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Tight junctions (TJs) are complex and highly regulated

morphological structures in areas of close contact between

the plasma membrane of neighboring epithelial and endo-

thelial cells. The involvement of TJs in the pathogenesis of

a large number of diseases has increasingly been suggested

[7]. This is because the barrier role of TJs is essential

to guarantee the physical separation and the regulated

exchange of substances between the internal and the

external environment in many different organs, and a

breakdown of this system can allow uncontrolled entry of

potentially harmful agents and propagate noxious effects to

distant sites in the body. In addition, in recent years a new

role for TJs has emerged that links them to the intracellular

signaling mechanisms that guide cell proliferation, differ-

entiation and the development of polarity [2]. Thus, TJs

have acquired a central role in the control of developmental

processes and in the maintenance of normal mucosal

homeostasis.

The focus of this sideways glance is on the recently

described effects of alterations of TJs permeability by toxic

agents in the intestinal mucosa and in the blood brain

barrier (BBB) on the onset and progression of various

pathologies. In particular, several lines of research have

focussed on ethanol due to the increased frequency of

colorectal carcinomas and high incidence of alcoholic liver

disease (ALD) in chronic ethanol consumers [5, 11]. In

addition, alcohol consumption is a major risk factor in

other pathological conditions such as neurobehavioral

diseases, inflammation disorders in different organs and

enhanced susceptibility to bacterial infections, frequently

involving changes in junction permeability of epithelial

and endothelial cells accompanied by a strong inflamma-

tory response.

TJs are made up of several transmembrane proteins

(claudins, occludin, JAMs, tricellulin) and of the cyto-

plasmic plaque, a complex network of adaptors and

scaffolding proteins that crosslink junctional membrane

proteins to the actin cytoskeleton (i.e. ZO-1/2/3, cingulin,

PATJ, PAR-3, PAR-6 etc.) as well as of different signaling

components such as GTP-binding proteins, protein kinases

and post-transcriptional regulators [3]. Immediately below

the most apically located TJs, adherens junctions (AJs)

consist of two basic adhesive units: the cadherin/catenin

and nectin/afadin complexes that play important roles in

stabilizing the epithelium by promoting TJ formation and

epithelial cell polarity. Cadherins and nectin act as trans-

membrane adhesion receptors, while the catenins and

afadin bind to the actin cytoskeleton and to several regu-

latory proteins. In particular the catenins (i.e. p120-catenin,

a-catenin and ß-catenin), locally regulate the organization

of the actin cytoskeleton [13], cadherin stability and

intracellular signaling pathways involved in the control of

gene transcription. Thus, although AJs do not form a

physical barrier to macromolecules, they indirectly regu-

late the integrity of TJs and the epithelial barrier function.

A schematic representation of TJs and AJs is shown in

Fig. 1. Some excellent reviews have been published on the

subject to which the reader is referred for in depth infor-

mation [1, 3, 6, 13, 21].
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The first evidence linking ethanol to changes in epi-

thelial TJs came from a study on cultured intestinal

epithelial cells in which cytoskeletal disorganization and

increase in paracellular permeability were observed fol-

lowing ethanol treatment. Such changes were shown to

result from the activation of myosin light chain kinase

(MLCK) that phosphorylates serine residues in myosin 2

light chain, leading to contraction of the perijunctional

actomyosin ring and to the opening of paracellular space

[10]. The toxic effects of ethanol are generally attributed to

the production of acetaldehyde by specific isoforms of

alcohol dehydrogenase (ADH) in epithelial and endothelial

cells and in the intestinal lumen by the action of enteric

microbial fermentation. Acetaldehyde is a highly muta-

genic and carcinogenic molecule, also reported to generate

a number of reactive oxygen metabolites. At the level of

the intestinal epithelium, acetaldehyde has been shown to

disrupt TJs and to increase paracellular permeability by

different mechanisms (Fig. 2). In a human intestinal Caco-

2 cell line that lacks ADH activity, acetaldehyde treatment

induced inhibition and dissociation of Protein Tyrosine

Phosphatase 1 B (PTP1B) from the E-cadherin–b-catenin

complex of the AJ, resulting in sustained tyrosine phos-

phorylation of b-catenin and its dissociation from

E-cadherin and to loss of homophilic interactions between

the extracellular domains of E-cadherin [18]. Since the

E-cadherin–b-catenin complex functions as a suppressor of

carcinogenesis and tumor invasion, loss of this interaction

may play an important role in the mechanism of acetal-

dehyde-induced promotion of carcinogenesis and tumor

metastasis. Phosphorylated b-catenin may either undergo

degradation by the ubiquitin system or, through the Wnt-b-

catenin pathway, migrate to the nucleus and activate the

b-catenin-TCF-4 transcriptional program leading to the

expression of genes involved in proliferative events [12].

