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Abstract

The circadian clock establishes rhythms throughout the body with an approximately 24 hour 

period that affect expression of hundreds of genes. Epidemiological data reveal chronic circadian 

misalignment, common in our society, significantly increases the risk for a myriad of diseases, 

including cardiovascular disease, diabetes, cancer, infertility and gastrointestinal disease. 

Disruption of intestinal barrier function, also known as gut leakiness, is especially important in 

alcoholic liver disease (ALD). Several studies have shown that alcohol causes ALD in only a 20–

30% subset of alcoholics. Thus, a better understanding is needed of why only a subset of 

alcoholics develops ALD. Compelling evidence shows that increased gut leakiness to microbial 

products and especially LPS play a critical role in the pathogenesis of ALD. Clock and other 

circadian clock genes have been shown to regulate lipid transport, motility and other gut functions. 

We hypothesized that one possible mechanism for alcohol-induced intestinal hyper-permeability is 

through disruption of central or peripheral (intestinal) circadian regulation. In support of this 

hypothesis, our recent data shows that disruption of circadian rhythms makes the gut more 

susceptible to injury. Our in vitro data show that alcohol stimulates increased Clock and Per2 

circadian clock proteins and that siRNA knockdown of these proteins prevents alcohol-induced 

permeability. We also show that intestinal Cyp2e1-mediated oxidative stress is required for 

alcohol-induced upregulation of Clock and Per2 and intestinal hyperpermeability. Our mouse 

model of chronic alcohol feeding shows that circadian disruption through genetics (in ClockΔ19 

mice) or environmental disruption by weekly 12h phase shifting results in gut leakiness alone and 

exacerbates alcohol-induced gut leakiness and liver pathology. Our data in human alcoholics show 
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they exhibit abnormal melatonin profiles characteristic of circadian disruption. Taken together our 

data support circadian mechanisms for alcohol-induced gut leakiness that could provide new 

therapeutic targets for ALD.
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Circadian rhythms in our lives

The circadian clock establishes rhythms throughout the body with an approximately 24-h 

period; these rhythms are present at the cell, tissue, organ, and behavioral levels of 

organisms (Lowrey & Takahashi, 2011; Panda, Hogenesch, & Kay, 2002). The 24-h 

molecular clocks regulate the diurnal timing of the expression of hundreds of clock-

controlled genes (Bozek et al., 2009; Lowrey & Takahashi, 2011; Panda, Antoch, et al., 

2002). The circadian system enables the organism to synchronize to the external 24-h light/ 

dark cycle, and also coordinates the timing of internal physiological systems necessary for 

optimal function. There is a central circadian clock located in the SCN in the hypothalamus 

that is entrained via light from the environment. In addition, there are also peripheral clocks 

in nearly all tissues and cells of the body including the liver, kidneys, heart, lungs, skeletal 

and smooth muscle, adipose tissue, and the intestines (Bell-Pedersen et al., 2005; Hastings, 

Reddy, & Maywood, 2003; Hoogerwerf et al., 2007; Sládek et al., 2007; Zvonic et al., 

2006). Central and peripheral rhythms are generated by core molecular transcriptional-

translational circadian regulatory feedback loops that cycle approximately once every 24 h 

(Mohawk, Green, & Takahashi, 2012). While the SCN is often considered the “conductor” 

of the “orchestra” of peripheral clocks, precisely how the central clock regulates the 

peripheral clocks is not yet entirely clear. Central regulatory circadian mechanisms that have 

been detailed include hormonal (e.g., melatonin), neural, and body temperature regulation. 

In addition to the central pacemaker, peripheral rhythms can also be entrained by 

environmental factors. For example, time of eating can alter the circadian clock in the 

intestine and liver, creating a situation where peripheral and central clocks are “uncoupled” 

or “misaligned” (Froy & Miskin, 2010; Malloy, Paulose, Li, & Cassone, 2012; Mohawk et 

al., 2012).

Chronic circadian rhythm disruption is a common feature of modern day society (Reddy & 

O'Neill, 2010). In humans, chronic circadian misalignment occurs most commonly in 

occupations that require working during the night or in the very early morning, such as in 

shift workers who make up 15–20% of the workforce (United States Department of Labor 

and Bureau of Labor Statistics, 2005), and also occurs in people who regularly cross 

multiple time zones, such as international flight crew (pilots, flight attendants) or even in the 

more common case of ‘social jetlag’ (Golombek et al., 2013; Roenneberg, Allebrandt, 

Merrow, & Vetter, 2012; Wittmann, Dinich, Merrow, & Roenneberg, 2006). 

Epidemiological data suggest this chronic circadian misalignment significantly increases the 

risk for a myriad of diseases, including cardiovascular disease, obesity, metabolic/diabetes, 

cancer, infertility, and gastrointestinal disease (Golombek et al., 2013; Knutsson, 2003; 
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Megdal, Kroenke, Laden, Pukkala, & Schernhammer, 2005; Monk & Buysse, 2013). Other 

factors that could also account for this increased risk for disease include, but are likely not 

limited to: poor diet, sleep disruption, melatonin suppression, and exposure to ionizing 

radiation at high altitude (Blask et al., 2005; Gangwisch et al., 2006; Knutson, Ryden, 

Mander, & Van Cauter, 2006; Sigurdardottir et al., 2013; Zeeb, Hammer, & Blettner, 2012). 

Nonetheless, laboratory studies in healthy humans have demonstrated that even short-term 

circadian misalignment increases metabolic, autonomic, and endocrine predictors of obesity, 

diabetes, and cardiovascular risk (Golombek et al., 2013; Scheer, Hilton, Mantzoros, & 

Shea, 2009).

Much less is known about the impact of circadian rhythm disruption on gastrointestinal 

health in humans, despite the fact that there is significant circadian regulation of digestive 

system activity (Hoogerwerf, 2009; Hoogerwerf et al., 2007, 2008; Polidarová, Sládek, 

Soták, Pácha, & Sumová, 2011; Scheving, 2000; Scheving & Russell, 2007). Disruption of 

gastrointestinal barrier function (by disease or environmental factors such as alcohol) can 

increase intestinal permeability (“gut leakiness”), thus enabling the translocation of bacterial 

products such as endotoxin, from the intestine into the circulation, triggering inflammatory 

cascades that can promote or exacerbate inflammatory-based diseases (Farhadi, Banan, 

Fields, & Keshavarzian, 2003; Turner, 2009; Wang, Gao, Zakhari, & Nagy, 2012). 

Epidemiological studies reveal higher rates of irritable bowel syndrome, gastric and 

duodenal ulcers, inflammatory bowel disease, and colorectal cancer in shift workers 

compared to daytime workers (Drake, Roehrs, Richardson, Walsh, & Roth, 2004; Knutsson, 

2003; Nojkov, Rubenstein, Chey, & Hoogerwerf, 2010; Schernhammer et al., 2003; Segawa 

et al., 1987; Sonnenberg, 1990), and our recent publication demonstrates that circadian 

rhythm disruption in mice promotes intestinal hyper-permeability and exacerbates alcohol-

induced intestinal hyper-permeability (Summa et al., 2013). Thus, circadian rhythm 

disruption may directly impact gastrointestinal health, but may also weaken or even play a 

role in the organism's response to injurious agents, such as promoting excessive alcohol 

consumption (Spanagel, 2009; Spanagel, Pendyala et al., 2005) or immune dys-regulation 

and inflammation (Curtis, Bellet, Sassone-Corsi, & O'Neill, 2014; Voigt, Forsyth, & 

Keshavarzian, 2013). Some potential mechanisms by which circadian disruption may 

adversely impact gastrointestinal health, especially through regulation of intestinal 

permeability, have been investigated in our in vitro studies using intestinal models as well as 

studies in animal models and alcoholics, as discussed below.

Alcohol, intestinal permeability, and disease

The intestinal tract has many important functions including the regulation of water balance 

and nutrient absorption, a significant role in immunity, and also forming a selective barrier 

to the proinflammatory microbial gut contents (Farhadi et al., 2003; Turner, 2009). 

