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Purpose: Acute liver failure (ALF) is a rare but life-threatening condition caused by drug toxicity, viral infections, or autoimmune
disorders. Current treatments rely heavily on liver transplantation, which is costly and high-risk. As most therapies target single
mechanisms, developing safe, cost-effective multi-target drugs is urgently needed.

Methods: In this study, we isolated exosome-like nanovesicles from dried honeysuckle (HNVs) and evaluated their therapeutic
potential in a lipopolysaccharide/D-galactosamine (LPS/GalN)-induced ALF mouse model. We first characterized HNVs using cryo-
electron microscopy (Cryo-EM), transmission electron microscopy (TEM), and dynamic light scattering (DLS), and confirmed their
stability in gastrointestinal simulation fluid in vivo. Subsequently, we validated the biological safety and in vivo distribution of HNVs
in mice. Afterwards, we constructed an ALF model and tested the therapeutic efficacy of HNVs on this model. Through RNA
sequencing, 16S rRNA analysis, and complementary techniques such as Western blot and quantitative real-time PCR, we elucidated
the underlying mechanisms of HNVs in mitigating ALF.

Results: Our results showed that HNVs significantly ameliorated the pathological symptoms associated with ALF mice. Specifically,
HNVs induced a significant 1.89-fold decrease in serum ALT levels and a 1.95-fold decrease in AST levels. HNVs also ameliorated
the hepatocellular necrosis and inflammatory cell infiltration caused by LPS/GalN. In addition, our findings suggest that the
mechanism by which HNVs ameliorate ALF is: (1) they directly target the liver by traversing the compromised intestinal barrier,
suppressing hepatic immune-inflammatory responses, and ameliorating ALF; (2) they restore intestinal barrier integrity by modulating
the gut microbiota, thus reducing the translocation of gut-derived LPS to the liver and preventing further hepatic injury.
Conclusion: In summary, we developed a novel natural nanomedicine with dual-targeting capabilities and demonstrated its efficacy
against ALF, offering a promising therapeutic alternative for this severe condition.
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Introduction

Acute liver failure (ALF) is a rare but highly lethal clinical syndrome whose causes include viral infections, drug or toxin
damage, or autoimmune diseases. Liver transplantation is the only effective treatment, but only a limited proportion of
patients can receive a liver transplant due to a shortage of donors.' ™ Thus, there is an urgent need to produce medications
that are safe, effective, and conveniently available. To investigate the pathophysiology of ALF, it is crucial to establish a
suitable animal model. Lipopolysaccharide (LPS) combined with D-galactosamine (D-GalN)-induced ALF model is a
classical approach to explore the pathogenesis of ALF.* Rodents are not susceptible to LPS administration alone, and the
majority of deaths are caused by LPS-induced hypotensive shock rather than hepatic injury; however, D-GalN can only
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be processed by the liver, and concurrent administration of D-GalN increases the animal’s susceptibility to LPS. LPS
triggers Kupffer polarization towards M1 macrophages and promotes the release of inflammatory factors by activating
TLR4 receptors on hepatic Kupffer cells, leading to massive hepatocyte injury and necrosis.” However, the complexity of
ALF lies in the fact that it is often accompanied by a systemic cytokine storm, which disrupts the intestinal barrier and
triggers disruption of the intestinal microbiota.®’ This disruption in turn leads to the entry of gut-derived LPS into the
liver, exacerbating the hepatic immune-inflammatory response and creating a vicious cycle of the “gut-liver axis”.®’
Conventional intervention strategies tend to focus on a single pathomechanism (eg, suppression of inflammation or
modulation of the intestinal microbiota),'™'" but it is difficult to address the intertwined immune dysregulation and
microecological imbalance in ALF. Therefore, the construction of a synergistic therapeutic system that synchronously
regulates the pathological nodes of multiple systems has become the key to break through the bottleneck.

Honeysuckle, a traditional herb, is known for its hepatoprotective and choleretic properties.'? The latest research
shows that honeysuckle has excellent anti-inflammatory and gut microbiota regulating properties.'>"'* Plant-derived
exosome-like nanovesicles (PELNVs) are bioactive materials derived from plants, containing various active ingredients
such as proteins, lipids, small RNAs, and others." Studies have shown that PELNVs exhibit efficacy comparable to or
superior to that of the original plants. Furthermore, PELNVs not only overcome the poor biosafety and complex
preparation processes associated with traditional nanomedicines but also demonstrate higher production yields and better
biocompatibility than animal-derived exosome-like nanovesicles.'®'® What is more, PELNVs have demonstrated
therapeutic efficacy in various animal models. For instance, lemon-derived exosomes accelerate diabetic wound healing,”
!9 while Houttuynia cordata exosomes effectively alleviate colitis.”’ Ginseng exosomes have also shown potential in
glioma treatment.”' Additionally, PELNVs exhibit superior suitability for oral administration due to their resistance to
harsh gastrointestinal conditions.?” Recent studies further reveal that orally administered PELNVs can persist in the gut
for prolonged periods, thereby enabling therapeutic effects on liver diseases through modulation of the gut microbiota.”’

