2020.11)
after quality filtering.

Statistical Analysis
All data were expressed as mean + standard deviation (SD). Statistical analysis was performed in GraphPad Prism
Software Version 8.0 (GraphPad, San Diego, CA) using unpaired student’s test. Statistical significance was set at p<0.05.

Results

Preparation of NC-CS/PT-NPs

The average particle size of NC-CS/PT-NPs was determined to be 255.9 = 5.10 nm with a PDI of 0.199 £ 0.01
(Figure la). The corresponding average Zeta potentials of NC-CS/PT-NPs were measured to be 29.30 + 0.77 mV
(Figure 1b). The encapsulating efficiency was found to be (72.83 + 2.13) %, and the drug loading was (4.65 £ 0.44) %.
The size, surface morphology, and structure of NC-CS/PT-NPs were examined using TEM. The TEM image (Figure 1c)
showed that NC-CS/PT-NPs exhibited a predominantly spherical shape with a uniform distribution and no adhesion
phenomenon.

Crystalline State

The results of the DSC analysis are presented in Figure 1d. The CS/PT-NPs, NC-CS/PT-NPs, and the physical mixture of
NC-CS/PT-NPs and NC exhibited noticeable endothermic peaks at approximately 165 °C. It was observed that the
endothermic peaks of CS/PT-NPs were more pronounced compared to those of the physical mixture. Moreover, all
the samples displayed a broad range of endothermic peaks ranging from 50 to 120 °C, which can be attributed to the
presence of residual moisture.

To confirm the crystalline form, XRD analysis was performed. As depicted in Figure le, the diffraction pattern of NC
exhibited a highly crystalline nature, evident from the numerous peaks observed. The presence of numerous peaks in the
diffraction pattern of the physical mixture of NC-CS/PT-NPs and NC can be solely attributed to NC, indicating that CS/
PT-NPs had no influence on the crystalline transition of the drug.

Intermolecular Interactions

The characteristic peaks of NC are observed at 1300 cm ', 2300 cm !, and 5250 cm ! in Figure 1f. In NC-CS/PT-NPs,
the characteristic peaks at 1300 cm ™' and 2300 cm ™' of NC are shifted and weakened, while the peak at 5250 cm™'
disappears. This suggests that there are no new chemical bonds formed between the physical mixtures, but rather the
formation of a complex instead of a new compound. Comparing CS/PT-NPs with NC-CS/PT-NPs, the characteristic peak
of NC at 1300 cm ™" s still present in NC-CS/PT-NPs, indicating that NC is encapsulated within the nanoparticles. This
implies that the components of NC-CS/PT-NPs form hydrogen bonds with each other or undergo the formation of van der
Waals forces.
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Figure | Characterization of NC-CS/PT-NPs. (a) Representative diagram of particle size. (b) Zeta potential. (c) Representative image of morphology of NC-CS/PT-NPs
(200 nm). (d) Overlay of DSC thermogram of NC, NC-CS/PT-NPs, CS/PT-NPs, CS/PT-NPs and NC physical mixture. (e) XRD overlay spectra on NC, NC-CS/PT-NPs, CS/
PT-NPs, CS/PT-NPs and NC physical mixture. (f) FT-IR spectra of NC, NC-CS/PT-NPs, CS/PT-NPs, CS/PT-NPs and NC physical mixture.

Notes: | NC-CS/PT-NPs. Il: CS/PT-NPs. lll: CS/PT-NPs and NC physical mixture. IV: NC.
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In vitro Dissolution Study of NC-CS/PT-NPs

The study investigated the sustained release profile of NC from nanoparticles by examining its behavior in different
dissolution media. After oral administration, the drug passes through the stomach (pH: 1.5, 2 h), then traverses the small
intestine (pH: 6.8, 4 h), and finally arrives at the large intestine (pH: 7.4, rich in gut-microbiota, 14 h). The study
specifically examined the release of NC in simulated gastric fluid (SGF, pH 1.5), simulated intestinal fluid (SIF, pH 6.8),
and simulated colon fluid (SCF, pH 7.4, 20% rat caeca filtration). Burst release was not observed in SIF or SGF, which
suggests that the positively charged NC could form a strong electrostatic interaction with CS/PT during the preparation of
the nanoparticles. This strong electrostatic attraction between chitosan and pectin inhibited the release of NC from the
CS/PT-complexed nanoparticles, as shown in Figure 2a. After incubating with SGF for 2 h, only 15% of NC was released
from the NC-CS/PT-NPs. Subsequently, when incubated in pH 6.8 simulated intestine fluids for an additional 4 h, the
release rate of NC increased to 21.9%. In contrast, when incubated in SCF, the NPs released 72.9% of the loaded NC
within 14 h. These findings support previous reports and suggest that NC can be released from NC-CS/PT-NPs in
response to the colon environment. The TEM images and size distribution of NC-CS/PT-NPs were tested under different
simulated biological fluids, as shown in Figure 2b. The results confirmed the pH and microbial sensitivities of the
delivery systems. In the lower GI site, chitosan is deprotonated, weakening the electrostatic attractions between chitosan

