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Abstract Non-alcoholic steatohepatitis (NASH), an advanced form of non-alcoholic fatty liver disease

(NAFLD), has emerged as the leading cause of liver failure and related death. Currently, no medication is

specifically approved to treat NAFLD or NASH. Here we report that oral administration of honey vesicle-

like nanoparticles (H-VLNs) to naturally aged mice protects the liver from NASH development. H-VLNs

are dominantly taken up by Kupffer cells in the liver and suppress hepatic chronic inflammation and

further development of fibrosis and nodule formation in aged mice. Besides their reported anti-

inflammasome function, H-VLNs are found to inhibit the transcriptional activities of C-JUN and nuclear

factor-kappa B (NF-kB). MicroRNAs miR5119 and miR5108 and phenolic compound luteolin in

H-VLNs are identified in suppressing both the C-JUN and NF-kB pathways. Collectively, oral intake

of H-VLNs represents a promising new user-friendly modality to prevent the development of NASH.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is typified by excessive
fat accumulation in the liver in humans who consume little or no
alcohol1. The disease ranges from simple steatosis, characterized
by ectopic accumulation of hepatic fat alone, to the more
advanced form of non-alcoholic steatohepatitis (NASH) with
clinical manifestations of steatosis, hepatocyte injury, and
inflammation. NAFLD affects 30% of the general population
worldwide and its prevalence in individuals over age 60 years has
reached 40%2,3. The severity of NAFLD also increases with age,
and its related complications often contribute to morbidity and
mortality in the elderly population2. Currently, there is no specific
licensed medication to treat NAFLD or NASH. In the early stages,
lifestyle changes in diet and exercise are generally considered to
be a first-line approach, but long-term adherence to these behav-
iors is low4. When the disease progresses to advanced NASH, the
risk for the development of liver cirrhosis and hepatocellular
carcinoma (HCC) is significantly increased. These life-threatening
conditions often lead to liver failure, for which the sole treatment
option is liver transplantation. Many patients with liver failure
often face the fate of death because of the unavailability of healthy
donor organs. Therefore, new approaches are urgently needed to
protect the liver in general and especially in elderly NAFLD
patients.

Honey, a sweet and flavorful liquid processed by bees from the
nectar of flowers, has been used as a natural sweetener and
traditional medicine since ancient times. Honey contains mainly
sugars, which account for approximately 95%e97% of its dry
weight, and a myriad of minor components such as vitamins,
minerals, proteins, and phenolic compounds5. Recently, our group
identified vesicle-like nanoparticles (VLNs) as a new component
in honey6. Honey-derived VLNs (H-VLNs) are membrane-
enclosed nanoparticles containing proteins, lipids, and small-
sized RNAs. They potently inhibit activation of the nucleotide-
binding domain and leucine-rich repeat related (NLR) family,
pyrin domain containing 3 (NLRP3) inflammasome in primary
macrophages. Intraperitoneal injection of H-VLNs ameliorates the
level of circulating IL-1b, expression of inflammatory genes in the
liver, and liver damage in lipopolysaccharide (LPS)/D-galactos-
amine-induced acute liver injury6, in which the acute inflamma-
tion is mainly mediated by the NLRP3 inflammasome7,8.

Although our initial study of H-VLNs6 suggested that they
possessed promising anti-inflammatory functions by targeting the
NLRP3 inflammasome in an acute liver injury model, many
questions remain unanswered. For example, it is not clear whether
H-VLNs have any anti-inflammatory functions in the liver after
oral intake. In addition, no studies have explored whether H-VLNs
can ameliorate chronic inflammation in complex diseases like
NASH. It would be important to investigate whether H-VLNs
target any other inflammatory mediators besides the NLRP3
inflammasome. In the current study, we aimed to address these
outstanding questions by orally administering H-VLNs to aged
mice. Aging is an inevitable degenerative process that increases
human/mouse susceptibility to many complex diseases, such as
neurodegenerative diseases, NAFLD/NASH, and other metabolic
diseases9. Along with aging comes chronic inflammation (some-
times termed inflammaging), which is a strong risk factor for the
development of many aging-related diseases9,10. Aging-associated
inflammation is complex; it involves NLRP3 inflammasome
activation, as well as many other inflammatory mediators11,12.
Thus, using aged mice would allow us to investigate the possible
beneficial effects of H-VLNs on chronic inflammaging and the
resulting aging-related diseases in multiple tissues, including
NAFLD/NASH. We expected that our study would reveal the
potential benefits of H-VLNs taken orally under chronic inflam-
mation conditions and would improve our understanding of H-
VLNs’ new molecular targets and their responsible bioactive
components. Most importantly, this study would promote the
prospective oral intake of H-VLNs as a promising user-friendly
hepatoprotective agent to curb NASH development.

2. Materials and methods

2.1. Cell culture

Bone marrow-derived macrophages (BMDMs) from C57BL/6J
mice were cultured as described7. Huh7 hepatoma cells were
grown in Dulbecco’s modified Eagle’s Medium (DMEM) with
4.5 g/L glucose (Corning, Tewksbury, MA, USA) containing 10%
fetal bovine serum (FBS; Atlanta Biologicals, S11150, Minneap-
olis, MN, USA), 50 mg/mL PenStrep (Corning), and 2 mmol/L L-
glutamine (Corning)13. Cell viability of BMDMs was determined
using Cell Counting Kit-8 (Sigma, St. Louis, MO, USA) per the
manufacturer’s instructions. To assess the effects of H-VLNs or
their biomolecules on C-JUN and nuclear factor-kappa B (NF-kB)
pathways, BMDMs were incubated with H-VLNs for 16 h, and
then treated with LPS (InvivoGen, tlrl-peklps, San Diego, CA,
USA, 10 ng/mL) for 15 or 30 min. Cells were harvested for
immunoblot analysis. To study the effects of H-VLNs or their
biomolecules on target genes of C-JUN and NF-kB, BMDMs were
incubated with H-VLNs for 16 h and then with LPS for 3 h. Cells
were harvested for mRNA analysis.

Total H-VLN RNAs, each microRNA (miRNA) mimic (Qia-
gen, Germantown, MD, USA or ThermoFisher Scientific, Wal-
tham, MA, USA) or AllStars negative control siRNA (Qiagen)
were transfected in BMDMs using lipofectamine RNAiMAX
(Invitrogen, Carlsbad, CA, USA) as described6. After 24 h
transfection, LPS was incubated with BMDMs for 3 h, followed
by mRNA analysis. Luteolin, syringic acid, vanillic acid, proto-
catechuic acid, and p-coumaric acid were purchased from Sigma,
dissolved in ethanol, incubated with BMDMs for 16 h and then
with LPS for 3 h. Afterward, cells were harvested for mRNA
analysis.

2.2. Mice

C57BL/6J mice from Jackson Laboratory (Bar Harbor, ME, USA)
were maintained in an animal facility free of specific pathogens
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and fed with Teklad chow diet (Inotiv, 2016, West Lafayette, IN,
USA). Animal experiments were approved by the Institutional
Animal Care and Use Committee of the University (Project ID
2054). For the aging study, when 20 age-matched male mice
reached 11.5 months old, they were randomly split into two
groups (10 mice/group): the control group orally received
phosphate-buffered saline (PBS) weekly and the treatment group
orally received H-VLNs in PBS at 2 � 109/g. Their body weights
were measured weekly. After seven months of treatment, the mice
were subjected to a Barnes maze test. Each mouse was trained to
locate the hiding hole on the maze table for six consecutive days
and tested on Day 7. The time for each mouse to locate the hiding
hole was recorded. The mice were rested for one week and re-
tested on the maze table on Day 14. After eight months of treat-
ment, the thigh bone density of each mouse was assessed using an
UltraFocus DXA in vivo imaging system (BioVision, Milpitas,
CA, USA). After 10.25 months, the mice were trained at 7 m/min
for 10 min on a flat treadmill (Panlab, Holliston, MA, USA) for
four consecutive days. On Day 5, the mice started to run at 6 m/min
on a flat treadmill. Every 10 min, the run speed was increased
1 m/min. The mice were considered exhausted when they rested
more than 30 consecutive seconds at the rear of the treadmill
despite air puff stimulation (10e15 psi). After two more weeks of
rest, the individual mice were subjected to metabolic cage analysis
using a Phenomaster/Labmaster caging system (TSE Systems,
Chesterfield, MO, USA). The mice were kept in the system for
48 h. The first 24 h was the adaptation period, and during the last
24 h period data were collected for analysis. When these mice
reached 23 months old, they were sacrificed and their tissues were
either snap-frozen with liquid nitrogen or fixed in 10% formalin
solution (VWR, Radnor, PA, USA) for pathological, biochemical,
and molecular analysis.

