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Exosome-Like Nanoparticles From 
Lactobacillus rhamnosus GG Protect 
Against Alcohol-Associated Liver Disease 
Through Intestinal Aryl Hydrocarbon 
Receptor in Mice
Zelin Gu,1,2* Fengyuan Li,1-3* Yunhuan Liu,1,2 Mengwei Jiang,1-3 Lihua Zhang,1,2 Liqing He,2,4,5 Daniel W. Wilkey,1   
Michael Merchant,1-3,5 Xiang Zhang,2,4,5 Zhong-Bin Deng,5,6 Shao-Yu Chen,2,3 Shirish Barve,1-3,5 Craig J. McClain,1-3,5,7   
and Wenke Feng1-3,5

Alcohol-associated liver disease (ALD) is a major cause of mortality. Gut barrier dysfunction–induced bacterial trans-
location and endotoxin release contribute to the pathogenesis of ALD. Probiotic Lactobacillus rhamnosus GG (LGG) 
is known to be beneficial on experimental ALD by reinforcing the intestinal barrier function. In this study, we aim 
to investigate whether the protective effects of LGG on intestinal barrier function is mediated by exosome-like na-
noparticles (ELNPs) released by LGG. Intestinal epithelial cells and macrophages were treated with LGG-derived 
ELNPs (LDNPs) isolated from LGG culture. LDNPs increased tight junction protein expression in epithelial cells 
and protected from the lipopolysaccharide-induced inflammatory response in macrophages. Three-day oral application 
of LDNPs protected the intestine from alcohol-induced barrier dysfunction and the liver from steatosis and injury in 
an animal model of ALD. Co-administration of an aryl hydrocarbon receptor (AhR) inhibitor abolished the protective 
effects of LDNPs, indicating that the effects are mediated, at least in part, by intestinal AhR signaling. We further 
demonstrated that LDNP administration increased intestinal interleukin-22-Reg3 and nuclear factor erythroid 2-related 
factor 2 (Nrf2)–tight junction signaling pathways, leading to the inhibition of bacterial translocation and endotoxin 
release in ALD mice. This protective effect was associated with LDNP enrichment of bacterial tryptophan metabolites 
that are AhR agonists. Conclusions: Our results suggest that the beneficial effects of LGG and their supernatant in 
ALD are likely mediated by bacterial AhR ligand–enriched LDNPs that increase Reg3 and Nrf2 expression, leading 
to the improved barrier function. These findings provide a strategy for the treatment of ALD and other gut barrier 
dysfunction–associated diseases. (Hepatology Communications 2021;5:846-864).

Probiotics have been used safely as a food sup-
plement for over 100 years. In the last decade, 
there has been increasing interest in using 

probiotics to prevent or treat specific diseases in 
experimental animals and humans.(1) Multiple clinical 
trials have been conducted to investigate the effects of 

Abbreviations: AF, alcohol-fed; AhR, aryl hydrocarbon receptor; ALD, alcohol-associated liver disease; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; BMDM, bone marrow–derived macrophage; Cyp1a1, cytochrome P450 family 1 subfamily A member 1; ELNP, exosome-like 
nanoparticle; EtOH, ethanol; H&E, hematoxylin and eosin; I3A, indole-3-aldehyde; IA, indoleacrylic acid; Il-1β, interleukin-1β; Il-6, interleukin-6; 
Il-22, interleukin-22; LC-MS, liquid chromatography–mass spectrometry; LDNP, LGG-derived ELNP; LGG, Lactobacillus rhamnosus GG; LGGs, 
LGG culture supernatant; LGGs(np-d), nanoparticle-depleted LGGs; LPL, lamina propria lymphocyte; LPS, lipopolysaccharide; mRNA, messenger 
RNA; MRS, deMan, Rogosa and Sharpe; NP, nanoparticle; Nqo1, NAD(P)H: quinone acceptor oxidoreductase 1; Nrf2, nuclear factor erythroid 
2-related factor 2; ns, not signif icant; PBS, phosphate-buffered saline; PF, pair-fed; PM, peritoneal macrophage; Reg3, regenerating islet-derived 
protein 3; ROS, reactive oxygen species; TNFα, tumor necrosis factor alpha.

Received October 1, 2020; accepted December 24, 2020.
Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1679/suppinfo.
Supported by the U.S. Department of Veterans Affairs (1I01BX002996), National Institutes of Health (P20GM113226, P50AA024337, 

R01AA021434, R01AA023190, R01AA023681, R01AA028435, S10OD020106, U01AA026934, U01AA026936, and U01AA026980).

mailto:﻿
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1679/suppinfo


Hepatology Communications,  Vol. 5, N o. 5,  2021 GU, LI, ET AL.

847

probiotics in the management of disease states, such 
as gastrointestinal disorders(2) and metabolic liver dis-
eases.(3,4) However, the results of these clinical trials 
are mixed, likely for multiple reasons. It is clear that 
viable probiotics must colonize the gut to exert their 
function. Host factors, including baseline microbiota, 
may cause “colonization resistance” to exclude the 
potential invading probiotics.(5) The compositional 
patterns of baseline microbiota may not respond 
well to incoming probiotic bacteria.(6) In addition, 
the patient’s underlying medical condition may neg-
atively affect the ability of the probiotic to survive 
and colonize the gut; in particular, conditions such as 
an immunocompromised state and/or consumption 
of medications such as antibiotics are problematic. 
In addition, safety outcomes of probiotics in disease 
management are inconsistent.(7)

Recently, we demonstrated that the culture super-
natant of a well-characterized probiotic strain, 
Lactobacillus rhamnosus GG (LGG), was effective in 
the treatment of both experimental alcohol- associ-
ated liver disease (ALD)(8,9) and nonalcoholic liver 
disease,(10) indicating the benefits of the LGG fer-
mentation products. However, the mechanisms of 
action of the LGG supernatant (LGGs) are yet to be 
defined.

