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Ginger-derived nanoparticles protect against
alcohol-induced liver damage
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Daily exposure of humans to nanoparticles from edible plants is inevitable, but significant advances are
required to determine whether edible plant nanoparticles are beneficial to our health. Additionally, strategies
are needed to elucidate the molecular mechanisms underlying any beneficial effects. Here, as a proof of concept,
we used a mouse model to show that orally given nanoparticles isolated from ginger extracts using a sucrose
gradient centrifugation procedure resulted in protecting mice against alcohol-induced liver damage. The
ginger-derived nanoparticle (GDN)-mediated activation of nuclear factor erythroid 2-related factor 2 (Nrf2)
led to the expression of a group of liver detoxifying/antioxidant genes and inhibited the production of reactive
oxygen species, which partially contributes to the liver protection. Using lipid knock-out and knock-
in strategies, we further identified that shogaol in the GDN plays a role in the induction of Nrf2 in a TLR4/
TRIF-dependent manner. Given the critical role of Nrf2 in modulating numerous cellular processes, including
hepatocyte homeostasis, drug metabolism, antioxidant defenses, and cell-cycle progression of liver, this finding
not only opens up a new avenue for investigating GDN as a means to protect against the development of liver-
related diseases such as alcohol-induced liver damage but sheds light on studying the cellular and molecular
mechanisms underlying interspecies communication in the liver via edible plant—derived nanoparticles.
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ecently, nanoparticles have been isolated and
Ridentified from edible plants including ginger

(1,2) and lemon (3). Numerous naturally occur-
ring nanoparticles exist in our diet and are absorbed
through the intestine daily. Whether nanoparticles from
plants we eat daily can pass from the intestine to the liver,
and subsequently, have a biological effect on the liver is
poorly defined.

Studies show that ginger has a hepatoprotective effect
against ethanol, carbon tetrachloride and acetamino-
phen-induced hepatotoxicity (2). Shogaols, dehydrated
analogues of the gingerols, have been a major focus of
in vitro research related to the anti-inflammatory effects of
ginger (3). To date, however, most of the data presented

are derived from using shogaol-enriched ginger extract.
The biological effect of shogaols in the context of ginger
has not been investigated.

Edible plant—derived nanoparticles are present in the
extracts of ginger and consist of proteins, lipids and
RNAs (2). Emerging evidence suggests that exosomes can
transfer information including lipids into recipient cells
(4-6). Exosomes including mammalian cell-derived exo-
somes encapsulate more than 100 different lipids, and the
biological effects of exosomal lipids on recipient cells
have not been studied in detail. In addition, it is very
difficult in determining the biological effect of indivi-
dual exosomal lipids on the recipient cells with current
approaches in general.
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The liver receives numerous and varied biological
insults daily. The induction of cytoprotective enzymes,
including antioxidant and carcinogen-detoxification en-
zymes, is critical for maintaining hepatic homeostasis
and preventing injury from absorbed endotoxin. Nuclear
factor erythroid 2-related factor 2 (Nrf2) transcription-
ally controls the gene expression of many cytoprotective
enzymes and plays an important role in protecting liver
against insults (7-9).

We have recently shown that nanoparticles isolated from
grape and grapefruit can modulate mouse stem cell and
macrophage behaviour and protect mice against dextran
sulphate sodium (DSS)-induced colitis. In this study,
we hypothesized that unlike the free form of shogaols,
shogaols carried by ginger-derived nanoparticles (GDN5)
can be target-delivered to hepatocytes and protect mice
from alcohol-induced liver injury.

Materials and methods

Isolation and characterization of GDENs

Fresh ginger rhizome roots were purchased from a local
market and washed 3 x with PBS. A total of 200 g of
washed roots were ground in a mixer (Osterizer 12-speed
blender) at the highest speed for 10 min (pause 1 min for
every 1 min blending). Ginger juice was then sequentially
centrifuged at 1,000g for 10 min, 3,000g for 20 min and
10,000g for 40 min. After 10,000g centrifugation, the pellet
was resuspended in PBS and referred to as microparticles.
The supernatant was then centrifuged at 150,000g for
90 min, the pellet was resuspended in PBS and trans-
ferred to a sucrose step gradient (8%/30%/45%/60%) and
centrifuged at 150,000g for 120 min. The bands between
the 8%/30% layer and the 30%/45% layer were harvested
separately and noted as GDN and GDEN2. The protein
concentration of the samples was determined using a
BCA assay kit (Thermo Scientific).

Mice

C57BL/6j mice, 6—8 weeks of age, were obtained from
Jackson Laboratories. MyD88, TRIF, and TLR4 KO
mice on a B6 background were kindly provided by
Dr. Shizuo Akira (University of Osaka, Osaka, Japan).
All animal procedures were approved by the University of
Louisville Institutional Animal Care and Use Committee.
For the mice alcoholic liver disease model, 8-week-old
male C57BL/6j mice were fed a liquid diet containing 5%
ethanol for 13 days and on day 14 the mice were gavaged
with a single dose of ethanol (5 g/kg body weight, 30%
ethanol). The GDN treatment studies were conducted by
gavage administering GDN (50 mg/mouse/day) or PBS as
a control for 7 days prior to the ethanol diet and then
continuously giving the GDN or PBS to the mice after
they were fed the 5% ethanol diet. On day 14, after the
30% ethanol feeding, and 9 h post-gavaged with the last

GDN treatment, the mice were euthanized, and serum
and liver were harvested for examination.

Lipid extraction, TLC and lipidomic analysis

Total lipid extraction of GDENs was performed accord-
ing to the method of Bligh and Dyer (10), and the lipids
were dissolved in chloroform for analysis. The lipid
composition was analysed on a triple quadrupole tandem
mass spectrometer (API 4000, Applied Biosystems, CA)
as previously described (11). The data were reported as
percentage of total signal of the molecular species after
normalization of the signals to internal standards of the
same lipid class.

For TLC analysis, lipids extracted as described above
and stranded 6-Shogaol (Sigma-Aldrich, 10 pMol) and 6-
Gignerol (Sigma-Aldrich, 10 pMol) were applied on a
Silic gel 60A TLC plate (Whatman) and developed in a
mixture of hexane/ethyl acetate/formic acid =55:40:5.
For analysis of lipids extracted from ginger, ginger
micro-particles, and GDN, TLC was developed with a
mixture of toluene—ethyl acetate (3:1, v/v). Developed
plates were initially air-dried, then sprayed with CuSO,4—
phosphoric acid reagent (10% CuSO, in 8% phosphoric
acid), and followed by charring at 100°C for 10 min.