and pectin compared to the upper GI. Additionally, the gut microflora can trigger the degradation of chitosan and pectin.
The combination of gut microbiota-mediated degradation and weakened electrostatic attractions causes the collapse of
NPs and the burst release of NC in the colon site. These findings suggest that CS/PT-NPs could be a promising carrier for
colon delivery of NC. The unique characteristics of NC-CS/PT-NPs offer protection against degradation by intestinal
enzymes and inhibit interactions between NC and the small intestinal mucosa, potentially enhancing therapeutic
efficiency while reducing irritation in the upper GI.

NC-CS/PT-NPs Ameliorated Metabolic Disorders in the NAFLD Mice

Effects of NC-CS/PT-NPs on Mouse Liver Inflammatory Cells Histology

HFD can disrupt energy metabolism in NAFLD mice, leading to immune regulatory system dysfunction and subsequent
liver inflammation. Liver stains, including H&E, Masson, ORO, and IHC, were used to assess the condition of the liver.
The findings showed that HFD-fed mice exhibited hepatic steatosis, lobular inflammation, and noticeable hepatocyte
bulbous formations (Figure 3). In comparison, the NC-CS/PT-NPs group displayed mild steatosis and reduced lipid
droplets in the cytoplasm. Immunohistochemistry analysis of liver tissues from NAFLD mice also revealed the expres-
sion levels of Caspase-8, Nrf2, keap-1, and OH-1 (Figure 4). These results indicate that NC-CS/PT-NPs have the
potential to alleviate NAFLD.
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Figure 2 In Vitro Dissolution Study of NC-CS/PT-NPs. (a) Release curves of NC-CS/PT-NPs under different physiological pH conditions. (b) TEM of NC-CS/PT-NPs under
different physiological pH conditions (200 nm).
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HE

Masson

Oil red

Figure 3 Effect of NC-CS/PT-NPs on pathological changes of liver tissue in NAFLD mice (HE staining, Masson staining, Oil red staining; x200).
Notes: I: NCD group. Il: HFD group. llI: Positive Control group. IV: NC-treated group. V: NC-CS/PT-NPs treated group.

Effect of NC-CS/PT-NPs on Liver Index in Mice with NAFLD

The experimental results demonstrated that the liver index of mice in the HFD group was significantly higher compared
to the NCD group (Figure 5a). However, the liver index of mice in all drug administration groups decreased, indicating
that each drug administration group effectively reduced the liver index of mice induced by HFD-fed and inhibited liver
enlargement and degeneration. Notably, the NC-CS/PT-NPs group exhibited a similar effect as the Positive group.

NC-CS/PT-NPs Improved Metabolic Parameters Associated with NAFLD

Compared to NCD group, HFD group for 20 weeks showed a significant increase in liver index (p<0.05), TC (p<0.05),
TG (p<0.05), and LDL (p<0.05) (Figure 5b). However, when HFD-fed mice were administered NC-CS/PT-NPs (8 mg/
kg/day NC) for 4 weeks, these disorders were significantly restored. Treatment with NC at the same dose also reduced
liver index, TC, TG, and LDL, although to a lesser extent. The intervention with NC-CS/PT-NPs for 4 weeks effectively
reversed these increases compared to the lack of treatment.

NC-CS/PT-NPs Improved Liver Inflammation Status in HDF-Fed Mice

Numerous studies have consistently shown a strong connection between obesity and metabolic disorders, particularly in
relation to inflammatory responses. This association is further supported by the findings presented in Figure 5c, where the
HFD group exhibited a significant increase in TNF-a, IL-f, IL-6, and MCP-1 levels compared to the NCD group,
indicating notable impairment in liver function. However, after administering treatment with either NC or NC-CS/PT-
NPs, the levels of TNF-a, IL-f, IL-6, and MCP-1 in mice fed a high-fat diet significantly decreased. It is worth noting
that there were no significant differences observed between the two treatment groups.