Disruption of this barrier function, also known as gut leakiness, has been shown by many 

studies to be especially important in the pathogenesis of alcohol-induced pathologies and, in 

particular, alcoholic liver disease (ALD) (Bjarnason, Peters, & Wise, 1984; Keshavarzian et 

al., 1999; Purohit et al., 2008). Several epidemio-logical studies have shown that alcohol 

causes ALD in only a 20–30% subset of alcoholics (Grant, Dufour, & Harford, 1988; 

O'shea, Dasarathy, & McCullough, 2010). These data support the theory that alcohol is 
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required but is not sufficient for development of ALD. Thus, additional factor(s) that are 

involved in the pathogenesis of alcohol-associated pathologies such as ALD should be 

investigated because these factors could be ideal therapeutic targets for the prevention 

and/or treatment of pathologies in alcoholics. The underlying mechanisms for this 

differential susceptibility to alcohol-induced pathologies have not been well-established; 

however, multiple studies have demonstrated that inflammation and oxidative stress are 

required mechanisms for alcohol-induced pathologies, providing a strong rationale to 

examine the source of “sterile” inflammation in alcoholics (Wang, Zakhari, & Jung, 2010). 

This led to the discovery that LPS is required to induce alcohol-related tissue injury and 

pathologies like alcoholic liver disease (Adachi, Moore, Bradford, Gao, & Thurman, 1995; 

Keshavarzian et al., 2009; Wang et al., 2010). Since the intestinal microbiota is the primary 

source of LPS, our research group as well as others began to study the impact of alcohol 

consumption on intestinal barrier (permeability) function in rodent models of alcohol-

induced pathologies and in human alcoholics. Studies found compelling evidence that 

increased gut leakiness to microbial products and especially LPS play a critical role in the 

pathogenesis of ALD (Bode & Bode, 2005; Enomoto et al., 2000; Parlesak, Schäfer, Schütz, 

Bode, & Bode, 2000). Our laboratory and others have shown that in vitro, animal, and 

human studies support the hypothesis that both alcohol and alcohol metabolites including 

acetaldehyde cause increased intestinal permeability (“leaky gut”) and endotoxemia that 

drive ALD pathogenesis (Elamin, Masclee, Dekker, & Jonkers, 2013; Keshavarzian et al., 

2009; Rao, 2009). Although alcohol uniformly causes leakiness in Caco-2 cell in vitro 

models of the intestine, only a subset of alcoholics that have intestinal hyperpermeability 

(20–30%) actually develop liver disease (Bode & Bode, 2005; Keshavarzian et al.,1999). 

Thus, gut leakiness to endotoxins (LPS) could be a susceptibility factor promoting alcohol-

induced pathologies such as ALD in a subset of alcoholics. But what makes the intestine 

leaky after excessive consumption of alcohol in only a subset of alcoholics? The answer to 

this question and identifying the mechanisms through which alcohol promotes this gut 

leakiness could provide a tool for risk stratification/assessment as well as new avenues for 

prevention and/or treatment of ALD.

Circadian rhythms and intestinal injury

Several key points support a role for circadian regulation of intestinal permeability and 

possible pathology including: 1) The core circadian clock molecular machinery is within 

essentially all the tissues and organs of the body including the central circadian clock in the 

SCN, and intestinal epithelial cells (Hastings et al., 2003; Hoogerwerf et al., 2007; Mohawk 

et al., 2012; Yoo et al., 2004); 2) The SCN regulates and coordinates the expression and 

timing of peripheral circadian molecular rhythms, possibly including brain-gut interactions 

of the so-called “brain-gut axis” (BGA) (Bass & Takahashi, 2010; Mohawk et al., 2012); 3) 

The BGA can regulate intestinal permeability, and disruption of the BGA by physical and 

psychological stress can cause gut leakiness in both humans and rodents (Gareau, Jury, 

MacQueen, Sherman, & Perdue, 2007; Stasi & Orlandelli, 2008); 4) The circadian 

modulation of the brain-gut communication could mediate normal and pathological states of 

intestinal permeability because circadian genes regulate apical junctional complex (AJC) 

protein genes that are directly involved in regulation of intestinal permeability (Yamato et 
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al., 2010; Zelinski, Deibel, & McDonald, 2014); 5) Alcohol disrupts the central SCN 

circadian rhythm in rodents and affects expression of clock genes in the brain (Chen, Kuhn, 

Advis, & Sarkar, 2004; McElroy, Zakaria, Glass, & Prosser, 2009; Mistlberger & Nadeau, 

1992; Rosenwasser, Fecteau, & Logan, 2005; Rosenwasser, Logan, & Fecteau, 2005; 

Seggio, Fixaris, Reed, Logan, & Rosenwasser, 2009; Spanagel, Rosenwasser, Schumann, & 

Sarkar, 2005); 6) Clock and other circadian clock genes have been shown to regulate lipid 

transport, motility, and other gut functions (Hoogerwerf, 2009; Hoogerwerf et al., 2010; Pan 

& Hussain, 2009); and 7) We have recently shown that disruption of circadian rhythms 

(light/dark phase shift) disrupts the intestinal microbiota community and causes dysbiosis in 

mice (Voigt et al., 2014) and it is well-established that the microbiota community affects 

and regulates intestinal barrier function (Forsyth et al., 2009; Frazier, DiBaise, & McClain, 

2011; Hippe et al., 2014; Kerr et al., 2014; Mutlu et al., 2009, 2012). Thus, disruption of 

circadian rhythms would be expected to affect intestinal barrier function and furthermore, 

since alcohol disrupts the circadian clock alcohol-induced effects on circadian rhythms, may 

be further promoting intestinal barrier dysfunction.

We hypothesized that one possible mechanism for alcohol-induced intestinal 

hyperpermeability is through disruption of central or peripheral (intestinal) circadian 

regulation and that alcohol might cause significantly greater intestinal injury in the context 

of circadian disruption (either environmental or genetic) (Voigt et al., 2013). In support of 

this hypothesis, our recent data show that disruption of circadian rhythms by sleep 

deprivation or repeated L/D shifting makes the gut more susceptible to injury (Preuss et al., 

2008; Tang, Preuss, Turek, Jakate, & Keshavarzian, 2009). In the sleep studies, mice 

subjected to sleep deprivation for 1 or 8 days exhibited significantly greater colon damage 

and colitis when given DSS in the drinking water (a well-validated model of colitis). 

However, the mice subjected to sleep deprivation alone did not demonstrate marked 

intestinal inflammation, histological evidence of colitis, or colon shortening (a measure of 

damage) (Tang, Preuss, et al., 2009). Similarly, in the L/D shifting studies, mice that were 

subjected to weekly 12-h light/dark (L/D) phase shifts for 12 weeks were found to exhibit 

more severe intestinal inflammation in the DSS model of colitis. In fact, the mortality of 

these mice was also increased. Interestingly, in those studies, the shifted mice that did not 

receive DSS in their drinking water also did not display abnormal histological intestinal 

measures (Preuss et al., 2008). The overall conclusion from these two initial intestinal 

circadian studies resulted in the hypothesis that circadian disruption alone has minimal 

effects on intestinal physiology but makes the intestines much more susceptible to injury and 

inflammation caused by a second stressor or challenge. Importantly, intestinal permeability 

was not measured in both of these studies and our later studies did find significantly 

increased intestinal permeability in control-fed animals after 12 weeks of L/D shifting. 