2.3. Extraction of H-VLNs and their biomolecules

Manuka honey (unprocessed, product of NewZealand, distributed by
Wedderspoon, Malvern, PA, USA) was purchased from a local gro-
cery shop, and H-VLNs were extracted as described6. Briefly, 2 g of
honey was diluted with cold PBS, and the diluent was sequentially
subjected to centrifugation at 500�g for 10 min and 2000�g for
20min at 4 �Cusing anAllegraX-30 benchtop centrifuge (Beckman,
Brea, CA, USA), followed by centrifugation at 10,000�g for 30 min
at 4 �C using an Optima XE-90 ultracentrifuge (Beckman). The final
supernatant underwent ultracentrifugation at 100,000�g for 2 h at
4 �C using the Optima XE-90 ultracentrifuge. The H-VLN pellets
werewashedwith cold PBS, resuspended in PBS, and filtered using a
200 nmAcrodisc filter (Pall Laboratory, PortWashington, NY,USA).
Alternatively, H-VLNs were subjected to further purification using
the sucrose gradient (8%, 30%, and 60%)6. The size and yield of
H-VLNs were measured by a NanoSight NS300 instrument (Mal-
vern, Westborough, MA, USA)14. The protein concentration of
H-VLNs was measured using the Micro BCA Protein Assay kit
(ThermoFisher Scientific). Molecular composition analyses of
H-VLNs were conducted as previously described6. To assess zeta
potential, H-VLNs in PBS were diluted using double-distilled (dd)
H2O (1/100, v/v) to a final concentration of 0.5 � 1010/mL (pH 7.4)
and measured on a Litesizer 500 Particle Analyzer (Anton Paar,
Vernon Hills, IL, USA). The measurement was repeated three times.
After sucrose gradient ultracentrifugation, the high-purity H-VLNs
were subjected to ultrastructure transmission electron microscopy
(TEM) and conventional negative stain TEM as previously re-
ported6,15. To disrupt the H-VLN structure, H-VLNs in PBS were
sonicated using a digital sonifier S-450D (Branson, Brookfield, CT,
USA) at 20% of maximal amplitude for a total of 2 min (20 s on and
10 s off), followed by bath sonication (Branson) 1 h at 37 �C. The
samples were examined using a Hitachi HT7800 TEM at 80 kV, and
micrographs were collected using an AMT NanoSprint1200 CMOS
camera (Schaumburg, IL, USA).

RNAs were extracted from H-VLNs using miRNeasy Mini kit
(Qiagen). To extract small chemicals from H-VLNs, four parts of
a chloroform/methanol mixture (1/2, v/v) were mixed vigorously
via vortex with one part of H-VLNs in PBS (1 � 1011 H-VLNs).
1.25 parts of chloroform and ddH2O were sequentially added and
mixed vigorously. The mixture was centrifuged at 1000�g for
10 min using an Allegra X-30 benchtop centrifuge (Beckman).
The fraction soluble in chloroform (C-fraction) was collected,
dried under nitrogen gas at 60 �C, and dissolved in 200 mL
methanol. The leftover fractions soluble in water and methanol
mixture (WM-fraction) were centrifuged at 10,000�g for 10 min.
The supernatant was collected and dried under nitrogen gas at
60 �C until the volume reached 800 mL. 5 mL of the C-fraction,
and 20 mL of the WM-fraction were incubated with BMDMs,
followed by LPS treatment.

2.4. Identification of phenolic compounds in H-VLNs

The WM-fraction of H-VLNs was subjected to phenolic com-
pound analysis using liquid chromatography-mass spectrometry
(LC‒MS) in the proteomics facility at the University of Nebraska
Lincoln (UNL), following a previously reported procedure16. The
high-performance liquid chromatography (HPLC) employed for
the chromatographic separation was achieved with a Shimadzu
Nexera �2 system fitted with an Agilent Eclipse XDB C18
(100 mm � 3.0 mm; 3.5 mm particle size) reverse-phase column
(Agilent, Santa Clara, CA, USA) maintained at ambient temper-
ature; the HPLC system was coupled with a QTRAP 6500þ mass
spectrometer (Sciex, Framingham, MA, USA) for tandem MS
analysis. Mobile Phase: eluent A was a solution of 2% acetic acid
in water and eluent B was 100% acetonitrile. Solvent gradient:
0e0.1 min, 6% B; 0.1e5 min, 6%e17% B; 5e8 min, 17%e20%
B; 8e16 min, 90% B; 16e18 min, 90% B; 18e19 min, 6% at a
flow rate of 0.4 mL/min. Sample injection volume is 1 mL.

The MS/MS system was operated with the IonDriveTM Turbo
Velectrospray ionization (ESI) source in positive and negative ion
modes (Sciex). The ESI source operation parameters include:
source temperature, 450 �C; ion spray voltage, 5500 and �4500 V;
ion source gas 1, ion source gas 2, and curtain gas, 50, 50, and 25
psi, respectively; collision gas, medium. The MS/MS system was
operated in multiple reaction monitoring (MRM) mode with
optimized collision energy. The ionization voltages, MRM tran-
sition ions (precursor and product ions), collision energy,
declustering potential, entrance potential, and collision cell exit
potential were optimized by a Sciex Analyst software package16.
Analytical data were processed using the Analyst 1.6.3 software
platform (Sciex). Chemicals were identified based on retention
time matching with standards purchased from Sigma and their
MS/MS profiles. Retention time matching and ESI-MS of signals
were performed on a single quad Agilent 1260 infinity LC‒MS.

2.5. Labeling and uptake of H-VLNs

To study the distribution of H-VLNs in mice, H-VLNs were
covalently labeled with a fluorescent dye from an ExoGlow-Vivo
EV labeling kit (System Biosciences, EXOGV900A-1, Palo Alto,
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CA, USA) and orally administered to 2-year-old male C57BL/6J
mice at 60,000 fluorescence intensity/g. Six hours later, the mice
were sacrificed to collect a variety of organs. The fluorescence
signals of organs were assessed using an Odyssey Clx imaging
platform (LI-COR Biosciences, Lincoln, NE, USA). The dose and
waiting time were determined based on the pilot experiments, as
well as our previous study showing that 60,000 fluorescence in-
tensity/g of garlic chive-derived VLNs was needed to detect
fluorescent signals in other organs besides the gastrointestinal (GI)
tract7.

To identify the target cell types in the liver, H-VLNs were
labeled with PKH26 (Sigma) per the manufacturer’s manual and
given via intravenous injection to 2-year-old male C57BL/6J mice
at 600 fluorescence intensity/g daily for three days. On Day 4, the
mice were sacrificed, and the livers were frozen in Tissue-Tek
O.C.T. Compound (Sakura Finetek, Torrance, CA, USA) for
further immunohistofluorescence (IHF) staining. For the cell
culture experiment, H-VLNs were labeled with PKH26 and
incubated with either BMDMs or Huh7 cells for 16 h. Cells were
washed with PBS three times, fixed using 4% paraformaldehyde
(Sigma), and their images taken using an A1ReTi2 confocal
fluorescence microscope (Nikon, Melville, NY, USA).

2.6. Pathological analysis of tissue samples

The fixed liver samples were embedded in paraffin, sliced into
4 mm thick sections, subjected to routine hematoxylin and eosin
(H&E) staining in the UNLVeterinary Diagnostic Laboratory, and
their images taken using an EVOS™ M7000 imaging system
(Invitrogen). The following parameters scored with modifications
as per Liang et al17 as an adapted rodent model grading system for
NAFLD: inflammatory cell infiltration score (grades 0�3), mac-
rovesicular steatosis score (grades 0�3), hepatocellular hyper-
trophy score (grades 0�3), and microvesicular steatosis score
(grades 0�3). According to this system, an inflammatory focus
was defined as a grouping of at least five inflammatory cells
clustered together and not arranged in a row; these were quantified
using five 100 � magnification (field of view 3.1 mm2) fields by
averaging the number per 100 � field. To attempt representation
of samples with more extensive inflammatory cell infiltrates, the
foci of inflammation measuring greater than 100 mm in the hepatic
lobules were counted in five 100 � fields, averaged, and termed
“lobular inflammatory foci.” For inflammation, grades were re-
ported as the average number of inflammatory foci per field.
Grade 0: <0.5; grade 1: 0.5�1; grade 2: 1�2; grade 3: >2.
Macrovesicular steatosis was defined as the presence of one or a
few large cytoplasmic lipid vacuoles that displaced the nucleus to
the side; microvesicular steatosis was defined as the presence of
small lipid vacuoles that did not significantly displace the nucleus
peripherally. Total hepatocellular steatosis was the sum of both
macrovesicular and microvesicular steatosis. Hepatocellular hy-
pertrophy was defined only as abnormal enlargement of the cell
(at least 1.5 times the diameter of expected normal size) regardless
of nuclear enlargement or cytoplasmic changes like vacuolation.
These parameters were evaluated across the entire histologic
section, varying from 100 � to 200 � field views to examine the
morphology of the cells. Grade 0: <5% of the hepatic paren-
chyma; grade 1: 5%e33%; grade 2: 33%e66%; and grade 3:
>66%.
2.7. Sirius red staining

The liver sections were heated at 56 �C for 45 min and washed in
xylene substitute (Electron Microscopy Sciences, 23412e01,
Hatfield, PA, USA) 3 times to remove paraffin. The tissues were
rehydrated by sequentially immersing the slides in decreasing
concentrations of ethanol (100%, 95%, 70%, 50%, and 30%) for
5 min each, stained with picro-sirius red solution (0.1% Sirius red
in saturated picric acid solution) for 1 h, and washed 5 times in
acidified water (0.5% acetic acid in ddH2O) for 5 min. After
removing the water, the slides were dehydrated in 100% ethanol
(5 min, 3 times). The tissues were scored for hepatic fibrosis
(stages 0e4) as defined by Kleiner et al18. Small amounts of
collagen around vessels were considered normal. Fibrosis extent
was determined after examination of the entire section at 100 to
200 � magnification. Stage 0: none; stage 1: mild or moderate,
perisinusoidal or periportal fibrosis; stage 2: perisinusoidal and
periportal fibrosis; stage 3: bridging fibrosis; stage 4: cirrhosis.