NC-CS/PT-NPs Ameliorated Hepatic Steatosis and Liver Injury in HDF-Fed Mice

The serum levels of ALT and AST are two important biomarkers used to assess hepatic disease. As depicted in Figure 5d, the
HFD-fed mice exhibited elevated levels of ALT and AST. However, treatment with NC-CS/PT-NPs significantly improved
the ALT/AST levels compared to the HFD group. An increase in ALT/AST levels is commonly associated with the
accumulation of liver fat, excluding alcohol consumption and viral hepatitis as possible causes of fatty liver. These findings
suggest that the 4-week treatment with NC-CS/PT-NPs successfully protected the HFD-fed mice from hepatic injury.
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Figure 4 Effect of NC-CS/PT-NPs on pathological changes of liver tissue in NAFLD mice (IHC staining: X200). (a) Immunohistochemical results of liver tissue in NAFLD

mice. (b) Immunohistochemical examinations of Caspease-8, Keap-1, OH-1, Nrf2 in mice.
Notes: I: NCD group. Il: HFD group. llI: Positive Control group. IV: NC-treated group. V: NC-CS/PT-NPs treated group. Compared with NCD group, *p<0.05; compared

with HFD group, #p<0.05.

2417

International Journal of Nanomedicine 2024:19
Dove:


https://www.dovepress.com
https://www.dovepress.com

Lu et al Dove

a b

. 2.5+ 500
.
—~ # = g = 400+
NS o <) =
< 47 1 £ 2 "
Z £ £ g w0- y
E 5] 1] |
5 = = € 200 # #
2 21 E E 3
= 5 5 3
S g 100
0- 0

QO & L g
TS TS

;/%
S

7 - : d
% 3 20 #
c )
~ =
B 3
e = 100
= 80
o4 QSQ .‘\4@ e(x eq‘a -
N o ad o
ch«‘ =
; =
< )
<
200
# # # ~
~ 150 =
.JE £
3 2
£ 100 =
= e
3 2]
= 50 =
0
9 O & L
S & & R e
‘l°” & ] Q&
& &
< &

Figure 5 The Effect of NC-CS/PT-NPs on NAFLD Mice. (a) Liver Index of NAFLD Mice. (b) Serum TC, TG, LDL levels of mice in different groups. (c) TNF-q, IL-6, IL-B,
MCP-1 levels in liver tissues of mice. (d) Serum ALT, AST levels of mice in different groups. Compared with NCD group, #<0.05; compared with HFD group, #p<0.05.

NC-CS/PT-NPs Reduced Intestinal Inflammation in HFD-Fed Mice

Interactions between the gut microbiota play a crucial role in the development of inflammatory bowel disease. Several
clinical trials have consistently shown that enhancing the diversity of the gut microbiota can effectively alleviate
intestinal inflammation.?® As illustrated in Figure 6, the intestinal mucosa of HFD-fed mice exhibited disturbances,
including intestinal villous edema and a small amount of inflammatory cell infiltration, when compared to the NCD
group. However, the colonic mucosal structure of mice in the Positive, NC-CS/PT-NPs groups showed significant

I Il 1] \Y \

Figure 6 The Effect of NC-CS/PT-NPs on Colon Pathology in NAFLD Mice (HE staining; %200).
Notes: | NCD group. Il: HFD group. lll: Positive Control group. IV: NC-treated group. V NC-CS/PT-NPs treated group.
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improvement compared to the HFD group. These mice experienced reduced colonic tissue damage and alleviation of
inflammatory cells.

The close association between obesity and metabolic disorders with inflammatory responses has been previously
reported. In this study, we evaluated the levels of TNF-a, IL-B, IL-6, and MCP-1 in the colon using ELISA. Figure 7
illustrates that HFD-fed mice significantly induced inflammation compared to NCD-fed mice. The levels of TNF-a, IL-,
IL-6, and MCP-1 in the colon tissue were significantly higher in the HFD group than in the NCD group (p<0.05). The
exposure of the positive group and the NC-CS/PT-NPs groups considerably inhibited this elevation (p<0.05). In the mice

treated with NC, a less extensive decline was observed.