Therefore, we extracted exosome-like nanovesicles from dried flowers of Honeysuckle (HNVs) and validated the
efficacy on an ALF model established by LPS/GalN. Our study demonstrated for the first time that HNVs were able to
inhibit both gut-derived and exogenous LPS, suppressing the hepatic immune-inflammatory response and ultimately
improving ALF (Scheme 1).

Experiment Section

Preparation and Characterization of HNVs

Dried honeysuckle were bought from Tong Ren Tang, a traditional Chinese medicine merchant. Dried honeysuckle was
soaked in phosphate buffer solution (PBS) for 30 min, followed by thorough homogenization using a tissue homogenizer. The
homogenate was centrifuged at 10,000 rpm for 60 min and the precipitate was discarded. This centrifugation process was
repeated several times until the supernatant was free of precipitate visible to the naked eye. The supernatants from multiple
centrifugations were combined and used as samples to be processed prior to purification. The above samples were injected into
the an Unique AutoTFF075-M Crossflow filtration system (Inscinstech, Suzhou, China) and flowed sequentially through a
hollow fiber column with a pore size of 200 nm and a molecular weight cut-off of 750 kDa (CleaSep® Hollow Fiber Filter,
HFELA750100640, Membrane Solutions (Nantong) Co. Ltd, China) for hierarchical separation. Fractions with particle size
<200 nm and particle size >750 kDa, defined as HNVs, were finally collected. The BCA Protein Concentration Kit (P0012,
Beyotime) was used to measure the protein concentration of HNVs. The HNVs were resuspended in double-distilled water
and characterized for their particle size and zeta potential using dynamic light scattering (DLS). Transmission electron
microscopy (TEM) and cryo-electron microscopy (Cryo-EM) were used to investigate their shape.

Stability of Gastrointestinal Fluids of HNVs

HNVs were suspended in artificial simulated gastric fluid (PH1840, Phygene) and artificial simulated intestinal fluid
(PH1841, Phygene) respectively, adjusted to a final concentration of 0.1 mg/mL. After two-hour incubation at 37°C, the
solutions were characterized by TEM for morphological analysis and by DLS for particle size measurement.
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Scheme | Preparation process of HNVs and its mechanism to improve ALF.

Cell Culture

HepG2 (human hepatocellular carcinoma cells) were obtained from Meisen Chinese Tissue Culture Collections (Jinhua,
China). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS
(Hangzhou Yangming Biotechnology Co., Ltd)., 100 U/mL penicillin, and 100 pg/mL streptomycin. All cultures were
maintained at 37°C in a 5% CO, atmosphere.

Cell Viability Test

Cell suspensions were seeded into 96-well plates at 100 pulL per well. The cells were then divided into seven treatment
groups: HNVs dose groups (50, 100, 150, 200, 250, and 300 pg/mL) and a blank control group. Each group contained
five replicate wells. Following 24-hour incubation at 37°C, 10% CCK-8 reagent in DMEM was added to each well. After
2-hour incubation in a thermostat and shielded from light, absorbance was measured at 450 nm.

In vivo Distribution Experiments of HNVs

Following the instructions, the DIR (Yeasen, Shanghai, China) and HNVs were incubated in a thermostatic incubator at
37°C for 30 minutes. They were then moved into ultrafiltration centrifuge tubes and centrifuged at 3000 g for twenty
minutes. The solution’s top layer was then identified as the DIR-labeled HNVs. Twelve mice were randomly divided into
two groups of six. The model group received intraperitoneal injections of LPS (100 pg/kg) and GalN (700 mg/kg), while
the control group received an intraperitoneal injection of PBS. After an hour, oral gavage of 50 mg/kg of HNVs was
given to each mouse individually. At the designated intervals, the mice were then dissected, and the heart, liver, spleen,
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lung, kidney, and intestine were obtained. Following saline washing, the distribution of DIR-labeled HNVs in control and
model mice was shown in a animal imaging system.

HNVs Biosafety Experiments

Twelve BALB/c mice (6—8 weeks) were split into four groups at random. Three of the groups received oral gavage
treatments of 25 mg/kg, 50 mg/kg, and 100 mg/kg of HNVs, while the fourth group received oral gavage treatment of
200 uL of PBS, once a day for 5 days, body weights of all animals were recorded daily, and at the end of the experiment,
all mice were euthanized, and hearts, livers, spleens, lungs, kidneys, and serum were collected.

Animal Experiment

All animal experiments were conducted in accordance with the Guidelines for Ethical Review of Laboratory Animal Welfare
published by China (GB/T 35892-2018) and were approved by the Zhejiang Provincial People’s Hospital Ethics Committee.
Male BALB/c mice (6—8 weeks old) were sourced from GemPharmatech Co. Unless otherwise noted, mice were allowed
unrestricted access to food and water, and the room temperature was kept at 22°C with 50% humidity and a 12-hour light/dark
cycle. LPS (L6529, sigma-aldrich) and D-GalN (ST1213, Beyotime) were injected intraperitoneally into mice to create a
model of ALF. Based on the results of the biosafety evaluation, ie, HNVs maintain good biosafety in the range of 25 mg/kg-
100 mg/kg, hence, mice in the treatment group received oral gavage of HNVs (50 mg/kg) one hour after the ALF model was
established, whereas mice in the control group were gavaged with identical doses of PBS. Mice were euthanized six hours
following successful ALF modeling, and serum, liver, and the contents of cecum were collected.