Soluble proteins produced by LGG have been 
shown to regulate intestinal epithelial cell sur-
vival and growth,(11) and molecules produced by 

LGG with different effects on the host have been 
described.(12-14) How these individual products 
are released from bacteria and interact with the 
host cells/bacteria is not clear. Bacteria, along with 
mammalian cells, release exosome-like nanopar-
ticles (ELNPs), which are implicated in bacterial 
cell–cell interactions and bacterial cell–host cell 
communications.(15,16) ELNPs carry a variety of 
genetic materials (microRNA [miRNA], messen-
ger RNA [mRNA], and other noncoding RNAs), 
proteins, and metabolites.(17) Recent studies suggest 
that ELNPs function as natural effectors of signal-
ing between cells and across various tissues through 
the transfer of their cargos.(18) In the past, it was 
believed that only Gram-negative bacteria can pro-
duce ELNPs, and that Gram-positive bacteria are 
not able to produce ELNPs due to their thick cell 
wall. However, recent studies showed that Gram-
positive bacteria can also release ELNPs.(16,19,20) It 
has been shown that Lactobacillus-derived ELNPs 
have multiple functions, including stimulating the 
host nervous system, inducing hepatic cancer cell 
death, and enhancing the immune response against 
pathogenic bacteria.(16,21,22)

We therefore hypothesize that ELNPs released 
from LGG (LGG-derived exosome-like nanopar-
ticles, LDNPs) contribute to the protective effects 
of LGG against experimental ALD. The effects of 
LDNPs may be mediated through the delivery of the 
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specific cargo material to intestinal cells to protect 
barrier integrity. In this report, we provide evidence 
that ELNPs are released from LGG, and that these 
LDNPs are protective against alcohol-induced liver 
injury. We showed that LDNP treatment increased 
the expression of antimicrobial peptides (Reg3β 
and Reg3γ) and intestinal tight junction proteins in 
cultured intestinal epithelial cells and in intestinal 
tissue of mice fed alcohol. We further showed that 
the LDNPs were enriched in bacterial tryptophan 
metabolites, indole derivatives, which are endoge-
nous aryl hydrocarbon receptor (AhR) agonists. We 
also showed that LDNPs protected against exper-
imental ALD through intestinal AhR-IL22-Reg3-
related and nuclear factor erythroid 2-related factor 
2 (Nrf2)–mediated signaling pathways, leading to 
reduced bacterial translocation and lipopolysaccha-
ride (LPS) release.

Material and Methods
LGG CULTURE AND LDNP 
ISOLATION

LGG was purchased from American Type Culture 
Collection (ATCC 53103, Rockville, MD) and cul-
tured in autoclaved deMan, Rogosa and Sharpe (MRS) 
broth at 37°C for 40  hours. The culture density was 
measured with a spectrophotometer at OD600. The 
culture suspension (2  ×  109  CFU/mL) was centri-
fuged at 2,000g for 10 minutes, at 5,000g for 20 min-
utes, and then at 10,000g for 30 minutes to eliminate 
debris including dead cells and other waste materials. 
The obtained supernatant was filtered and ultracentri-
fuged at 150,000g for 70 minutes (Optima L-100XP 
Ultra Centrifuge; Bechman Coulter, Atlanta, GA). 
After ultracentrifugation, the supernatants were col-
lected and stored (nanoparticle-depleted LGGs, or 
LGGs[np-d]), and the pellet containing LDNPs was 
washed in phosphate-buffered saline (PBS), ultracen-
trifuged, resuspended in PBS, and stored at −80°C for 
later use.

ANIMALS AND TREATMENTS
C57BL/6J mice (6-8 weeks of age) from Jackson 

Laboratory (Bar Harbor, ME) were maintained at 
22°C with a 12-hour light/dark cycle and initially 

had free access to a normal chow diet and tap 
water. Mice were then fed the Lieber DeCarli diet 
containing 5% alcohol (vol/vol) (alcohol-fed, AF) 
or isocaloric maltose dextrin (pair-fed, PF). For 
the AF groups, mice were initially fed the control 
Lieber-DeCarli liquid diet (Bio-Serve, Flemington, 
NJ) for 5 days, to acclimate to the liquid diet. The 
content of alcohol in the liquid diet was gradually 
increased from 1.6% (vol/vol) to 5% (vol/vol) in the 
next 6 days and remained at 5% for the subsequent 
10  days. Mice in the PF group were fed isocaloric 
maltose dextrin in substitution for alcohol in the liq-
uid diet. On experimental day 10, a bolus of ethanol 
(EtOH) (5 g/kg body weight) was given to AF mice 
by gavage 9 hours before harvesting, whereas mice in 
the PF groups received a gavage of isocaloric malt-
ose dextrin (10d+1b model). LDNPs were admin-
istered to mice in the last 3  days by daily gavage 
of 200 µL of LDNPs (50 µg protein content). AhR 
inhibitor, CH223191 (Sigma-Aldrich, St. Louis, 
MO), was gavaged at 10 mmol/kg in the last 3 days. 
Control mice were gavaged with an equal volume of 
control vehicle (PBS). All mice were treated accord-
ing to the protocols reviewed and approved by the 
Institutional Animal Care and Use Committee of 
the University of Louisville.