NC-CS/PT-NPs Effectively Restored the Microbiota Structure Variated by HFD

The output was obtained through Illumina high-throughput sequencing. A Venn diagram was used to visually represent
the number of common and unique ASVs, illustrating sample similarity and overlap. As depicted in Figure 8a, the center
of the diagram indicates the degree of overlap in species compositions among the five groups of environmental samples.
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Figure 7 Effects of NC-CS/PT-NPs on pro-inflammatory factors in the colon of NAFLD mice. (a) TNF-a levels in colon tissues of mice. (b) IL-6 levels in colon tissues of
mice. (c) IL-1p levels in colon tissues of mice. (d) MCP-1 levels in colon tissues of mice. Compared with NCD group, *p<0.05; compared with HFD group, #p<0.05.
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Figure 8 Analysis of gut microbiota diversity. (a) Venn diagram of each group. (b) OUT Rank Curve. (c) Chaol index. (d) Shannon index. (e) PCA 2D analysis diagram. (f)
NMDS Analysis Chart.
Notes: | NCD group. Il: HFD group. lll: Positive Control group. IV: NC-treated group. V NC-CS/PT-NPs treated group.

The inner part of the figure shows that 201 shared ASVs among the five mice groups, while group shared
258,369,265,351 and 259 ASVs with group I, II, III, IV and V, respectively.

Rank Abundance refers to the richness and uniformity of species in a sample. A wider curve indicates a richer species
composition, while a flatter curve suggests a more homogeneous composition. In Figure 8b, it can be observed that the
HFD group showed a decrease in abundance and homogeneity compared to the NCD group. However, after treatment
with NC-CS/PT-NPs, both abundance and homogeneity increased.

Alpha diversity refers to the diversity within a specific area or ecosystem. Commonly used metrics, such as Chao 1
and Shannon indices, are used to measure species diversity and gather additional information through observation. The
results indicate that there was no significant difference in the richness of gut microbiota between the NCD group and
HFD group (Chaol index, Figure 8c), suggesting that HFD feeding did not have a dramatic impact on the bacterial
richness and diversity in NAFLD mice. However, the Shannon index in the HFD group was lower compared to the NCD
group, indicating a decrease in bacterial diversity in NAFLD mice (Figure 8d). Although the NC group and NC-CS/PT-
NPs group exhibited higher gut community diversity compared to the HFD group, the difference was not statistically
significant. Overall, the analysis of alpha diversity showed a decrease in the richness and diversity of gut microbes in
NAFLD mice, and the intervention of NC-CS/PT-NPs did not affect the bacterial stability of the intestinal ecosystem.

Weighted Unifrac principal component analysis (PCA) and principal coordinate analysis (PCoA) revealed distinct
compositional differences in gut microbiota between the high fat diet (HFD) and normal chow diet (NCD) groups
(Figure 8e). The first principal component factor of PCA accounted for 6.5% of the variation, while the second principal
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component factor accounted for 5.73%. Similarly, the first principal component (PC1) factor of PCoA explained 11.88%
of the variation, and the second principal component (PC2) factor explained 9.51%. The analysis revealed that the
positive group, NC group and NC-CS/PT-NPs group partially corrected the variation induced by HFD along PC2, but did
not have a significant effect on the movement of PC1. On the other hand, the samples from the HFD group and NC group
were more dispersed, indicating significant differences in the gut microbiota between these two groups. Notably, NC
treatment (NC group or NC-CS/PT-NPs group) partially restored the microbiota composition towards that of the NCD
group, which had been disrupted by the HFD group. These findings suggest that NC treatment has the potential to
improve the Beta diversity of gut microbiota.

Through inter-group comparative analysis of species diversity among different microbial communities (Figure 8f), we
explored similarities or differences in community composition among samples from different subgroups. NMDS analysis
revealed distinct clustering patterns of microbiota composition within each group, with a stress value commonly
considered to be less than 0.2, indicating certain explanatory significance for the results obtained in this study
(stress=0.099). It was observed that the intervention of HFD group mice and each administration group significantly
influenced the composition of intestinal microbiome. The intestinal microbiome of HED group exhibited complete
separation from that of NCD group, while the distance between each administration group and NCD group was much
smaller compared to that between HFD group and NCD group, suggesting that the administration groups regulated
changes in intestinal microbiome structure.