Serum Biochemical Assay

Serum levels of ALT, AST, BUN, and Cr were measured using a fully automated biochemical analyzer. Concentrations of
IL-6 (JL20268, JONLNBIO), IL-18 (JL18442, JONLNBIO), and TNF-a (JL10484, JONLNBIO) in mouse serum were
determined by enzyme-linked immunosorbent assay (ELISA) according to the manufacturers’ instructions. Absorbance
was measured at 450 nm, and sample concentrations were calculated using standard curves.

Histopathological Analysis

HE staining is used to evaluate the histopathologic condition of mice. 4% paraformaldehyde was used to fix the tissues of
the mice. Following dehydration and transparency, the tissue was paraffin-embedded and prepared into paraffin sections.
Eosin and Hematoxylin were then used to stain the tissues’ cytoplasm and nuclei, respectively, following the dewaxing of
the paraffin. Immunofluorescence staining was performed to analyze macrophage polarization and apoptosis (via TUNEL
assay) in mouse liver tissues. Following deparaffinization and rehydration of paraffin sections, nonspecific binding was
blocked with goat serum. Sections were then incubated sequentially with primary and secondary antibodies. Fluorescence
images were acquired using laser scanning confocal microscopy and analyzed quantitatively with ImageJ software.

Liver RNA-Seq

Following tissue RNA extraction, an Agilent 2100 bioanalyzer was used to assess the integrity of the RNA. The mRNA
containing polyA tails was then enriched using Oligo(dT) magnetic beads. The purified mRNA was then fragmented
using divalent cations, and first-strand cDNA was synthesized with the fragmented mRNA as template. A cDNA library
was constructed by processing the purified double-stranded cDNA through size selection, PCR amplification, and
purification. Library insert size was validated using the Agilent 2100 Bioanalyzer. Upon successful quality assessment,
sequencing was performed on an Illumina platform.

Extraction of Liver Primary Cells and Flow Cytometry

Mice were anesthetized and blood was flushed from the liver using Hank’s Balanced Salt Solution (abs9258, Absin). After
significant swelling of the liver was observed, the portal vein was clipped and the superior vena cava was clamped until the
liver became completely white. The liver was then flushed with collagenase (abs47048000, Absin) until it became loose.
The liver was clipped to 10 mL of collagenase A solution (to which 1% DNase I had been added) and gently shaken for 10
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min in a 37°C water bath, then pre-cooled HBSS solution was quickly added to 50 mL, and 200 pL. of DNase I solution was
added and then mixed well. After passing through a 70 um cell filter, the mixture was centrifuged at 500 g for 7 minutes. The
precipitate was recovered, including the total liver cells. Total liver cells were resuspended and centrifuged at 100 g for 5
minutes, and the supernatant was collected; these were the liver nonparenchymal cells. The resultant supernatant was
centrifuged at 500 g for 7 minutes, and the precipitate, which consisted of liver nonparenchymal cells, was collected. In a
1:5 ratio, Red Blood Cell Lysis Buffer lysate (abs9101, Absin) was added to the precipitate obtained above. The mixture
was then centrifuged at 500 g for 7 minutes at 4°C. The precipitate was then gathered and resuspended in HBSS. Fixable
Viability Stain 510 (564406, Becton, Dickinson and Company) was added to the resuspension to exclude non-viable cells
and FcBlock (553141, Becton, Dickinson and Company) was added to remove non-specific binding. Next, CD45 (557659,
Becton, Dickinson and Company), CD11b (557396, Becton, Dickinson and Company), F4/80 (565410, Becton, Dickinson
and Company), CDl1lc (558079, Becton, Dickinson and Company), and CD206 (565250, Becton, Dickinson and
Company) were added according to the reagent manufacturer’s instructions. An Agilent-NovoCyte Penteon instrument was

used to collect the data, and NovoExpress software was then used for analysis.

Western Blot
Weigh 20 mg of tissue sample, add two stainless steel beads and 200 pLL RIPA lysis buffer. Following homogenization at
60 Hz for 60s (three cycles) using a tissue grinder, samples were centrifuged at 12,000 rpm for 20 minutes to collect
supernatant. Proteins were separated and transferred to PVDF membranes. After blocking membranes with 5% skim milk
for two hours, primary antibody incubation was performed overnight at 4°C with shaking. Membranes were then
incubated with secondary antibody, and protein signals were detected using Image Lab software.