To KO shogaol from GDN lipids, duplicated GDN-
derived lipid samples were loaded on the same TLC plate.
A standard control of shogaol (Sigma) was loaded next
to GDN lipid samples and used to determine the position
of shogaol in the GDN lipids loaded on the same TLC
plate. After separation on the TLC plate, one of the
duplicate GDN-derived lipid samples and the shogaol
standard were developed as a reference for the location of
GDN shogaol on the TLC plate. The band that had
migrated to the same position as the standard shogaol
was removed for high-performance liquid chromatogra-
phy (HPLC) analysis, and the rest of the fractions of
GDN lipids in the TLC were collected and extracted with
2 mL of chloroform/methanol (1:1, v/v) and 0.9 mL
water. The organic phase samples were aliquoted and
dried by heat under nitrogen (0.2 psi). Total lipids were
determined using the phosphate assay as described in Ref.
(12). For assembling liposome-like nanoparticles (LN),
the dried lipids were immediately suspended in distilled
water (150-200 pL). After bath-sonication (FS60 bath
sonicator, Fisher Scientific, Pittsburgh, PA) for 5 min, an
equal volume of buffer (308 mM NaCl, 40 mM HEPES,
pH 7.4) was added and sonicated for another 5 min. The
charges and sizes of liposome-like nanoparticles were
examined using a method as described in Ref. 8.

Particle size and surface charge analysis
The particle size and zeta potential were measured by
using Zetasizer Nano S90 as previously described (8).
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Atomic force microscope

Specimens were prepared for AFM using a conventional
procedure (13). In brief, the GDN was fixed with 2%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for
4 h, at 4°C. After extensively washing with 0.1 M
cacodylate buffer (pH 7.4), samples were fixed with 1%
osmium tetroxide in 0.1 M cacodylate buffer (pH 7.4) for
1 h at 4°C and dehydrated in a graded ethanol (25% for
20 min, 50% for 20 min, 75% for 20 min, 95% for 20 min,
100% for 30 min and 100% for 30 min). The samples were
then examined using a MFP-3D™ AFM scope (Oxford
Instrument).

In vitro digestion of GDN

In vitro digestion conditions were based on a previous
description (14). In brief, 1 mL of GDN in a water
solution was incubated with slow rotation at 37°C for
60 min after the addition of 1.34 pL of 18.5% w/v HCI
and 24 pL of a pepsin solution (80 mg/mL in 0.1 N of
HCI, pH 2.0, Sigma) to form a stomach-like solution.
Then, 80 pL of a mixture containing 24 mg/mL of bile
extract and 4 mg/mL of pancreatin (Sigma) in 0.1 M of
NaHCO; was added to the stomach-like solution. The
pH of the bulk solution was adjusted to 6.5 with 1 M
NaHCOs;, which was referred to as an intestinal solution.
GDN was incubated for an additional 60 min in the
intestinal solution. The stability of GDN was evaluated
by measuring particle size and surface charge.

HPLC analysis for shogaol

Lipid extracts from GDN or banded lipids from TLC
plate were dried under nitrogen gas and dissolved in
methanol. Chromatography was performed on an Agilent
1120 system using an Eclipse plus C18 column. The
mobile phase consisted of 20 mM HCI (A)/acetonitrile
(B). An aliquot (100 pL, sample or shogaol) was injected
and eluted with reagent B (25%) for 6 min, then with
a continuous gradient of reagent B from 25 to 100% in
24 min, reagent B (100%) for 2 min, and finally reagent
B (25%) for 5 min. The UV detector was set at 283 nm.
The analyses were performed at 25°C with a 1 mL/min
flow rate.

GDN labelling

For DiR labelling, GDNs (50 mgin I mL PBS) were mixed
with 1 pL near-infrared lipophilic carbocyanine dye (1,1’-
dioctadecyl-3,3,3",3’-tetramethyl-indotricarbocyanine-
iodide, DiR; Invitrogen, Carlsbad, CA, 5 mM in DMSO)
and incubated at 22°C for 20 min.

For PKHG67 labelling, GDNs (50 mg in 1 mL dilute C)
were mixed with 2 pL PKH67 (Sigma, 1 mM in ethanol)
and incubated at 37°C for 5 min. Labelling was stopped
by adding 1 mL of exosomes-depleted FBS (supernatant
of centrifuging at 150,000g for overnight).

For IRDye-700DX labelling, GDNs (5 mg in 1 mL
PBS) were mixed with 1 uL. IRDye-700DX NHS Ester
(5 mg/mL in DMSO) and incubated at 37°C for 2 h.

All unlabelled dye was washed away by centrifugation
at 150,000g for 90 min, and labelled GDN pellets were re-
suspended in PBS.

Biodistribution and cellular targeting of orally
administrated GDN

After orally administering 50 mg of either DiR or PKH26
fluorescent dye (Sigma) labelled GDN, mice were sacri-
ficed at different time points and small intestine, colon,
MLN, spleen and liver tissues were used for imaging. DiR
fluorescent signal was detected and measured using the
Imaging Station 4,000 mm PRO (Kodak Carestream) and
quantified using the Carestream MI software. PKH26
signal in frozen tissue sections was observed using the
Nikon AIR Confocal system.

For tracing GDN traffic in blood, IRDye-700DX
and PKH67 double-labelled GDN (200 nug) were orally
administrated into naive mice or mice fed with liquid
alcoholic diet (6 h after final binge). Plasma samples were
collected at different time points. Each of the plasma
samples (40 pL) collected was mixed with 60 plL. PBS,
loaded into 96-well plates and scanned by LI-COR
Scanner. The amount of GDN in plasma was calculated
based on the standard curve made from IRDye-700DX
labelled GDN. A standard curve was created by plotting
the mean absorbance for each IRDye-700DX labelled
GDN standard diluted in naive mouse plasma against
the GDN protein concentration. The amount of GDN
in plasma after intravenous injection of IRDye-700DX
labelled GDN (10 pg) was determined using the same
method as described above for gavage administration.

To further validate the data generated from the pro-
tocol described above, mice were gavage-given IRDye-
700DX and DiR double-labelled GDN (200 pg) or PBS
as a control. Forty-five minutes after the oral adminis-
tration, plasma was collected and diluted in PBS at 1:10
and pelleted by ultracentrifugation at 150,000g for 2 h.
The pellets were scanned for measuring the intensity
of the fluorescence signal of IRDye-700DX and DiR using
the LI-COR. The fold changes of fluorescent intensity are
expressed as fluorescent intensity of the pellets purified
from GDN-treated mice/PBS-treated mice.

AST and ALT measurement

To test for hepatotoxicity, levels of ALT and AST activity
in serum were measured using the Infinity Enzymatic
Assay Reagent (Thermo Scientific).