However, those later studies used a high sugar/high fat control diet (Lieber Decarli/Nanji) 

balanced for calories to match the high calorie liquid alcohol diet that is an appropriate 

control for the liquid alcohol diet but also appears to be a second stressor in itself. This will 

be discussed further below.
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Alcohol, clock genes, and intestinal permeability

We sought to determine whether alcohol's effects on circadian clock gene expression and 

function might be involved in alcohol-induced gut leakiness. If true, disruption of circadian 

homeostasis could be one susceptibility factor for the development of gut leak-iness to LPS 

in a subset of alcoholics. For this investigation we used a well-established in vitro model of 

intestinal permeability (Caco-2 cell monolayers grown on permeable inserts), as well as 

tissue from mice fed a chronic alcohol diet in a rodent model of alcoholic steatohepatitis (a 

form of ALD). Using Caco-2 cells (intestinal epithelial cells), we first sought to establish 

that physiological levels of alcohol found in the blood in the distal small intestine and colon 

(0–0.5%) cause intestinal permeability (Swanson et al., 2011). Our data show that alcohol 

(0.1%–0.5%) causes a dose- and time-dependent increase in intestinal permeability to the 

fluorescent dye FSA (Swanson et al., 2011) and an alcohol concentration of 0.2% (43 mM, 

2–4 drinks) causes a decrease in trans-epithelial resistance (TER), another measure of 

intestinal permeability in this model. To evaluate the mechanisms behind this phenomenon 

we selected 0.2% alcohol concentration because it represents blood alcohol values found in 

the colon of humans and blood from our rodent model of ALD (Halsted, Robles, & Mezey, 

1973; Keshavarzian et al., 2001). We used Western blots of Caco-2 cells exposed to 0.2% 

alcohol to measure levels of the canonical clock gene proteins CLOCK and PER2 (Swanson 

et al., 2011). Cell lysates were made from the same membrane-grown Caco-2 cells that were 

tested for alcohol-induced permeability. CLOCK and PER2 protein levels remained virtually 

unchanged over 4 h in control cells while, in contrast, CLOCK and PER2 proteins were 

increased in response to alcohol, an effect that was observed as early as 30 min after alcohol 

exposure and significantly increased after 60 and 240 min. Compared to time point-matched 

controls, over the 4-h period alcohol treatment resulted in a PER2 protein increase of 315% 

and CLOCK protein increase of 237%. The increases in these proteins correlate with our 

measures of alcohol-induced intestinal hyper-permeability assessed via FSA flux and TER. 

We next used siRNA, specific for Clock and Per2 in the same Caco-2 model, and found that 

siRNA knockdown of either CLOCK or PER2 protein expression significantly prevented 

alcohol-induced permeability of the monolayers using both FSA and TER measures of 

permeability (Swanson et al., 2011). Thus, alcohol-induced upregulation of CLOCK and 

PER2 proteins is required for alcohol-induced permeability of Caco-2 monolayers. It should 

be noted that Clock is a transcription factor that activates Per2 expression (Mohawk et al., 

2012). We then sought to determine if the same effect could be observed in vivo in our rat 

model of chronic alcohol consumption, in which rats were gavaged once daily with 6 

g/kg/day alcohol for 10 weeks. This alcohol treatment protocol significantly increases 

intestinal permeability assessed using urinary sucralose measured via gas chromatography 

after sugar gavage (Farhadi, Keshavarzian, Fields, Sheikh, & Banan, 2006; Keshavarzian et 

al., 2001). These rats also exhibited endotoxemia and steatohepatitis (Keshavarzian et al., 

2001) and dysbiosis of the intestinal microbiota (Mutlu et al., 2009). Western blot analysis 

of duodenum and colon intestinal tissue from alcohol-fed and control rats revealed that 

alcohol significantly increases PER2 protein in the intestinal tissues from rats that 

demonstrated increased gut permeability (Swanson et al., 2011). One intriguing idea is that 

probiotic gavage with daily Lactobacillus GG resulted in amelioration of dysbiosis and gut 

leakiness and markers of intestinal oxidative stress, but we have not yet determined the 
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effects of probiotic treatment on Per2 expression in these animals (Forsyth et al., 2009). 

Thus, our in vivo data support the in vitro Caco-2 cell data and support a role for alcohol 

stimulation of PER2 intestinal clock gene protein expression in alcohol-induced intestinal 

permeability.

Role for intestinal Cyp2e1 in alcohol/circadian effects

We sought to identify a mechanism through which alcohol might stimulate the CLOCK and 

PER2 circadian clock gene protein expression observed in Caco-2 cells and in the intestines 

of alcohol-fed rats. Several studies of clock gene regulation have shown that oxidative stress 

results in stimulation of transcription of clock genes that contain a redox-sensitive PAS 

domain, including Clock and Per2 (Hirayama, Cho, & Sassone-Corsi, 2007; Loudon, 2012; 

Rutter, Reick, & McKnight, 2002; Rutter, Reick, Wu, & McKnight, 2001; Tamaru et al., 

2013; Taylor & Zhulin, 1999). Many of the pathological effects of alcohol have been tied to 

oxidative stress; thus, we hypothesized this might be a key mechanism influencing clock 

gene expression (Wilking, Ndiaye, Mukhtar, & Ahmad, 2012). One major element in 

alcohol-mediated oxidative damage to the liver is the metabolism of alcohol by cytochrome 

P450 2E1 (CYP2E1) (Lieber, 2004; Lu & Cederbaum, 2008, 2010; Lu, Wu, Wang, Ward, & 

Cederbaum, 2010). Studies had shown that CYP2E1 is also expressed in the intestinal 

epithelium (Bergheim, Bode, & Parlesak, 2005; Roberts, Shoaf, Jeong, & Song, 1994); 

however, the role of CYP2E1 or CYP2E1-generated oxidative stress in alcohol-induced 

intestinal permeability had not been examined. Using our in vitro Caco-2 cell model of 

intestinal permeability, we sought to determine if intestinal CYP2E1-mediated oxidative 

stress might be contributing to alcohol-induced clock gene protein expression and intestinal 

permeability (Forsyth et al., 2013). For these studies, Caco-2 cells were treated with 0.2% 

alcohol, and CYP2E1 mRNA, protein, and enzymatic activity were examined. We found 

exposure to alcohol for 4 h does not increase CYP2E1 mRNA, but does increase CYP2E1 

protein by 93% and activity by 69%. This agrees with data from other investigators for 

alcohol treatment of liver cells (Roberts, Song, Soh, Park, & Shoaf, 1995) and intestinal 

Cyp2e1 in alcohol-fed mice (Roberts et al., 1994). In addition, we examined Cyp2e1 mRNA 

and protein levels in colon tissue collected from BL/6 mice fed a chronic alcohol-containing 

diet (Tipoe et al., 2008) which contained 4.5% alcohol for 8 weeks. As was the case in vitro, 

there was no increase in Cyp2e1 mRNA but CYP2E1 protein increased by 73% in colonic 

tissue. Importantly, knockdown of CYP2E1 via siRNA protects Caco-2 cells from alcohol-

induced increases in CLOCK and PER2 proteins and prevents alcohol-induced permeability. 

In addition, pretreatment of Caco-2 cells with the antioxidant N-acetylcysteine (NAC) 

significantly blocks the alcohol-induced increase in CLOCK and PER2 proteins as well as 

alcohol-induced hyper-permeability. In further support of an oxidative stress mechanism, the 

effects of alcohol on CLOCK and PER2 were mimicked with H2O2, an effect that we also 

blocked with NAC. These data support the hypothesis that alcohol-induced oxidative stress 

due to alcohol metabolism by intestinal CYP2E1 and the resulting upregulation of CLOCK 

and PER2 circadian gene proteins is a novel circadian-based mechanism for alcohol-induced 

intestinal permeability (Forsyth et al., 2013). Data recently published in collaboration with 

researchers at the NIH support this model in Cyp2e1 KO mice and a binge model of alcohol 

feeding. In those studies, Cyp2e1 KO mice or WT mice treated with the Cyp2e1 inhibitor 

Forsyth et al. Page 7

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chlormethiazole or the antioxidant N-acetylcysteine have blunted alcohol-induced intestinal 

permeability, endotoxemia, and hepatic steatosis and inflammation (Abdelmegeed et al., 

2013). The WT alcohol-fed mice exhibited increased serum TNF-α, hepatic cytokines, 

CYP2E1 protein, and lipid peroxidation, with decreased levels of mitochondrial superoxide 

dismutase and suppressed aldehyde dehydrogenase 2 activity. In the livers of these WT 

alcohol-fed mice, increased hepatocyte apoptosis with elevated levels of proapoptotic 

proteins and decreased levels of active (phosphorylated) p-AKT, p-AMPK, and peroxisome 

proliferator-activated receptor-α were observed, all of which are involved in fat metabolism 

and inflammation. These markers were all diminished in the alcohol-fed Cyp2e1 KO mice. 