The following primary antibodies were employed: Marker (RM19001, ABclonal), Beta Actin Polyclonal antibody
(20536-1-AP, Proteintech), GAPDH (10494-1-AP, Proteintech), Atg7 (A19604, ABclonal), Atg5 (A19677, ABclonal),
P53 (2524T, Cell Signaling Technology), P62 (16177T, Cell Signaling Technology).

Quantitative Real-Time PCR

Following the manufacturer’s guidelines, total RNA was extracted from tissues using TRIzol reagent, and NanoDrop was
used to assess the RNA’s quality and purity. The isolated RNA was reverse transcribed to ¢cDNA with the cDNA
Synthesis SuperMix kit (NovoProtein Technology, China). Quantitative real-time PCR was subsequently performed
using primer sequences listed in Table S1.

6S rRNA Sequencing

The FastPure Stool DNA Isolation Kit (Majorbio, Shanghai, China) was used to extract the whole genomic DNA of the
microbial communities present in the cecum contents. 1% agarose gel electrophoresis was used to detect the integrity of
DNA. The concentration and purity of the isolated DNA were assessed using Nanodrop2000. The V3-V4 variable region
of the 16s rRNA gene was amplified by PCR using the isolated DNA mentioned above as a template. 338F (5'-
ACTCCTACGGGGAGGCAGCAG-3") was the upstream primer, while 806R (5'-GGACTACHVGGGGTWTCTAAT-3")
was the downstream primer. The sequencing procedure was carried out using [llumina Miseq PE300 platform. The high-
throughput 16S rRNA sequencing was performed in Majorbio Bio-Pharm Technology Co. Ltd. The data were analyzed
on the free online platform of I-Sanger Cloud Platform.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism software, version 9.0. Comparisons among multiple groups were
conducted through one-way ANOVA, followed by Dunnett’s T3 test for multiple comparisons. The means of the two
groups were compared using #-test. In all figures, error bars indicate the standard deviation (SD). * P <0.05, ** P <0.01, n.s.,
not significant vs Model group.
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Results

Preparation and Characterization of HNVs
Dried honeysuckle was subjected to juice extraction, centrifugation, and purification to obtain HNVs (Figure 1A). To
investigate the morphology of HNVs, we used cryo-EM. Based on cryo-EM imaging (Figure 1B), HNVs appeared as
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Figure | Preparation and characterization of HNVs. (A) Flowchart of HNVs preparation. (B) Cryo-EM images of HNVs. (C) Protein concentration of HNVs (n=3). (D)
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individual exosome-like nanovesicles with spherical morphology and a particle size distribution ranging from 50 to 200 nm.
To quantify HNVs, we employed the BCA assay to measure protein content. We found that 1 mL of HNVs could be obtained
from 8 g of dried honeysuckle, with a protein concentration of 29.47 mg/mL (Figure 1C). The zeta potential of HNVs was
measured using DLS, revealing a negative value of —15.97 mV (Figure 1D). To simulate gastrointestinal stability in vivo,
HNVs were incubated for 2 hours in each of the following media: PBS (Figure 1E), Stomach simulating fluid (Figure 1F), and
Small intestine simulating fluid (Figure 1G). The morphology and particle size distribution of HNVs were subsequently
characterized by TEM and DLS. We found that the particle sizes of HNVs in PBS, Stomach simulating fluid and Small
intestine simulating fluid were distributed around 158.5 nm, 147.4 nm,164.5 nm, respectively, and the HNVs were able to
maintain a spherical morphology after 2 hours of incubation, which indicated that the HNVs had good stability.

In vivo Distribution Experiment of HNVs

Prior to evaluating HNVs’ therapeutic potential against ALF, we compared the in vivo biodistribution of DIR-labeled
HNVs in ALF versus control mice (Figure 2A and B). DIR-labeled HNV's were used to track the distribution of HNVs in
vivo, and we found that HNVs could be taken up by ALF mice. HNVs entered the intestine after two hours and then
progressively made their way into the liver, reaching their maximum accumulation in the liver of ALF animals at four
hours. As a comparison, in the Control group, HNVs similarly entered the intestine at 2 hours. Nevertheless, in the
control group, we discovered that HNVs were unable to enter the liver, and we hypothesize that this could be connected
to the intestinal barrier disruption in ALF mice.

Biosafety Evaluation of HNVs
The foundation of clinical translation requires demonstrated biosafety. BALB/c mice (6—8 weeks old) were divided into
four groups: PBS control, HNVs low-dose (25 mg/kg), HNVs medium-dose (50 mg/kg), and HNVs high-dose (100 mg/kg).
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Figure 2 Fluorescence distribution images of control and model groups at various time points following oral treatment of HNVs. (A) Images of fluorescence distribution of
HNVs at various times in the intestines of mice in the Control and Model groups. (B) Images of fluorescence distribution of HNVs at various times in major organs of mice
in the Control and Model groups.
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Mice received daily oral administrations of their respective treatments for five consecutive days, with body weights
monitored throughout. No significant changes in body weight were observed in any HNVs-treated group compared to
PBS controls (Figure 3F). After the mice were euthanized, we examined the serum of each group for liver and renal
functions, and we discovered that there were no significant differences in serum ALT (Figure 3B), AST (Figure 3C), BUN
(Figure 3D), and Cr (Figure 3E) between the mice treated with different dosage groups and Control group. Furthermore,
mice treated with several dose groups of HNVs and Control group did not significantly differ in their major organs, such as
the heart, liver, spleen, lung, or kidney, according to HE staining (Figure 3A). These results suggest that HNVs are safe for
biomedical applications.