According to the distance matrix obtained using various distance algorithms, the hierarchical clustering of the matrix
clearly reveals the inter-sample distances (Figure 9). The blue color represents closer distances and higher similarity between
samples, while red indicates greater distances. The heat map facilitates sample clustering, and the clustering tree provides
insights into the distance relationships among samples. In terms of Euclidean distance and Weighted unifrac distance, the

a

Figure 9 Sample distance heat map. (a) Binary_jaccard_distance. (b) Bray_curtis_distance. (c) Euclidean_distance. (d) Unweighted_unifrac_distance. (e)
Weighted_unifrac_distance.
Notes: | NCD group. IIl: HFD group. lll: Positive Control group. IV: NC-treated group. V NC-CS/PT-NPs treated group.
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reproducibility of each group is higher. The difference between NCD group and HFD group was large, while the difference
between the treatment groups and NCD group was small.

The results of the gut microbiota abundance analysis revealed the top 10 phyla with relative abundance in each group,
as shown in Figure 10a. In comparison to the NCD group, the HFD group exhibited a significant decrease in the
abundance of Bacteroidetes, while Desulfobacterota and Proteobacteria showed a remarkable increase. The elevated
prevalence of the bacterial phylum Proteobacteria indicates an unstable microbial community (dysbiosis) and a potential
diagnostic criterion for disease.>' Following treatment with NC (NC group and NC-CS/PT-NPs group), the abundance of
Bacteroidetes gradually increased, whereas that of Desulfobacterota and Proteobacteria decreased gradually. To visually
represent this change, we have presented the proportion of Firmicutes to Bacteroidetes in Figure 10f. Notably, the F/B
ratio exhibited a significant statistical difference between the NCD group and the HFD group, indicating a decrease in
Bacteroides and an increase in Firmicutes in the HFD group. Compared to the HFD group, the F/B ratio of the NC-CS
/PT-NPs group showed a significant decrease, while the F/B ratio did not change significantly in the NC group. The
abundance of Desulfobacterota, Campilobacterota, and Deferribacteres in the HFD group exhibited a significant increase
compared to the NCD group (Figure 10g). After treatment, the relative abundance of each group decreased significantly,
returning to levels similar to those observed in the NCD group. Compared to the NC group, the relative abundance of the
NC-CS/PT-NPs group was more similar to that of the Positive group and NCD group, suggesting that NC-CS/PT-NPs
have a better ability to regulate intestinal colony homeostasis. The microbial profiles at the class level showed a similar
pattern as previous findings (Figure 10b and h). In comparison to the mice in the NCD group, a significant change was
observed in the relative abundance of Campylobacteria and Deferribacteres, which increased in HFD-induced mice.
Additionally, there was a noticeable decrease in the relative abundance of these three groups in the intestinal flora of mice
in the treatment group. At the Order level, there was a significant increase and difference in the relative abundance of
Oscillospirales and Campylobacterales in the HED group compared to the Control group (Figure 10c and i). After
treatment, both groups experienced a reduction in relative abundance, although to varying degrees. Additionally, the NC-
CS/PT-NPs group showed a more effective ability to regulate the intestinal flora of mice compared to the NC group.
These findings suggest that NC-CS/PT-NPs had a significant impact on restoring the abundance of Bacteroidetes and
Desulfobacterota. At the family level, administration of NC-CS/PT-NPs greatly increased the levels of Muribaculaceae
and Helicobacteraceae in diet-induced obese mice, which were induced by HFD. On the other hand, it attenuated the
abundance of Ruminococcaceae (Figure 10d and j). At the genus level, after NC-CS/PT-NPs treatment, Alloprevotella
increased, [Eubaclerium]  coproslanoligenes  group, Lactobacillaceae, Muribaculaceae, Ruminococcaceae and
Helicobacteraceae were significantly different in the five groups (Figure 10e and k).