2.8. Immunohistochemistry (IHC) staining

The liver sections were dewaxed as described for Sirius red
staining. The sections were incubated in 100% ethanol (10 min, 2
times), 95% ethanol (10 min, 2 times), and ddH2O (5 min, 2
times) for tissue rehydration. Antigen retrieval was followed by
immersing the sections in sub-boiling (95�98 �C) citrate solution
(10 mmol/L sodium citrate, 0.05% Tween-20, pH 6.0) for 10 min.
After the sections were cooled to room temperature, they were
washed in ddH2O (5 min, 2 times). The tissue samples were
incubated with 3% H2O2 (10 min), washed with ddH2O (5 min, 2
times) and Tris-buffered saline with 0.1% Tween-20 (TBST,
5 min), blocked with 5% bovine serum albumin (BSA) in PBS
(1 h), and incubated with primary antibody overnight at 4 �C. Next
day, the tissue samples were rinsed in TBST, incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit secondary
antibody SignalStain Boost IHC detection reagent (Cell Signaling,
Danvers, MA, USA) for 30 min, washed with TBST (5 min, 3
times), developed using SignalStain DAB substrate kit (Cell
signaling) for 10e30 min, and washed with ddH2O (5 min). The
nucleus counterstain was achieved by incubating tissue samples
with hematoxylin solution (5 min, Sigma) and washing with
ddH2O (5 min, 2 times). The sections were incubated in 95%
ethanol (10 s, 2 times), 100% ethanol (10 s, 2 times), and xylene
(10 s, 2 times) for dehydration. The slides were mounted using
DPX Mountant (ThermoFisher Scientific). Primary antibodies
used included antibodies against SRC (Cell Signaling, Cat. No.
2109, dilution, 1/3000, v/v), F4/80 (Cell Signaling, Cat. No.
70076, dilution, 1/200, v/v), a-smooth muscle actin (a-SMA, Cell
Signaling, Cat. No. 19245, dilution, 1/400, v/v), KI67 (Cell
Signaling, Cat. No. 12202, dilution, 1/200, v/v), and P65 (Cell
Signaling, Cat. No. 8242, dilution, 1/400, v/v).

2.9. IHF, immunofluorescence (IF), and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining

Liver tissues frozen in O.C.T. Compounds were used for IHF
staining. The sections from cryosection were fixed in 4% para-
formaldehyde on ice for 8 min and washed with PBS (5 min, 3
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times). The tissue samples were blocked with 2% BSA in PBS for
30 min and incubated with primary antibodies overnight at 4 �C.
Next day, the samples were rinsed with PBS 3 times, incubated
with a secondary antibody for 30 min at room temperature, and
washed with PBS 3 times. The dried slides were mounted using
ProLong Gold Antifade Mountant with SYTOX deep red
(ThermoFisher Scientific). Primary antibodies were antibodies
against F4/80-Alexa Fluor 488 (BioLegend, Cat. No. 123119, San
Diego, CA, USA, dilution, 1/100, v/v), KERATIN 18 (ProteinTech
Group, Cat. No. 10830-1-AP, Rosemont, IL, USA, dilution, 1/200,
v/v), DESMIN (Cell Signaling, Cat. No. 5332, dilution, 1/100,
v/v), CD146-APC (Milenyi Biotech, Cat. No. 130-102-846,
Auburn, CA, USA, dilution, 1/20, v/v), and ASC (Adipogen, Cat.
No. AG25B0006C100, San Diego, CA, USA, dilution, 1/200, v/v).
IF staining of macrophages was performed as previously
described19. Primary antibodies used were anti-P65 (Cell
Signaling, Cat. No. 8242, dilution, 1/400, v/v) and anti-phospho-
C-JUN (Cell Signaling, Cat. No. 3270, dilution, 1/800, v/v).
TUNEL staining of liver sections was conducted as described20.

2.10. Immunoblot and mRNA analysis

Immunoblot and mRNA analysis were carried out as described6.
Primary antibodies used in this study were antibodies recognizing
inhibitor units of kB (IkBa, Cell Signaling, Cat. No. 4841, dilu-
tion, 1/1000, v/v), phospho-JUN N-terminal kinases (JNK, Cell
Signaling, Cat. No. 4668, dilution, 1/1000, v/v), JNK (Cell
Signaling, Cat. No. 9252, dilution, 1/1000, v/v), phospho-C-JUN
(Cell Signaling, Cat. No. 3270, dilution, 1/1000, v/v), C-JUN
(Cell Signaling, Cat. No. 9165, dilution, 1/1000, v/v), NLRP3
(Adipogen, Cat. No. AG20B0014C100, dilution, 1/1000, v/v),
ASC (Adipogen, Cat. No. AG25B0006C100, dilution, 1/1000,
v/v), CASP1 P10 (Adipogen, Cat. No. AG20B0044C100, dilution,
1/1000, v/v), IL-1b (R&D systems, Cat. No. AF401NA, Minne-
apolis, MN, USA, dilution, 1/2000, v/v), and TUBULIN (Santa
Cruz, Cat. No. SC-5286, Dallas, TX, USA, dilution, 1/200, v/v).

2.11. Measurement of plasma liver injury markers and liver
triacylglycerol

The levels of liver injury markers alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) in plasma were measured
using a Vitros-250 Chemistry Analyzer (Johnson & Johnson, New
Brunswick, NJ, USA). The levels of hepatic triacylglycerol were
measured using a TG colorimetric assay kit (Cayman Chemicals,
Ann Arbor, MI, USA).

2.12. RNA extraction and sequencing

Total mRNA was extracted from liver samples using an RNeasy
extract kit (Qiagen) following the manufacturer’s instructions.
RNA integrity and quantity were assessed using a 2200
TapeStation system (Agilent). The RNA samples were subjected
to sequencing. Specifically, a total of 1 mg RNA with an RNA
integrity number >7 was used for RNA-Seq library construction.
A cDNA library was constructed using the TruSeq Stranded
mRNA LT Sample Prep Kit-Set A (Illumina, San Diego, CA,
USA), amplified using PCR, and sequenced using the Illumina
NextSeq sequencing system with a Hi-Output (75 cycles)
sequencing kit.
2.13. Transcriptomic data processing and analysis

Raw reads were quality-checked using FastQC21 and processed by
trimming the first 14 bases and the last two bases using the Trim
Sequences program22. Cleaned reads, approximately 40 million
reads/sample, were mapped to the mouse (Mus Musculus) refer-
ence genome, mm10 Full, with HISAT223. The mapped files were
used to assess gene expression, i.e., the number of reads mapped
to a given transcript using featureCounts24. DESeq2 was used to
identify differentially expressed genes in H-VLN-treated versus
PBS control samples or in aged livers versus young healthy
livers25. Genes with an adjusted P-value <0.05 were considered
significant and were used to generate the volcano plots using
imageGP26. Gene set enrichment analysis (GSEA)27 software was
utilized to analyze the enrichment of specific gene sets in aged
livers (compared to young livers) or in H-VLN-treated mice
(compared to control aged mice). The top 50 upregulated genes
with P-value <0.05 from gene expression data (NCBI GEO
database GSE135050) were selected to create the two reference
steatosis gene sets. For the H-VLN-treated group, differentially
expressed genes (compared to control aged mice) with the cut-off
criterion of absolute fold-change >1.5 and P-value <0.05 were
selected for further bioinformatics analysis. The Metascape online
database (https://metascape.org)28 was used to analyze gene
ontology biological processes, the Kyoto encyclopedia of genes
and genomes (KEGG) pathway, Reactome gene sets,
WikiPathways, and transcriptional regulatory relationships
unraveled by sentence-based text (TRRUST) mining.
Proteineprotein interaction (PPI) network analysis was carried out
using the STRING, BioGrid, and OmniPath database from
Metascape, followed by Molecular Complex Detection (MCODE)
analysis to identify densely connected network components within
the PPI.

2.14. Statistics

The data from cell culture experiments were analyzed using Excel
software. A two-tailed t-test was used to compare the differences
between the two conditions. Each cell culture experiment was
repeated 3�4 times. R version 3.6.0 (R Core Team, The R
Foundation for Statistical Computing, Vienna, Austria)29 was
employed to analyze the data from animal experiments. The
normality of the data was first assessed using a ShapiroeWilks
test. A low P-value from this test suggested that the data were
not normally distributed. In this case, the data were further
analyzed using a nonparametric ManneWhitney test. Otherwise,
the data were considered to be normally distributed and analyzed
using a two-tailed t-test. The results were considered significant
when P < 0.05 (n.s., P > 0.05; *P < 0.05; and **P < 0.01).