HNVs Protect Against Pathological Symptoms Associated with ALF Mice

By injecting LPS/GalN intraperitoneally into BALB/c mice and then administering HNVs orally, we established an ALF
model and confirmed the therapeutic effect of HNVs on ALF mice (Figure 4A). Treatment with HNVs significantly
repaired the abnormal liver morphology observed in mice treated with LPS/GalN (Figure 4B). We then verified the safety
of HNVs at the cellular level, and we discovered that HepG2 cells could maintain good cellular activity after treatment
with different concentrations of HNVs (Figure 4C). Then, we evaluated the liver pathology in each group of mice by HE
staining (Figure 4D), and we found that LPS/GalN induced disorganization of the liver, hepatocellular necrosis, and
large-scale inflammatory cell infiltration, which was significantly improved by HNVs treatment. Since serum ALT and
AST are considered to be crucial indicators for evaluating ALF, we measured the levels of these chemicals in mice.** We
discovered that LPS/GalN increased serum levels of ALT (Figure 4E) and AST (Figure 4F) in mice. However, HNVs
significantly decreased ALT and AST levels. In summary, HNVs were able to protect against pathological symptoms
associated with ALF in mice, including improvement of liver morphology, histological disorganization, inflammatory
cells infiltration, hepatocyte necrosis, and modulation of serum ALT and AST.

RNA-Seq Analysis of the Liver

Liver samples were used for RNA-Seq analysis. Comparative analysis of volcano plots of hepatic transcriptional profiles
in the LPS/GaIN+HNVs and LPS/GalN groups showed that significant up-regulation of 599 genes and significant down-
regulation of 641 genes by HNVs (Figure 5A). This is further validated by a heat map of clustering between LPS/GalN
+HNVs and LPS/GalN groups (Figure 5B). According to KEGG enrichment analysis (Figure 5C), we found that HNVs
ameliorated ALF by participating in the regulation of several inflammatory immune pathways, including the Chemokine
signaling pathway, MAPK signaling pathway, and TNF-a signaling pathway. Furthermore, GO enrichment analysis
showed that HNVs up-regulated a variety of biological processes including cellular modified amino acid catabolic
process, etc. (Figure 5D). At the same time HNVs downregulate biological processes such as chemokine-mediated
signaling pathway, response to interleukin-1 and molecular functions such as CCR chemokine receptor binding, MAP
kinase phosphatase activity, chemokine receptor activity, C-C chemokine binding (Figure 5E).

HNVs Inhibit M| Polarization and Chemokine Recruitment

Based on KEGG (Figure 5C) and GO (Figure SE) enrichment analyses in RNA-Seq, we found that HNVs improved ALF
mainly by inhibiting inflammatory immune pathways. Thus, we applied flow cytometry to investigate the expression of
pro-inflammatory M1 cells (CD45+CD11b+F4/80+CDl1lc+) and anti-inflammatory M2 cells (CD45+CD11b+F4/80
+CD206+) in the LPS/GaIN+HNVs and LPS/GalN groups, respectively (Figure 6A). Quantitative analysis showed
that LPS/GalN significantly up-regulated the expression of pro-inflammatory M1 cells compared to the Control group,
which was significantly down-regulated by HNVs (Figure 6D). Furthermore, the significant reduction of anti-inflamma-
tory M2 cells caused by LPS/GalN was significantly reversed by HNVs (Figure 6E). Then, using immunofluorescence
staining, we confirmed that HNVs can prevent macrophage polarization toward M1 (Figure 6B) and encourage
polarization toward M2 (Figure 6C). Quantitative analysis of immunofluorescence staining showed that HNVs signifi-
cantly inhibited the significant expression of pro-inflammatory M1 cells in the liver caused by LPS/GalN (Figure 6F) and
significantly up-regulated anti-inflammatory M2 cells in ALF mice (Figure 6G). Since, the high expression of pro-
inflammatory M1 macrophages leads to the release of large amounts of chemokines from hepatic Kupffer cells in order to
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Figure 4 Therapeutic effect of HNVs on ALF. (A) Creation of an ALF mouse model and the HNVs therapy procedure. (B) Liver morphology of mice in each group (n=3 in each group).
(C) Cell viability of HepG2 cells after treatment with different concentrations of HNVs (n=>5 in each group). (D) HE Staining of Liver. (E) Serum ALT level in mice (n=6 in each group).
(F) Serum AST level in mice (n=6 in each group). Statistical analysis was performed using one-way ANOVA. Data were expressed as the mean + SD. * P < 0.05, ** P <0.01, n.s., not
significant vs Model group.

