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Abstract

Background—Alcoholic liver disease (ALD) is commonly associated with intestinal barrier
dysfunction. Alcohol-induced dysregulation of intestinal tight junction (TJ) proteins, such as
Zonula Occludens-1 (ZO-1), plays an important role in alcohol-induced gut leakiness. However,
the mechanism of alcohol-induced disruption of TJ proteins is not well established. The goal of
this study was to elucidate this mechanism by studying the role of MicroRNA 212 (miR-212) and
inducible nitric oxide synthase (iNOS) in alcohol-induced gut leakiness.

Methods—The permeability of the Caco-2 monolayer was assessed by transepithelial electrical
resistance (TER) and flux of fluorescein sulfonic acid (FSA). miR-212 was measured by real time
PCR. The wild type, iNOS knockout, and miR-212 knockdown mice were fed with alcohol diet
(29% of total calories, 4.5% v/v) for 8 weeks. The LNA-anti-miR-212 was used to inhibit
miR-212 expression in mice. The alcohol-induced intestinal permeability, miR-212 expression and
liver injuries in mice were measured.

Results—Our in vitro monolayer and in vivo mice studies showed that: (1) alcohol-induced
over-expression of the intestinal miR-212 and intestinal hyperpermeability is prevented by using
miR-212 knock-down techniques; and (2). iNOS is upregulated in the intestine by alcohol and that
iNOS signaling is required for alcohol-induced miR-212 over-expression, ZO-1 disruption, gut
leakiness and steatohepatis.

Conclusions—These studies thus support a novel miR-212 mechanism for alcohol-induced gut
leakiness and a potential target that could be exploited for therapeutic intervention to prevent
leaky gut and liver injury in alcoholics.
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Introduction

Alcoholic Liver Disease (ALD) occurs only in a subset (~30%) of alcoholics(Bode and
Bode, 2005), indicating that excessive ethanol (EtOH) consumption is necessary but not
sufficient to induce liver injury. Therefore, additional factors are required. We and others
showed that gut-derived endotoxin appears to be this required co-factor. Thus gut leakiness
appears to be the key cause of the endotoxemia in alcohol fed rodents and
alcoholics(Keshavarzian et al., 2009; Keshavarzian et al., 1999). Therefore, a
comprehensive understanding of the mechanism of alcohol-induced gut leakiness is essential
for development of novel therapeutic interventions for prevention and/or treatment of
alcohol-induced pathologies like ALD.

The integrity of the intestinal barrier depends on both healthy epithelial cells and on an
intact paracellular pathway, which appears to be the main route for permeation of
macromolecules such as endotoxin(Hollander, 1992). This pathway is a complex array of
structures that includes tight junctions between gut epithelial cells. This dynamic tight
junction is highly regulated and is able to change its size under various physiological and
pathological conditions(Madara, 1990). Tight junctions function as gates that regulate
intestinal permeability(Clayburgh et al., 2004). Cytoplasmic plaque proteins such as Zonula
occludens-1 (Z0O-1) constitute a major component of tight junctions(Sawada et al., 2003).
Z0-1 may work as a scaffold in tight junctions because it interacts with several integral
membrane proteins.

One potential mechanism for alcohol to induce gut leakiness is by disrupting tight junction
protein homeostasis. Oxidative stress is one well established mechanism of disruption of
tight junction proteins (Sawada et al., 2003; Unno et al., 1997). A significant potential
source of oxidative stress is intestinal nitric oxide [NO]. Indeed, alcohol-induced
overproduction of NO by inducible nitric oxide synthase [iINOS] disrupts barrier function,
and prevention of alcohol-induced NO overproduction in rats and in Caco-2 monolayers
restores normal barrier integrity(Unno et al., 1997). Moreover, we showed that alcohol-
induced gut leakiness is caused by oxidative epithelial tissue damage due to upregulation of
iNOS(Tang et al., 2009b). However, the mechanism of alcohol-induced, iINOS-mediated,
gut leakiness is not fully understood.

Our recent findings reveal a new mechanism and suggest that microRNA (miRNA) may be
an early and key factor in this signaling cascade. The miRNAs are small non-coding RNAs
that are 18-25 nucleotides in length and can control gene expression. They target mMRNAS,
triggering either translational repression or RNA degradation(Carthew, 2006). miRNA
regulation has been implicated in many cellular processes including cell proliferation,
differentiation, apoptosis, and metabolism(Czech, 2006). Aberrant miRNA expression may
be involved in many human diseases(Ambros, 2004). Recently we found that(Tang et al.,
2008): (a) miR-212 is a miRNA expressed in intestinal epithelial cells, (b) ZO-1, one of the
key tight junctional proteins involved in regulation of intestinal barrier(Sawada et al., 2003),
is a target gene of miR-212, (c) miR-212 levels are higher in colon biopsy samples from
ALD patients than in healthy controls. (d) Alcohol-induced miR-212 over-expression in
Caco-2 intestinal epithelial cells is accompanied by reductions in ZO-1 protein expression,
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disruption of tight junction protein (ZO-1), and increased permeability of Caco-2 cell
monolayers. This finding led to a new hypothesis that iNOS induced disruption of intestinal
barrier might be mediated through miR-212 overexpression that in turn leads to down
regulating its target gene, ZO-1. The aim of this study was to test this hypothesis using the in
vitro Caco-2 cell model and in vivo animal model of alcohol-induced intestinal
hyperpermeability.