3. Results

3.1. Characterization of H-VLNs and their in vivo distribution
in aged mice

H-VLNs were extracted from monofloral manuka honey using the
ultracentrifugation method6, and visualized by negative stain
TEM, one of the most widely used methods for extracellular
vesicle (EV) or VLN imaging30. H-VLNs generally showed
spherical morphology, with sizes of 50e100 nm in diameter
(Fig. 1A). Ultrastructure TEM at high magnification revealed the

https://metascape.org


Figure 1 Characterization of H-VLNs. (A) Representative negative

stain TEM image of H-VLNs. (B) Representative ultrastructure TEM

image of H-VLNs. (C) Size distribution of H-VLNs measured using a

NanoSight NS300 instrument. (D) Zeta potential of H-VLNs. H-VLNs

in PBS were diluted using ddH2O (1/100, v/v) to a final concentration

of 0.5 � 1010/mL (pH 7.4) and measured on a Litesizer 500 Particle

Analyzer. Data were presented as mean � SEM (n Z 3). (E) Purity of

H-VLNs. The H-VLN purity was determined by comparing the ratio

of nanoparticle counts to protein concentration. Data presented as

mean � SEM (n Z 4). Scale bar Z 50 or 100 nm.
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bilayer membrane-enclosed vesicle-like structure of H-VLNs
(Fig. 1B). Nanoparticle tracking analysis indicated that H-VLNs,
on average, measured 142 nm in diameter (Fig. 1C). The zeta
potential of H-VLNs was �16.3 � 0.3 mV (Fig. 1D). H-VLN
purity was assessed by comparing the ratio of nanoparticle
counts to protein concentration31. The ratio of H-VLNs was
0.17 � 0.03 � 1010/mg (Fig. 1E), comparable to that of EVs from
the culture media of cancer cell lines31. Consistent with our pre-
vious findings6, the yield of H-VLNs from manuka honey was
approximately 7e8 � 1010/g; they contained small-sized RNAs
and a series of proteins and lipids (Supporting Information
Fig. S1AeS1C). The RNA and protein profiles of H-VLNs were
reported in detail in our previous study6. The lipid profile of
H-VLNs was not successfully characterized.

A fluorescent dye from an ExoGlow-Vivo EV labeling kit was
used to covalently label the membrane proteins of H-VLNs, and
such labeled H-VLNs were orally administered to aged mice. This
covalent labeling approach ensured a stable attachment of the
fluorescent dye to H-VLNs after oral administration and excluded
possible dye dissociation or release, which were often observed
with the lipophilic fluorescent dyes32. Interestingly, fluorescent
signals were detected mainly in the GI tract and liver (Supporting
Information Fig. S2A and S2B), indicating that H-VLNs could be
absorbed through the GI tract and accumulate in the liver. The
fluorescent signals of H-VLNs in livers accounted for 2.1 � 0.9%
of total fluorescent signals in all tissues.
3.2. Physiological characterization of aged mice treated with
H-VLNs

Age-matched male C57BL/6J mice were maintained in a specific
pathogen-free animal facility and fed with a chow diet during the
entire experiment. When they reached 11.5 months of age, they
were orally administered the solvent PBS or H-VLNs in PBS each
week for 11.5 months (Fig. 2A). The body weights of the mice in
the PBS control group and the H-VLN-treated group were similar
(Supporting Information Fig. S3A). After 7 months of H-VLN
treatment, the mice were subjected to a Barnes maze test; the
two groups took a similar amount of time to locate the hiding hole
on the maze table in the initial test (Supporting Information
Fig. S3B). However, after one week of rest, the mice from the
H-VLN-treated group generally located the hiding hole more
quickly, although the time difference did not reach statistical
significance (Supporting Information Fig. S3B), suggesting that
H-VLNs may have the potential to improve cognitive function
during aging. It would be interesting to investigate the possible
benefits of H-VLNs in preventing cognitive declination due to
aging, Alzheimer’s disease, or other dementia conditions in the
future.

No significant difference was observed in thigh-bone density
between the control and treatment groups (Supporting Information
Fig. S3C). After the mice were treated with H-VLNs for 10.25
months, the average run distances of the two groups were com-
parable in an endurance run test (Supporting Information
Fig. S3D). Two weeks later, the mice were subjected to meta-
bolic cage analysis. Heat production, oxygen consumption rate,
CO2 production rate, respiratory exchange ratio, food intake, and
water intake were similar in the two groups (Supporting
Information Fig. S3EeS3H). The H-VLN-treated mice tended to
move more frequently and be more active during the night than the
control mice (Supporting Information Fig. S3I), implying that the
H-VLN-treated mice may have had a higher level of energy that
made them more willing to move.
3.3. H-VLNs protected the liver from NASH in aged mice

After 11.5 months of H-VLN treatment, the mice reached 23
months of age and were sacrificed. During the sacrifice, two mice
in the control group showed macroscopically visible hepatic
fibrosis and three had one or more liver nodules (one mouse
showed both fibrosis and nodules); however, none of the mice in
the H-VLN-treated group showed any macroscopically visible
fibrosis or nodules in the liver (Fig. 2B). The ratio of liver to body
weight was comparable in the two groups (Fig. 2C). The levels of
circulating ALT, a commonly used liver injury marker33, tended to
be lower in the H-VLN-treated mice, but the decrease did not
reach statistical significance (Fig. 2D). The levels of circulating
AST were similar in the two groups (Fig. 2E).

Liver sections from all the mice were subjected to H&E
staining. Remarkably, livers from aged mice in the control group
generally showed steatosis and immune cell infiltration (Fig. 2F,
left panel), which were typically observed in a variety of diet-
induced NASH mouse models34. To assess the NASH severity
and penetration in these aged mice, H&E-stained liver sections
were evaluated semi-quantitatively using a modified NAFLD



Figure 2 H-VLNs protected liver from NASH in aged mice. (A) Schematic diagram showing the experimental procedure. 11.5-month-old male

C57BL/6J mice received either the solvent PBS (PBS control group) or 2 � 109/g H-VLNs in PBS (H-VLN-treated group) each week through oral

gavage (nZ 10/group). The mice were subjected to a series of physiological tests and sacrificed at the age of 23 months. Maze: Barnes maze test.

One or two mice died in each group by the end of the study due to aging. (B) A summary of macroscopic alteration in the liver. (C) Ratio of the

liver to body weight. (D) Plasma ALT level. (E) Plasma AST level. (F) Representative images of H&E staining of liver sections showed massive

immune cell infiltration in the livers of control mice but not in those of H-VLN-treated mice. The black arrow indicates the perivascular in-

flammatory foci and the yellow arrow indicates the lobular inflammatory foci in the control liver. (G) Scores of macrovesicular steatosis,

microvesicular steatosis, hepatocellular hypertrophy, and overall hepatocellular steatosis of mouse livers. (H) Inflammatory cell foci, large lobular

inflammatory foci (>100 mm), and inflammation score of livers. In G and H, each mouse was graded from 0 to 3 (grading details were described in

Materials and methods) and indicated as one dot in the bar graphs. (I) NAS of both groups. NAS was the unweighted sum of steatosis,

inflammation, and ballooning scores. Ballooning scores were zero in both groups. In G to I, when multiple mice were ranked in the same grade or

had the same focus number, their dots were spread out horizontally. n Z 8 to 9/group. Data were presented as mean � SEM. *P < 0.05 and

**P < 0.01 vs. indicated (bar with black dots). Scale bar Z 40 mm.
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scoring system for rodent models in a blinded manner17. Consis-
tent with the steatosis features found in diet-induced NAFLD
mouse models17, livers from our aged mice manifested macro-
vesicular steatosis, microvesicular steatosis, and hepatocellular
hypertrophy (Fig. 2F and G). The scores of each type of steatosis
and overall steatosis were comparable between control and
H-VLN-treated groups (Fig. 2G). In support of the histological
analysis, quantitative measurement of hepatic triacylglycerol
content (Supporting Information Fig. S4A) and expression levels
of lipogenic Srebf1 and Fasn genes (Supporting Information
Fig. S4B) in the two groups confirmed that H-VLNs did not
affect steatosis at the biochemical and molecular levels. Blinded
histological assessment of H&E-stained liver sections showed
high percentages of inflammatory cell foci in the aged livers of the
control group (Fig. 2F and H). The inflammation score of aged
mice in the control group was 2.4 � 0.4 (Fig. 2H), which was
higher than that (1.5 � 0.5) found in C57BL/6J mice fed with a
high-fat, -cholesterol, and -fructose (HFCF) diet for seven
months35. Interestingly, the inflammation was largely curbed in
the H-VLN-treated groups (Fig. 2F and H). Of note, we found that
the aged mice in both groups lacked hepatocyte ballooning (an
important histologic marker of human NASH36), in agreement
with multiple diet-induced NASH mouse models17. Finally, a
NAFLD activity score (NAS), which was the unweighted sum of
steatosis, inflammation, and ballooning scores18, was calculated
for both groups. The NAS of aged mice in the control group was
3.8 � 0.4, which was comparable to the NAS levels (ranging from
3 to 5) of NASH mouse models induced by feeding with a high-
fat, -cholesterol, and -fructose/sucrose diet for 3e6
months35,37,38. This NAS was alleviated in H-VLN-treated mice,
but the difference did not reach statistical significance (Fig. 2I).