Thus, Cyp2e1 appears to play a key role not only in alcohol-induced liver injury, but also in 

intestinal leakiness to microbial contents needed for ALD. Thus, these in vitro (Forsyth et 

al., 2013) and in vivo (Abdelmegeed et al., 2013) data support our hypothesis that intestinal 

CYP2E1 is contributing to alcohol-induced effects on the intestine, possibly via a circadian 

mechanism.

Circadian disruption, alcohol, and ALD

Because of our in vitro data, we hypothesized that circadian mechanisms regulate intestinal 

permeability, and that alcohol-induced disruption of circadian rhythms or environmental/

genetic circadian rhythm disruption or both together may be a significant mechanism 

contributing to gut leakiness and ALD (Fig. 1). We set out to test this hypothesis in vivo 

using two models of circadian disruption in mice fed a chronic alcohol-containing diet 

(4.5% v/v alcohol) for 8 weeks with an additional 2-week buildup of alcohol dose (control 

mice were fed a calorically matched diet with alcohol calories replaced with dextrose) 

(Summa et al., 2013). Our first model was a genetic circadian disruption model using 

ClockΔ19 mutant mice that have been widely used to investigate circadian mechanisms in 

physiology (Vitaterna et al., 1994). ClockΔ19 mice are not knockout mice, but instead 

express a dominant negative mutant form of the core circadian transcription factor called 

Clock. Homozygous ClockΔ19/Δ19 mice exhibit a variety of symptoms characteristic of 

circadian disruption, including obesity and metabolic syndrome (Turek et al., 2005), 

reproductive dysfunction (Miller et al., 2004), and behavioral disorders (McClung, 2007). 

Wild-type littermates were used as controls. Our second model was an environmental 

circadian rhythm disruption model, subjecting WT-BL/6 mice to once-weekly 12-h 

light:dark phase shifts for 12 weeks before the 10 weeks of alcohol diet and then continuing 

throughout the alcohol diet feeding until sacrifice. We used orally administered sugars and 

gas chromatographic analysis of these sugars in 5-h urine samples to measure intestinal 

permeability in these mice before and after chronic alcohol consumption (Summa et al., 

2013). We found that both genetic and environmental circa-dian rhythm disruption promote 

intestinal barrier dysfunction, alcohol-induced intestinal hyperpermeability, and alcoholic 

steatohepatitis (Summa et al., 2013). Intestinal permeability is significantly higher in 

ClockΔ19 mice without alcohol consumption. Intestinal permeability was also significantly 

greater in the environmentally disrupted mice that consumed no alcohol. However, as noted 

above, the calorie-matched control diet for these experiments is well-validated in many 

Lieber-Decarli alcohol diet studies but contains high sugar and fat, thus modeling the classic 

Western diet that has now been shown to be pro-inflammatory (Huang, Devkota, Moscoso, 
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Chang, & Leone, 2013; Manzel et al., 2014). Studies are now underway in our laboratory to 

compare these permeability and inflammation data to similarly shifted mice given a standard 

chow diet and water. Thus, circadian disruption alone promotes gut leakiness but with the 

caveat of the high calorie diet. In the alcohol-fed mice, both the ClockΔ19 mice and the 

environmentally disrupted mice demonstrated exacerbated alcohol-induced intestinal 

hyperpermeability compared to the mice that received alcohol diet alone, as well as, of 

course, the control-fed mice. Analysis of 24-h circadian patterns of the tight junction protein 

occludin (one regulator of gut permeability) in intestinal tissue suggests that circadian 

rhythm disruption with or without alcohol alters circadian occludin expression, which may 

be one mechanism accounting for the observed effects on intestinal permeability. In the 

control-fed ClockΔ19 mice, liver steatosis was increased compared to WT controls, and in 

the environmentally disrupted mice, both liver inflammation and steatosis were significantly 

increased compared to non-shifted control-fed mice. Importantly, the alcohol-fed 

environmentally disrupted mice developed more severe steatohepatitis compared to non-

shifted alcohol-fed mice and hepatocyte necrosis was observed only in environmentally 

disrupted alcohol-fed mice (Summa et al., 2013). In contrast to the alcohol-fed phase-shifted 

mice, alcohol-fed ClockΔ19 mice did not develop hepatic inflammation in spite of gut 

leakiness and endotoxemia. However, these mice had more severe steatosis than wild type 

alcohol-fed mice, an effect that may be the consequence of ClockΔ19 mice having resistance 

to LPS effects and resistance to LPS-induced activation of the NF-kB pathway (Bellet et al., 

2013; Curtis et al., 2014), as well as problems with fat metabolism in ClockΔ19 mice (Turek 

et al., 2005). Thus, it appears that disruption of the sleep/wake cycle (circadian) pattern that 

is commonly seen in a subset of alcoholics may prime the intestine to the injurious effects of 

alcohol, leading to gut leakiness, endotoxemia, and steatohepatitis. Indeed, our recently 

generated data in alcoholics showed that there is a significant inverse correlation between 

the severity of gut leakiness (defined by 24-h urinary sucralose) and 24-h serum melatonin 

in alcoholics, suggesting that disruption of normal circadian output may promote gut 

leakiness in alcoholics (Swanson et al., 2014).

Implications and future directions

Our early experiments led to the hypothesis that circadian disruption alone did not produce 

overt gastrointestinal pathology, but instead made the mammalian system more susceptible 

to a second hit or stressor such as alcohol (Preuss et al., 2008; Tang, Preuss, et al., 2009), but 

can we say this is the case? The answer is we still cannot be certain, because our control diet 

in the shifting experiments was a high-fat and high-sugar calorie-matched diet to match the 

liquid alcohol-diet calories as is standard for the Lieber-Decarli diet. Circadian disruption by 

phase shifting alone with this high-fat, high-sugar diet did result in increased intestinal 

permeability and liver pathology mimicking non-alcoholic steatohepatitis (NASH), as a 

consequence of phase shift or fatty liver (steatosis) caused by a genetic mutation (as in the 

ClockΔ19 mutant mice). Experiments are now underway to test the effects of a standard 

chow diet in these circadian disruption models. Our data support the hypothesis that there is 

a complex interplay between circadian rhythm disruption and alcohol-induced effects. This 

is not surprising because disruption of circadian homeostasis could have a profound impact 

on organ function, such as the intestines and liver, based on whether the rhythm is disrupted 
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and/or whether rhythm and core circadian genes and circadian-controlled genes are mis-

aligned and dysfunctional. Indeed, approximately 10% of the genes in any one tissue are 

under circadian control and these differ from tissue to tissue; therefore, the variability 

observed with our models of circadian rhythm disruption may be the consequence of 

disrupting the circadian clock genes (and related circadian-controlled genes) in a tissue-

specific manner (Bozek et al., 2009; Panda, Antoch, et al., 2002). Specifically, the ClockΔ19 

mutant mouse has mutated clock protein in every cell in the body, whereas the 

environmental circadian rhythm disruption would be expected to have differential effects in 

the brain vs. the intestine vs. the liver, thus creating misalignment between central and 

peripheral circadian machinery that would have different biological effects compared to a 

global circadian gene dysfunction. Our data indicate that the type of circadian disruption 

may result in specific dysfunction, emphasizing the importance of studying the effects of 

different types of circadian disruption [e.g., light/dark phase shift, genetic manipulation of 

different circadian genes] on alcoholic-associated diseases such as alcohol-induced intestinal 

function, liver disease, myopathy, cardiomyopathy, and CNS injury – diseases that are all 

inflammation-mediated disorders. Experiments are now underway in our laboratory with 

environmental and genetic models of circadian rhythm disruption in combination with 

alcohol consumption analysis of gene expression in individual tissues, and we predict each 

type of circadian rhythm disruption approach with/ without alcohol will have its own unique 

profile of dysfunction. This view is supported by genetic data in mice and humans 

demonstrating dramatically different phenotypes depending on the specific type of genetic 

circadian clock abnormality (Arble, Ramsey, Bass, & Turek, 2010; Maury, Ramsey, & Bass, 

2010).