Methods
1. Inhibition of miR-212 in Caco-2 cells

Caco-2 cells were obtained from American Type Culture Collection (Manassas, VA) at
passage 15. We transfected Caco-2 cells with 30 nmol/L anti-miR-212 to inhibit miR-212
expression. Anti-miR-212 Inhibitor (Ambion, Cat #4385914) was designed to bind to, and
inhibit the activity of endogenous miR-212 when introduced into cells. This RNA-based
inhibitor is sequence-specific and chemically modified both to increase its stability and to
improve its activity. Anti-miR-212 was delivered into cells by chemical transfection
following the manufacture’s protocol.

2. INOS knockdown with SiRNA

Caco-2 cells were treated with gene-specific siRNA directed at iNOS or control
nontargeting siRNA to control for “off target” (non-gene-specific) effects of sSiRNA using a
modification of our previously published methods(Forsyth et al., 2011).

3. Real-time Quantification of miRNAs by Stem-loop RT-PCR

Total RNA from Caco-2 cells or colon tissue samples were isolated using mirVana RNA
isolation kits (Ambion, Austin, TX) according to the manufacturer’s protocol. TagMan
microRNA assay kits with stem-loop RT primer (Applied Biosystems) were used for
detection of miR-212. RNU6B was used as an internal control. Experiments and data
analysis were done according to the manufacturer’s protocol. Relative quantities of miRNA
expression were calculated as in our previous studies(Tang et al., 2008).

4. TER measurement for intestinal permeability in vitro

Intestinal permeability was measured as transepithelial electrical resistance (TER) using
Caco-2 cells as previously described(Forsyth et al., 2011). TER was determined using a dual
electrode system designed for cell culture insert analysis (EVOM; World Precision
Instruments, Sarasota, FL) in which naked culture inserts were used to blank for baseline
values, which are subtracted from all values using inserts with living cells.

5. FSA measurement for intestinal permeability in vitro

The permeability of the monolayer barrier was also assessed by a widely used and validated
technique that measures the apical to basolateral paracellular flux of fluorescent markers
such as fluorescein sulfonic acid (FSA, 200 pg/ml; 0.478 kDa) as we described (Banan et al.,
2000b).
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6. Western blots for ZO-1 Protein

The ZO-1 protein levels in Caco-2 cells were measured by using Western blotting (Bio-Rad
mini-Protein system) as previously described(Forsyth et al., 2007). After blocking,
membranes were blotted using antibody to ZO-1 (Zymed). Blots were washed, incubated
with HRP-conjugated 2° Ab for 1 h at 4°C, washed, developed with enhanced
chemiluminescence (ECL) solution (Amersham), exposed to film (Fuji) and finally scanned
for analysis with Image J software(Forsyth et al., 2007).

7. Immunofluorescent Staining of ZO-1 and tight junction morphology

Cells from monolayers were fixed in cytoskeletal stabilization buffer and then postfixed in
95% ethanol at —20°C. Cells were subsequently processed for incubation with a primary
antibody (monoclonal mouse anti-Z0O-1(Zymed), 1:200 dilutions) for 1 h at 37°C and then
incubated with a secondary antibody (fluorescein isothiocyanate-conjugated goat anti-
mouse; Sigma-Aldrich, 1:50 dilution) for 1 h at room temperature. Slides were washed 3x in
D-phosphate-buffered saline and mounted in Aquamount. Following staining, cells were
observed with an Axiovert 100 microscope and Axiovision software (Carl Zeiss Inc.,
Thornwood, NY). The three-dimensional reconstruction of deconvoluted z-stacks was
performed using Zeiss Axiovision software. Immunofluorescent microscopy analysis of
Caco-2 monolayers has been previously described by us in detail(Forsyth et al., 2007).

8. Experimental diet and animals

Mice and Housing—Young adult (6-8 week old) wild-type C57BL/6J mice (WT) and
C57BL/6 iNOS knockout (KO) mice were purchased from The Jackson Laboratory, Bar
Harbor, ME. The animal facilities were accredited through the Association for Assessment
and Accreditation of Laboratory Animal Care. All experiments were carried out in
accordance with the conditions set forth by the National Institutes of Health and with the
approval of the Institutional Animal Care and Use Committee (IACUC) at Rush University
Medical Center.