According to the clustering heat map analysis results, NC-CS/PT-NPs treatment showed a significant restoration in
the abundance of several key bacteria such as Acidobacteriota, Anaeroplasma, Bacteroidetes that were disrupted by HFD
(Figure 11), which might affect the homeostasis of the gut microenvironment and is closely associated with metabolic
disorders. In addition to reducing the abundance of Verrucomicrobiota, which is known to be associated with weight
control,?* the NC-CS/PT-NPs also attenuated the abundance of Erysipelotrichaceae, Firmicutes, Izemoplasmatales and
Desulfovibrionia. Tt is worth noting that Firmicutes and Colidextribacter are considered to be SCFA producers.?® On the
other hand, the increased abundance of Desulfovibrionia is known to promote the formation of endotoxemia and
contribute to the pathogenesis of NAFLD.?*?°

The linear discriminant analysis (LDA) effect size branching plot revealed significant differences in taxa between
various treatments (Wilcoxon rank sum test, p< 0.05) (Figure 12a and b). The size of the circle in the branching diagram
was proportional to the abundance of bacteria, representing phyla, class, order, family, and genus from the inner to the outer
circle. The LDA histogram demonstrated biomarkers with statistical differences among all groups, with only the absolute
value of LDA greater than 3.5 considered significant. In the NCD group, significant roles were played by bacterial groups
such as Butyrivibrio, Muribaculum, Marinifilaceae, Odoribacter, Anaeroplasma, Acholeplasmatales, Acholeplasmataceae,
among others. The HFD group included bacterial groups such as Oscillospirales, Desulfobacterota, Desulfovibrionales,
Desulfovibrionia, Desulfovibrionaceae, uncultured, Paraprevotella, Rikenellaceae, Proteobacteria, Eubacterium siraeum
group, Alistipes, Rikenellace eael R 9 gut group, Clostridia vadinBB60 group, Clostridiavad inBB60 group, Clostridia
vadinBB60 group, Alphaproteobacteria, among others. Following the administration of the drug, the group receiving the
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Figure 10 The effect of NC-CS/PT-NPs on gut microbiome composition of mice induced by HFD in different taxa. (a) Phylum. (b) Class. (c) Order. (d) Family. (e) Genus. (f)
The ratio of Firmicutes /Bacteroidota. (g) Relative abundance of Phylum. (h) Relative abundance of Class. (i) Relative abundance of Order. (j) Relative abundance of Family. (k)
Relative abundance of Genus. Compared with NCD group, *p<0.05; compared with HFD group, #p<0.05.

Notes: | NCD group. Il: HFD group. lll: Positive Control group. IV: NC-treated group. V NC-CS/PT-NPs treated group.
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Figure 11 The effect of NC-CS/PT-NPs on intestinal microbiome composition of mice induced by HFD by clustering heat map. (a) Phylum. (b) Class. (c) Order. (d) Family.

(e) Genus. (f) Species.
Notes: | NCD group. Il: HFD group. lll: Positive Control group. IV: NC-treated group. V NC-CS/PT-NPs treated group.
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Notes: | NCD group. Il: HFD group. lll: Positive Control group. IV: NC-treated group. V NC-CS/PT-NPs treated group.

drug showed an increase in the presence of Prevotellaceae, Alloprevotella, uncultured bacteria, Prevotellaceae NK3B31
group, Lactobacillaceae, Lactobacillus, and other bacterial groups such as Lactobacillales. In contrast, the NC group had
Oscillospiraceae, Ruminococcaceae, and the Eubacterium_xylanophilum group. The group receiving the drug in combina-
tion with NC-CS/PT-NPs group exhibited the emergence of Bacteroides, Bacteroidaceae, uncultured bacteria
(GCA900066575), Lachnoclostridium, and other bacterial groups. To gain insight into the potential function of colonic
microbiota, we conducted KEGG analysis and identified the top 6 KEGG pathways among the five groups (Figure 12¢). In
the HFD group, the gut microbiotas were primarily associated with Infections diseases: Parasitic and Viral, Cancers:
Specific types, Cardiovascular diseases, and Xenobiotics biodegradation and metabolism. In the Positive group, the gut
microbiotas were mainly involved in Transport and catabolism, as well as Xenobiotics biodegradation and metabolism. In
the NC group, the gut microbiotas were primarily associated with Infections diseases: Viral, Cardiovascular diseases, and
Xenobiotics biodegradation and metabolism. Lastly, in the NC-CS/PT-NPs group, the gut microbiotas were primarily

involved in Transport and catabolism.
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Discussion

Hepatic steatosis is the early stage of NAFLD, and it can progress to non-alcoholic steatohepatitis (NASH), liver fibrosis,
cirrhosis and eventually hepatocellular carcinoma.’® The liver is exposed to the gut microbiota and its metabolites
through the gut-liver axis, which connects the gut to the liver. Several studies have demonstrated that traditional Chinese
medicine can modulate and treat diseases through the regulation of intestinal flora and the intestinal barrier.””*® This
study aimed to investigate the protective effect of colon-targeted nanomaterials NC-CS/PT-NPs on HFD-induced
NAFLD in mice, partially mediated by the modulation of intestinal.