Together, the pathohistological assessments suggested that our
aged mice spontaneously developed NASH, as well as macro-
scopically visible fibrosis and nodules. H-VLNs had no impact on
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steatosis but did protect aged livers from inflammation, visible
fibrosis, and nodule formation.

mRNAs from the livers of control and H-VLN-treated aged
mice, as well as mRNAs from the livers of five 12-week-old male
C57BL/6J mice fed with a chow diet, were subjected to RNA-seq
analysis. First, the aged mice in the control group were compared
to the young healthy mice to further evaluate the NASH condition
in aged mice at the molecular level. The volcano plot showed that
many genes were markedly up- or down-regulated in aged livers,
compared to young livers (Supporting Information Fig. S5A). The
gene expression profile of aged mice versus young mice was
subjected to GSEA27 for phenotype interpretation. Using the
existing gene sets (mouse collections) from the Molecular
Signature Database (MsigDB), we found that upregulated genes
in aged mice were highly related to inflammation (MsigDB
ID: MM3890), fibrosis (MM12425), and HCC (MM535,
Fig. S5BeS5D). The gene set “collagen-containing extracellular
matrix” (MM12425) was used as the indicator of fibrosis because
the fibrous scar results from the accumulation of extracellular
matrix proteins (mostly crosslinked collagens). The gene set “liver
cancer” (MM535) was based on the genes that were highly over-
expressed in liver tumors in Txnip�/� mice, compared to non-
tumor hepatic tissues39. MsigDB does not have an existing
reference gene set for steatosis. Recently, in a time course study35

of a NAFLD mouse model induced by an HFCF diet, an RNA-seq
analysis was conducted on hepatic mRNAs from chow-fed and
HFCF-fed male C57BL/6J mice at 1-month and 3-month time
points. The mice fed with an HFCF diet for one month began to
show steatosis in the livers, which became more prevalent in the
mice fed with the HFCF diet for three months. We used the dataset
from this study (NCBI GEO database GSE135050) to create
new reference gene sets named “1-month diet-induced steatosis”
and “3-month diet-induced steatosis.” The gene expression
profiles of our aged mice versus young mice began to show a
positive correlation with “1-month diet-induced steatosis” and
significantly correlated with “3-month diet-induced steatosis”
(Fig. S5E). Therefore, the hepatic transcriptome data indicated
that the aged livers underwent comprehensive transcriptional
activation of genes related to steatosis, inflammation, fibrosis, and
HCC.

Notably, compared to control aged livers, many genes were
down-regulated in the livers of H-VLN-treated mice, as shown by
the volcano plot (Supporting Information Fig. S6A). GSEA indi-
cated that H-VLN treatment was significantly inverse-correlated
with inflammatory response, fibrosis, and HCC (Fig. 3A).
Further ingenuity pathway analysis (IPA) demonstrated that most
of the H-VLN-regulated genes were related to hyperplasia,
inflammation, fibrosis, HCC, and liver damage (Fig. 3B). Meta-
scape analysis was used to visualize the PPI networks of H-VLN-
suppressed genes, and 17 network components were identified by
the MCODE algorithm (Fig. 3C and Fig. S6B), many of which
belonged to inflammatory response, fibrosis, and HCC. Thus,
H-VLN treatment seemed to curb, at least to a certain extent, the
NASH-favored transcriptional rewiring in aged mice.

3.4. H-VLNs inhibited hepatic inflammation in aged mice

Of note, the inflammasome pathway in the liver was significantly
suppressed by H-VLNs (Fig. 3C), which was consistent with our
previous report that H-VLNs potently inhibited NLRP3 inflam-
masome activity6. The NLRP3 inflammasome is composed of
three subunits: the sensor NLRP3, the adaptor apoptotic speck
protein containing a caspase recruitment domain (ASC), and the
effector CASPASE-1 (CASP1)40. In response to danger or stress
stimuli from pathogens, the environment, or the host, the NLRP3
inflammasome subunits are assembled into an active protein
complex, in which the active CASP1 cleaves pro-interleukin (IL)-
1b to release mature IL-1b. This potent cytokine mediates many
downstream inflammatory responses. Inappropriate activation of
the NLRP3 inflammasome triggers and/or maintains chronic
inflammation in NAFLD, obesity, and many other complex dis-
eases40,41. mRNA analysis showed that transcription of the Nlrp3,
Pycard (Asc), and Casp1 genes in the liver was significantly
suppressed in H-VLN-treated mice (Fig. 4A). At the protein level,
both NLRP3 and CASP1 were reduced in H-VLN-treated livers,
but ASC remained at similar levels in the two groups (Fig. 4B).
H-VLNs tended to suppress transcription of the Il1b gene in the
liver (Fig. 4A) and dramatically decreased the hepatic protein
level of pro-IL-1b (Fig. 4B). We were not able to detect the mature
cleaved IL-1b in hepatic lysates, likely due to its low level. Upon
inflammasome activation, inflammasome subunits (NLRP3, ASC,
and CASP1) oligomerize and form a high-molecular-mass multi-
protein complex. This active inflammasome complex can be
visualized under confocal microscopy as a single ASC speck in
each cell using an anti-ASC antibody6,42. Through ASC IHF
staining, ASC specks (i.e., the active inflammasome complex)
were readily detected in aged livers (Fig. 4D, left panel). Notably,
quantification of ASC specks (Fig. 4C) showed that H-VLN
treatment significantly reduced the number of ASC specks in
the liver sections, suggesting that H-VLNs effectively reduced
active inflammasome formation in the liver. IHC staining using an
antibody against F4/80 (a macrophage marker43) showed massive
infiltration of macrophages/Kupffer cells in the livers of control
mice, but such infiltration was largely curbed by H-VLN treatment
(Fig. 4E and F). mRNA levels of a number of pro-inflammatory
genes, such as Adgre1, Il6, Tnf, Ccr2, Tlr4, Ccl3, and Cxcl5,
were significantly decreased in the livers of H-VLN-treated mice
compared to those of control mice (Fig. 4G). In contrast, the
expression of anti-inflammatory genes, including Il10 and Il13,
were prominently augmented in the H-VLN-treated group,
compared to the control mice (Fig. 4H). Taken together, these data
suggested that H-VLNs suppressed hepatic inflammation in aged
mice.

3.5. H-VLNs inhibited the development of fibrosis and
hepatocarcinogenesis in aged mice

Chronic inflammation in the liver leads to fibrosis and eventually
cirrhosis44. The persistently active inflammatory cells and their
released cytokines and chemokines activate hepatic stellate cells
(HSCs), which secrete extracellular matrix proteins that form the
fibrous scar. Because of alleviated hepatic inflammation (Fig. 4)
and the absence of macroscopically visible hepatic fibrosis in
H-VLN-treated mice (Fig. 2B), we further assessed fibrosis at the
histopathological and molecular levels. Sirius red collagen stain-
ing demonstrated severe liver fibrosis and abnormal liver archi-
tecture in control mice (Fig. 5A, left panel), but was not observed
in H-VLN-treated aged mice (Fig. 5A, right panel). These Sirius
red-stained liver sections were subjected to blinded grading of
fibrosis as defined by the NASH Clinical Research Network18. The
hepatic fibrosis scores of control and H-VLN-treated aged mice
were 2 � 0.27 and 1.1 � 0.26, respectively (Fig. 5C), indicating
that hepatic fibrosis was markedly attenuated in the H-VLN-
treated mice. a-SMA is a proven valuable marker for activated



Figure 3 Bioinformatics analysis of RNA-seq data of aged mice with or without H-VLN treatment. mRNAs of the liver samples from the same

animals in Fig. 2 were extracted and subjected to RNA-seq analysis, followed by bioinformatics analyses. n Z 6/group. (A) GSEA suggested that

H-VLN treatment inversely correlated with inflammatory response, fibrosis, and hepatocarcinogenesis. The gene set “collagen-containing

extracellular matrix” (MM12425) was used as the indicator of fibrosis because the fibrous scar results from the accumulation of extracellular

matrix proteins (mostly crosslinked collagens). The gene set “liver cancer” (MM535) was based on the genes that were highly over-expressed in

liver tumors in Txnip�/�mice, compared to non-tumor hepatic tissues. Any gene set that reached a False Discovery Rate (FDR) Q-value<0.1 was

considered significantly correlated. (B) IPA of RNA-seq data showed numbers of H-VLN-regulated genes involved in different hepatic conditions.

(C) Metascape analysis was used to visualize the PPI networks of H-VLN-inhibited genes, and 17 network components were identified by the

MCODE algorithm.
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HSCs that mediate hepatic fibrogenesis45,46. IHC staining using
anti-a-SMA antibody demonstrated wide activation of HSCs in
aged control livers, which was largely blunted by H-VLNs
(Fig. 5B and D). Correspondingly, expressions of fibrogenic
genes, such as Col1a1, Timp1, and Mmp13, in the livers were
inhibited by H-VLN treatment (Fig. 5E).

The majority of HCC (around 90%) arises in inflamed livers47.
Chronic activation of immune cells and dysregulation of the im-
mune signal milieu, as well as the resulting fibrosis/cirrhosis, are
driving factors that accelerate hepatocarcinogenesis and tumor
survival. Because one or more nodules were observed in 40% of
control aged mice, we suspected that the hepatic microenviron-
ment in our aged mice predisposed them to HCC. Continuous cell
death, along with compensatory proliferation, are key processes in
hepatocarcinogenesis48. First, cell death was assessed using
TUNEL staining. Strong TUNEL signals in both inflammatory
foci and hepatocytes in aged livers indicated active cell death and
liver injury but were significantly reduced in the liver sections of
H-VLN-treated mice (Fig. 6A and C). KI67 IHC staining showed
active proliferation in control aged livers, but not in H-VLN-
treated aged livers (Fig. 6B and D). Transcription analysis
further confirmed that expressions of the genes involved in hep-
atocarcinogenesis, such as Mki67, Ccnb1, Mcm6, and Src, were
suppressed by H-VLNs (Fig. 6E). Consistently, IHC staining of
proto-oncogene tyrosine-protein kinase SRC showed that H-VLNs
suppressed the SRC level in aged livers (Fig. 6F and G). Taken
together, all these biochemical and molecular characterizations
supported the notion that the hepatic microenvironment in our
control aged mice favored hepatocarcinogenesis; however,
H-VLNs curtailed the development of such a milieu, likely
through their anti-inflammatory activities.