STATISTICS
Statistical analyses were performed using the sta-

tistical computer package, GraphPad Prism version 6, 
(GraphPad Software Inc., San Diego, CA). Results 
are expressed as means  ±  SEM. Statistical compar-
isons were made using two-way analysis of variance 
with Tukey’s post hoc test or Student t test, where 
appropriate. Differences were considered to be signif-
icant at P  < 0.05. Significance is noted as *P  < 0.05, 
**P < 0.01, and ***P < 0.001 among groups.

Additional material and methods are found in the 
Supporting Information.

Results
LGG PRODUCES EXOSOME-LIKE 
NANOPARTICLES

We characterized the sizes and concentrations 
of nanoparticles produced by LGG. LDNPs were 
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isolated by ultracentrifugation from bacteria culture 
(2 × 109 CFU/mL). The mean diameter of LDNPs 
was 75  ±  12.7  nm, and the protein concentration 
of LDNP preparation was 2.43  ±  0.45  μg/mL. We 
also analyzed the nanoparticles (NPs) from cul-
ture medium without bacterial inoculation. MRS 
medium (for LGG culture) contained NPs with a 
diameter of 115  ±  26.4  nm, which is larger than 
LDNPs isolated from LGG-conditioned culture 
supernatant. In addition, the protein concentration 
of NPs from the medium (0.30  ±  0.028  μg/mL) 
were significantly lower compared with LDNPs 
(2.43  ±  0.45  µg/mL) (Fig.  1A,B). Sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis analysis 
showed that there were no specific protein bands in 
MRS-derived NPs. In contrast, LDNPs showed sig-
nificant protein bands at sizes of 75 kDa and 40 kDa 
(Fig. 1C). Proteomics analysis of LDNPs identified 
60 proteins consisting of those involved in metabo-
lism, cell wall component/peptidoglycan remodeling, 
transporters, structure components of ribosomes, 
nucleic acid binding proteins, phage-related pro-
teins, and amidases (data not shown), of which, p75 
and p40 abundantly existed in the LDNPs. A previ-
ous study showed that LGG produced the signature 
protein p75 and p40.(11) The strong Coomassie blue 
staining of the proteins from LDNPs at 75 kDa and 
40  kDa are therefore likely p75 and p40 proteins, 
respectively. Proteins in LDNPs appear stable in the 
solution with pH of 2.2, because incubation of the 
LDNPs in a pH 2.2 solution at 37°C for 2 hours did 
not cause degradation or aggregation of p75 and p40 
proteins (Supporting Fig.  S1). Furthermore, there 
was no positive immune-staining of the CD63 band 
in LDNPs (Fig. 1D), indicating that the LDNPs do 
not contain eukaryotic ELNPs.

We next examined which mouse organs and/or   
cells took up LDNPs when administered orally. 
LDNPs were labeled with fluorescent dye PKH67 and 
gavaged to mice. Sliced tissues showed that LDNPs 
localized abundantly in the intestinal villi, lam-
ina propria of ileum, and mesenteric adipose tissue, 
but rarely in the liver (Fig.  1E). We then incubated 
macrophage RAW264.7 cells and mouse hepato-
cyte Hepa1-6 cells with PKH67-labeled LDNPs. 
PKH67-positive LDNPs were found in macrophages 
but not hepatocytes (Fig.  1F). These data suggest 
that LDNPs are taken up primarily by the intestine 
immune and epithelial cells when given orally.

LDNPs INHIBIT   
LPS-INDUCED INFLAMMATION IN 
MACROPHAGE

To investigate the inflammatory response, 
RAW264.7 cells, peritoneal macrophages (PMs), 
and bone marrow–derived macrophages (BMDMs) 
were pretreated with LDNPs and then stimulated 
by LPS. LPS significantly up-regulated the mRNA 
expression of tumor necrosis factor alpha (Tnf�).   
LDNP at 0.02  µg/mL slightly, and at 0.2  µg/mL 
significantly, suppressed Tnf� mRNA expression 
in RAW264.7 cells. A higher concentration of 
LDNPs (2  μg/mL) had no further effect (Fig.  2A, 
left panel). We therefore used 0.2 μg/mL LDNPs in 
subsequent experiments. In addition to Tnf�, LDNP 
pretreatment also suppressed LPS-induced mRNA 
expression of pro-inflammatory mediators: inter-
leukin-6 (Il-6), interleukin-1b (Il-1�), and mono-
cyte chemoattractant protein 1 (Mcp-1) (Fig.  2A, 
right panel). LPS-induced increases in TNFα and 
IL-1β proteins were also significantly suppressed 
by LDNP treatment (Fig.  2B). Previously, we 
showed that LGG culture supernatant suppressed 
LPS-induced TNFα expression.(23) To determine 
whether this effect is mediated by LDNPs, we 
treated RAW264.7 cells with LGGs, LDNPs, or 
LGGs(np-d). LPS-induced Tnf� mRNA expres-
sion was markedly reduced by LDNPs and LGGs, 
but not by LGGs(np-d) (Fig.  2C), suggesting that 
LDNPs mediated the inhibitory effect of LGGs on 
LPS-induced TNFα expression. Furthermore, as 
shown in Fig.  2D, the LDNPs-mediated reduction 
of the LPS-induced mRNA expression of Tnf� and 
Il-1� was time-dependent. Maximal inhibition was 
achieved at 24 hours after the addition of LDNPs 
for Tnf� and at 48 hours for Il-1�. We therefore 
used a 24-hour incubation time in the subsequent 
experiments. Next, we extended our experiments in 
RAW264.7 cells to PMs and BMDMs. Consistent 
with the findings in RAW264.7 cells, LDNPs sig-
nificantly reduced Tnf� and Il-1� mRNA expression 
in PM and BMDM (Fig. 2E,F). It is possible that 
nanoparticles from other bacteria could also inter-
act with LPS directly, thus having an effect on the 
LPS-induced inflammatory response. To confirm 
that the inhibition of inflammation in macrophages 
by LDNP was LGG-specific, we performed same 
experiments using Bilophila  wadsworthia–derived 
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FIG. 1. Characterization of LDNPs. (A) Representative transmission electron microscopy image of LDNPs and the frequency of observed 
NPs by diameter. (B) Size (left panel) and protein concentration (right panel) comparison between LDNPs and MRS-derived NPs.   
(C) Coomassie blue staining of protein bands on sodium dodecyl sulfate–polyacrylamide gel electrophoresis. (D) Western blot for CD63 
protein in LDNPs and Caco-2-derived NPs. (E) Uptake of (PKH67-labeled) LDNPs in the ileum, mesenteric adipose tissue, and liver 
tissue. (F) Uptake of LDNPs in macrophages RAW264.7 and hepatocytes Hepa1-6. Yellow arrows indicate PKH67-positive staining of 
LDNPs. 4´,6-diamidino-2-phenylindole (blue) was used for nucleic counter staining. Abbreviations: MAT, mesenteric adipose tissue; and 
MRS-NP, MRS-derived NP.
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nanoparticles, and as expected, no such effects were 
observed (data not shown).