Chronic Alcohol Consumption Protocol—Both WT and iNOS KO mice were fed
with the Nanji diet alcohol protocol(Forsyth et al., 2011; Summa et al., 2013), which
consisted of a two week introduction and gradual increase in alcohol dose, followed by eight
weeks on the full alcohol concentration (29% of total calories, 4.5% v/v). Control mice were
fed an isocaloric liquid diet in which the calories from alcohol were replaced with dextrose.
The components of the liquid Nanji diet was described in previous study(Summa et al.,
2013).

In Vivo Intestinal Permeability Testing—In vivo assessment of intestinal permeability
was conducted as described previously(Forsyth et al., 2011; Summa et al., 2013) using a
well-validated model to determine permeability across the epithelial barrier in the small
intestine and colon(Forsyth et al., 2011; Summa et al., 2013). Briefly, mice were fasted for
eight hours prior to the test, which was performed at the same time for all mice. A 200 pL
solution containing lactulose (3.2 mg), sucrose (0.45 mg), sucralose (0.45 mg) and mannitol
(0.9 mg) was administered via oral gavage, after which 2 mL 0.9% saline was administered
subcutaneously to promote urine production. Urine produced over five hours was collected
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and the total volume was recorded. Intestinal permeability was determined by measuring
urinary sugar concentration using gas chromatography, enabling calculation of the amount
of orally administered sugar excreted in the urine over five hours. Intestinal permeability
was measured at 8 weeks after initiating the full (i.e., 29%) alcohol concentration in the diet.
Measurement of urinary sugars is used to calculate intestinal permeability and is expressed
as percent oral dose excreted in the urine as we have described (Forsyth et al., 2011; Summa
etal., 2013). The widely used 5 hour urinary L/M ratio represents small bowel permeability
(L = lactulose, M=mannitol), whereas sucralose reflects small and large intestinal
permeability. Sucrose is rapidly degraded after leaving the stomach, so increased sucrose
excretion reflects gastric permeability (Forsyth et al., 2011; Summa et al., 2013).

Inhibition of miR-212 in vivo—The LNA-anti-miR-212 (Exigon, Woburn, MA) was
used to inhibit miR-212 expression in mice as previously described (Elmen et al., 2008) and
modified in our current study. The mice were given two weekly intraperitoneal doses of 25
mg g~ LNA-antimiR-212 or LNA mismatch control before starting the Chronic Alcohol
Consumption Protocol as described in above. We selected the dose of 25 mg kg1 based on
the publications (Elmen et al., 2008; Krutzfeldt et al., 2007) and our preliminary data.
Elment et al reported that intraperitoneal injections of LNA-antimiR at doses ranging from 1
to 200 mg kg™ resulted in dose-dependent and sustained decrease in total plasma
cholesterol with a median effective dose (EDsp) of 10 mg g~ (Elmen et al., 2008).
Krutzfeldt, J. et al reported that they used much higher doses (40 mg kg™1) of antagomir-122
to silence efficiently miR-122 in mice (Krutzfeldt et al., 2007). Our preliminary data also
indicated that LNA-anti-miR-212 at dose of 25 mg kg~ significantly silenced miR-212 and
did not show obvious side effects. Thus, we select the dose of 25 mg kg~tin our
experiments. The LNA-antimiR-212 treatment was then continued weekly for 8 weeks. The
inhibition of miR-212 on EtOH-induced miR-212 expression in colon mucosa and gut
leakiness was studied.

Tissue Collection—At the conclusion of the experiment, mice were euthanized by
conscious decapitation. Proximal colon and liver tissues were harvested for analyses.
Samples were either snap-frozen in liquid nitrogen or placed into RNALater (Qiagen,
Valencia, CA) and frozen at -80°C.

9. Liver Pathology

Formalin-fixed liver was stained with hematoxylin & eosin (H&E). Blinded assessment of
samples was conducted by a gastrointestinal pathologist (SS). Histological analyses,
including steatosis, inflammation, ballooning degeneration and the presence of acidophil
bodies, were scored according to the following criteria by a Gl pathologist [SS] who was
blinded to the assignment of the experimental groups: Steatosis: severity was scored as
percent hepatocyte involvement (0 = <5%, 1 = 5-33%, 2 = 34-66%, 3 = >67%),
corresponding to the fraction of lipid-containing hepatocytes. Inflammation: severity was
scored based on the number of inflammatory foci per 200x field (0 = no foci, 1 = 1 focus, 2
= 2-4 foci, 3 = >4 foci). Ballooning degeneration: scored based on the presence and
frequency of ballooned cells (0 = none, 1 = few, 2 = prominent/many), as an indication of
hepatocyte injury. Acidophil body presence: estimated by the presence and frequency of
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acidophil bodies (0 = absent, 1 = focal apoptosis (few acidophil bodies), 2 = many acidophil
bodies, 3 = confluent necrosis), corresponding to injured hepatocytes demonstrating a
feature of programmed cell death. These markers (steatosis, inflammation, ballooning
degeneration and acidophil bodies) were selected because they are all well-established
markers of steatohepatitis(Brunt and Tiniakos, 2010; Kleiner et al., 2005; Summa et al.,
2013).