3.6. H-VLNs were dominantly taken up by macrophages

To understand the molecular mechanism for hepatoprotective
functions of H-VLNs, we first sought to determine the target cells
of H-VLNs in the liver. H-VLNs were labeled with lipophilic dye
PKH26 (red fluorescence) and given to 24-month-old male
C57BL/6J mice through oral gavage. It was challenging to detect a
robust fluorescent signal of H-VLNs in the liver sections using the



Figure 4 H-VLNs reduced hepatic inflammation in aged mice. The liver samples from the same animals in Fig. 2 were subjected to further

analysis. (A) Expression of NLRP3 inflammasome-related genes in mouse livers. n Z 8/group. (B) Immunoblot analysis of NLRP3

inflammasome-related proteins in mouse livers. n Z 4/group. (C, D) Representative images (D) and quantification (C) of ASC specks in

mouse livers. An anti-ASC antibody was used to conduct IHF staining of liver sections. Upon inflammasome activation, inflammasome subunits

oligomerize and form a high-molecular-mass multiprotein complex, which was stained as a single ASC speck in each cell (red dot indicated by

yellow arrow). n Z 6/group. (E, F) Representative images (E) and quantification (F) of F4/80 IHC signal of liver sections. n Z 4/group. (GeH)

Expression of a number of pro-inflammatory genes (G) and anti-inflammatory genes (H) in mouse livers. nZ 8/group. In the bar graphs, each dot

represents one mouse. Data were presented as mean � SEM, *P < 0.05 and **P < 0.01 vs. indicated (bar with black dots). Scale bar Z 10 or

40 mm.
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confocal microscope. Many studies have reported that EVs or
dietary VLNs significantly accumulate in the liver after intrave-
nous injection7,49-51. Therefore, PHK26-labeled H-VLNs were
intravenously given to 24-month-old male C57BL/6J mice daily
for three days. The mice were sacrificed on Day 4 to collect liver
tissues, and the red fluorescence signal of PKH26-labeled
H-VLNs in the liver sections was readily detected under the
confocal microscope. These liver sections were subjected to co-
localization assays. When the liver samples were co-stained
with KERATIN 18 (hepatocyte marker) and F4/80 (the marker
of macrophages/Kupffer cells), Most of red signals of H-VLNs
were colocalized with F4/80 positive cells (green fluorescence;
Fig. 7A). Alternatively, when the liver sections were co-stained
with F4/80 and the HSC marker DESMIN, H-VLNs were
mainly found in macrophages (Fig. 7B). Lastly, when the liver
sections were co-stained with F4/80 and sinusoidal endothelial
cell marker CD146, most H-VLNs were found to be accumulated
in macrophages (Fig. 7C). Therefore, it seems that H-VLNs were
dominantly taken up by macrophages, but not by hepatocytes,
HSCs, or sinusoidal endothelial cells in aged livers. To further
confirm the inherent target cells of H-VLNs, PKH26-labeled
H-VLNs were incubated with BMDMs or Huh7 hepatoma cells.
BMDMs readily took up H-VLNs in a dose-dependent manner,
but Huh7 took up only a small amount of H-VLNs (Fig. 7D). This
in vitro experiment confirmed that H-VLNs were inherently and
preferentially taken up by macrophages, compared to hepatocytes.

3.7. H-VLNs inhibited C-JUN and NF-kB pathways in aged
liver and cultured macrophages

Although the inhibitory effects of H-VLNs on the NLRP3
inflammasome may at least partially explain their anti-
inflammatory functions in aged livers, an unbiased bioinformat-
ics analysis of master transcription factors using TRRUST mining
was conducted with the RNA-seq data to elucidate possible other
targets of H-VLNs. Two transcription factors, C-JUN and NF-kB,
were identified as top candidates (Fig. 8A).

C-JUN is a component of the activator protein-1 (AP-1) tran-
scription factors, which are homo- or heterodimers of the JUN (C-
JUN, JUNB, and JUND) and FOS (C-FOS, FOSB, FRA1, and



Figure 5 H-VLNs suppressed the development of liver fibrosis in aged mice. The liver samples from the same animals in Fig. 2 were subjected

to further analysis. (A) Representative images of Sirius red collagen staining of liver sections showing hepatic fibrosis. (B) Representative images

of a-SMA IHC of liver sections. (C) Fibrosis score of mouse livers. The tissues stained with Sirius red were scored for hepatic fibrosis (stages

0e4). When multiple mice were ranked in the same stage, their dots were spread out horizontally. n Z 8e9/group. (D) Quantification of a-SMA

IHC signal of liver sections. n Z 4/group. (E) Expression of fibrogenic genes in livers. n Z 8/group. In the bar graphs, each dot represents one

mouse. Data were presented as mean � SEM. *P < 0.05 and **P < 0.01 vs. indicated (bar with black dots). Scale bar Z 40 mm.
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FRA2) proteins and mediate the expression of genes involved in
cell death, proliferation, differentiation, and immune
response52,53. The JNKs are the upstream activators of C-JUN. In
response to diverse stimuli including cytokines, JNKs are phos-
phorylated and become activated. Activated JNKs phosphorylate
C-JUN at serine residues 63 and 73, thus enhancing its tran-
scriptional activity. The phosphorylated C-JUN subsequently in-
duces its own transcription and expression of other target genes.
The levels of phosphorylated JNK, total C-JUN, and phosphory-
lated C-JUN were much higher in the control livers than in those
from the H-VLN-treated group (Fig. 8B), suggesting that C-JUN
signaling was suppressed by H-VLNs in aged livers.

NF-kB is a family of master transcription factors that regulate
the transcription of more than 500 genes involved in cell survival,
tissue renewal, and inflammation54. This family includes NF-kB1
(P50), NF-kB2 (P52), RELA (P65), RELB, and C-REL. In resting
cells, NF-kB is bound by the IkB proteins, among which IkBa is
the most prominent member. This binding masks the nuclear
localization site of NF-kB and thus sequesters NF-kB in the
cytoplasm. In response to canonical stimuli, such as IL-1, IkBa is
phosphorylated and degraded, leading to the release of NF-kB
family members and resulting in their rapid and transient nuclear
translocation in the predominant forms of P50/P65 and P50/C-
REL dimers. In our aged mice, the hepatic IkBa level was
higher in H-VLN-treated mice compared to the control mice
(Fig. 8B), indicating that NF-kB was likely to be less active in
H-VLN-treated animals. P65 IHC staining showed that P65 was
highly expressed and dominantly located in the nuclei of many
immune cells in the control livers, but its level was much lower in
the livers of H-VLN-treated mice (Fig. 8C and D).

Since H-VLNs were dominantly taken up by macrophages in
aged livers, the direct effects of H-VLNs on C-JUN and NF-kB
were further assessed in cultured macrophages. First, increasing
amounts of H-VLNs were incubated with BMDMs for 16 h to
assess their possible cytotoxicity. For the doses (0.5e40 � 109/mL)
we tested, H-VLNs did not show any cytotoxicity on cultured
primary macrophages (Supporting Information Fig. S7A). Next,
H-VLNs (0.5e4.5 � 109/mL) were incubated with BMDMs for
16 h, followed by LPS treatment to activate both C-JUN and NF-
kB. LPS induces transient degradation of IkBa, which was dose-
dependently inhibited by H-VLNs (Fig. 9A). Consistently, the
nuclear translocation of P65 was largely curbed by H-VLNs
(Fig. 9B, top panels). As a consequence, the well-known target
genes of NF-kB, such as Tnf, Il6, and Nlrp3, were suppressed by
H-VLN treatment (Fig. 9C). Together, these results indicated that
NF-kB activation was inhibited by H-VLNs in primary macro-
phages. Similarly, JNK phosphorylation and subsequent C-JUN
phosphorylation induced by LPS were suppressed by H-VLNs
(Fig. 9A). IF staining using anti-phosphorylated C-JUN antibody
confirmed that H-VLNs remarkably reduced the level of phos-
phorylated C-JUN in the nuclei (Fig. 9B, bottom panels). The
expression of the C-JUN target Cox2 gene55 was down-regulated
by H-VLNs (Fig. 9D). Thus, H-VLNs also strongly suppressed the
transcription activity of C-JUN in BMDMs.

3.8. Biomolecules in H-VLNs were identified to inhibit C-JUN
and NF-kB pathways

H-VLNs were heated at 95 �C for 10 min to denature their pro-
teins. As shown by negative stain TEM images (Fig. S7B), heated
H-VLNs showed a membrane-enclosed vesicular structure similar
to that of untreated or regular H-VLNs. The TEM images of
sonicated H-VLNs served as a positive control showing the dis-
rupted vesicular structure of H-VLNs. Our previous study15

showed that this heat treatment (95 �C for 10 min) effectively
abolished the functions of protein cargos in EVs. Notably, such
heated H-VLNs retained their ability to prevent IkBa degradation
and JNK phosphorylation (Fig. 10A), indicating that proteins in



Figure 6 Favored hepatocarcinogenesis in aged mice was curtailed by H-VLN treatment. The liver samples from the same animals in Fig. 2

were subjected to further analysis. (A) Representative images of TUNEL staining of liver sections. (B) Representative images of KI67 IHC of liver

sections. (C) Quantification of TUNEL signal of liver sections. nZ 4/group. (D) Quantification of KI67 IHC signal of liver sections. nZ 4/group.