H&E staining and immunofluorescence staining

For histopathology, H&E staining was performed on
paraffin-embedded liver sections. For immunofluores-
cence analysis, intestinal tissues or liver tissues were fixed
in cold 2% paraformaldehyde solution for 2 h at 4°C.
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Fixed tissues were dehydrated in graded sucrose solution
in PBS (5% for 2 h, 10% for 2 h and 20% overnight) at
4°C. OCT (TissueTek)-embedded tissues were frozen
fixed at —80°C. Slides were hydrated in PBS and stained
with a rat monoclonal anti-CD31 (390, eBioscience),
a goat polyclonal anti-Lyve-1 (R&D system), a mouse
anti-albumin antibody (R&D system) or a rat anti-mouse
F4/80 (Biolegend). After washing, cells were stained with
an Alexa Fluor 488 labelled rabbit anti-mouse, a goat
anti-rat or a donkey anti-goat antibody (Invitrogen Life
Sciences). For staining with Nrf2 antibody, primary
hepatocytes fixed in cold 4% paraformaldehyde for
20 min were permeabilized with 1% Triton-X 100 in PBS
for 2 min on ice, followed by blocking with 5% BSA in
PBS containing 0.1% Triton-X 100 for 1 h. The hepatocytes
were then stained with a rabbit anti-mouse Nrf2 poly-
clonal antibody (Santa Cruz Biotechnology) for 2 h at
22°C. After washing, cells were stained with an Alexa
Fluor 488 labelled goat anti-rabbit antibody (Invitrogen
Life Sciences). Slides were stained with DAPI (4,6-
diamidino-2-phenylindole; S36938; Molecular Probes
and Invitrogen Life Sciences) for 90 s and mounted using
fluorogel with Tris buffer (Electron Microscopy Science).
The stained hepatocytes or the stained sliced liver
or intestinal tissues were assessed using a Nikon AIR
Confocal system. Fold changes in Nrf2 nuclear translo-
cation between treatments and controls were determined
by the following method. To quantify the nuclear to
cytoplasmic ratios of Nrf2 distribution, we used the
DAPI image of nuclei and applied a mask to segment
the Nrf2 image to obtain nuclear Nrf2 content. Then, the
intensity of Nrf2 florescent imaging from the cell minus
its nuclear Nrf2 content was taken as the cytoplasmic
Nrf2. The ratios were then obtained for each nucleus—
cytoplasm pair of a hepatocyte. Using a confocal micro-
scope, a total of 5 fields for each treatment were analysed.
Mean ratios of each treatment were then calculated using
the following formula: mean ratios =the sum of ratios
obtained from Nrf2 florescent intensity of nucleus/
cytoplasm of each cell divided by the total numbers of
cell analysed. Data are represented as mean fold change
obtained from comparing GDENs or LN treated to
PBS-treated hepatocytes. Data are mean+SEM (n =5)
(*p <0.05, **p <0.01).

Primary hepatocyte isolation, culture and uptake

of GDENs

Hepatocytes were isolated from 8-week-old adult C57/B6
and TLR4, TRIF, MyD88 KO mice using a 2-step
collagenase perfusion procedure. Each liver was perfused
via portal vein with 30 mL 37°C pre-warmed perfusion
buffer [HBSS without Ca?™ and Mg> " (Thermo Scientific),
containing 0.2 mM EDTA and 20 mM glucose] and
followed by 30 mL 37°C pre-warmed digestion buffer
[HBSS with Ca?" and Mg>" (Thermo Scientific) con-

taining 20 mM glucose and 100 U/L collagenase type
I (Worthington-Biochem]. Digested livers were trans-
ferred to a chilled dish and dissociated cells were isolated
by gentle teasing apart of the liver with 1 mL pipette tips.
Hepatocytes were washed twice with DMEM/D-12 (1:1)
(Thermo Scientific) media at 100g for 4 min at 4°C.
The washed hepatocytes were purified on a 40%/90%
Percoll gradient centrifuged at 700g for 20 min at 20°C.
Hepatocytes were plated at a density of 3.5 x 10%well
(96-well plate) or 1.5 x 10°/well (24-well plate) in cell
culture plates pre-coated with collagen (Type I from
rat nail, BD Biosciences, 50 pg in 1 mL 30% ethanol,
dried under air for more than 12 h) and incubated in 5%
CO; at 37°C.

To study the effect of endocytosis inhibitors [amiloride
(50 uM), bafilomycin A1 (10 nM), chlorpromazine (5 uM),
cytochalasin D (1 pM), indomethacin (50 pM) or noco-
dazole (25 uM)] (all of them purchased from Sigma-—
Aldrich) on GDN and GDEN2 uptake, hepatocytes
were cultured at 37°C in the presence of an endocytosis
inhibitor for 1 h prior to the addition of PKH26-labelled
GDN or GDEN2 for an additional 3 h culture period.
After washing with PBS 3 X, cells were fixed in a cold 4%
paraformaldehyde solution for 20 min and blocked with
5% BSA in PBS. Cells were then stained with a mouse
anti-albumin antibody (R&D system) for 1 h at 22°C.
After washing, the cells were stained with an Alexa Fluor
488 labelled rabbit anti-mouse antibody (Invitrogen Life
Sciences). The cells were washed and counterstained
with DAPI, and images were captured using a Nikon
AI1R confocal microscope equipped with a digital image
analysis system (Pixera).

To determine the effects of temperature on GDN
uptake, primary hepatocytes were isolated and cultured
overnight at 37°C in a CO, incubator. The next day,
cultured hepatocytes were treated with PKH26-labelled
GDN and continued in culture at 37°C, 20°C or 4°C for
an additional 6 h. Then, the cells were washed in PBS and
stained with anti-albumin antibody and imaged with a
confocal microscopy.

Quantification of ROS production

Hepatocytes in 96-well plates were cultured for 24 h in the
presence of GDN or GDEN2 (100 pg/mL) or liposomes
assembled from GDN or GDEN2, and then stimula-
ted by adding ethanol (150 mM). Twelve hours after
stimulation, the culture media was replaced with carboxyl-
H,DCFDA (5 pM in PBS; Molecular Probes) and
continued in culture for 30 min at 37°C, in a 5% CO,
incubator. Unincorporated dye was removed by washing
with PBS for 2 x. Accumulation of DCF in hepatocytes
was measured by an increase in fluorescence of ROS
oxidation product, DCF. DCF can be measured at a
485+ 10 nm excitation and a 528 + 10 nm emission with
a Synergy HT Multi-Mode Microplate Reader (BioTek)
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or analysed with a flow cytometer (BD FACSCalibur; BD
Biosciences) after hepatocyte trypsinization. Mean DCF
fluorescence intensity was calculated based on measure-
ments of 20,000 cells using the FL1-H channel.