To what extent do circadian mechanisms and alcohol operate through similar or different 

mechanisms? Our data support that both circadian rhythm disruption and alcohol 

consumption each have their own mechanisms that may synergize when combined. Both 

occludin and claudin-1 (tight junction proteins critical for regulating intestinal permeability) 

are down-regulated as a consequence of chronic alcohol consumption (Summa et al., 2013), 

and yet both of these proteins are also under direct circadian control (Kyoko et al., 2014), 

indicating a point of convergence between alcohol and circadian-mediated effects. However, 

only some alcohol effects are circadian-mediated. Our laboratory has published extensively 

regarding the roles of non-circadian mechanisms of alcohol regulation of gut permeability 

and injury including transcription factors (e.g., NF-kB, Snail) as well as iNOS (Banan et al., 

2007; Forsyth, Tang, Shaikh, Zhang, & Keshavarzian, 2011; Tang, Forsyth et al., 2009). 

Further studies are necessary to fully elucidate the overlapping and unique aspects of 

circadian rhythm disruption and alcohol consumption.

We have recently demonstrated that circadian rhythm disruption changes the intestinal 

microbiota (Voigt et al., 2014). Changes in the microbiota have been associated with both 

intestinal hyper-permeability (Frazier et al., 2011) as well as steatohepatitis in alcohol-fed 

rats and ALD in humans reported by us and others (Chen & Schnabl, 2014; Mutlu et al., 

2009, 2012). Studies have shown an interplay between the intestinal microbiota and 

circadian rhythms (Mukherji, Kobiita, Ye, & Chambon, 2013); thus, intestinal dysbiosis 

may be an additional mechanism through which circadian rhythms and alcohol may interact 

to affect intestinal pathology. It is unclear if changes in the microbiota precede or are a 
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consequence of other circadian-induced changes in the host, but this intriguing possibility 

needs to be further explored (summarized in Fig. 2).

Experiments are underway in our laboratory analyzing gene expression in intestinal and 

liver tissue from alcohol-fed, circadian-disrupted mice to determine how alcohol 

consumption and circa-dian rhythm disruption may be similar or dissimilar on the molecular 

level, indicating potential molecular points of synergism between these two conditions. In 

addition, alcohol exerts robust epigenetic effects on gene regulation (Mead & Sarkar, 2014) 

as do circadian mechanisms (Orozco-Solis & Sassone-Corsi, 2014); thus, we are evaluating 

differences and points of overlap with regard to gene acetylation and methylation. We 

predict that circadian rhythm disruption and chronic alcohol consumption will exhibit both a 

common as well as a unique profile of affected genes. However, mRNA expression may not 

be the best approach to fully characterize effects. mRNA expression does not tell the whole 

story of circadian regulation, as has been noted recently (Koike et al., 2012), and our 

laboratory has demonstrated that while the mRNA of the tight junction protein occludin was 

not indicative of intestinal permeability, occludin protein localization data did mirror the 

combined alcohol and circadian effects on intestinal permeability, with the greatest effect 

being with circadian disruption and alcohol combined (Summa et al., 2013). Thus, in order 

to gain a comprehensive understanding of points of intersection between alcohol and 

circadian rhythm disruption, detailed analysis of proteins and localization of those proteins 

will likely be required.

Potential translational impact

Another important implication of our studies is the potential translational impact. In an 

overall view, our studies and those of others highlight strong circadian-alcohol interactions 

at molecular and behavioral levels and thus support a need for consideration of circadian 

factors in the treatment of chronic alcohol abuse. A straightforward approach would be to try 

to minimize circadian disruption in the lifestyle and eating patterns of persons with alcohol-

use disorders. The degree of circadian disruption (sleep, eating patterns, and even drinking 

patterns) could be assessed and used for risk stratification and possible chrono-therapeutic 

measures. Chronotherapy and chronopharmacology have been shown to be effective in 

cancer treatment, mental illness, sleep disorders, and several other diseases (Coogan & 

Thome, 2011; Innominato, Lévi, & Bjarnason, 2010; Kaur, Phillips, Wong, & Saini, 2013). 

However, to our knowledge chronotherapy has not been applied to treatment of alcohol 

abuse, although Cyp2e1 is also under circadian control (Košsir, Španinger, & Rozman, 

2013).

In addition, our studies with alcohol-mediated effects on circadian clock proteins, Cyp2e1, 

and intestinal permeability support that one mechanism for alcohol-mediated interaction 

with circadian rhythms is through oxidative stress. Others have shown that the circadian 

clock is redox sensitive (Rutter et al., 2001, 2002) and N-acetylcysteine prevented alcohol-

induced effects on Clock and Per2 proteins in our studies (Forsyth et al., 2013). Therefore, 

agents that ameliorate oxidative stress could potentially be used to prevent alcohol-induced 

circadian-mediated effects on the intestines and other organs.
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Finally, we and others have highlighted the importance of gut-derived LPS in alcohol-

induced organ damage. Thus, intervention that could ameliorate dysbiosis and fortify 

intestinal barrier integrity has the potential to mitigate the negative impact of disrupted 

circadian homeostasis and alcohol-induced organ damage. Indeed, we and others have 

shown that probiotics and oat prebiotics can reduce intestinal oxidative stress and improve 

intestinal permeability and can also correct dysbiosis due to chronic alcohol use in alcohol-

fed rodents and alcoholics (Forsyth et al., 2009; Keshavarzian et al., 2001; Kirpich et al., 

2008; Wang et al., 2011). Thus not only probiotics but also prebiotics and symbiotics, that 

are capable of limiting endotoxemia by modifying intestinal microbiota and by improving 

intestinal barrier function, could have applications in treatment of alcohol-induced intestinal 

circadian disruption and prevention/treatment of alcohol-induced organ damage. We are 

currently examining this possibility in our animal models.

In summary, additional models to investigate the relationship between circadian rhythms 

and alcohol in intestinal, liver, and brain function (as well as other organs) are currently 

underway in our laboratory. We are examining the direct effects of alcohol on circadian 

gene expression as well as expression of other genes, including those regulating 

inflammation/immunity, metabolism, and permeability functions in circadian-alcohol 

models. We believe that a better understanding of these mechanisms and effects will shed 

light on understanding the complex relationship that has emerged between circadian rhythms 

and alcohol. This understanding is expected to lead to new therapies for ALD and other 

alcohol-related pathologies.

References

Abdelmegeed MA, Banerjee A, Jang S, Yoo SH, Yun JW, Gonzalez FJ, et al. CYP2E1 potentiates 
binge alcohol-induced gut leakiness, steatohepatitis, and apoptosis. Free Radical Biology & 
Medicine. 2013; 65:1238–1245. [PubMed: 24064383] 

Adachi Y, Moore LE, Bradford BU, Gao W, Thurman RG. Antibiotics prevent liver injury in rats 
following long-term exposure to ethanol. Gastroenterology. 1995; 108:218–224. [PubMed: 
7806045] 

Arble DM, Ramsey KM, Bass J, Turek FW. Circadian disruption and metabolic disease: findings from 
animal models. Best Practice & Research. Clinical Endocrinology & Metabolism. 2010; 24:785–
800. [PubMed: 21112026] 

Banan A, Keshavarzian A, Zhang L, Shaikh M, Forsyth CB, Tang Y, et al. NF-kappaB activation as a 
key mechanism in ethanol-induced disruption of the F-actin cytoskeleton and monolayer barrier 
integrity in intestinal epithelium. Alcohol. 2007; 41:447–460. [PubMed: 17869053] 

Bass J, Takahashi JS. Circadian integration of metabolism and energetics. Science. 2010; 330:1349–
1354. [PubMed: 21127246] 

Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, Thomas TL, et al. Circadian 
rhythms from multiple oscillators: lessons from diverse organisms. Nature Reviews. Genetics. 2005; 
6:544–556.