LDNPs INCREASE AhR REPORTER 
ACTIVITY

To investigate the potential mechanisms under-
lying this inhibitory effect of LDNPs on LPS 
induced inflammation in macrophages, we analyzed 
the metabolite cargo composition of LDNPs by liq-
uid chromatography–mass spectrometry (LC-MS)–
based metabolomics technologies. We identified over 
2,000 metabolites (data not shown). Interestingly, 
tryptophan-derived AhR ligands exist abundantly in 
the LDNP cargo (Fig. 3A). Luciferase reporter analysis 
showed that both LDNPs and LGGs increased AhR 
activity. However, when the LDNPs were depleted 
from LGGs, the induction of AhR reporter activ-
ity was significantly decreased (Fig.  3B). Moreover, 
when LDNPs were depleted, the concentrations of 
indoleacrylic acid (IA) and indole-3-aldehyde (I3A) 
in LGGs were markedly reduced (Fig.  3C). Taken 
together, these data suggest that LNDPs are enriched 
in AhR ligands from bacterial tryptophan metabolism.

LDNPs INCREASE INTESTINAL 
AhR DOWNSTREAM SIGNALING

AhR is a ligand-activated nuclear receptor and 
is expressed in many cell types, including intestinal 
type 3 innate lymphoid (ILC-3) cells. To examine 
whether LDNPs increase intestinal AhR signal-
ing, we isolated ileum lamina propria lymphocytes 
(LPLs) from mice. Incubation of the LPLs with 
LDNPs produced a significant induction of mRNA 
expression of cytochrome P450 family 1 subfamily 
A member 1 (Cyp1a1) and Il-22, which are two 
transcriptional targets of AhR.(24) Importantly, the 
effects of LDNPs on the expression of Cyp1a1 and 
Il-22 were completely inhibited by the AhR inhibi-
tor, CH223191 (Fig. 3D, upper panel; I3A was used 

as a positive control ligand for the analysis). In addi-
tion, we found that the protein level of IL-22 in the 
medium was increased about five-fold by LDNPs, 
and the up-regulation of IL-22 was completely 
inhibited by CH223191 (Fig.  3D, lower panel). To 
determine whether oral administration of LDNPs 
increases intestinal AhR signaling, we gavaged mice 
with LDNPs. LDNPs administration markedly 
increased mRNA expression of Il-22 and Cyp1a1 
in the ileum, but not in the colon (Fig.  3E). It is 
known that intestinal IL-22 mediates the expression 
of Reg3b and Reg3g, two major antimicrobial pep-
tides expressed in intestinal Paneth cells. As shown 
in Fig. 3F, LDNP administration markedly increased 
ileum Reg3b and Reg3g mRNA expression. In the 
colon, Reg3g expression was significantly increased, 
whereas Reg3b was marginally increased.

LDNPs INCREASE INTESTINAL 
TIGHT JUNCTION PROTEIN 
EXPRESSION

Intestinal barrier function plays a crucial role 
in a variety of disease conditions. To investigate 
whether LDNPs modulate intestinal barrier func-
tion, we evaluated tight junction protein expres-
sion in intestinal epithelial cells (Caco-2). LDNP 
treatment significantly increased three major tight 
junction proteins, ZO-1, occludin and claudin-1, 
in Caco-2 cells (Fig.  4A). To determine whether 
this effect was AhR-mediated, I3A, a ligand of 
AhR as a positive control, and the AhR inhibi-
tor, CH223191, were added to Caco-2 cell culture. 
I3A markedly increased Cyp1a1 mRNA expres-
sion and Cyp1a1 activity, which was blocked by 
CH223191, indicating an AhR regulation. Similar 
to I3A, LDNPs induced a significant upregulation 
of Cyp1a1 mRNA expression and increased Cyp1a1 
activity, which was blocked by CH223191, indicat-
ing an AhR-dependent effect of LDNPs (Fig. 4B). 
Importantly, both I3A and LDNPs increased the 