Cytoplasmic and nuclear protein extraction

To prepare nuclear protein extracts, hepatocytes were
washed with a cold perfusion buffer [HBSS without
Ca®* and Mg?" (Thermo Scientific), containing 0.2 mM
EDTA and 20 mM glucose], harvested by adding a
digestion buffer (HBSS) with Ca®>" and Mg?™ contain-
ing 20 mM glucose and 100 U/L collagenase type I
(Worthington-Biochem) followed by gentle scraping.
After washing with cold PBS at 100g for 4 min, the cell
pellets were resuspended in cold cytoplasmic extract buffer
(10 mM HEPES, 60 mM KCl, 1 mM EDTA, 1 mM DTT
and 1 mM PMSEF, pH 7.6) containing 0.075% (v/v) NP40.
After incubating on ice for 3 min, the cell suspension was
centrifuged at 400g for 4 min, the supernatant (cytoplasmic
protein) was collected and the pellet was washed with
cytoplasmic extract buffer without NP40 one more time.
Nuclear protein was extracted from the pellet with
nuclear extract buffer [20 mM Tris Cl, 420 mM NacCl,
1.5 mM MgCl,, 0.2 mM EDTA, 1 mM PMSF and 25%
(v/v) glycerol, pH 8.0]. The proteins were quantified using
a method as described in Ref. 15.

Oil red O staining

Cryosections of liver were air-dried, rinsed with distilled
water, stained with Oil Red O (Sigma—Aldrich) in 60%
isopropanol for 15 min and counterstained with haema-
toxylin for 10 min. An Aperio Sanscoper system was used
to capture and analyse stained sections.

Hepatic triglyceride

Triglyceride in liver was measured according to the
manufacturer’s instruction using the triglyceride assay
kit from Cayman.

RNA extraction and PCR

Total RNA was isolated from liver tissue with Trizol
agent according to the manufacturer’s instructions
(Invitrogen). Total RNA (1 pg) was reverse transcribed
with Superscript III and random primers (Invitrogen).
For the quantitation of genes of interest, cDNA samples
were amplified in a CFX96 Realtime System Bio-Rad
Laboratories using a method described in Ref. 24. Fold
changes in mRNA expression between treatments and con-
trols were determined by the dCT method as described.
Differences between groups were normalized to a GAPDH
reference. All primers were purchased from Eurofins MWG
Operon. The primer pairs for analysis are provided as a
Supplementary Table II.

Western blot analysis
Western blots were carried out as described previously
(16). In brief, proteins were separated on 10% poly-

acrylamide gels using SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were probed with
specific antibodies: rabbit anti-mouse Nrf2 polyclonal
antibody (Santa Cruz Biotechnology), rabbit monoclonal
anti-GAPDH antibody (D16H11, from Cell Signalling
Technology) or mouse monoclonal anti-PCNA antibody
(PC10, from Santa Cruz). After washing, membrane
was stained by Alexa fluor 680 labelled secondary anti-
body and signal intensity was quantified with an Odyssey
instrument (Li-CoR Bioscience, Lincoln, NE) and a
previously described protocol (15).

Statistical analysis

One-way, 2-way analysis of variance (ANOVA) and t-test
were used to determine statistical significance (*p <0.05
and **p <0.01).

Results

Characterization of GDNs

GDNs were isolated from homogenized ginger using a
sucrose gradient centrifugation method (1). The majority
of the GDNs accumulated at the 8%/30% interface
(band 1, referred it to as GDN, 3.79 +0.27 mg/g of ginger
protein) and at the 30%/45% interface (band 2, 0.31 +
0.01 mg/g of ginger protein) of the sucrose gradient.
Band 2 has been characterized in the manuscript we
published (2) and the particles in this band were referred to
as ginger-derived exosome-like nanoparticles (GDEN2)
and used as a reference. GDN and GDEN2 integrity and
size were evaluated by atomic force microscopy (AFM;
Fig. 1a) and a nano zetasizer (Fig. 1b). The results showed
that the size distribution of the nanoparticles of isolated
GDN ranged from 102.3 to 998.3 nm in diameter, with an
average diameter of 386.6 nm for GDN and 294.1 nm for
the GDEN2 population. Zeta potential measurements
indicated that ginger nanoparticles had a negative
zeta potential value ranging from —24.6 mV (GDN) to
—29.7mV (GDEN2). Lipidomic data (Fig. 1¢) indicated
that both GDN and GDEN2 were enriched with phos-
phatidic acids (37.03 and 40.41%, respectively), digalacto-
syldiacylglycerol (39.93 and 32.88%, respectively), and
monogalactosyl monoacylglycerol (16.92 and 19.65%,
respectively). Interestingly, among the lipids we analysed,
shogaols were much higher in GDN than in GDEN2
(Fig. 1d), even though the total lipids extracted from equal
amount of ginger nanoparticles used were loaded on the
thin-layer chromatography (TLC) plate. The other lipids,
as indicated in Supplementary Table I, were also much
higher in GDN than in GDEN2. TLC analysis further
indicates that most of the shogaols in the ginger extracts
are not present in a free form but are associated with
either ginger nanoparticles or microparticles isolated from
ginger extracts (Fig. le) as indicated by the fact that
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Fig. 1. Identification and characterization of ginger-derived nanoparticles (GDNSs). (a) Two bands from sucrose-banded ginger rhizome
root—derived samples were formed after gradient ultracentrifugation (left). GDN and GDEN2 particles were visualized by atomic force
microscopy (AFM, right). (b) Size distribution (left) and surface zeta-potential (right) of the particles were determined using a Zetasizer
Nano ZS. (c) Pie chart with a summary of the putative lipid species in GDN and GDEN?2, reported as the percentage of total GDENs
lipids. Major details are reported in Supplementary Table I. PA: phosphatidic acids; PS: phosphatidyl serine; PI: phosphatidyl inositol;
PE: phosphatidyl ethanolamines; PC: phosphatidyl choline; PG: phosphatidyl glycerol; MG/DG: mono/di/glycerols. LysoPG:
lysophosphatidyl glycerol; LysoPC: lysophosphatidyl choline; LysoPE: lysophosphatidyl ethanolamines. (d) TLCs (left) and HPLC
(right) analysis of the lipid extracts from GDN and GDEN2. A standard shogaol (left panel, the 1st lane) or gingerol (left panel, the
2nd lane) were used as markers, (e) TLCs analysis of the lipid extracts from ginger extracts, ginger microparticles, pellet including GDN
plus GDEN2, and ginger extracts with GDN and GDEN2 depleted, (f) GDN or GDEN2 was incubated in a stomach-like solution
(top panel) for 60 min at 37°C and subsequently in small intestinal-like solution (bottom panel) for an additional 60 min at 37°C. Size
distribution and surface zeta-potential changes were measured by Zetasizer Nano ZS. Results (a—f) represent at least 3 independent
experiments.
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depletion of GDN and GDEN?2 from ginger extracts led
to no visible shogaol on the developed TLC plate.

To test the stability of ginger nanoparticles under
physiological conditions, we mimicked in vivo conditions
by suspending ginger nanoparticles in a stomach-like
solution (pH 2.0) or a small intestinal-like solution
(pH 6.5). Interestingly, the results showed that compared
to the size of ginger nanoparticles in PBS (Fig. 1b),
the diameter of ginger nanoparticles was increased in a
stomach-like solution and was further enlarged in a small
intestine—like solution. Moreover, the ginger nanopar-
ticles surface charge in a stomach-like solution changed
from negative to a positive charge, whereas in a small
intestine—like solution, the ginger nanoparticles shifted back
from a positive- to a negative-charged surface (Fig. 1f).