Bellet MM, Deriu E, Liu JZ, Grimaldi B, Blaschitz C, Zeller M, et al. Circadian clock regulates the 
host response to Salmonella. Proceedings of the National Academy of Sciences of the United States 
of America. 2013; 110:9897–9902. [PubMed: 23716692] 

Bergheim I, Bode C, Parlesak A. Distribution of cytochrome P450 2C, 2E1, 3A4, and 3A5 in human 
colon mucosa. BMC Clinical Pharmacology. 2005; 5:4. [PubMed: 16253141] 

Bjarnason I, Peters TJ, Wise RJ. The leaky gut of alcoholism: possible route of entry for toxic 
compounds. Lancet. 1984; 1:179–182. [PubMed: 6141332] 

Forsyth et al. Page 12

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Blask DE, Brainard GC, Dauchy RT, Hanifin JP, Davidson LK, Krause JA, et al. Melatonin-depleted 
blood from premenopausal women exposed to light at night stimulates growth of human breast 
cancer xenografts in nude rats. Cancer Research. 2005; 65:11174–11184. [PubMed: 16322268] 

Bode C, Bode JC. Activation of the innate immune system and alcoholic liver disease: effects of 
ethanol per se or enhanced intestinal translocation of bacterial toxins induced by ethanol? 
Alcoholism: Clinical and Experimental Research. 2005; 29(11 Suppl.):166S–171S.

Bozek K, Relógio A, Kielbasa SM, Heine M, Dame C, Kramer A, et al. Regulation of clock-controlled 
genes in mammals. PLoS One. 2009; 4:e4882. [PubMed: 19287494] 

Chen CP, Kuhn P, Advis JP, Sarkar DK. Chronic ethanol consumption impairs the circadian rhythm of 
pro-opiomelanocortin and period genes mRNA expression in the hypothalamus of the male rat. 
Journal of Neurochemistry. 2004; 88:1547–1554. [PubMed: 15009656] 

Chen P, Schnabl B. Host-microbiome interactions in alcoholic liver disease. Gut and Liver. 2014; 
8:237–241. [PubMed: 24827618] 

Coogan AN, Thome J. Chronotherapeutics and psychiatry: setting the clock to relieve the symptoms. 
The World Journal of Biological Psychiatry. 2011; 12(Suppl. 1):40–43. [PubMed: 21905994] 

Curtis AM, Bellet MM, Sassone-Corsi P, O’Neill LA. Circadian clock proteins and immunity. 
Immunity. 2014; 40:178–186. [PubMed: 24560196] 

Drake CL, Roehrs T, Richardson G, Walsh JK, Roth T. Shift work sleep disorder: prevalence and 
consequences beyond that of symptomatic day workers. Sleep. 2004; 27:1453–1462. [PubMed: 
15683134] 

Elamin EE, Masclee AA, Dekker J, Jonkers DM. Ethanol metabolism and its effects on the intestinal 
epithelial barrier. Nutrition Reviews. 2013; 71:483–499. [PubMed: 23815146] 

Enomoto N, Ikejima K, Bradford BU, Rivera CA, Kono H, Goto M, et al. Role of Kupffer cells and 
gut-derived endotoxins in alcoholic liver injury. Journal of Gastroenterology and Hepatology. 
2000; (15 Suppl.):D20–D25. [PubMed: 10759216] 

Farhadi A, Banan A, Fields J, Keshavarzian A. Intestinal barrier: an interface between health and 
disease. Journal of Gastroenterology and Hepatology. 2003; 18:479–497. [PubMed: 12702039] 

Farhadi A, Keshavarzian A, Fields JZ, Sheikh M, Banan A. Resolution of common dietary sugars from 
probe sugars for test of intestinal permeability using capillary column gas chromatography. 
Journal of Chromatography. B, Analytical Technologies in the Biomedical and Life Sciences. 
2006; 836:63–68.

Forsyth CB, Farhadi A, Jakate SM, Tang Y, Shaikh M, Keshavarzian A. Lactobacillus GG treatment 
ameliorates alcohol-induced intestinal oxidative stress, gut leakiness, and liver injury in a rat 
model of alcoholic steatohepatitis. Alcohol. 2009; 43:163–172. [PubMed: 19251117] 

Forsyth CB, Tang Y, Shaikh M, Zhang L, Keshavarzian A. Role of snail activation in alcohol-induced 
iNOS-mediated disruption of intestinal epithelial cell permeability. Alcoholism: Clinical and 
Experimental Research. 2011; 35:1635–1643.

Forsyth CB, Voigt RM, Shaikh M, Tang Y, Cederbaum AI, Turek FW, et al. Role for intestinal 
CYP2-1 in alcohol-induced circadian gene-mediated intestinal hyperpermeability. American 
Journal of Physiology. Gastrointestinal and Liver Physiology. 2013; 305:G185–G195. [PubMed: 
23660503] 

Frazier TH, DiBaise JK, McClain CJ. Gut microbiota, intestinal permeability, obesity-induced 
inflammation, and liver injury. JPEN. Journal of Parenteral and Enteral Nutrition. 2011; 35(5 
Suppl.):14S–20S. [PubMed: 21807932] 

Froy O, Miskin R. Effect of feeding regimens on circadian rhythms: implications for aging and 
longevity. Aging (Albany NY). 2010; 2:7–27. [PubMed: 20228939] 

Gangwisch JE, Heymsfield SB, Boden-Albala B, Buijs RM, Kreier F, Pickering TG, et al. Short sleep 
duration as a risk factor for hyper-tension: analyses of the first National Health and Nutrition 
Examination Survey. Hypertension. 2006; 47:833–839. [PubMed: 16585410] 

Gareau MG, Jury J, MacQueen G, Sherman PM, Perdue MH. Pro-biotic treatment of rat pups 
normalises corticosterone release and ameliorates colonic dysfunction induced by maternal 
separation. Gut. 2007; 56:1522–1528. [PubMed: 17339238] 

Forsyth et al. Page 13

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Golombek DA, Casiraghi LP, Agostino PV, Paladino N, Duhart JM, Plano SA, et al. The times they’re 
a-changing: effects of circadian desynchronization on physiology and disease. Journal of 
Physiology, Paris. 2013; 107:310–322.

Grant BF, Dufour MC, Harford TC. Epidemiology of alcoholic liver disease. Seminars in Liver 
Disease. 1988; 8:12–25. [PubMed: 3283941] 

Halsted CH, Robles EA, Mezey E. Distribution of ethanol in the human gastrointestinal tract. The 
American Journal of Clinical Nutrition. 1973; 26:831–834. [PubMed: 4720670] 

Hastings MH, Reddy AB, Maywood ES. A clockwork web: circadian timing in brain and periphery, in 
health and disease. Nature Reviews. Neuro-science. 2003; 4:649–661.

Hippe B, Remely M, Bartosiewicz N, Riedel M, Nichterl C, Schatz L, et al. Abundance and diversity 
of GI microbiota rather than IgG4 levels correlate with abdominal inconvenience and gut 
permeability in consumers claiming food intolerances. Endocrine, Metabolic & Immune Disorder 
Drug Targets. 2014; 14:67–75.

Hirayama J, Cho S, Sassone-Corsi P. Circadian control by the reduction/ oxidation pathway: catalase 
represses light-dependent clock gene expression in the zebrafish. Proceedings of the National 
Academy of Sciences of the United States of America. 2007; 104:15747–15752. [PubMed: 
17898172] 

Hoogerwerf WA. Role of biological rhythms in gastrointestinal health and disease. Reviews in 
Endocrine & Metabolic Disorders. 2009; 10:293–300. [PubMed: 19798581] 

Hoogerwerf WA, Hellmich HL, Cornélissen G, Halberg F, Shahinian VB, Bostwick J, et al. Clock 
gene expression in the murine gastrointestinal tract: endogenous rhythmicity and effects of a 
feeding regimen. Gastroenterology. 2007; 133:1250–1260. [PubMed: 17919497] 

Hoogerwerf WA, Shahinian VB, Cornélissen G, Halberg F, Bostwick J, Timm J, et al. Rhythmic 
changes in colonic motility are regulated by period genes. American Journal of Physiology. 
Gastrointestinal and Liver Physiology. 2010; 298:G143–G150. [PubMed: 19926812] 

Hoogerwerf WA, Sinha M, Conesa A, Luxon BA, Shahinian VB, Cornélissen G, et al. Transcriptional 
profiling of mRNA expression in the mouse distal colon. Gastroenterology. 2008; 135:2019–2029. 
[PubMed: 18848557] 

Huang EY, Devkota S, Moscoso D, Chang EB, Leone VA. The role of diet in triggering human 
inflammatory disorders in the modern age. Microbes and Infection. 2013; 15:765–774. [PubMed: 
23876436] 

Innominato PF, Lévi FA, Bjarnason GA. Chronotherapy and the molecular clock: clinical implications 
in oncology. Advanced Drug Delivery Reviews. 2010; 62:979–1001. [PubMed: 20600409] 

Kaur G, Phillips C, Wong K, Saini B. Timing is important in medication administration: a timely 
review of chronotherapy research. International Journal of Clinical Pharmacology. 2013; 35:344–
358.