Inhibition of PTP1B was also shown to block occludin in

its phosphorylated state causing its redistribution to the

cytoplasm together with ZO-1 [4]. The combined effects of

acetaldehyde on the phosphorylation of proteins of TJs and

AJs may thus result in increased epithelial barrier perme-

ability and enhanced proliferation, contributing to the

development of cancers.

However, acetaldehyde is not the only toxic mediator of

ethanol effects (Fig. 2). Recently, chronic low-dose ethanol

exposure was shown both in vivo and in vitro to be asso-

ciated with increased production of phosphatidylethanol

through the enzymatic activity of phospholipase D (PLD)

in intestinal epithelial cells, resulting in changes in the

localization of the TJ proteins claudin 1 and ZO-1 and of

the ZO-1-associated transcription factor ZONAB, even in

the absence of marked changes to TJs permeability [15].

ZONAB is a Y-box transcription factor [22] that shuttles

between the TJs (where it binds to the scaffolding protein

ZO-1), and the nucleus (where it participates in the regu-

lation of gene expression). Nuclear localization of ZONAB

is regulated by the expression levels of ZO-1, which are in

turn regulated by cell density. Low density proliferating

epithelial cells in culture were shown to express low levels

of ZO-1 and high levels of ZONAB accumulating in the

nucleus and in TJs. Conversely, high density post-mitotic

cells expressed high levels of ZO-1 that sequestered the

low levels of ZONAB at the junction [15]. ZO-1 and

ZONAB are involved in the control of cell proliferation by

at least two mechanisms: ZONAB interaction with CDK4,

a regulator of G1/S phase transition which also co-localizes

with ZO-1 at TJs, and direct regulation of cell cycle genes

by ZONAB acting as transcription factor [2]. Phos-

phatidylethanol accumulation following chronic ethanol

treatment of intestinal Caco-2 cells was shown to produce

detachment of ZONAB from the TJ protein ZO-1 and

its migration to the nucleus, resulting in transcriptional

activation of genes involved in the initiation of cell pro-

liferation. In addition, phosphatidylethanol accumulation

and mislocalization of ZO-1 and ZONAB were confirmed

both in colonic mucosa of ethanol-fed rats and in human

colon adenomas of chronic alcohol-consumers, whereas

adenomas from non-drinkers did not exhibit such changes

[15]. Therefore, the disruption of ZONAB-mediated

physiological signals originating from TJ complexes to

stop proliferation of confluent epithelial cells might, in

addition, facilitate the stimulatory role of other ethanol

metabolites, such as acetaldehyde, on the proliferation of

cells within intestinal crypts, thereby contributing to the

well established co-carcinogenic role of alcohol con-

sumption in the colon-rectum.
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Fig. 1 Tight and adherens junctions composition. A schematic

drawing of the composition of tight and adherens junctions. Only

the major proteins and their interactions are shown, while, for the sake

of clarity, several regulatory proteins participating in the control of

junction assembly and function have been omitted. Modified from

[17]
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A novel mechanism of regulation of proteins involved in

TJ maintenance has been proposed to involve microRNAs.

It was recently shown that treatment of human intestinal

Caco-2 cells with ethanol under conditions that increase

TJs permeability, led to over-expression of the microRNA

miR-212 and to decreased expression of ZO-1 protein

levels, while the mRNA levels were unaffected [20]. It thus

appears that ethanol-induced miR-212 expression mediates

inhibition of ZO-1 translation, although not affecting

transcription, a mechanism already proposed for other

miRNAs [14]. To substantiate these findings the authors

found that sigmoid colon biopsies of ALD patients that

exhibit increased intestinal permeability, also expressed

higher levels of miR-212 and lower amounts of ZO-1

protein compared to healthy controls [20]. This is an

interesting novel mechanism of TJ protein regulation by

microRNAs that awaits further investigation to elucidate its

role in normal physiological conditions.

Chronic or acute ethanol exposure have therefore been

shown to cause, by different metabolites and mechanisms

of action, breakdown of the barrier function maintained by

the apical junctional complex of enterocytes, and to stim-

ulate a proliferative response in post-mitotic differentiated

cells.