recruit chemokine receptors in the circulating blood, which results in the development of an inflammatory response.?’
Therefore, Quantitative real-time PCR was carried out to quantify chemokines and their receptors in liver tissues. The
findings revealed that LPS/GalN considerably increased the levels of CCL2 (Figure 6H), CCR2 (Figure 6I), CCLS5
(Figure 6J), and CCRS5 (Figure 6K) in liver tissues compared to the Control group, which was markedly suppressed by
HNVs, inhibiting the immune-inflammatory response.
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HNVs Promote Autophagy and Inhibit Apoptosis Thereby Reducing Inflammatory

Response

Autophagy is a cellular process that maintains intracellular homeostasis in cellular inflammation and injury.*® Growing
evidence that enhanced autophagy attenuates the immune-inflammatory response in ALF mice.”’*® To determine the
expression of genes linked to autophagy, we employed Western blotting. The findings indicated that P62 protein
expression was significantly up-regulated and accompanied by a significant decrease in Atg5, Atg7 protein expression
in contrast to the Control group, whereas HNVs were able to significantly reverse the effect of LPS/GalN on autophagy-
related protein expression (Figure 7A), implying that HNVs can protect against the effects of ALF by enhancing
autophagy. Moreover, apoptosis, a sort of programmed cell death is considered a prominent pathological feature of
ALFE.* According to Western blotting results, LPS/GaIN dramatically increased the expression of P53 protein in liver
tissues (Figure 7A). This trend was successfully reversed by HNVs therapy. We then performed immunofluorescence
staining of the liver tissue using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (Figure 7H),
which was used as a marker of apoptosis. Quantitative results showed (Figure 71) that LPS/GalN significantly induced an
increase in TUNEL expression in liver tissue, which was significantly reduced by HNVs. Next, we examined the
expression of inflammatory factors in the serum of each group of mice using ELISA. The results showed that HNVs
significantly reduced the expression of IL-6 (Figure 7B), IL-1B (Figure 7C), and TNF-a (Figure 7D) in ALF mice. We
further performed quantitative real-time PCR for inflammatory factors in the liver tissues of mice in each group.
Consistent with the results in serum, the significant upregulation of IL-6 (Figure 7E), IL-1pB (Figure 7F), and TNF-a
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(Figure 7G) levels induced by LPS/GalN were effectively reversed by HNVs. The above results suggest that HNVs can
enhance autophagy and inhibit apoptosis, which in turn suppresses the immune response.

HNVs Regulate LPS/GalN-Induced Alterations in the Gut Microbiota

According to studies, ALF is typically accompanied by a gut microbiota imbalance,*® which further damages the intestinal
barrier, allowing enteric LPS to enter the liver through the portal vein, resulting in a cascade of immune-inflammatory
responses that further exacerbate ALF.>' Therefore, to examine the variations in the gut microbiota composition among
each group, we used 16s TRNA. Based on the Upset and Venn diagrams, we found that the three groups shared 425 identical
amplicon sequence variations (ASVs), while 938 ASVs were present only in LPS/GalN+HNVs (Figure 8A). To evaluate
the variations in the a-diversity of the gut microbiota across the groups, the Ace, Chao, Shannon, and Simpson indices were
employed (Figure 8B); however, these four indices were not significantly different among the three groups. We then
analyzed the B-diversity of the gut microbiota in each group of mice using principal coordinate analysis (PCOA) based on
Bray Curtis and weighted unifrac (Figure 8C), the results showed that HN'Vs treatment brought the composition of the gut
microbiota significantly closer to that of Control group and significantly separated it from that of the gut microbiota in LPS/
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GalN group. Next, we analyzed the relative abundance of the gut microbiota in three groups of mice. Figure 8D shows the
top 10 microbial levels at the phylum level for each group of mice. We detected that LPS/GalN decreased the relative
abundance of Firmicutes and upregulated the relative abundance of Desulfobacterota, while HNVs treatment was able to
significantly reverse this trend (Figure 8E). Figure 8F shows the top 20 microbial levels at the genus level for each group of
mice. In LPS/GalN-induced mice, we noticed that the relative abundance of Bacillus and Lactobacillus had decreased,
whereas treatment with HNVs dramatically increased the levels of Lactobacillus and Bacillus (Figure 8G). Next, we
investigated the differences between the gut microbiota of the LPS/GalN group and the LPS/GalN+HNVs group using LDA
effect size (LEfse) (Figure 8H). Enriched in LPS/GalN were mainly Desulfobacterota at the phylum level and Desulfovibrio
at the genus level, whereas enriched in LPS/GalN+HNVs were mainly Firmicutes at the phylum level and Lactobacillus,
Bacillus Lachnospiraceae FCS020_group at the genus level.