FIG. 2. LDNPs inhibited LPS-induced inflammation in macrophages. (A-D) RAW264.7 cells. Dose-dependent effects of LDNPs on 
relative Tnfα mRNA expression with or without LPS stimulation (A, left panel); relative mRNA expression of inflammatory mediators 
(A, right panel) and protein levels of TNF-α and IL-1β (B) after LDNPs and LPS treatment. (C) Effects of LDNPs depletion in LGGs 
on LPS-induced Tnf� mRNA expression. (D) Effects of LDNPs on Tnf� and Il-1� mRNA expression are time-dependent. LDNPs 
inhibited LPS-induced Tnf� and Il-1� mRNA expression in PMs (E) and BMDMs (F). Data shown represent the mean ± SEM of 
at least three independent experiments performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations: Mcp1, 
monocyte chemoattractant protein 1; ns, not significant.
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protein expression of tight junction proteins, which 
was inhibited by CH223191 (Fig.  4C). These data 
suggest that LDNPs have AhR agonist-like activity 
and that the up-regulation of intestinal epithelial 
cell tight junctions by LDNPs is AhR-dependent.

Previous studies demonstrated that tight junction 
proteins were regulated by cellular oxidative stress,(25) 
and Nrf2 is important in anti-oxidant regulation in the 
intestine.(26,27) To determine the role of oxidative stress 
signaling in the up-regulation of tight junction pro-
teins, a Nrf2 inhibitor, ML385, was co-administered 
with LDNPs. Indeed, LDNP treatment significantly 
increased Nrf2 expression at both mRNA and pro-
tein levels in Caco-2 cells, and this up-regulation 
was completely inhibited by ML385 (Fig.  4D,F). 
Interestingly, LDNPs-induced Nrf2 expression was 
also blocked by CH223191 (Fig.  4E,F), suggesting 
that AhR is required for the up-regulation of Nrf2 
by LDNPs. Importantly, LDNP-induced tight junc-
tion protein up-regulation was inhibited by ML385 
(Fig.  4C). It should be noted that Nrf2 inhibition 
blocked the LDNP-induced Cyp1a1 mRNA expres-
sion, but not activity (Fig.  4B), for reason(s) not yet 
known.

LDNPs PREVENT ALD
Increased serum endotoxin levels and hepatic 

bacterial translocation are manifestations of gut bar-
rier dysfunction and hallmarks of ALD. To exam-
ine whether LDNP treatment could protect against 
alcohol-induced liver injury, we fed mice with alco-
hol in a binge-on-chronic alcohol exposure model. 
Specifically, mice were fed the Lieber DeCarli diet 
containing 5% EtOH (vol/vol) for 10  days, and a 
bolus of EtOH (10d+1b) was gavaged to mice on 
the last day, 9  hours before sacrifice. LDNPs were 
orally gavaged at a dose of 50  μg/mouse once a 
day for the last 3 days (Fig.  5A). Alcohol feeding 
increased hepatic fat accumulation, as determined 

by hematoxylin and eosin (H&E) and Oil Red O 
staining, which was markedly decreased by LDNP 
treatment (Fig.  5B). The histological observations 
of hepatic steatosis were confirmed by hepatic tri-
glyceride measurement (Fig.  5C). Serum levels of 
alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) were increased by alcohol and 
decreased by LDNP treatment (Fig.  5D). LDNP 
treatment prevented the apoptotic cell death by 
alcohol, as demonstrated by terminal deoxynucleoti-
dyl transferase–mediated deoxyuridine triphosphate 
nick-end labeling assay (Fig. 5E). Alcohol feeding–
induced hepatic inflammation was significantly 
reduced by LDNPs treatment, as shown by hepatic 
mRNA expression of pro-inflammatory mediators, 
Tnfα and Il-1� (Fig. 5F).

LDNPs INCREASE INTESTINAL 
AhR ACTIVITY AND DECREASE 
HEPATIC BACTERIAL 
TRANSLOCATION

We next sought to delineate the intestinal signal-
ing pathway linked to AhR activation in mice with 
experimental ALD. Alcohol feeding significantly 
decreased intestinal Cyp1a1 mRNA expression and 
Cyp1a1 activity (Fig. 6A,B), indicating an attenuated 
AhR activation by alcohol. LDNP treatment signifi-
cantly increased both mRNA expression and activity 
of Cyp1a1 in mice under both PF and AF condi-
tions (Fig.  6A,B). Ileum mRNA and serum protein 
levels of IL-22 were significantly decreased by alco-
hol (Fig. 6C), which agrees with a previous study.(28) 
Notably, LDNP treatment markedly increased 
ileum IL-22 expression (Fig.  6C). Importantly, 
we did not observe any effects of either alcohol or 
LDNPs on Il-22 and Cyp1a1 mRNA expression in 
hepatic tissues (Supporting Fig.  S2), indicating that 
the effect of LDNPs on the AhR pathway is likely 
intestine-specific.