10. Statistical Analysis

Results

The data are presented as means + SE. The group means were compared by analysis of
variance (ANOVA) and post-hoc tests since the data were normally distributed. P-values <
0.05 were considered statistically significant. All analyses were done using SPSS (SPSS
Inc., Chicago, IL).

1. EtOH-induced intestinal miR-212 over-expression and intestinal hyperpermeability

Our previous study showed that EtOH induced miR-212 overexpression and miR-212 over-
expression was associated with EtOH-induced hyperpermeability of the CaCo2 cell
monolayers (Tang et al., 2008), Thus, we hypothesized that miR-212 plays an important role
in EtOH-induced intestinal hyperpermeability. To test this hypothesis, we transfected
Caco-2 cells with 30 nM anti-miR-212 or controls. Cells were then treated with 0.2% EtOH
for 24 h. Fluorescein sulfonic acid (FSA) clearance was measured as an indication of
permeability of the monolayers. The results showed that anti-miR212 significantly inhibited
[by 50%] EtOH-induced hyperpermeability of the intestinal epithelial cell monolayers (Fig
1). This suggests that EtOH-induced miR-212 overexpression promotes intestinal
hyperpermeability.

To translate our in vitro observation to an in vivo model to establish a key role of
miRNA-212 in EtOH-induced gut leakiness, we turned to an animal model of alcohol-
induced gut leakiness. This model has been established and validated in our previous
studies(Keshavarzian et al., 2001). In this model, we inhibited miR-212 expression in vivo
using LNA™ microRNA technology. Our results showed that intestinal miRNA-212
expression was significantly increased in alcohol fed mice and this over-expression of
miRNA-212 was prevented in alcohol fed mice in which miR-212 was inhibited (Fig. 2a).
Furthermore, EtOH significantly induced gut leakiness in alcohol fed control mice
(mismatched LNA-anti-miR) and this EtOH-induced intestinal hyperpermeability was
significantly inhibited in alcohol fed mice in which miR-212 was inhibited using LNA-anti-
miR-212 (Fig. 2b).

2. EtOH-induced iNOS upregulation mediated miR-212 expression, ZO-1 protein down
regulation and barrier disruption in intestinal epithelial cell monolayers

Our previous studies showed that iNOS hyperactivity & NO overproduction mediate EtOH-
induced intestinal oxidative stress and disruption of intestinal epithelial cell monolayer
barrier integrity. We also showed that EtOH increased miR-212 expression, decreased ZO-1
protein levels, disrupted tight junctions, and increased the permeability of monolayers of
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Caco-2 cells and that miR-212 overexpression correlated with hyperpermeability of the
monolayer barrier(Tang et al., 2008). miR-212 levels were higher in colon biopsy samples in
ALD patients than in healthy controls and ZO-1 protein levels were lower(Tang et al.,
2008). Here we attempted to determine whether iNOS-induced disruption of intestinal
barrier integrity is mediated through miR-212. To this end, we knocked down iNOS in
Caco-2 cells using specific SIRNA technology and then exposed the monolayer to 0.2%
alcohol for 2 hours and then measured miR-212. We found that EtOH significantly
increased miR-212 expression (p<0.05, Fig. 3). Knocking down of iNOS significantly
prevented EtOH-induced miR-212 overexpression in Caco-2 cells (p<0.05, Fig. 3). These
data support our hypothesis that iINOS mediates the EtOH-induced miR-212 overexpression.