Discussion

Compared to exosome-like nanovesicles of mammalian origin, the extraction process of exosome-like nanovesicles
(PELNVs) of plant origin is simple, inexpensive and suitable for large-scale production.** In addition, due to their natural
origin, PELNVs are low immunogenic, non-toxic and highly biocompatible.'®**** Moreover, PELNVs exhibit superior
targeting capability and higher bioavailability relative to traditional botanical drugs, which may result in comparable or

[ control [ ]LPSIGaIN [ ] LPS/GaIN+HNVS
A B
Upset 800 hs s 800 ns ns
1000, 938995 s E
2 600- S 600
800 1 7]
o0s 608 5 5
600 -| 24001 ¢ W @ % 4004
A@ 400 = § £
i '3 2001 8 200
< <
200 148 [3)
84 78 -
0
ol
_ 6 ns ns _ 06
1195 L Control 2 2 = =
[ Q
3 B 041
< 4 <
1562 rLPS/GaIN s | € MM & 5
x x
3 g 0.2
£ £
| LPS/GaIN = p
1589 +HNVs 2 2 0.0
[ Q :
S O SOS g 5
7]
S8 FEF 0 0.2
C D
PCoA on ASV level PCoA on ASV level
Bray_curtis weighted_unifrac
0.6 0.4 :
054 223-33159 : 0.3 5 M Unclassified
- Anosim 0.2 3 100+ M Cyanobacteria
“1 0.1 3 Proteobacteria
z03 fg;lt(r;lm PO R il B o A G G 52 Deferribacterota
3 b [ "
z 0.2 LPS/G:IN+HNVs u°) -0.19 - = Campilobacterota
=y & -0.21 ° g Bacteroidota
o & -0.31R=0.2478 2= 50 Desulfobacterota
O Ofennc e AN ) a -0.4-{ RTO.0M o § Actinobacteriota
0.1 -0.57 Control g s Patescibacteria
-0.6 ontrol o : ?
0.2 LPS/GalIN - s Firmicutes
. 0.7 & LPS/GalN+HNVs: o
0.3 - 0.8 + 0 T T T
0.6-0.5-04-0.3-0.2-01 0 0.1 0.2 0.3 0.4 -0.5-0.4-0.3-0.2-0.10 0.10.2 0.30.4 0.5 0.6 NN -
PC 1 (23.03%) PC 1 (38.69%) & Q;\“
Ay
€ P X
&
Qe\
v

Figure 8 Continued.

12988 ‘s International Journal of Nanomedicine 2025:20



Li et al

E F
_ 100 X * Lactobacillus mm norank_f__Erysipelotrichaceae
% _T e 100 Candidatus_Saccharimonas mm norank_f__Muribaculaceae
°2 3 J
e 80 2% ] norank_o__Clostridia_UCG-014 mm Eubacterium_brachy_group
= = 3 _ —
% ; —‘7 % s - Bacillus mm Lachnoclostridium
< -4 .
o S 607 b o Enterorhabdus == Monoglobus
<
g £ e Enterococcus mm Streptococcus
- © J
g : 40 g g 50 Lachnospiraceae_NK4A136_group Odoribacter
§ % §§ Desulfovibrio m Roseburia
[
:g 201 o s norank_o__RF39 mm norank_f__Ruminococcaceae
a2 - G Alistipes others
0 — 0 T T T norank_f__Lachnospiraceae
2 & » >
& &° & NS
& S & 0 X
& o (S N
< & VR
& &
Q V
G H
LEfse Bar
f__Desulfovibrionaceae
c__Desulfovibrionia
50 * E3 o__Desulfovibrionales
E - - p__Desulfobacterota
o ﬁ 40- g__Desulfovibrio
s 3 —‘7 g__norank_o__Rhodospirillales
© C 2.4
° -3 o__Rhodospirillales
5 @ 301 f__norank_o__Rhodospirillales
< .
et c__Alphaproteobacteria
£ 5 201 g__Candidatus_Stoquefichus
c
- c__Bacilli
E T 0] p__Firmicutes
2 T f__Lactobacillaceae
© g__Lactobacillus
0 o__Bacillales
@ @
c}\\" 6‘\\0 f__Bacillaceae
\50" * g_ Bacillus
\?C' g__Lachnospiraceae_FCS020_group
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5 5.5
LDA SCORE

Figure 8 16s rRNA analysis. n = 7 individuals/group. (A) Upset and Venn diagram. (B) The a-diversity of Ace, Chao, Shannon and Simpson indices. (C) PCoA analysis based
on Bray curtis and weighted unifrac, differences of data were calculated by Anosim test. (D) Percentage of relative abundance at the phylum level. (E) Percentage of relative
abundance of Firmicutes and Desulfobacterota. (F) Percentage of relative abundance at the genus level. (G) Percentage of relative abundance of Lactobacillus and Bacillus. (H)
LEfse analysis of predominant biomarkers in the LPS/GalN and LPS/GalN+HNVs groups. The threshold of the score of LDA analysis was 4.0. Data were expressed as the
mean * SD. * P < 0.05, ** P <0.01, n.s., not significant vs Model group.

enhanced therapeutic efficacy.’*® Previously, PELNVs have already been shown to be effective in a variety of animal
models, such as garlic exosomes for the alleviation of acute liver injury,®* rhubarb exosomes for the alleviation of acute
lung injury,’” and ginseng exosomes for the amelioration of colitis.>®