FIG. 3. LDNPs increased AhR reporter activity and intestinal downstream signaling. (A) Signal intensity of representative enriched 
bacterial metabolites of tryptophan in LDNPs analyzed by LC-MS. (B) AhR reporter activity of MRS, LDNPs, LGGs, and LGGs(np-d). 
(C) Signal intensity of IA and I3A. The standard curve study by LC-MS showed a linear representation in the signal range shown in the 
y-axes. (D) Upper panel: The effects of the AhR inhibitor, CH229131, on LDNPs-induced up-regulation of Cyp1a1 and Il-22 mRNA 
expression in lamina propria lymphocytes; lower panel: IL-22 protein level in the culture medium of LPLs. AhR ligand I3A: positive 
control. (E) Relative mRNA expression of Il-22 and Cyp2E1 in mouse ileum and colon. (F) Relative mRNA expression of Reg3γ and 
Reg3β in mouse ileum and colon. Data are presented as the mean ± SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: IAA, 
indole acetic acid; LPL, lamina propria lymphocyte.
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FIG. 4. LDNPs increased intestinal tight junction expression in Caco-2 cells. (A) Western blot for ZO-1, occludin, and claudin-1 protein 
in Caco-2 cell lysates. (B) Relative Cyp1a1 mRNA expression (upper panel) and Cyp1a1 activity (lower panel) in Caco-2 cells treated 
with LDNPs, CH223191 (AhR inhibitor), ML385 (Nrf2 inhibitor), and I3A. (C) Western blot for tight junction proteins in Caco-2 
cell lysates. (D) Western blot for Nrf2 protein in cell lysates of LDNPs-treated Caco-2 cells. (E) Relative mRNA expression of Nrf-2 in 
Caco-2 cells treated with LDNPs, CH223191, ML385, and I3A. I3A was used as an AhR ligand control. (F) Effects of CH223191 or 
ML385 on Nrf2 protein level in Caco-2 cells treated with LDNPs. Data shown represent the mean ± SEM of at least three independent 
experiments performed in triplicate for cell culture studies. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIG. 5. LDNPs reversed/prevented ALD. (A) Experimental design of animal treatment. (B) Representative microphotographs of H&E 
(upper panel) and Oil Red O (lower panel) stained mouse liver sections. (C) Hepatic triglyceride levels. (D) Serum ALT and AST levels. 
(E) Representative microphotographs of terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling 
stained mouse liver sections. (F) Hepatic Tnf� and Il-1� mRNA expression. Data are expressed as mean ± SEM (n = 5-7 mice/group). 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Reg3β and Reg3γ are produced in Paneth cells and 
play a critical role in maintaining bacterial homeo-
stasis and inhibiting bacterial translocation. Ileum 
mRNA levels of Reg3b or Reg3g were slightly or sig-
nificantly decreased by alcohol, respectively. LDNP 
treatment increased mRNA expression of Reg3b and 
Reg3g under both PF and AF conditions (Fig. 6D). 
Furthermore, lysozyme staining of ileum tissue 
showed decreased Paneth cell numbers, which were 
increased by LNDPs treatment (Fig. 6E). Elevation 
of Reg3β and Reg3γ should result in reduced bac-
terial translocation. As expected, we found that 
LDNP treatment markedly decreased AF-increased 
hepatic bacteria load (Fig. 6F). Taken together, our 
results demonstrate that LDNPs increased intesti-
nal AhR-IL-22-Reg3 signaling pathways, leading to 
reduced bacterial translocation in the livers of mice 
fed alcohol.

LDNP TREATMENT DECREASES 
CIRCULATING ENDOTOXIN 
LEVELS THROUGH Nrf2 
ACTIVATION

We further sought to investigate whether LDNP 
treatment affects the intestinal Nrf2 pathway, lead-
ing to up-regulation of intestinal tight junction pro-
tein expression and reduction of endotoxemia. AF 
significantly decreased ileum nuclear Nrf2 protein 
levels (Fig. 7A) and slightly decreased Nrf2 mRNA 
expression (Fig.  7B). LDNP treatment increased 
intestinal Nrf2 expression in PF mice and prevented 
the reduction in AF mice (Fig.  7B). NAD(P)H : 
quinone acceptor oxidoreductase 1 (Nqo1) is an 
inducible enzyme that is regulated by the Nrf2 
pathway and plays an important role in combating 
oxidative stress.(29) AF significantly decreased intes-
tinal Nqo1 mRNA expression. LDNP treatment 
markedly increased Nqo1 mRNA in PF mice and 
prevented the reduction in AF mice (Fig.  7C). We 
further examined cellular reactive oxygen species 

(ROS) status. Dihydroethidium staining of the ileum 
tissues showed that AF increased ROS, which was 
significantly reduced by LDNP treatment (Fig. 7D).

We then evaluated intestinal leakiness by exam-
ining the intestinal tight junction protein expression 
and serum endotoxin (LPS) levels. Agreeing with 
a previous study,(23) AF decreased ileum protein 
expression of ZO-1, occludin and claudin-1. LDNP 
treatment prevented the down-regulation of these 
proteins (Fig.  7E). AF increased serum LPS levels, 
which was inhibited by LDNP treatment (Fig. 7F). 
Taken together, our data demonstrate that LDNPs 
administration inhibits alcohol exposure–induced 
oxidative stress through the up-regulation of Nrf2 
expression, resulting in improved intestinal barrier 
function.

EFFECTS OF LDNPs ARE 
REGULATED BY THE AhR 
SIGNALING PATHWAY

We next sought to determine whether the bene-
ficial effects of LDNPs in ALD are mediated by the 
intestinal AhR pathway by administrating the AhR 
inhibitor, CH223191, to AF mice. As shown in 
Fig. 8A, CH223191 significantly increased hepatic fat 
accumulation and liver triglyceride assay confirmed 
the histological findings. Importantly, the suppressive 
effect on hepatic fat by LDNP treatment was blunted 
when CH223191 was co-administered. CH223191 
slightly increased the serum levels of ALT and AST 
and blocked the effects of LDNPs when the mice 
were co-fed with CH223191.