To determine whether iNOS is also mediating miRNA induced downregulation of ZO-1 in
alcohol exposed monolayers, Caco-2 cells were treated with 0.2% EtOH for 24 hours and
then harvested. Western blots showed that EtOH significantly decreased ZO-1 protein levels
compared to controls (Fig. 4). ZO-1 bands of Western blots were scanned and assessed
using Image J densitometry software. ZO-1 levels were normalized by beta-actin levels. The
data show that 0.2% EtOH decreased ZO-1 protein levels by 71% (p<0.05, Fig. 4).
Knocking down of iNOS significantly inhibited EtOH-induced ZO-1 protein down
regulation in Caco-2 cells (p<0.05, Fig. 4). We also assessed ZO-1 morphology using
Immunofluorescent microscopy after 24 hour exposure of Caco-2 monolayers to 0.2%
EtOH.Immunofluorescent staining of ZO-1 showed that EtOH caused disruption of the tight
junctions of intestinal epithelial cells, including extensive disorganization, kinking,
condensation, and beading of its normal ring structure (Fig. 5). Knocking down iNOS
significantly inhibited EtOH-induced disruption of ZO-1 tight junction morphology in
Caco-2 cells (Fig. 5). These data suggest that iINOS mediates EtOH-induced ZO-1 protein
down regulation.

To determine whether iNOS is also mediating miR-212-induced intestinal hyperpermeability
in alcohol exposed monolayers, we then used two methods (TER and FSA) to measure the
intestinal epithelial cell monolayer permeability. We incubated Caco-2 monolayers with
0.2% EtOH for 30 minutes to 2 hours and found that EtOH significantly decreased TER
(increased barrier permeability) in a time-dependent manner (p<0.05, Fig. 6A). Knocking
down iNOS significantly inhibited EtOH-induced hyperpermeability in monolayers of
Caco-2 cells (p<0.05, Fig. 6A). FSA measurement further confirmed that EtOH significantly
increased FSA (increased barrier permeability) in Caco-2 monlayers (p<0.05, Fig. 6B)
which was prevented by knocking down iNOS using SiIRNA (p<0.05, Fig6B). The results
suggest that iNOS is involved in the EtOH-induced and miR-212 associated disruption of
intestinal barrier integrity.

3. EtOH-induced intestinal iNOS upregulation resulted in EtOH-induced miR-212
overexpression and intestinal hyper-permeability in alcohol fed mice

The above in vitro data established an important role for iNOS upregulation in EtOH-
induced barrier disruption and suggested that iNOS mediated EtOH-induced
hyperpermeability is through changes in miR-212 expression and its target gene, ZO-1. To
further investigate this hypothesis, we used iNOS knock out (KO) mice in our animal model
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of alcohol-induced hyperpermeability. The wild type (WT) mice and iNOS knockout (KO)
mice were fed with a diet containing alcohol [29% of calories from EtOH] for 8 weeks. The
miR-212 expression levels in colon tissues were assayed by TagMan real time PCR. The
miR-212 expression levels in intestinal mucosa were increased in EtOH fed wild type mice
(p<0.05, compared with WT Control group, Fig. 7), but not in iNOS KO alcohol fed mice
(p<0.05 compared with WT with EtOH treated group, Fig. 7). We also measured intestinal
permeability at 8 weeks after feeding with the alcohol containing diet. Intestinal
permeability was assessed by measuring urinary sucralose in 5 hour urine following gavage
of sugar cocktail containing poorly absorbed sugars-including sucralose as we previously
reported (Forsyth et al., 2011). We found that urinary sucralose was significantly increased
in alcohol fed wild type mice (p<0.05, compared with WT Control group, Fig. 8); but not in
alcohol fed iNOS KO mice (Fig. 8).

We also assessed liver injury using histology. As expected, and has been shown by several
other groups(Mathews et al., 2014), alcohol fed mice had histological evidence of
steatohepatitis (Fig. 9). Alcohol-induced steatosis was significantly blunted and liver cell
injury and death were prevented in iNOS KO mice (figure 9) that also had normal intestinal
permeability.

Discussion

Alcoholic liver disease (ALD) is one of the most common and serious complications of
heavy drinking. It is a major health problem in the US, consuming 15% of total health care
dollars(Burbige et al., 1984; Galambos, 1973; Grant et al., 1988; Maher, 2002a; O’Connor
and Schottenfeld, 1998), and associated with 20% mortality(Maher, 2002b). It is now well
established that gut derived endotoxins are the required co-factor for ALD and gut leakiness
is one of the primary causes of endotoxemia in alcoholics with liver disease (Keshavarzian
et al., 2009; Keshavarzian et al., 1999). However, the mechanisms through which alcohol
consumption causes gut leakiness are not completely understood. Our in vitro, in vivo
animal, and ex-vivo human studies reported here and previously provide compelling
evidence for the central involvement of iNOS activation in EtOH-induced gut leakiness.
Indeed, several of our studies have shown that iNOS activation is required for EtOH-
induced gut leakiness. We reported that:1) EtOH increases iNOS activity and NO levels in
intestinal monolayers and increases monolayer permeability (Keshavarzian and Fields,
2003; Keshavarzian et al., 1999; Tang et al., 2008). A specific iNOS inhibitor (L-NIL)
prevented EtOH-induced monolayer leakiness(Banan et al., 2000a); 2) EtOH no longer can
cause leakiness in monolayers incapable of upregulating iNOS (i.e., transfected with
dominant negative iNOS antisense)(Banan et al., 2000a); 3) iNOS is increased in intestinal
mucosa of alcoholics with ALD and in alcohol-treated rats with gut leakiness and
endotoxemia(Keshavarzian et al., 2009) 4) Daily gavage of the specific iNOS inhibitor L-
NIL prevented iNOS upregulation and oxidative stress in the intestinal mucosa of alcohol-
fed rats and also prevented alcohol-induced gut leakiness(Tang et al., 2009b); 5) Daily
gavage of Lactobacillus GG(Forsyth et al., 2009) or supplementation of the diet with
oats(Keshavarzian et al., 2001; Tang et al., 2009a) prevented nitration of intestinal mucosal
proteins, oxidative stress, and gut leakiness in alcohol-fed rats.