An in vivo distribution of orally administered ginger

nanopatrticles

To determine the tissue distribution of ginger nanoparti-
cles, in vivo biodistribution of DiR-labelled ginger nano-
particles was evaluated in mice using a Kodak Image
Station 4,000 MM Pro system. After oral administration,
DiR fluorescent signals were predominantly detected in
liver with a peak intensity at 12 h and in mesenteric lymph
nodes (MLNs); however, fluorescent signals were not
detected in the lung, spleen (Fig. 2a) or other organs (data
not shown). The presence of DiR-labelled ginger nano-
particles in the liver was further confirmed by confocal
immune-staining for albumin (Fig. 2b), suggesting that
hepatocytes are the primary cells targeted by ginger
nanoparticles. Albumin™ hepatocytes are ginger nano-
particles specific, whereas most of the nanoparticles from
grapefruit are co-localized with F4/80" liver Kupffer
cells but not albumin™ hepatocytes (Fig. 2b, top panels).
The co-localization of the PKH26 signals with CD31,
a marker of endothelial cells (Fig. 2c), but not LYVEIL, a
marker of lymphatic capillaries (Fig. 2d), along the length
of the intestinal endothelial vessels within 6 h of adminis-
tration of ginger nanoparticles suggests that the ginger
nanoparticles migrate into the liver from the gut primarily
through vascular vessels. Thus, the ginger nanoparticles
can gain access and traffic within the vascular system of
the liver.

To further examine the mechanism of GDNs inter-
nalization, primary hepatocytes were treated with endo-
cytosis inhibitors. Uptake of PKH26-GDN (Fig. 2¢) was
markedly inhibited by amiloride, an inhibitor of macro-
pinocytosis, and uptake of PKH26-GDEN2 was inhib-
ited by the nocodazole, an inhibitor of the polymerization
of microtubules. Uptake of PKH26-GDN and PKH26-
GDEN2 was not greatly diminished by the treatment
of primary hepatocytes with other inhibitors as listed
(Supplementary Fig. 1a and b), suggesting the specificity
of endocytosis pathways of GDN and GDEN2.

We further demonstrated that the efficiency of uptake
of GDN was a temperature-dependent process. Uptake
rates were very slow at 4°C and increased as the tem-
perature was raised (Supplementary Fig. 2), suggesting
that metabolic energy is required for this process.

Activation of Nrf2 is dependent on GDN 6-shogaol
through TLR4/TRIF pathway

Our data suggest that shogaol content in GDN was
higher than in GDEN2 (Fig. 1d). A shogaol-rich ginger
extract may enhance antioxidant defense mechanisms
through the induction of Nrf2 (4). To determine whether
shogaol-rich GDNSs have a different effect on Nrf2 acti-
vation when compared to GDEN2, primary hepatocytes
were treated with GDENSs. The nuclear translocation of
Nrf2 was analysed. The results from immune-staining of
Nrf2 (Fig. 3a) showed that primary hepatocytes treated
with GDN have a significantly increased nuclear translo-
cation of Nrf2 when compared to cells treated with PBS.
This result is also consistent with the results showing that
the production of reactive oxygen species (ROS), which is
negatively regulated by Nrf2 (5-7), was also reduced at
24 h after hepatocytes were treated with GDN (Fig. 3b).

Next, using knock-out (KO) and knock-in strategies,
we determined whether shogaol in the GDN plays a role
in the activation of Nrf2 in the context of lipids extracted
from GDN. For KO, lipids of GDN without shogaol
were carefully recovered from TLC silica gel plates, then
liposome-like nanoparticles (LN) with shogaol KO were
generated using previously described technology (8). For
knock-in, commercial 6-shogaol was added to shogaol
KO lipid to make knock-in liposome-like nanoparticles
(Fig. 3c).

Although KO of shogaol in GDN-derived LN has no
effect on the range of size of reassembled nanoparticles,
an additional subpopulation with a peak size of 54.33 nm
was observed (Supplementary Fig. 3). Knock-in of
6-shogaol led to elimination of this subpopulation.
Zeta potential measurements indicated that LNs had a
negative zeta potential value ranging from —76.2 to
—33.5 mV (Supplementary Fig. 3).

The effect(s) of KO of shogaol was further evaluated
in terms of nuclear translocation of Nrf2. As the western
blot analysis results for Nrf2 indicated, more nuclear
Nrf2 was detected in the primary hepatocytes treated
with GDN or GDN-derived LN than in PBS-treated
hepatocytes (Fig. 3d). Moreover, KO of shogaol in GDN-
derived LN led to the reduction of Nrf2 detected in
the nucleus, whereas knock-in of 6-shogaol resulted in
the restoration of the levels of nuclear Nrf2 (Fig. 3e).
This result is also consistent with the results showing that
the production of ROS was also reduced 24 h after
hepatocytes were treated with GDN or GDN-derived
LN with shogaol knock-in (Fig. 3f). Collectively, these
data support the idea that GDN shogaol has a role in
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increasing nuclear translocation of Nrf2 in GDN-targeted
hepatocytes.

Nrf2 is anti-inflammatory, as evidenced by the fact
that Nrf2 KO mice have a tendency to develop auto-
immune and inflammatory lesions in multiple tissues
(9,17). The data from an in vitro cell culture study suggest
that 6-shogaol suppressed LPS-induced inflammation
through Toll-like receptors (TLRs) mediated pathway
(18,19). The TLRs are a major class of transmembrane
proteins of the mammalian innate immune system and
play a critical role in the inflammatory response. The
major adaptors that bind to the intracellular domain of
TLRs to activate the pro-inflammatory response are the
myeloid differentiation primary response (MyD) 88 and
TIR-domain-containing adapter-inducing interferon-§
(TRIF). Together, MyD88 and TRIF lead to the expression
of numerous inflammatory factors through transcrip-
tional factors such as NF-kf, AP-1 and IRF-3 activation.
Therefore, using hepatocytes from either MyD88 or TRIF
KO mice, we determine the role of MyD88 and TRIF
in the GDN-mediated activation of Nrf2. Western blot
analysis indicates that primary hepatocytes from either
TLR4 or TRIF KO mice have no increase in nuclear
Nrf2 after stimulation with LN derived from GDN
(100 pg/mL) or shogaol knock-in LN derived from
GDN (100 pg/mL) when compared with cells treated
with GDN and Shogaol KO LN (Fig. 3g). However,
primary hepatocytes from MyD88 KO mice have no
impairment in an increase in nuclear Nrf2 after sti-
mulation with shogaol knock-in GDN derived LN
(Fig. 3g, right panel) in comparison with stimulation
with Shogaol KO LN. In summary, these results sug-
gest that the TLR4/TRIF pathway plays a role in
GDN shogaol-mediated activation of Nrf2 in mouse
hepatocytes.