We then determined the effects of this AhR inhib-
itor on downstream signaling. Ileum Il-22 mRNA 
and protein expression was reduced by CH223191 
in AF mice. LNDPs treatment alone significantly 
increased IL-22 expression in AF mice, and this 
effect was completely inhibited when CH223191 
was co-administered (Fig.  8B, left and middle 
panel). Cyp1a1 mRNA expression was increased by 

FIG. 6. LDNPs increased intestinal AhR activity and decreased hepatic bacterial translocation. Relative ileum Cyp1a1 mRNA expression 
(A) and activity (B) in LDNPs-treated PF-fed or AF-fed mice. (C) Relative ileum Il-22 mRNA expression (upper panel) and serum   
IL-22 protein level (lower panel). (D) Effects of LDNPs on ileum mRNA expression of Reg3b and Reg3g. (E) Upper panel: Representative 
microphotographs of immunofluorescence staining for lysozyme on mouse ileum tissue. Lower panel: Quantification of lysozyme-
positive stained Paneth cells (red). 4´,6-diamidino-2-phenylindole (blue): nucleic counter stain. (F) Fold change of bacteria load in the 
livers of LDNPs-treated PF-fed or AF-fed mice. Data are expressed as the mean ± SEM (n = 5-7 mice/group). *P < 0.05, **P < 0.01, 
***P < 0.001.
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FIG. 7. LDNP treatment decreased circulating endotoxin level through Nrf2 activation. (A) Western blot for nuclear Nrf2 protein in 
ileum tissues of LDNPs-treated mice fed with alcohol. Histone H3 serves as a loading control. (B,C) Relative mRNA level of Nrf2 
and Nqo1 in mouse ileum. (D) Dihydroethidium staining for the measurement of ROS in the ileum tissues. (E) Western blots for tight 
junction proteins in the ileum tissue. (F) Serum endotoxin levels. Data are expressed as the mean ± SEM (n = 5-7 mice/group). *P < 0.05.
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LDNP treatment and reduced by CH223191, and 
no change was found when LNDPs were gavaged 
with the inhibitor (Fig. 8B, right panel). Similar to 
the IL-22 regulation, we found that Reg3g mRNA 
expression was increased by LDNPs and blocked by 
CH223191 (Fig.  8C). As a result, bacterial trans-
location, as determined by hepatic bacteria load, 
was significantly increased by the inhibitor, and the 
effect of LDNPs was blocked when the inhibitor 
was co-administered (Fig. 8D).

Additionally, we found that ileum Nrf2 and Nqo1 
mRNA expression was reduced by the AhR inhibi-
tor in AF mice, and again, LDNPs were not able to 
increase the expression of these anti-oxidant mole-
cules when administered together with CH223191 
(Fig.  8E). These data suggest that the preventive 
effects of LDNPs on the alcohol-induced bacterial 
translocation into the liver is mediated by an AhR-
regulated signaling pathway.

Discussion
Intestinal bacterial microbiome homeo-

stasis is maintained under physiological con-
ditions. Interruption of this balance is often 
associated with disease development and/or pro-
gression. Administration of probiotics in preclinical 
studies and clinical practice has shown beneficial 
effects in restricting the overgrowth of pathogenic 
bacteria and control of the pathophysiological pro-
cesses in the host. As we noted, probiotics have 
been used for the management of ALD to normal-
ize the gut microbiota dysbiosis and attenuate liver 
injury.(30)

The action of bacteria on host cells is a complex 
process that is incompletely understood. Recent stud-
ies suggest that the ELNP is one of the important 
mediators of cell–cell interaction. These kinds of 
nanoparticles are produced by almost all organ-
isms, including bacteria.(31) While it is well known 
that Gram-negative bacteria produce ELNPs, recent 

studies further demonstrate that Gram-positive bac-
teria can also release ELNPs, despite having a thick 
cell wall.(16,19,20) LGG is one of the best-characterized 
Gram-positive probiotics, and we hypothesized that 
LGG’s function was mediated through its ELNPs to 
regulate intestinal function in mice with experimental 
ALD.

ALD is characterized by gut barrier dysfunction, 
which leads to increased bacterial translocation and 
endotoxin release into circulation. Previously, we 
demonstrated that administration of LGG-viable 
bacteria and LGGs prevented ALD in mice. In the 
present study, we showed that 3-day administra-
tion of LDNPs was able to reverse/prevent alcohol-
induced hepatic fat accumulation, liver enzyme 
elevation, inflammation, and apoptotic cell death in 
mice using the binge-on-chronic alcohol (10d+1b) 
model.

We showed that LGG produces ELNPs (LDNPs) 
with an average size of 75 nm. The culture medium, 
MRS, also contains NPs, but with a bigger size and 
in a much smaller amount. LDNPs do not contain 
the eukaryotic EV marker (CD63) but have LGG-
derived proteins (p75 and p40). We showed that 
LDNPs are pH2.2-resistant, which makes LDNPs 
suitable for oral administration. Indeed, it has been 
shown that ELNPs protect their cargo, including 
proteins, metabolites, and genetic material such as 
miRNA and mRNA from enzymatic degradation.(17) 
We further demonstrated that the LDNPs localize 
primarily in the intestine tissue and immune cells 
when orally gavaged. This unique feature of intesti-
nal targeting of LDNPs provides a strategy suitable 
for the treatment of diseases with intestinal dys-
function as an etiology.