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 9

Our current study shows that an alcohol-containing (Nanji) diet for 8 weeks caused gut
leakiness in wild type mice but not in iNOS knockout mice. Our study also indicates that
iNOS is required for EtOH-induced miR-212 overexpression. We first showed that miRNA
212 expression is increased in alcohol treated monolayers and in the intestine of alcohol fed
mice who had gut leakiness; inhibition of miRNA 212 over-expression in alcohol treated
Caco-2 cell monolayers and in alcohol fed mice by microRNA knockdown technology
prevented alcohol-induced intestinal hyperpermeability. Furthermore, we found that alcohol-
induced miR-212 over-expression and disruption of ZO-1 morphology in Caco-2 cells were
significantly inhibited when iNOS was knocked down. Our in vivo data confirmed our in
vitro findings and also show that chronic daily alcohol feeding caused intestinal miR-212
overexpression, gut leakiness and steatohepatitis in wild type alcohol fed mice but not in
iNOS knockout alcohol fed mice. These results suggest that iNOS plays an important role in
alcohol-induced miR-212 over-expression which disrupts intestinal barrier integrity by
inhibiting ZO-1 translation. Our studies indicate a novel mechanism for alcohol-induced gut
leakiness. This mechanism provides a potential therapeutic target for preventing the leaky
gut in patients with ALD and other alcohol-induced disorders associated with intestinal
hyperpermeability and endotoxin-mediated inflammation and tissue injury.

Our results in showed that LNA-anti-miR-212 significantly decreased the miR-212
expression level that was detected by specific real time PCR. This is consistent with
previous reports that LNA-anti-miRNAs efficiently silenced miRNAs in mice (Elmen et al.,
2008; Krutzfeldt et al., 2007). However, the real time PCR may detects the artifact, Northern
blot and measurement of target genes of miRNAs may be useful to further confirm the in
vivo effect of LNA-anti-miRNAs on the miRNAs expression levels assayed by real time
PCR (Torres et al., 2011).

One unanswered question is how does iINOS mediate an EtOH-induced increase of miR-212
expression in intestinal epithelial cells? Recent studies have shown that cAMP response
element-binding protein (CREB) activation leads to the transcription of the miR-212 locus
through an ERK1-dependent pathway in BDNF-stimulated neurons(Hollander et al., 2010).
Other studies also showed that that alcohol induced cAMP and CREB activation(Soares-
Simi et al., 2013). Thus, we hypothesize that iINOS mediates EtOH-induced upregulation of
miR-212 expression and down-regulation of ZO-1 via a CREB-regulated pathway. This
hypothesis will be tested in our future studies.

Although our study indicates that iNOS is required for EtOH-induced miR-212
overexpression, the EtOH-induced miR-212 overexpression is not 100% dependent on iNOS
signaling. Other signaling pathways may also mediate EtOH-induced miR-212 expression
directly or indirectly. Indeed, our recent research shows that alcohol-induced activation of
Snail, through PAK1 and Epidermal Growth Factor Receptor (EGRF) signaling, plays an
important role in the regulation of tight junction proteins and intestinal permeability(Forsyth
et al., 2007; Forsyth et al., 2011). NF-kB is another possible mediating factor for iNOS-
induced miR-212 expression because NF-kB has been shown to be involved in regulation of
expression of several miRNAs and we and others have shown the important role of NF-kB
in alcohol-induced iNOS upregulation and gut leakiness (Banan et al., 2007; Taganov et al.,
2006). For example, it was reported that NF-kB-dependent induction of miR-146 regulated
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Toll-like receptor and cytokine signaling through a negative feedback regulation
loop(Taganov et al., 2006). Thus, further studies are needed to investigate the interaction
between NF-kB activation, iNOS upregulation and miR-212 expression involved in the
mechanism by which EtOH induces intestinal dysfunction.