Oral administration of GDN protects mice from
alcohol-induced liver damage

Ethanol-induced oxidative damage in the liver involves
depletion of antioxidants. Real-time PCR data support
that a group of detoxifying/antioxidant genes including
HO-1, NQOI, GCLM, and GCLC are induced in the
liver 6 h after the mice are orally administered GDN at a
dose of 50 mg/mouse (Fig. 4a). To further determine how
much GDN gets into the peripheral blood, mice were
gavaged with IRDye-700DX covalent-conjugated GDN.
Peripheral blood was then collected over time, and
circulating GND was isolated using a standard protocol
for the isolation of exosomes. IRDye-700DX fluorescent
signals of GDN in peripheral blood were then quantita-
tively analysed. The results indicate that circulating GDN
was detected 10 min after mice were gavaged with IRDye-
700DX *GDN, reached a peak (2.8 pg/mL) at 45 min and
then essentially returned to a basal level 360 min after
gavaging (Fig. 4b). In comparison with peak level of

GDN given intravenously, it was estimated that approxi-
mately 5% of gavaged GDN gets into the peripheral
blood. The fact of GDN getting into the peripheral blood
was also confirmed with the data generated from IRDye-
700DX *DIR* double-labelled GDN (Fig. 4c) purified
from plasma. Interestingly, the levels of circulating GDN
collected over time (all points) were lower in the blood of
mice fed an ethanol diet when compared with mice fed a
regular diet (Fig. 4b), whereas a higher level of IRDye-
700DX *PKH67*GDN was detected in the liver of mice
fed an alcoholic diet (Fig. 4d). Collectively, these data
support the need for further testing to determine whether
mice pretreated with GDN are protected against alcohol-
induced liver damage.

Mice that were pretreated with vehicle only exhibited
symptoms characteristic of alcohol-induced liver injury,
including elevated levels of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST; Fig. 4e).
Histological analysis of the liver revealed accumulation of
lipid droplets in the livers of ethanol-fed animals, whereas
lipid droplets were remarkably reduced in livers of the
mice treated with GDN (Fig. 4f). In addition, compared
with mice fed with alcohol alone, mice gavaged with
GDN had significantly decreased the liver triglyceride
levels (Fig. 4g) and liver weight (Fig. 4h). There were also
histopathological changes in the liver (Fig. 4i) with
extensive areas of typical fatty liver including macro-
vesicular steatosis in alcohol-treated mice and fat accu-
mulation in hepatocytes, marked haemorrhage and
mononuclear cell infiltrates scattered diffusely through-
out the viable parenchyma in comparison with the liver
of mice gavage fed with GDN. Collectively, these results
demonstrate that GDN treatment protected against the
development of alcoholic liver injury in mice.

Discussion

Characterization of GDNs

In this study, using a sucrose gradient centrifugation
isolation method GDNs were isolated and purified from
2 sucrose bands (GDN and GDEN2). The nanoparticles
were characterized for their morphology using AFM and
were also characterized for charge and size. The criteria
for naming mammalian cell derived nanoparticles have
been established (20). Whether the same criteria can be
applied to nanoparticles isolated from plant cells will
require further study.

An in vivo distribution of orally administered GDN

It is obvious that unlike the free form of shogaol, which
rapidly passes through gut after oral administration, our
results show that most of shogaols in ginger extract are
not present in a free form and are carried by GDN and
are target delivered to hepatocytes. Therefore, much less
amount of shogaol carried by GDN than free form of
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Nocodazole
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Fig. 2. In vivo distribution of orally administrated GDN and GDEN2. (a) In vivo imaging of trafficking of GDN. Male C57BL/6 mice
were administered DiR dye labelled GDN (50 mg per mouse in 200 pL. PBS) by gavage, and imaged over 24 h (left). The results are
presented as mean of the net intensity (sum intensity/area, n =5) (right). (b) Hepatocytes taking up DIR labelled GDN. Male C57BL/
6 mice were gavage administered DIR-GDN, DIR-GDEN?2 or grapefruit nanoparticles (GFN) (50 mg per mouse in 200 pL PBS).
Six hours after the administration, frozen sections of liver were examined by confocal microscopy for DIR */Albumin " F4/80™" cells
(left) and were quantified (right). Original magnification 40 x . Confocal image analysis of frozen sections of intestines from mice fed
PKH26"GDN or PKH26 " GDEN2 after immunofluorescent staining for CD31 (c) or Lyve-1 (d) (green), original magnification 60 x
(left panel) with enlargement of indicated area shown in the right panel. Data are the mean+SEM of 3 experiments (a, b) or are
representative of 3 experiments (c, d) (n =5 mice per group). (e) Blocking of primary hepatocyte uptake of PKH26-labelled GDN.
Primary hepatocytes cells were incubated with the indicated chemical reagents or PBS as a control in the presence of PKH26-labelled
PKH26"GDN or PKH26"GDEN2 (100 pg/mL) for 3 h. The treated cells were then washed, fixed, and cells were stained with anti-
mouse albumin. PKH26* Albumin™ cells were examined using confocal microscopy and photographed. Results represent 1 out of