Kerr CA, Grice DM, Tran CD, Bauer DC, Li D, Hendry P, et al. Early life events influence whole-of-
life metabolic health via gut microflora and gut permeability. Critical Reviews in Microbiology. 
Mar 19.2014 [Epub ahead of print]. PubMed PMID: 24645635. 

Keshavarzian A, Choudhary S, Holmes EW, Yong S, Banan A, Jakate S, et al. Preventing gut 
leakiness by oats supplementation ameliorates alcohol-induced liver damage in rats. The Journal 
of Pharmacology and Experimental Therapeutics. 2001; 299:442–448. [PubMed: 11602653] 

Keshavarzian A, Farhadi A, Forsyth CB, Rangan J, Jakate S, Shaikh M, et al. Evidence that chronic 
alcohol exposure promotes intestinal oxidative stress, intestinal hyperpermeability and 
endotoxemia prior to development of alcoholic steatohepatitis in rats. Journal of Hepatology. 
2009; 50:538–547. [PubMed: 19155080] 

Keshavarzian A, Holmes EW, Patel M, Iber F, Fields JZ, Pethkar S. Leaky gut in alcoholic cirrhosis: a 
possible mechanism for alcohol-induced liver damage. The American Journal of Gastroenterology. 
1999; 94:200–207. [PubMed: 9934756] 

Kirpich IA, Solovieva NV, Leikhter SN, Shidakova NA, Lebedeva OV, Sidorov PI, et al. Probiotics 
restore bowel flora and improve liver enzymes in human alcohol-induced liver injury: a pilot 
study. Alcohol. 2008; 42:675–682. [PubMed: 19038698] 

Forsyth et al. Page 14

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Knutson KL, Ryden AM, Mander BA, Van Cauter E. Role of sleep duration and quality in the risk and 
severity of type 2 diabetes mellitus. Archives of Internal Medicine. 2006; 166:1768–1774. 
[PubMed: 16983057] 

Knutsson A. Health disorders of shift workers. Occupational Medicine (Oxford, England). 2003; 
53:103–108.

Koike N, Yoo SH, Huang HC, Kumar V, Lee C, Kim TK, et al. Transcriptional architecture and 
chromatin landscape of the core circadian clock in mammals. Science. 2012; 338:349–354. 
[PubMed: 22936566] 

Košir R, Španinger K, Rozman D. Circadian events in human diseases and in cytochrome P450-related 
drug metabolism and therapy. IUBMB Life. 2013; 65:487–496. [PubMed: 23554069] 

Kyoko OO, Kono H, Ishimaru K, Miyake K, Kubota T, Ogawa H, et al. Expressions of tight junction 
proteins Occludin and Claudin-1 are under the circadian control in the mouse large intestine: 
implications in intestinal permeability and susceptibility to colitis. PLoS One. 2014; 9:e98016. 
[PubMed: 24845399] 

Lieber CS. The discovery of the microsomal ethanol oxidizing system and its physiologic and 
pathologic role. Drug Metabolism Reviews. 2004; 36:511–529. [PubMed: 15554233] 

Loudon AS. Circadian biology: a 2.5 billion year old clock. Current Biology. 2012; 22:R570–R571. 
[PubMed: 22835791] 

Lowrey PL, Takahashi JS. Genetics of circadian rhythms in mammalian model organisms. Advances 
in Genetics. 2011; 74:175–230. [PubMed: 21924978] 

Lu Y, Cederbaum AI. CYP2-1 and oxidative liver injury by alcohol. Free Radical Biology & 
Medicine. 2008; 44:723–738. [PubMed: 18078827] 

Lu Y, Cederbaum AI. CYP2-1 potentiation of LPS and TNFa-induced hepatotoxicity by mechanisms 
involving enhanced oxidative and nitrosative stress, activation of MAP kinases, and mitochondrial 
dysfunction. Genes & Nutrition. 2010; 5:149–167. [PubMed: 19798529] 

Lu Y, Wu D, Wang X, Ward SC, Cederbaum AI. Chronic alcohol-induced liver injury and oxidant 
stress are decreased in cytochrome P4502-1 knockout mice and restored in humanized cytochrome 
P4502-1 knock-in mice. Free Radical Biology & Medicine. 2010; 49:1406–1416. [PubMed: 
20692331] 

Malloy JN, Paulose JK, Li Y, Cassone VM. Circadian rhythms of gastrointestinal function are 
regulated by both central and peripheral oscillators. American Journal of Physiology. 
Gastrointestinal and Liver Physiology. 2012; 303:G461–G473. [PubMed: 22723262] 

Manzel A, Muller DN, Hafler DA, Erdman SE, Linker RA, Kleinewietfeld M. Role of “Western diet” 
in inflammatory autoimmune diseases. Current Allergy and Asthma Reports. 2014; 14:404. 
[PubMed: 24338487] 

Maury E, Ramsey KM, Bass J. Circadian rhythms and metabolic syndrome: from experimental 
genetics to human disease. Circulation Research. 2010; 106:447–462. [PubMed: 20167942] 

McClung CA. Role for the clock gene in bipolar disorder. Cold Spring Harbor Symposia on 
Quantitative Biology. 2007; 72:637–644.

McElroy B, Zakaria A, Glass JD, Prosser RA. Ethanol modulates mammalian circadian clock phase 
resetting through extrasynaptic GABA receptor activation. Neuroscience. 2009; 164:842–848. 
[PubMed: 19695310] 

Mead EA, Sarkar DK. Fetal alcohol spectrum disorders and their transmission through genetic and 
epigenetic mechanisms. Frontiers in Genetics. 2014; 5:154. [PubMed: 24917878] 

Megdal SP, Kroenke CH, Laden F, Pukkala E, Schernhammer ES. Night work and breast cancer risk: 
a systematic review and meta-analysis. European Journal of Cancer. 2005; 41:2023–2032. 
[PubMed: 16084719] 

Miller BH, Olson SL, Turek FW, Levine JE, Horton TH, Takahashi JS. Circadian clock mutation 
disrupts estrous cyclicity and maintenance of pregnancy. Current Biology. 2004; 14:1367–1373. 
[PubMed: 15296754] 

Mistlberger RE, Nadeau J. Ethanol and circadian rhythms in the Syrian hamster: effects on entrained 
phase, reentrainment rate, and period. Pharmacology, Biochemistry, and Behavior. 1992; 43:159–
165.

Forsyth et al. Page 15

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian clocks in mammals. Annual 
Review of Neuroscience. 2012; 35:445–462.

Monk TH, Buysse DJ. Exposure to shift work as a risk factor for diabetes. Journal of Biological 
Rhythms. 2013; 28:356–359. [PubMed: 24132061] 

Mukherji A, Kobiita A, Ye T, Chambon P. Homeostasis in intestinal epithelium is orchestrated by the 
circadian clock and microbiota cues transduced by TLRs. Cell. 2013; 153:812–827. [PubMed: 
23663780] 

Mutlu E, Keshavarzian A, Engen P, Forsyth CB, Sikaroodi M, Gillevet P. Intestinal dysbiosis: a 
possible mechanism of alcohol-induced endotoxemia and alcoholic steatohepatitis in rats. 
Alcoholism: Clinical and Experimental Research. 2009; 33:1836–1846.