Our current study indicates that INOS mediates EtOH-induced intestinal hyperpermeability
through miR-212/Z0-1 pathway. However, according to the miRNA databases(Kiriakidou
et al., 2004; Krek et al., 2005; Lewis et al., 2003; Rajewsky, 2006) and other publications,
there are hundreds of predicted target genes for miR-212, such as: CYP2E1, which
associates with oxidative stress (Shukla et al., 2013); p300, PTEN and FOXO3a, this group
of target genes of miR-212 are associated with inflammation, intestinal epithelial cell
proliferation, differentiation, and apoptosis(Wong et al., 2013). Thus, iNOS or miR-212 may
also affect these target genes to fine tune the intestinal permeability during the process of
EtOH induced tissue damage.

This current study focused on miR-212 and demonstrates that iNOS is required for EtOH-
induced miR-212 overexpression. However, EtOH also induces other miRNASs up or down
regulation in brain, liver and other tissues(Lippai et al., 2013; Miranda et al., 2010; Prins et
al., 2014; Shukla and Lim, 2013). Whether iNOS mediates these miRNA changes due to
alcohol needs further study.

One of the limitations of this study is that we used global iINOS KO mice in the experiments.
Although our study showed that the alcohol-induced intestinal hyperpermeability and liver
injury are significantly less than that in the wild type mice, we could not rule out the
possibility that lack of liver injury in INOS KO mice could be due to the INOS KO in the
liver cells. Indeed, some investigators have shown that INOS KO protect liver against
alcohol-induced injury(Deng and Deitrich, 2007; Jaeschke et al., 2002). Here, our study
show that the protection of alcohol-induced liver injury in INOS KO mice is associated with
lack of gut leakiness and the alcohol-induced gut leakiness is associated with the regulation
of miR-212 and disruption of intestinal barrier through targeting ZO-1 tight junction protein.
To overcome this limitation, intestinal tissue specific INOS KO mice may be useful in future
studies (Beck et al., 2007; Krieglstein et al., 2007).

As the discussion about iNOS, the alcohol-induced liver injury was decreased in miR-212
silencing mice may be due to local (gut leakiness) or system (liver) or both miR-212
silencing. Intestinal tissue specific inhibition or knockout of miR-212 mice are needed to
investigate the mechanisms in the future study.

In summary, we found that iNOS plays an important role in EtOH-induced intestinal
miR-212 over-expression and gut leakiness. Knockout of iNOS inhibits EtOH-induced
miR-212 overexpression which prevents disruption of intestinal paracellular tight junctions
by down-regulation of the translation of ZO-1, one of its target genes. Investigating the role
of iNOS and miR-212 in EtOH-induced gut leakiness could lead to: a) the development of
novel therapeutic strategies to prevent and/or treat alcohol-induced gut leakiness,
endotoxemia and its consequences like ALD; b) novel approaches to prevent the potential
deleterious effects of alcohol on gene regulation and function (epigenomics) with a potential
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positive impact on the course of cancers and even for prevention of cancers that are
associated with alcoholism (e.g. esophageal, colon, pancreatic, breast); ¢) new therapy for
many other human diseases associated with disturbances of intestinal barrier function and
intestinal derived inflammation.
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Fig. 1. Anti-miR-212 inhibits EtOH-induced hyper per meability in Caco-2 cells

Caco-2 cells were transfected with 30nmol/L anti-miR-212 and relevant control. Then, the
cells were treated with 0.2%EtOH for 24 h. Fluorescein sulfonic acid (FSA) clearance was
measured as an indication of permeability of the monolayers. The results show that anti-
miR212 significantly inhibited EtOH-induced hyperpermeability. Data are from triplicate

cells from three independent experiments. Mean+SEM, *: p<0.05.
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Fig. 2. Silencing of miR-212 significantly inhibited EtOH-induced miR-212 expression in colon
tissue (A) and prevented EtOH-induced intestinal hyper permeability in mice (B)

(A). The mice were fed with a level of 29% calories from EtOH for 8 weeks. The EtOH
significantly increased miR-212 expression levels in control (mismatched anti-miRNAS)
mice (*: p<0.05 vs control). The EtOH-induced miR-212 expression was significantly
inhibited in miR-212 silenced mice using LNA™ microRNA technology (#: p<0.05 vs
Control+EtOH). The miR-212 expression levels were assayed by TagMan real time PCR.
(B). Control (mismatched) and miR-212 silenced mice were fed a liquid diet for 8 weeks as
described in Methods and then intestinal permeability was determined by gavage of a sugar
solution described in Methods followed by analysis of excreted urinesugar levels by GC
using 5h urine samples. Intestinal permeability is presented as percent change from initial
respective control baseline (set as 100%) of the L/M ratio (lactulose/mannitol ratio). EtOH
significantly induced increase of intestinal permeability in control mice. This EtOH-induced
hyperpermeability was significantly inhabited in miR-212 silenced mice using LNA
microRNA. Data are expressed as mean+SEM. N=6, *: p<0.05 compared with Control
group, #: p<0.05 compared with EtOH treated group.
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Fig. 3. Knocking down iNOS significantly inhibited EtOH-induced miR-212 expression in Caco-2
cells