5 independent experiments.
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Fig. 3. TLF4/TRIF regulates GDN shogaol-mediated induction of nuclear translocation of Nrf2 in primary mouse hepatocytes. (a)
Primary mouse hepatocytes from C57BL/6j mice were cultured in the presence of GDN or GDENSs (100 pg/mL) for 4 h. Cells were then
fixed and stained with anti-Nrf2 antibody. Nrf2" cells were examined using confocal microscopy (left) and were quantified (right).
Original magnification was 40 x . An example of Nrf2 translocated from the cytoplasm to the nucleus is indicated by white arrows. The
data (right panel) were expressed as fold changes of ratios of the intensity of nuclear to cytoplasmic signal of Nrf2 in cells. The results
represent the mean4+SEM of 3 independent experiments (right). *p <0.05 (Student’s t-test). (b) Primary mouse hepatocytes from
C57BL/6j mice were cultured for 24 h in the presence of GDN or GDENs (100 pg/mL). The induction of ROS at different time points
as indicated in Figure 4b was measured. Data are the mean + SEM of 5 experiments. *p <0.05 (Student’s t-test). (c) The lipids extracted
from GDN-derived liposome-like nanoparticles (LN) or LN with shogaol knock-out or knock-in and a standard shogaol were
separated on a thin-layer chromatography plate and developed. A representative image was scanned using an Odyssey Scanner. (d)
Primary mouse hepatocytes were cultured for 4 h in the presence of GDN (d, 100 pg/mL) or LN from GDN (100 pg/mL) with shogaol
knock-out or knock-in (e). Cytoplasmic and nuclear extracts were isolated, subjected to western blotting and probed with anti-Nrf2
antibody, or GAPDH or PCNA antibodies as controls. Results (c—e) represent one of 3 independent experiments. *p <0.05, **p <0.01
(Student’s t-test). (f) Primary mouse hepatocytes were cultured for 4 h in the presence of LN or LN derived from GDN (100 pg/mL)
with shogaol knock-out or knock-in (shogaol, 3.18 uM). The induction of DCF in the treated cells was FACS analysed. Results (f)
represent one of 3 independent experiments. The data (right panels, d—e) were expressed as fold changes of ratios of the intensity of
nuclear to cytoplasmic of Nrf2 in cells. The results represent the mean + SEM of 3 independent experiments. (g) Primary mouse
hepatocytes from TLR4, TRIF and MyD88 knock-out mice were cultured for 4 h in the presence of GDN (100 pg/mL) or LN from
GDN (100 pg/mL) or LN with shogaol knock-out or knock-in (shogaol, 3.18 puM). Cytoplasmic and nuclear extracts were isolated,
subjected to western blotting and probed with anti-Nrf2 antibody; GAPDH or PCNA antibodies served as controls. Results represent
one of 3 independent experiments (n = 3). The data (bottom panels) were expressed as fold changes of ratios of the intensity of nuclear
to cytoplasmic signal of Nrf2 in cells. *p <0.05 (Student’s t-test).
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Fig. 4. Oral administration of GDN protects alcohol-induced liver injury. (a) Real-time analysis of expression of different genes at
6 h in the livers of C57BL/6j male mice orally administered with GDN (50 mg in 200 L. PBS). The results represent the mean +SEM of
3 independent experiments. *p <0.05 (Student’s t-test). (b) Male C57BL/6 mice were intravenously (b, 1st panel from left, 10 pg/mouse)
or orally administered (b, 2nd and 3rd panels, 250 pg per mouse in 200 uL PBS) with IRDye-700DX covalent-conjugated GDN, and
plasma were collected over 360 min, and scanned with a Li-CoR Scanner. Amount of GDN in plasma was calculated based on the
standard curve made from IRDye-700DX labelled GDN (b, right panel). The results are presented as the mean of net intensity (sum
intensity/area, n =5). (c¢) Quantification of GDN in the plasma. Male C57BL/6 mice were orally administered (250 pg per mouse in
200 pL PBS) IRDye-700DX covalent conjugated and DIR dye labelled GDN or PBS as a control. Plasma was collected 45 min after
oral administration and diluted in PBS at 1:10 for ultracentrifugation at 150,000g for 2 h. The pellets were resuspended in PBS and
scanned with a Li-CoR Scanner. Representative images are shown (left panel). Fold changes of intensity of fluorescent signal of GDN
versus PBS-fed mice were calculated. Data (right panel) are the mean 4+ SEM of 3 experiments (n =5). (d) Male C57BL/6 mice were fed
with either regular diet (top and middle panels) or a liquid diet containing 5% ethanol daily (bottom panel) for 7 days. Mice fed with
regular diet or ethanol diet were orally administered IRDye-700DX covalent conjugated and PKH67 double labelled GDN (250 pg per
mouse in 200 pL PBS). Twelve hours after the administration, frozen sections of liver were examined by confocal microscopy for
PKH67*/IRDye-700DX ™" cells. Original magnification is 40 x (first 4 columns from left) with enlargement of indicated area shown in
the last columns. (e—i) Eight-week-old male C57BL/6j mice fed a liquid diet containing 5% ethanol daily for 7 days. Starting on day 7,
mice were gavage-administered GDN (50 mg/day) or PBS as a control daily while continuing the feeding of the 5% ethanol diet until
day 14. On day 14, mice were fed with 30% instead of 5% ethanol and gavaged with a last dose of GDN at 9 h post-ethanol
administration. The mice were euthanized and assessed (n =5 mice per group) for (e) levels of ALT and AST in serum, (f) neutral
triglycerides and lipids using Oil red stain, (g) liver triglyceride (TG), (h) ratios of liver/body weight and (i) H&E-stained sections of
livers from mice pretreated with PBS or GDN. Original magnification 20 x . Data (e, g—h) are the mean 4+ SEM of 3 experiments (n =5).
*p <0.05 (Student’s t-test). Results (f, 1) represent one of 3 independent experiments.

shogaol may be required for having equal biological effect
on the hepatocytes. Moreover, a person will eat more
than one kind of food in a single meal thus consuming a
variety of nanoparticles. These mixed nanoparticles with
different biological activities may have different biologi-
cal effects on the same recipient cells or be taken up
by different types of cells and subsequently work in a
coordinated manner to maintain tissue homeostasis.
Here, we demonstrated that the biological effect of ginger
nanoparticles on the targeted cells, that is, hepatocytes, is
to prevent alcohol-induced damage, whereas grapefruit-

derived nanoparticles are taken up by Kupffer cells. Both
hepatocytes and Kupffer cells play a critical role in liver
homeostasis. If a person takes both in the same meal,
it is conceivable that better liver homeostasis could be
achieved. Also, most of diseases end up with multiple
cells functionally dysregulated. These studies may lead
to the design of customized or personalized cocktails of
edible nanoparticles from different plants that may target
to different types of cells in the liver and have different
biological effects. Therefore, better preventative and thera-
peutic outcomes are achieved.
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In this study, we also demonstrated that although both
GDN and GDEN?2 are taken up by hepatocytes, different
pathways are utilized. We have shown that nanoparticles
can enter the cells by endocytosis. Endocytosis consists
of 3 major steps: formation of membrane vesicles with
the cargo, endosomal delivery of the cargo inside the cell,
and the distribution to various organelles inside the cell
(21-23). Endocytosis, in general, is routinely distinguis-
hed from clathrin-mediated endocytosis, caveolin-mediated
endocytosis, clathrin- or caveolin-independent endocyto-
sis, and macropinocytosis. Our data suggest that GDN is
taken up through macropintocytosis as indicated by the
fact that non-toxic concentrations of amiloride in hepa-
tocytes inhibit macropinocytosis. In contrast, treatment
with a microtubule-disrupting agent (nocodazole) indi-
cated that GDEN?2 is taken up predominantly through
microtubule-dependent active transport. This finding
also provides the foundation for further studying
whether differential uptake pathways of GDN versus
GDEN2 may have an effect on Nrf2 nuclear transloca-
tion. Furthermore, the molecular mechanisms underlying
TLR4/TRIF-dependent and GDN-mediated activation
of Nrf2 needs to be investigated. One of the strategies
for studying GDN-mediated molecular mechanism is
to generate a monoclonal antibody against the GDN-
associated molecule(s) to block GDN molecule—mediated
biological effect on GDN-recipient mammalian cells.