(E) Expression of hepatic genes involved in hepatocarcinogenesis. n Z 8/group. (F and G) Representative images (F) and quantification (G) of

SRC IHC signal of liver sections. nZ 4/group. In the bar graphs, each dot represents one mouse. Data were presented as mean � SEM. *P < 0.05

and **P < 0.01 vs. indicated (bar with black dots). Scale bar Z 20 or 40 mm.
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H-VLNs were not essential to inhibit both NF-kB and C-JUN
pathways. Total RNAs were extracted from H-VLNs and
directly transfected into primary macrophages. These RNAs from
H-VLNs dose-dependently inhibited both IkBa degradation and
JNK phosphorylation (Fig. 10B), suggesting that RNAs in
H-VLNs were important in mediating the inhibitory effects on
NF-kB and C-JUN signaling. In our previous study6, RNA deep
sequencing was conducted with RNAs from H-VLNs, and
3,444,167 quality reads were obtained. Using miRDeep2 analysis,
we mapped these reads to the entire miRbase sequence library
(version 22) with stringent mapping criteria (allowing 0 mismatch
for precursor sequence mapping and �1 mismatch for mature
sequence mapping using Bowtie). This analysis resulted in the
identification of 14 unique miRNAs in H-VLNs6. Among these,
the top five most abundant miRNAs (miR5119, miR2478,
miR1582, miR5108, and miR156a) were selected for further tests.
The mimics of these five miRNAs were purchased and individu-
ally transfected into BMDMs. Remarkably, only miR5119 and
miR5108, but not the other three miRNAs from H-VLNs were
found to strongly inhibit transcription of the Il6 gene without
suppressing expression of the Tnf, Nlrp3, or Cox2 genes (Fig. 10C
and Fig. S8A). Dose tests confirmed that both miR5119 and
miR5108 inhibited Il6 expression in a dose-dependent manner
(Fig. S8B and S8C).

Finally, H-VLNs were subjected to chloroform/methanol
extraction to separate fractions soluble in chloroform (C-fraction)
and soluble in a water and methanol mixture (WM-fraction). As
shown in Fig. 10D, the C-fraction showed no effects, whereas the
WM-fraction strongly inhibited both NF-kB and C-JUN signaling.
Because phenolic compounds with anti-inflammatory functions
are among the well-established components in honey5, the WM-
fraction of H-VLNs was subjected to phenolic compound anal-
ysis using LC-MS. The top five most abundant phenolic com-
pounds were luteolin, syringic acid, vanillic acid, protocatechuic
acid, and p-coumaric acid (Supporting Information Fig. S9A).
Among them, only luteolin suppressed the expression of the Il6



Figure 7 H-VLNs were dominantly taken up by macrophages. (AeC) H-VLNs were labeled with a lipophilic dye PKH26. The labeled

H-VLNs were intravenously injected at 600 fluorescence intensity/g into 2-year-old male C57BL/6J mice daily for 3 days. The animals were

sacrificed on Day 4 and the livers were frozen in O.T.C. solution. (A) Representative images of IHF staining using anti-F4/80-Alexa Fluor 488

antibody and anti-KERATIN 18 antibody. (B) Representative images of IHF staining using anti-F4/80-Alexa Fluor 488 antibody and anti-

DESMIN antibody. (C) Representative images of IHF staining using anti-F4/80-Alexa Fluor 488 antibody and anti-CD146-APC antibody. (D)

H-VLNs were readily taken up by BMDMs, but not by Huh7 cells. BMDMs or Huh7 cells were incubated with 1.5e20 � 109/mL of PKH26-

labeled H-VLNs for 16 h. After extensive washing, the cells were fixed using 4% paraformaldehyde, and their images were taken using confocal

microscopy. In all the images, nuclei were stained using SYTOX deep red dye and shown in blue. Scale bar Z 10 or 20 mm.
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and Cox2 genes, but not the Tnf or Nlrp3 genes (Fig. 10E and
Fig. S9B). Our results were consistent with a previous report
showing the inhibitory effects of luteolin on the Il6 transcription in
microglia56. Further dose experiments showed that luteolin dose-
dependently inhibited transcription of both the Il6 and Cox2
genes (Fig. S9C). Cotreatment with luteolin, miR5108, and
miR5119 led to synergistic inhibitory effects on IkBa degradation,
JNK phosphorylation, and transcription of the Il6 and Cox2 genes
(Fig. 10F and Fig. S9D). Taken together, miR5108, miR5119, and
luteolin were identified as active biomolecules in H-VLNs that
inhibited both C-JUN and NF-kB signaling.

4. Discussion

In summary, H-VLNs taken orally were found to protect livers
from chronic inflammation, as well as inhibiting further
development of fibrosis and nodule formation in naturally aged
mice. H-VLNs were dominantly taken up by Kupffer cells in the
liver and suppressed the NLRP3 inflammasome, C-JUN, and NF-
kB pathways. The miRNAs miR-5119 and miR5108 and the
phenolic compound luteolin in H-VLNs were identified to sup-
press the activation of C-JUN and NF-kB signaling.

NAFLD has become the most prevalent liver disease world-
wide, with the highest incidence in the senile population2,3.
NASH, the advanced form of NAFLD, has emerged as a leading
cause of liver failure-related transplantation and death. Despite the
high prevalence and potential severe clinical consequences of
NAFLD/NASH, no specific licensed medications are available to
treat them. Some medications have entered phase II and/or III
clinical trials to treat NASH patients. In NASH clinical trials,
patients are often evaluated using two endpoints: NASH resolution
with no worsening of fibrosis and fibrosis improvement with no



Figure 8 H-VLNs inhibited activation of C-JUN and NF-kB pathways in the aged liver. The liver samples from the same animals in Fig. 2 were

used for further analysis. (A) Bioinformatics analysis of RNA-seq data using TRRUST mining indicated transcription factors regulated by

H-VLNs. n Z 6/group. (B) Immunoblot analysis of key proteins involved in NF-kB and C-JUN signaling pathways. n Z 4/group. (CeD)

Representative images (C) and quantification (D) of P65 IHC signal of liver sections. n Z 4/group. In the bar graphs, each dot represents one

mouse. Data were presented as mean � SEM. *P < 0.05 and **P < 0.01vs. indicated (bar with black dots). Scale bar Z 40 mm.
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worsening of NASH. A 6-month phase IIb trial with lanifibranor, a
pan-peroxisome proliferator-activated receptor (PPAR) agonist,
demonstrated that this medication met both endpoints57. However,
patients treated with lanifibranor experienced more frequent
weight gain, diarrhea, nausea, peripheral edema, and anemia
compared to patients who received a placebo. A phase III clinical
trial for lanifibranor is currently underway and is expected to be
completed in 202658. A phase III clinical trial of 1968 patients
treated with obeticholic acid, an agonist of farnesoid X receptor
(FXR) was completed in September of 2023. An 18-month interim
analysis from this clinical trial showed that the medicine met the
endpoint of fibrosis improvement, but not the endpoint of NASH
resolution59. The most common adverse event related to the use of
obeticholic acid was mild to moderate pruritus. Although the re-
sults of clinical trials with these medications are promising, the
reported treatment duration is relatively short in patients (a few
months to 1.5 years). The long-term safety, efficacy, and associ-
ated side effects of these medications need to be further assessed.
While physical activities and dietary changes comprise the first-
line approach to NAFLD management, elderly people are
limited in adapting to these behaviors due to aging-associated
digestive functional decline and frailty. It also becomes increas-
ingly challenging for geriatric patients to handle the adverse side
effects of medications, as well as the perioperative risk of liver
transplantation. Therefore, new interventions, especially those that
are feasible and friendly to an elderly population, are critically
needed to address this global health problem.
The naturally aged mice in our study spontaneously developed
hepatic steatosis, inflammation, fibrosis, and nodules. The patho-
histological assessment of aged livers showed that their average
NAS (3.8 � 0.4) was comparable to the NAS levels (ranging from
3 to 5) of NASH mouse models induced by feeding with a high-
fat, -cholesterol, and -fructose/sucrose diet for 3e6 months35,37,38.
The bioinformatic analyses of RNA-seq data also suggested that
aged livers underwent extensive transcriptional activation of genes
involved in steatosis, inflammation, fibrosis, and HCC, compared
to young livers, further supporting that NASH development
occurred in the aged mice at the molecular level. Remarkably,
weekly oral administration of H-VLNs to these aged mice for one
year significantly alleviated chronic inflammation and inhibited
further development of fibrosis and nodule formation in their
livers. Thus, oral intake of H-VLNs regularly could serve as an
easy and user-friendly new intervention to curb the development
of NASH.