miR-212 levels in Caco-2 cells were measured by Real time PCR. The miR-212 levels in
Caco-2 cells treated with 0.2% EtOH for 24 h were increased compared with control.
Knocking down of iNOS using siRNA technology significantly inhibits 0.2%EtOH-induced
miR-212 increase. Data are expressed as mean+=SEM. N=6, *: p<0.05 compared with
Control group, #: p<0.05 compared with 0.2 % EtOH treated group.
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Fig. 4. Knocking down iNOS significantly inhibited EtOH-induced ZO-1 protein down
regulation in Caco-2 cells

Effect of EtOH on ZO-1 expression. (A): Role of of iNOS in EtOH-induced ZO-1 protein
down regulation. ZO-1 protein levels in Caco-2 cells treated with 0.2% EtOH for 24 h were
decreased compared with control. Knocking down of iNOS using siRNA technology
significantly inhibits 0.2 %EtOH-induced ZO-1 decrease. Data are expressed as mean+SEM.
N=6, *: p<0.05 compared with Control group, #: p<0.05 compared with 0.2 % EtOH treated

group.
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Fig. 5. Effect of SRNA for iINOS on EtOH-induced ZO-1 mor phology changesin Caco-2 cells
Immunoflurescent staining for ZO-1 shows that EtOH (0.2% treated for 24 hrs) disrupts

intercellular ZO-1 tight junctions. The EtOH-induced displacement of ZO-1 tight junction
protein including extensive disorganization, kinking, condensation, and beading of its
normal ring structure. Knocking down of iNOS using siRNA significantly inhibited EtOH-
induced disruption of ZO-1 tight junction. Representative images from three independent
experiments were shown. The magnification for results presented in the figure is 100 folds
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Fig. 6. Knocking down iNOS significantly inhibited EtOH-induced hyper per meability in
monolayer of Caco-2 cells
(A). Effect of iINOS on the EtOH-induced TER changes in Caco-2 cells. Decrease of TER

means increase of permeability. (B). Effect of iNOS on the EtOH-induced FSA changes in
Caco-2 cells. Increase of FSA means increase of permeability. Data are expressed as mean
+SEM. N=6, *: p<0.05 compared with Control group, #: p<0.05 compared with 0.2 % EtOH
treated group.
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Fig. 7. Role of INOSin EtOH-induced miR-212 expression levelsin vivo
The wild type (WT) mice and iNOS knockout (KO) mice were fed with a level of 29%

calories from EtOH for 8 weeks. The miR-212 expression levels were assayed by TagMan
real time PCR. The miR-212 expression levels in intestinal mucosa were increased in EtOH
treated mice, but not in INOS KO mice. N=10, *: p<0.05 compared with WT Control group,
#: p<0.05 compared with WT with EtOH treated group.
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Fig. 8. EtOH-induced intestinal hyper permeability in wild type (WT) mice but not in INOSKO
mice

The wild type (WT) mice and iNOS knockout (KO) mice were fed with a level of 29%
calories from EtOH for 8 weeks. Intestinal permeability was determined by sugar gavage
bolus as our previous report. N=10, *: p<0.05 compared with WT Control group, #: p<0.05

compared with WT with EtOH treated group.
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Fig. 9. Knockout of iNOS significantly improves alcohol-induced liver pathology
(A) Histological assessment of liver steatosis; (B) lobular inflammation; (C) ballooning

degeneration; (D) acidophil bodies; all revealed significant effects of EtOH in WT mice.
The EtOH-induced liver pathology in INOS KO mice were less serious comparing with WT
mice treated with EtOH group. N=10, *: p<0.05 compared with WT Control group, #:
p<0.05 compared with WT with EtOH treated group. Histological assessment of liver
samples was performed by a blinded gastrointestinal pathologist. Steatosis score was based
on % hepatocyte involvement: 0=<5%, 1=5-33%, 2=34-66%, 3=>67%. Lobular
inflammation score was based on the number of foci/200x field: O=none, 1=1, 2=2-4, 3=>4.
Ballooning degeneration score was based on the presence and frequency of ballooned cells:
0=none, 1=few, 2=prominent/many. Acidophil body score was based on the presence of
acidophil bodies: 0O=absent, 1=focal apoptosis (few), 2=many, 3=confluent necrosis.
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