Caution must be exercised when drawing conclusions
about cells targeted by GDN labelled with DIR fluor-
escent dyes since the DIR dye could be dissociated from
the labelled particles, and subsequently bind to intestinal
particles such as intestinal exosomes. Intestinal exosomes
have also been demonstrated to be an immune modulator
in the liver (24). Therefore, having particles being similar in
size and labelled with the DIR dye is a critical control.
In this study, GFNs isolated from grapefruit were used as
a control.

In general, the quantity of nanoparticles getting into
the peripheral blood is an important parameter for
evaluating the stability of food-derived nanoparticles.
Here we used a double-labelling GDN procedure for
keeping track of GDN. The NHS ester reactive group of
IRDye-700DX was covalently conjugated with primary
and secondary amines in GDN proteins, whereas DIR
binds to GND lipids. We were able to show that about
5% of the IRDye-700DX "GDN gets into the peripheral
blood in comparison with an intravenous injection of GDN
as a reference. In spite of the fact that this methodology
provides a new approach for further addressing questions
regarding whether molecules on/in the edible nanoparti-
cles or exosomes released from gut epithelial cells are
still stable as circulating nanoparticles, caution must
be exercised drawing conclusions. Factual conclusions
regarding in vivo trafficking will only be possible when
the technology is available to distinguish between dye

associated with particles and dye that is free or disas-
sociate from particles.

Activation of Nrf2 is dependent on GDN 6-shogaol
through TLR4/TRIF pathway

Using KO and knock-in strategy, we identified that
shogaol in the GDN plays a role in the induction of
Nrf2 nuclear translation in the targeted hepatocytes.
Using a standard technology for the characterization of
extracellular microvesicles, we have demonstrated that
hepatocyte incorporation of GDN leads to Nrf2 nuclear
translocation. Our data also show that the TLR4/TRIF
pathway plays a role in GDN-mediated Nrf2 nuclear
translocation activity. Using KO and knock-in strategies,
we further demonstrated that GDN shogaol plays a role
in induction of Nrf2 nuclear translocation.

Nrf2 nuclear translocation leads to activation of a
pleiotropic cytoprotective defense process that includes
antioxidants and protects against inflammatory disorders
by inhibiting oxidative tissue injuries (25-28). Our real-
time PCR data support the finding that a number of
Nrf2-regulated genes encoding for cytoprotective defen-
ses of hepatocytes stimulated by GDN are upregulated.
Using KO and knock-in strategies utilizing shogaol from
GDN, we clearly show that shogaol plays a role in
induction of Nrf2. Our data are also supported by pub-
lished data (4), indicating that shogaol-rich extract from
ginger induces Nrf2 nuclear translocation. It is also con-
ceivable that intact GDNs are likely to be required for
in vivo targeted delivery of shogaol to hepatocytes. Although
further identification of GDN-associated molecule(s)
that determine the targeting specificity is warranted,
the finding that hepatocytes are specifically targeted by
GDN (as shown in this study) indicates that delivery of
therapeutic agents to hepatocytes without causing non-
specific toxicity is feasible. In addition, using the KO and
knock-in strategies as described in this study will provide
a means of identifying the role of each individual lipid
in the complex of liposome-like nanoparticles.

Recent studies report cross-talk between Nrf2/HO-1
and the TLR system as a mechanism involved in hepatic
injury (29). Our results suggest that GDN regulate the Nrf2
activity through the TLR4/TRIF pathway in hepatocytes.
The TLR4/TRIF-mediated pathway plays a crucial role
in mammalian innate immune responses against patho-
gens and a variety of insults. The innate immune system
is the dominant immune system found in plants, fungi,
insects and in primitive multicellular organisms (30-32).
This finding provides a foundation for further determin-
ing whether edible plant—derived nanoparticles may also
regulate innate immune response in plant kingdoms.

Oral administration of GDN protects mice from
alcohol-induced liver damage

A number of studies (33—42) indicate that the plant
kingdom provides not only nutrients but also bioactive
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natural products to prevent diseases that occur in the
mammalian kingdom. How plant-derived bioactive nat-
ural products execute their functions on the mammalian
system while resisting the harsh GI environment, that is,
the low pH in the stomach and the degradative enzymes,
and more importantly, how plant-derived bioactive natural
products which are a foreign material to the mammalian
immune system are ignored by immune cells is not
well understood. Oral administration of GDN leads to
protection of mice from alcohol-induced liver injury. This
finding not only suggests that GDN could be used as
a novel agent to protect the liver against damage but
provides a foundation for studying the mechanism under-
lying interspecies communication through nanoparticles
we ingest daily from many different types of edible plants.

Although in this study, we show that inhibition of
alcohol-induced ROS is one of the mechanisms underlying
GDN-mediated protection of mice from alcohol-induced
liver injury, many factors acting in concert contribute
to the sensitivity of liver cells to alcohol exposure and
the resulting liver damage. Alcohol is broken down (i.e.
metabolized) in the liver cells. Alcoholic-derived metabolic
products can activate certain immune cells to produce
various cytokines, including interleukins, interferon gamma,
tumour necrosis factor alpha and transforming growth
factor beta and collagen, a protein involved in scar tissue
formation (fibrosis). Thus, all these diverse pathways
contribute to inflammatory reactions and fibrosis and
culminate in the induction of apoptosis and liver damage.
Therefore, it is conceivable that more than one molecule
that simultaneously interacts with pathways activated
by alcoholic/alcoholic metabolic products may be re-
quired for effectively inhibiting the alcoholic-induced liver
damage. Therefore, besides the effects of shogaol demon-
strated in this study, other GDN-associated molecules
such as nanoparticle-associated RNA may also contribute
to protecting mice from alcohol-induced induced liver
injury. The role for edible plant nanoparticle RNA
mediating interspecies communications has been demon-
strated (43-46). Further study is warranted to determine
whether GDN RNA has a role in protecting mice from
alcohol-induced or other insult-induced liver injury.

In this study, we investigated the effect of GDN on
hepatocytes and we do not exclude the possibility of the
biological effects of GDN on other tissues. Recently
published data (8) indicate that edible plant nanoparticles
are highly resistant to digestion by both gastric pepsin
solution and intestinal pancreatic and bile extract solution.
Significant amounts of edible plant nanoparticles are
taken up by intestinal macrophages (2,8) and stem cells
(1), thus preventing DSS-induced mouse colitis. There-
fore, the molecules including lipids and RNA from
edible plant nanoparticles may also have an effect on
the recipient cells localized in the gut as well as the liver.
Further investigation is necessary to determine whether

the GDN-associated molecules have a systemic biological
effect as claimed by other investigators (43). In addition,
the amount of GDN we used for this study may not be
relevant to ginger typically used in culinary preparations
but it should be applicable for medical use since the
amounts of GDN we used for this study have a thera-
peutic effect without causing visible side effects.
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