Honey has been reported to protect the liver from insults. One
study reported that honey alleviated liver damage in rats induced
by N-ethylmaleimide or metanil yellow60,61. Daily oral adminis-
tration of honey reduced steatosis, inflammation, and fibrosis in
high-fat diet-induced NAFLD in rats62. A recent cross-sectional
study of 22,979 adults aged 20e90 years indicated that honey
intake (2e6 times/week) inversely correlated with NAFLD inci-
dence, but excess honey intake (�1 times/day) led to little pro-
tection from NAFLD (possibly due to excess sugar intake)63.
Indeed, the high sugar content of honey is a concern, considering



Figure 9 H-VLNs inhibited C-JUN and NF-kB pathways in BMDMs. BMDMs were treated with 0.5e4.5 � 109/mL of H-VLNs for 16 h,

followed by LPS incubation for 15�30 min (A), 15 min (B), or 3 h (C, D). The untreated (un) cells were used as a negative control for LPS

treatment. Cells were harvested for further analysis. (A) H-VLNs inhibited IkBa degradation, JNK phosphorylation, and C-JUN phosphorylation

in BMDMs challenged with LPS. TUBULIN was a loading control. (B) H-VLNs inhibited nuclear translocation of P65 or phosphorylation of

C-JUN induced by LPS. 4.5 � 109/mL of H-VLNs were used. (C) H-VLNs suppressed the expression of the NF-kB target genes. (D) H-VLNs

reduced the expression of the C-JUN target gene. Data were presented as mean � SEM. *P < 0.05 and **P < 0.01 compared with BMDMs

treated with LPS alone (black bar). Scale bar Z 20 mm.
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clinical evidence that daily intake of honey for two months led to
the elevation of blood hemoglobin A1c in diabetic patients64,65.
Extraction of H-VLNs from honey removes sugars and possible
agrochemical contaminants, and the resulting nanoparticles have
demonstrated remarkable anti-inflammatory functions and strong
protection for the aged liver. Therefore, H-VLNs present a brand-
new sugar-free derivative of honey with the promising potential of
curtailing NASH progression.

The well-established constituents in honey, such as vitamins,
minerals, or polyphenols, have been considered to be its main
bioactive components66. In the current study, we found that oral
intake of a recently identified honey component, H-VLNs, sup-
pressed chronic hepatic inflammation and protected the aged liver
from the development of NASH. These newly identified hep-
atoprotective functions of H-VLNs may, at least partially, provide
a mechanistic explanation for the reported beneficial effects on the
liver of honey intake. Furthermore, we found that H-VLNs
inherently targeted Kupffer cells in the liver and suppressed
NLRP3 inflammasome activation and activities of two inflam-
matory master transcript factors, C-JUN and NF-kB. In addition,
miR5119, miR5108, and luteolin in H-VLNs were identified to
synergistically inhibit C-JUN and NF-kB pathways. Thus, our
study provides unprecedented mechanistic insights into how bio-
molecules carried by H-VLNs in honey target specific tissue cells,
mediate a series of inflammatory signaling pathways, and carry
out protective functions in the liver. Such new mechanistic
insights would significantly improve our understanding of how
honey exerts beneficial functions in humans, fundamentally
altering how people think of, process, and use honey.

Genetic evidence has supported the notion that dysregulated
activation of C-JUN, NF-kB, and the NLRP3 inflammasome play
causal roles in the development of NASH. Activation of C-JUN
and NF-kB, accompanied by the increased expression of their
target inflammatory genes, has been observed in various NASH
animal models67-69 and NASH patients67,70-72. Deletion of the
Rela (encoding P65) or Jun (encoding C-JUN) gene led to em-
bryonic lethality with massive apoptosis in livers73,74, pointing to
the essential functions of NF-kB and C-JUN during liver devel-
opment. Genetic inactivation of the Jnk1 gene (encoding JNK1, an
upstream activator of C-JUN) decreased C-JUN phosphorylation,
hepatic inflammation, and liver injury induced by a methionine-
and choline-deficient diet (MCD)69. Hepatic overexpression of
nondegradable IkB (upstream sequester of NF-kB) successfully
blocked MCD-induced NF-kB activation in the liver68. This ge-
netic blockade of NF-kB signaling decreased neither the hepatic
triacylglycerol level nor steatosis score, but significantly amelio-
rated hepatic inflammation and liver injury induced by MCD
feeding68. Conversely, when a constitutively active form of the
Ikbkb gene [encoding IkB kinase b (IKKb) protein, upstream
activator of NF-kB] was inducibly expressed in the liver, the IKK
complex phosphorylated the IkB proteins and promoted their
degradation, leading to activation of NF-kB, hepatic inflammation,



Figure 10 miR5119, miR5108, and luteolin in H-VLNs inhibited C-JUN and NF-kB signaling in BMDMs. BMDMs were incubated with

H-VLNs, their fractions, or chemical compounds for 16 h. Alternatively, BMDMs were transfected with H-VLN RNAs or individual miRNA

mimic. Afterward, LPS was added to the cells for 15 min (A, B and D) or 3 h (C, E, and F). Cells were harvested for immunoblot or mRNA

analysis. un: untreated BMDMs. (A) Proteins in H-VLNs were not critical in mediating the inhibitory effects of H-VLNs on C-JUN and NF-kB

pathways. reg: regular H-VLNs. heated: H-VLNs were heated at 95 �C for 10 min to denature proteins. 1.5 � 109/mL of H-VLNs were used. (B)

Total RNAs from H-VLNs (H-RNAs) inhibited both NF-kB and C-JUN pathways. 100e400 ng/mL of H-VLN RNAs, along with different

amounts of miRNA (miR) control AllStars negative control siRNA, were transfected in BMDMs to ensure total transfected RNAs of 400 ng/mL.

(C) miR5119 and miR5108 inhibited transcription of the Il6 gene. 20 nmol/L of miR control or individual miRNA mimic was transfected. miR

cont: miR control. (D) WM-fraction of H-VLNs inhibited IkBa degradation and JNK phosphorylation. H-VLNs were subjected to chloroform/

methanol extraction. 2.5% of the fraction soluble in chloroform (C-fraction) or the fraction soluble in water and methanol mixture (WM-fraction)

was incubated with BMDMs. (E) Luteolin inhibited the expression of the Il6 and Cox2 genes. 20 mmol/L of each compound was used. SA:

syringic acid; VA: vanillic acid; PA: protocatechuic acid; p-CA: p-coumaric acid. (F) Co-treatment of luteolin, miR5119, and miR5108 syner-

gistically inhibited the expression of the Il6 and Cox2 genes. Data were presented as mean � SEM. *P < 0.05 and **P < 0.01 compared with

BMDMs treated with LPS and negative miR control (black bar in C), or LPS alone (black bar in E), or LPS, negative miR control, and luteolin

(striped-line bar in F).
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and spontaneous development of liver fibrosis75. Similar to C-JUN
and NF-kB, expression of the subunit components of the NLRP3
inflammasome and its activity are significantly elevated in mouse
NASH models and NASH patients76-78. Genetic ablation of the
Nlrp3 or Casp1 gene in mice typically protected mice from diet-
induced NASH, as demonstrated by attenuated liver injury,
inflammation, and fibrosis77,79,80. Tamoxifen-inducible expression
of the hyperactive NLRP3A350V mutant protein led to the spon-
taneous development of inflammation and fibrosis in the liver81. In
a study of wildtype (wt) and Nlrp3�/� mice82, the livers from aged
wt mice also displayed steatosis, inflammation, and fibrosis,
similar to the phenotypes of our aged mice. The study results did
not mention whether any nodule formation was observed in the
aged wt livers. Remarkably, deletion of the Nlrp3 gene alleviated
aging-associated hepatic inflammation and fibrosis82.

In this study, orally administered H-VLNs were dominantly
taken up by Kupffer cells in the liver, reducing activities of the
NLRP3 inflammasome, C-JUN signaling, and NF-kB pathway
and, by doing so, curtailing hepatic inflammation in aged mice.
Considering the causal role of chronic inflammation in the
development of hepatic fibrosis and HCC44,47, we reasoned that
this suppression of hepatic inflammation by H-VLNs abrogated
further development of fibrosis and hepatocarcinogenesis in aged
mice. Our findings, in agreement with previous results of genetic
studies, provide compelling evidence that simultaneous suppres-
sion of the NLRP3 inflammasome, C-JUN, and NF-kB pathways
in Kupffer cells in the liver is an effective modality to suppress
hepatic chronic inflammation and more advanced conditions such
as fibrosis and HCC. This evidence would ultimately promote the
idea of developing new interventions that concomitantly target
these key inflammatory mediators in Kupffer cells in the man-
agement of NASH.

Of note, a previous study showed that daily oral administration
of honey not only reduced inflammation and fibrosis in high-fat
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diet-induced NAFLD in rats but also suppressed steatosis and
expression of lipogenic genes in the liver62. In our study, weekly
oral administration of H-VLNs in aged mice affected neither
steatosis nor lipogenic gene expression. Further studies are war-
ranted to assess whether adjustment of administration frequency
or dose of H-VLNs further inhibits steatosis. It would also be
interesting to evaluate the hepatoprotective functions of H-VLNs
in diet-induced NAFLD/NASH animal disease models and even-
tually in NAFLD/NASH patients. Another intriguing direction is
to load these anti-inflammatory biomolecules identified from
H-VLNs into nanoparticles to develop nanodrugs with well-
defined compositions and assess their potential hepatoprotective
functions in NASH disease models.
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