CS, a partially deacetylated chitin, has been widely utilized as a polymeric drug carrier in drug delivery applications.
This natural polymer possesses numerous attractive features, including biocompatibility, biodegradability, low toxicity,
and pH sensitivity.”” PT is a natural high molecular acid polysaccharide polymer extracted from plant tissue. It is often
used as a carrier material for oral colonic drugs due to its favorable characteristics, such as accurate colon localization,
controlled and slow release, and minimal impact from gut pH. Several studies have indicated that chitosan and pectin can
function as prebiotics in the treatment of high blood lipids and obesity by modulating the gut microbiota.***! One major
drawback of pectin-based delivery systems is the solubility and swelling properties of pectin in aqueous media. This can
result in the premature release of the bioactive component while passing through the upper gastrointestinal tract, before
reaching the colon. To overcome this issue, researchers have explored various strategies. These include blending pectin
with metal salts, compounding it with other polymers, and introducing hydrophobic groups. These approaches effectively
reduce the water solubility and swelling properties of pectin as a carrier for oral colon-targeted drug delivery systems. By
doing so, they prevent the premature release of the bioactive component during transit through the upper gastrointestinal
tract, ensuring its delivery to the colon.*? Chitosan exhibits a positive charge at low pH levels, leading to its spontaneous
association with negatively charged pectin in solution. This association occurs through an ionic interaction between the
ionized amino group of chitosan and the ionized carboxyl group of pectin, resulting in the formation of polyelectrolyte
complexes.> In this study, chitosan and pectin were used as carrier materials for oral administration. A polyelectrolyte
composite nanoparticle was designed to have a specific response to the physiological environment of the colon. The drug
NC, which protects the liver, was encapsulated in these nanoparticles. Upon oral administration, the strong electrostatic
attractions between pectin and chitosan resulted in a slower release of NC in the gastrointestinal environment, facilitating
its smooth delivery to the colon. In the microbiota-rich segment of the colon, the combination of the higher physiological
pH and the presence of intestinal microbiota triggered the degradation of chitosan and pectin, leading to the collapse of
the nanoparticles. This collapse exposed a significant amount of nitidine chloride to the gut microbiota.

Alterations in gut microbiota have been described in a wide variety of diseases such as cirrhosis, Parkinson diseases
and autism. Compiling evidence indicates that the disruption of dietary-induced gut microbiota homeostasis is closely
related to the development of obesity and metabolic-related diseases. NC-CS/PT-NPs might play a role in the treatment
of obesity and related metabolic disorders by regulating the disturbance of intestinal microbial flora.'” The histopatho-
logical results demonstrated that the administration of NC-CS/PT-NPs significantly enhanced the disappearance of crypts
and reduced inflammatory cell infiltration. In addition, we examined the potential impact of NC-CS/PT-NPs on NAFLD
by modulating the composition of the gut microbiota. Our findings demonstrate that supplementation with NC-CS/PT-
NPs effectively mitigated liver damage caused by HFD-fed, resulting in increased body weight and reduced liver weight
in mice. NAFLD is commonly linked to metabolic dyslipidemia, which is characterized by elevated levels of TG, TC,
and LDH. ALT and AST are considered the most sensitive indicators of hepatotoxicity and provide direct insight into the
progression of NAFLD. The low levels of these indicators also indicate the therapeutic effect of NC-CS/PT-NPs; this is
consistent with the results in coffee peel extracts treated mice and rats with NAFLD treated with total flavonoids of Qu
Zhi Ke.>**> The production and release of inflammation cytokines, such as TNF-qo, IL-1f3, and IL-6, have become
important factors affecting the progression and prognosis of NAFLD. Previous studies have reported that the IL-1f
pathway mediates steatosis, inflammation, and fibrosis, and interfering with IL-1f may play a significant role in the
treatment of non-alcoholic liver injury.*® The results of this study showed that the supplementation of NC-CS/PT-NPs in
mice led to lower levels of TNF-q, IL-1p3, and IL-6. This suggests that NC-CS/PT-NPs have the potential to decrease
inflammatory reactions in the liver. Previous research has confirmed that patients with NAFLD have higher levels of
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TNF-a and soluble TNFR1, which are positively correlated with the severity of the disease.’” Therefore, these findings
indicate that NC-CS/PT-NPs can help alleviate hepatic injury caused by a high-fat diet by reducing liver inflammation.