Elevated intestinal permeability also appears to be one

of the major factors in the mechanism of alcohol-induced

endotoxemia, a crucial event in the pathogenesis of ALD

[11, 16]. Endotoxins (lipopolysaccharides from the intes-

tinal wall of gram-negative bacteria) derived from the

intestinal microflora normally penetrate the mucosa only in

trace amounts. In chronic ethanol consumption, microbial

proliferation is increased and the acetaldehyde-mediated
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Fig. 2 Multiple pathways of ethanol toxicity in the intestinal
epithelium leading to diverse pathological effects. Formation of

phosphatidylethanol from ethanol and phosphatidylcholine by the

membrane enzyme phospholipase D (PLD) can cause dissociation of

the transcription factor ZONAB from ZO-1 and its translocation to

the nucleus, leading to the activation of genes involved in re-initiation

of proliferation. These effects occur in the absence of changes in

intestinal barrier function. Acetaldehyde, produced in intestinal cells

by the enzyme alcohol dehydrogenase can activate phosphorylation of

myosin light chain kinase (MLCK), either directly or through the

formation of reactive oxygen species (ROS), that in turn phosphor-

ylates myosin 2 light chain (MLC) and causes the contraction of

the perijunctional actomyosin ring and increases epithelial barrier

permeability, with claudin 1 (Cl-1) internalization. Acetaldehyde can

also inhibit the protein tyrosine phosphatase 1B (PTP-1B), blocking

occludin, b-catenin and E-cadherin in their phosphorylated state.

Phosphorylated occludin is internalized and contributes to barrier

dysfunction. Phosphorylated b-catenin dissociates from E-cadherin

and migrates to the nucleus where, with the transcription factor TCF-

4, activates genes involved in proliferation. Ethanol also induces

down-regulation of the ZO-1 protein as a consequence of the

upregulation of miR-212 and this contributes to TJs opening. Chronic

ethanol consumption can enhance intestinal bacterial overgrowth with

increased production of endotoxins that can freely migrate across the

permeabilized intestinal mucosa, leading to endotoxemia. In the liver,

acetaldehyde reduces endotoxins clearance by Kupfer cells and can

contribute to alcoholic liver disease (ADH). Activation of prolifer-

ative events by different ethanol metabolites can contribute to the

development of colon carcinogenesis. Modified from [17]
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opening of intestinal TJs can significantly enhance the

passage of endotoxins into the circulation. Plasma endo-

toxin levels are higher in patients with ALD than in normal

subjects or in patients with non-alcoholic cirrhosis. In

addition, alcohol metabolites appear to reduce the phago-

cytic activity of Kupffer cells, while endotoxins activate

cytokine production, further contributing to the develop-

ment of liver disease. The role of intestinal permeability

and endotoxemia in ALD has been reviewed by [16].

Millions of alcoholics exhibit neuro-cognitive defects

and neuronal injury associated with degeneration. Although

oxidative stress and mitochondrial damage are implicated in

tissue injury, the underlying mechanisms of alcohol-

induced neurological disorders remain elusive. In cultured

brain microvascular endothelial cells (BMVEC), an in vitro

model of the BBB, ethanol-activated MLCK led to phos-

phorylation of serine residues of claudin-5 and occludin,

which resulted in BBB impairment [8]. In addition, ethanol

exposure significantly increased the levels and activity of

ADH, producing toxic acetaldehyde, and of the EtOH-

metabolizing enzyme cytochrome P450-2E1 (CYP2E1)

that enhances reactive oxygen species (ROS) generation,

implicating oxidative damage in ethanol-induced BBB

damage [9]. The in vivo effects of chronic ethanol drinking

on the BBB were also studied in rat brain endothelial cells

and neurons challenged with the bacterial endotoxin LPS.

Increase in endothelial TJ permeability correlated with

decreased mRNA expression and increased phosphoryla-

tion of junctional proteins, associated with increased levels

of ERK, p38 MAPK, JNK (kinases involved in TJs regu-

lation), and activation of RelA-p50 and p50-p50 (inducers

of pro-inflammatory signals). Thus, chronic alcohol drink-

ing may cause higher predisposition to infection and

inflammation-related diseases possibly by augmenting the

effects of pathogens on the BBB [19]. Current evidence

indicates that ethanol-induced changes to the barrier func-

tion of the BBB can accelerate pathological changes in the

nervous tissue, thus possibly contributing to the onset of

different neurocognitive disorders.

Overall, these findings have been obtained in different in

vitro models and the only in vivo confirmatory observations

were obtained from tissue of chronic alcohol-consumers or

of ALD patients, presumably with a long-history of heavy

and repeated exposure to high doses of ethanol. However,

TJs of the intestinal epithelium are the target of sev-

eral different noxious agents, including drugs, dietary

contaminants or microbial agents, either directly or as a

consequence of an inflammatory response. Thus, additive

dietary effects could enhance the toxicity of ethanol even at

relatively low but repeated dosage. Despite still insufficient

in vivo data on possible noxious synergies, a large amount

of evidence points to the critical role of TJs and their

associated regulatory proteins in mediating the wide arrays

of toxic effects of ethanol, showing that breakdown of

epithelial and endothelial barriers can initiate a chain of

events contributing to the pathophysiology of very different

diseases throughout the body.
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