Here, we extracted plant-derived exosome-like nanovesicles from the traditional Chinese herb Honeysuckle and
explored its efficacy and mechanism in ALF. We first validated the characterisation of HNVs, which we found to be
individual exosome-like nanovesicles with a spherical morphology in the range of 50-200 nm, with a particle size
distribution around 158.5 nm and a potential of —15.97 mV, as measured by Cryo-EM and DLS. Then by simulating the
environment of the human digestive tract, we found that HNVs were able to maintain excellent stability in the
gastrointestinal tract, which lays a good foundation for the subsequent ability of HNVs to be used in the treatment of
ALF by oral gavage. Before exploring the efficacy and mechanism of HNVs in the treatment of ALF, we performed a
biosafety evaluation of HNVs. After 5 days of treatment with HNVs in different dosage groups, there were no significant
differences in histopathological conditions, liver functions, kidney functions, and body weights between groups of mice,
indicating that HNVs are safe and effective as natural nanomedicines. Next, our study demonstrated that HNVs
effectively protected against liver tissue structure damage, hepatocyte necrosis and massive inflammatory cell infiltration
in ALF mice while significantly reducing LPS/GalN-induced massive expression of serum ALT, AST, suggesting a
favourable ameliorative effect of HNVs on ALF.
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Following that, we employed RNA-Seq to investigate how HNVs improve ALF. According to KEGG and GO
enrichment, HNVs improve ALF by blocking chemokine recruitment and decreasing inflammatory responses. In ALF
model, hepatic Kupffer cells often exhibit pro-inflammatory M1 polarization, which exacerbates the process of liver
injury by releasing chemokines to recruit chemokine receptors in blood monocytes, creating an immune-inflammatory
response.>” Thus, flow cytometry and immunofluorescence staining were used to confirm that HNVs greatly prevented
the polarization of hepatic Kupffer cells to M1 macrophages. Next, we verified that HNVs inhibit the recruitment of the
chemokines CCL2, CCR2, CCLS5, and CCRS5 utilizing Quantitative Real-time PCR. Given the critical roles that
autophagy and apoptosis play in the inflammatory immune response, we confirmed using Western blotting and
immunofluorescence staining that HNVs can improve ALF by promoting autophagy, preventing apoptosis, and thereby
lowering the blood and liver’s expression of inflammatory factors.

In the in vivo distribution experiments of HNVs, we can observe that HNV's were unable to reach the liver in Control
group, whereas in ALF mice, HNVs were able to pass through the intestines and enter the liver. We hypothesize that this
could be related to impairment to the intestinal barrier in ALF mice. Gut microbiota abnormalities have been demon-
strated to cause intestinal barrier impairment, which allows the microbial metabolite LPS to enter the liver through the
compromised barrier and exacerbate ALF.*>*' Therefore, we performed 16s rRNA analyses. The findings demonstrated
that the gut microbiota composition of ALF mice was significantly different from that of the Control group and that LPS/
GalN decreased the genus-level abundance of Lactobacillus and Bacillus. These trends were significantly reversible by
the administration of HNVs. Moreover, it has been shown that Lactobacillus and Bacillus may be associated with
intestinal barrier repair.*** It suggests that HNVs can regulate the disordered intestinal microbiota in ALF mice and thus
repair the damaged intestinal barrier to inhibit the entry of intestinal metabolite LPS into the liver and thus suppress the
immune-inflammatory response.

Thus, we hypothesized that HNVs exert their protective effects through dual pathways in the ALF mouse model: on
the one hand, it reduces leakage of gut-derived LPS to the liver by regulating the intestinal microbiota and repairing the
intestinal barrier function; on the other hand, HNVs can enter the liver via the damaged intestinal barrier and directly
inhibit exogenous LPS-induced liver injury.

In conclusion, we developed a naturally-derived nanomedicine, HNVs, and validated its remarkable therapeutic effect
in an LPS/GalN-induced ALF mouse model. Based on their favorable biosafety, excellent oral stability, and well-defined
therapeutic mechanisms, HNVs show good prospects for clinical translation. Future studies will focus on the develop-
ment of its GMP-grade manufacturing process, the optimization of different delivery strategies (especially the clinical
translational pathway for oral administration), and more in-depth long-term safety evaluations to accelerate its advance-
ment to clinical applications. In addition, given the high mortality rate of ALF and the limitations of current effective
treatments, the successful development and translation of HNVs, which are safe, effective and orally available therapies,
is expected to provide new therapeutic options for patients with ALF and significantly improve their survival and quality
of life, which is potentially important for the maintenance of human liver health.

Nevertheless, for our study, we have the following shortcomings: ALF is a clinical syndrome caused by multiple
factors. However, only the LPS/GalN-induced ALF model was used in this study to assess the role of HNVs. Multiple
ALF models are needed in the future to comprehensively assess the broad applicability of HNVs to ALF.
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