The fact that macrophages take up LDNPs 
led us first to examine LDNP anti-inflammatory 
activity. We showed that LDNPs reduced LPS-
stimulated expression of pro-inflammatory medi-
ators in RAW264.7 macrophages, mouse PMs, 
and BMDMs. Analyzing the cargo composition 
showed that LDNPs contain abundant IA, I3A, and 

FIG. 8. Effects of LDNPs in ALD are regulated by the AhR signaling pathway. (A) Upper panel: H&E staining of liver tissues (left) and 
hepatic triglyceride levels (right) of alcohol-fed mice that co-administered with LDNPs and control vehicle or AhR inhibitor CH223191. 
Lower panel: serum ALT and AST. (B) Serum IL-22 protein levels (left panel); relative ileum mRNA expression of Il-22 and Cyp1a1 
(middle and right panel). (C) Ileum Reg3g mRNA expression. (D) Fold change of hepatic bacterial load. (E) Ileum mRNA expression 
of Nrf2 and Nqo1. Data are expressed as the mean ± SEM (n = 5-7 mice/group). (F) Proposed model of LDNP action on intestinal AhR 
signaling in ALD. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: CV, control vehicle.
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indol-3-lactic acid, which are tryptophan bacterial 
metabolites and endogenous AhR ligands. Indeed, 
treatment with LDNPs significantly increased AhR 
reporter activity and downstream AhR signaling. 
Importantly, our results demonstrate that those 
AhR ligands are enriched in LDNPs, as depleting 
LDNPs decreased AhR ligand content in LGGs 
and blunted the AhR reporter activity of LGGs. 
However, the mechanisms underlying the LNDPs 
biogenesis in AhR ligand enrichment need future 
investigation.

AhR is a ligand-activated nuclear receptor. 
Intestinal AhR activation in RAR-related orphan 
receptor gamma–expressing ILC-3 cells leads to 
increased IL-22 expression and usually confers pro-
tection from bacterial infection and translocation by 
increasing Paneth cell–produced antimicrobial pep-
tides, REG3γ and REG3β.(28,32) Here, we demon-
strated that LDNP treatment led to an increased 
AhR activity, as reflected by increased expression 
of Cyp1a1 and IL-22 in LPLs. The role of AhR 
in the LDNP-mediated IL-22 increase was further 
demonstrated by using an AhR inhibitor, which 
completely blocked the effects of LDNPs on IL-
22 production. We found that LDNP treatment 
resulted in an increase of Reg3 expression in the 
ileum. It is therefore clear that oral LDNPs adminis-
tration up-regulates the intestinal AhR-IL22-Reg3 
signaling pathway, which may provide protection 
against bacterial translocation under disease con-
ditions. This notion was confirmed by our data in 
mice with experimental ALD. Three-day LDNPs 
oral gavage reduced alcohol-induced hepatic bacte-
ria load, which was associated with an up-regulation 
of Paneth cell numbers and the expression of Reg3 
and IL-22, and increased AhR activity. As a result, 
LDNP treatment reversed/prevented ALD in mice 
fed alcohol.

Intestinal tight junction–mediated barrier integ-
rity plays a key role in alcohol-induced endotoxin 
release. We found that LDNPs administration to 
intestinal epithelial Caco-2 cells led to an increased 
expression of tight junction proteins. Strikingly, this 
increase was blocked by an AhR inhibitor, indicat-
ing that AhR mediates this effect of LDNPs. It is 
well-known that intestinal tight junctions are dam-
aged by disease-initiated oxidative stress, and Nrf2 is 
an important mediator. Here, we found that LDNP 
treatment increased Nrf2 expression, which was 

blocked by the AhR inhibitor. These data suggest 
that the effect of LDNPs on intestinal tight junc-
tion expression is mediated by AhR through the up-
regulation of Nrf2. It should be noted that a Nrf2 
inhibitor blocked LDNP-induced Cyp1a1 mRNA 
expression. Whether Nrf2 regulates AhR activity in 
the intestine is currently unclear.

We further confirmed the role of the AhR-
mediated effects of LDNP in ALD mice using an 
AhR inhibitor. Co-administration of CH223191 
abolished the beneficial effects of LDNPs on 
alcohol-induced fatty liver and liver injury, which 
were associated with the blockade of IL22-Reg3-
mediated reduction of bacterial translocation and 
Nrf2-mediated LPS release.

The current study has several limitations. 
Although an AhR inhibitor was used, more inhib-
itors with various characteristics and intestinal-
specific AhR knockout mouse model would further 
confirm the requirement of AhR in the action of 
LDNPs in ALD. The inhibitors could be delivered 
to the intestine by LDNPs, because we showed 
that LDNPs primarily target the intestine. We 
used the National Institute on Alcohol Abuse and 
Alcoholism binge-on-chronic model in the study, 
but our results need to be evaluated in other animal 
models of ALD. In addition, because of the short 
period of alcohol exposure that may not be suffi-
cient to change microbiota, the effect of LDNPs 
on microbiota needs to be studied in other relevant 
models. Finally, although the AhR-Nrf2-mediated 
signaling pathway is crucial, there could be other 
mechanisms by which LDNPs protect against ALD. 
LDNPs could change the susceptibility of cells to 
alcohol-induced alterations by delivering other 
cargo molecules, such as proteins and genetic mate-
rial, into intestinal cells. LDNPs could interact with 
bacterial cells and affect gut microbiota homeostasis. 
LDNPs could also stimulate the production of neu-
rochemicals, hormones, and growth factors that are 
known to promote liver regeneration. Whether any 
of these possibilities underlie the protective effects 
of LDNPs remains to be studied.

In conclusion, we demonstrate that LDNPs pro-
tect against alcohol exposure–induced fatty liver and 
injury through intestinal AhR-Nrf2 signaling path-
ways to increase antimicrobial peptide (Reg3γ and 
Reg3β) and tight junction protein expression, leading 
to reduced bacterial translocation and endotoxemia 
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(Fig.  8F). Our results suggest that the beneficial 
effects of probiotics and their supernatant are likely 
mediated by its exosome-like NPs released from the 
probiotic bacteria. These findings may lead to a strat-
egy for the treatment of ALD and other gut barrier 
dysfunction–associated diseases.
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