The role of gut microbiota in metabolic diseases, such as obesity and NAFLD, has been extensively studied.*® ** Studies
have shown that the composition of Bacteroidetes, Firmicutes, and Proteobacteria in the gut is significantly altered in mice fed
high-fat diets.*"** In an animal model of HFD-induced metabolic disorder, Firmicutes was found to be the most predominant
phylum, followed by Bacteroidetes.*® Furthermore, patients with NAFLD were observed to have a decrease in Gram-positive
Firmicutes and an increase in Gram-negative Proteobacteria compared to healthy individuals.”** The results of our study
revealed that HFD-fed mice showed a significant increase in the relative abundance of Firmicutes and a higher Firmicutes-to-
Bacteroidetes ratio compared to chow-fed mice. Treatment with NC-CS/PT-NPs increased the Firmicutes-to-Bacteroidetes
ratio. Additionally, NC-CS/PT-NPs reduced the abundance of Desulfobacterota, Campylobacterota, and Deferribacteres.
Previous studies have reported that patients with abnormal levels of ALT or AST have higher levels of Firmicutes and lower
levels of Bacteroidetes.** At the class level, Campylobacter, a gram-negative bacterium, is not commonly found in the gut
microbiota of healthy individuals but is more prevalent in the oral and intestinal microbiota of patients with Inflammatory
Bowel Disease (IBD).* The Campylobacter zot808T gene encodes Zot, a toxin that disrupts the integrity of the intestinal
barrier and induces an inflammatory response in host epithelial cells.*® At the Order level, administration of NC-CS/PT-NPs
significantly reduced the HFD-induced increase in Oscillospirales and Campylobacterales. Oscillospirales has been found to
be positively associated with leanness or low body mass index in both children and adults.*” At the family level, treatment with
NC-CS/PT-NPs restored the abundance of several bacterial families that have been linked to short-term mortality, including
Lactobacillaceae, Muribaculaceae, Ruminococcaceae, and Helicobacteraceae™ At the genus level, the HFD group sig-
nificantly decreased the relative abundance of Alloprevotella in rats, while drug administration significantly increased its
relative abundance. Comparatively, the NC-CS/PT-NPs group exhibited a more pronounced effect compared to the NC group.
Alloprevotella has the ability to ferment complex carbohydrates into short-chain fatty acids (SCFAs), which in turn enhance
insulin resistance and improve glucose metabolism disorders.*’

Previous studies have demonstrated that the intestinal flora plays a crucial role in influencing the microbiota-liver
axis, thereby regulating metabolic diseases such as NAFLD, diabetes, and obesity.*'*>>' Our research findings further
support this notion by showing that HFD-induced can disrupt the structure and abundance of the intestinal microbiota,
leading to increased systemic inflammation. However, we discovered that the administration of colon-specific gut
microbiota-targeting NC-CS/PT-NPs can effectively alleviate NAFLD by modulating intestinal dysbiosis. Notably, the
therapeutic efficacy of NC-CS/PT-NPs surpasses that of NC alone due to its enhanced interaction with the gut microbiota.

In this study, we have developed and designed a dual stimulus-responsive Nano-carrier system (NC-CS/PT-NPs) that
is responsive to pH and intestinal microbiota. The purpose of this system is to enhance the targeting of NC to the colon.
After administering NC-CS/PT-NPs, we observed a reduction in NAFLD induced by HFD-fed in mice. Additionally,
there was a decrease in liver tissue and intestinal inflammation. This is the first formulation that specifically targets NC to
modulate the gut microbiota through the colon for disease treatment. Further investigation is warranted to explore the

potential of this system.

Conclusion
The NC-CS/PT-NPs were synthesized using the ion gel method and subjected to comprehensive characterization. NC-CS
/PT-NP is a colon-targeted nanoparticle that mitigated NAFLD in mice HFD-induced by modulating intestinal micro-
biome disturbances. Therefore, NC-CS/PT-NPs hold promise as a drug delivery system that facilitates the clinical
application of NC.
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