Mutlu EA, Gillevet PM, Rangwala H, Sikaroodi M, Naqvi A, Engen PA, et al. Colonic microbiome is 
altered in alcoholism. American Journal of Physiology. Gastrointestinal and Liver Physiology. 
2012; 302:G966–G978. [PubMed: 22241860] 

Nojkov B, Rubenstein JH, Chey WD, Hoogerwerf WA. The impact of rotating shift work on the 
prevalence of irritable bowel syndrome in nurses. The American Journal of Gastroenterology. 
2010; 105:842–847. [PubMed: 20160712] 

Orozco-Solis R, Sassone-Corsi P. Epigenetic control and the circadian clock: linking metabolism to 
neuronal responses. Neuroscience. 2014; 264:76–87. [PubMed: 24486964] 

O'Shea RS, Dasarathy S, McCullough AJ, Practice Guideline Committee of the American Association 
for the Study of Liver DiseasesPractice Parameters Committee of the American College of 
Gastroenterology. Alcoholic liver disease. Hepatology. 2010; 51:307–328. [PubMed: 20034030] 

Pan X, Hussain MM. Clock is important for food and circadian regulation of macronutrient absorption 
in mice. Journal of Lipid Research. 2009; 50:1800–1813. [PubMed: 19387090] 

Panda S, Antoch MP, Miller BH, Su AI, Schook AB, Straume M, et al. Coordinated transcription of 
key pathways in the mouse by the circadian clock. Cell. 2002; 109:307–320. [PubMed: 12015981] 

Panda S, Hogenesch JB, Kay SA. Circadian rhythms from flies to human. Nature. 2002; 417:329–335. 
[PubMed: 12015613] 

Parlesak A, Schäfer C, Schütz T, Bode JC, Bode C. Increased intestinal permeability to 
macromolecules and endotoxemia in patients with chronic alcohol abuse in different stages of 
alcohol-induced liver disease. Journal of Hepatology. 2000; 32:742–747. [PubMed: 10845660] 

Polidarová L, Sládek M, Soták M, Pácha J, Sumová A. Hepatic, duodenal, and colonic circadian 
clocks differ in their persistence under conditions of constant light and in their entrainment by 
restricted feeding. Chrono-biology International. 2011; 28:204–215.

Preuss F, Tang Y, Laposky AD, Arble D, Keshavarzian A, Turek FW. Adverse effects of chronic 
circadian desynchronization in animals in a “challenging” environment. American Journal of 
Physiology. Regulatory, Integrative and Comparative Physiology. 2008; 295:R2034–R2040.

Purohit V, Bode JC, Bode C, Brenner DA, Choudhry MA, Hamilton F, et al. Alcohol, intestinal 
bacterial growth, intestinal permeability to endotoxin, and medical consequences: summary of a 
symposium. Alcohol. 2008; 42:349–361. [PubMed: 18504085] 

Rao R. Endotoxemia and gut barrier dysfunction in alcoholic liver disease. Hepatology. 2009; 50:638–
644. [PubMed: 19575462] 

Reddy AB, O'Neill JS. Healthy clocks, healthy body, healthy mind. Trends in Cell Biology. 2010; 
20:36–44. [PubMed: 19926479] 

Roberts BJ, Shoaf SE, Jeong KS, Song BJ. Induction of CYP2-1 in liver, kidney, brain and intestine 
during chronic ethanol administration and withdrawal: evidence that CYP2-1 possesses a rapid 
phase half-life of 6 hours or less. Biochemical and Biophysical Research Communications. 1994; 
205:1064–1071. [PubMed: 7802633] 

Roberts BJ, Song BJ, Soh Y, Park SS, Shoaf SE. Ethanol induces CYP2-1 by protein stabilization. 
Role of ubiquitin conjugation in the rapid degradation of CYP2-1. The Journal of Biological 
Chemistry. 1995; 270:29632–29635. [PubMed: 8530344] 

Roenneberg T, Allebrandt KV, Merrow M, Vetter C. Social jetlag and obesity. Current Biology. 2012; 
22:939–943. [PubMed: 22578422] 

Forsyth et al. Page 16

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rosenwasser AM, Fecteau ME, Logan RW. Effects of ethanol intake and ethanol withdrawal on free-
running circadian activity rhythms in rats. Physiology & Behavior. 2005; 84:537–542. [PubMed: 
15811388] 

Rosenwasser AM, Logan RW, Fecteau ME. Chronic ethanol intake alters circadian period-responses 
to brief light pulses in rats. Chronobiology International. 2005; 22:227–236. [PubMed: 16021840] 

Rutter J, Reick M, McKnight SL. Metabolism and the control of circa-dian rhythms. Annual Review 
of Biochemistry. 2002; 71:307–331.

Rutter J, Reick M, Wu LC, McKnight SL. Regulation of clock and NPAS2 DNA binding by the redox 
state of NAD cofactors. Science. 2001; 293:510–514. [PubMed: 11441146] 

Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and cardiovascular consequences 
of circadian misalignment. Proceedings of the National Academy of Sciences of the United States 
of America. 2009; 106:4453–4458. [PubMed: 19255424] 

Schernhammer ES, Laden F, Speizer FE, Willett WC, Hunter DJ, Kawachi I, et al. Night-shift work 
and risk of colorectal cancer in the nurses’ health study. Journal of the National Cancer Institute. 
2003; 95:825–828. [PubMed: 12783938] 

Scheving LA. Biological clocks and the digestive system. Gastroenterology. 2000; 119:536–549. 
[PubMed: 10930389] 

Scheving LA, Russell WE. It's about time: clock genes unveiled in the gut. Gastroenterology. 2007; 
133:1373–1376. [PubMed: 17919508] 

Segawa K, Nakazawa S, Tsukamoto Y, Kurita Y, Goto H, Fukui A, et al. Peptic ulcer is prevalent 
among shift workers. Digestive Diseases and Sciences. 1987; 32:449–453. [PubMed: 3568932] 

Seggio JA, Fixaris MC, Reed JD, Logan RW, Rosenwasser AM. Chronic ethanol intake alters 
circadian phase shifting and free-running period in mice. Journal of Biological Rhythms. 2009; 
24:304–312. [PubMed: 19625732] 

Sigurdardottir LG, Valdimarsdottir UA, Mucci LA, Fall K, Rider JR, Schernhammer E, et al. Sleep 
disruption among older men and risk of prostate cancer. Cancer Epidemiology, Biomarkers. 
Prevention. 2013; 22:872–879.

Sládek M, Rybová M, Jindráková Z, Zemanová Z, Polidarová L, Mrnka L, et al. Insight into the 
circadian clock within rat colonic epithelial cells. Gastroenterology. 2007; 133:1240–1249. 
[PubMed: 17675004] 

Sonnenberg A. Occupational distribution of inflammatory bowel disease among German employees. 
Gut. 1990; 31:1037–1040. [PubMed: 2210450] 

Spanagel R. Alcoholism: a systems approach from molecular physiology to addictive behavior. 
Physiological Reviews. 2009; 89:649–705. [PubMed: 19342616] 

Spanagel R, Pendyala G, Abarca C, Zghoul T, Sanchis-Segura C, Magnone MC, et al. The clock gene 
Per2 influences the glutamatergic system and modulates alcohol consumption. Nature Medicine. 
2005; 11:35–42.

Spanagel R, Rosenwasser AM, Schumann G, Sarkar DK. Alcohol consumption and the body's 
biological clock. Alcoholism: Clinical and Experimental Research. 2005; 29:1550–1557.

Stasi C, Orlandelli E. Role of the brain-gut axis in the pathophysiology of Crohn’s disease. Digestive 
Diseases. 2008; 26:156–166. [PubMed: 18431066] 

Summa KC, Voigt RM, Forsyth CB, Shaikh M, Cavanaugh K, Tang Y, et al. Disruption of the 
circadian clock in mice increases intestinal permeability and promotes alcohol-induced hepatic 
pathology and inflammation. PLoS One. 2013; 8:e67102. [PubMed: 23825629] 

Swanson G, Forsyth CB, Tang Y, Shaikh M, Zhang L, Turek FW, et al. Role of intestinal circadian 
genes in alcohol-induced gut leakiness. Alcoholism: Clinical and Experimental Research. 2011; 
35:1305–1314.

Swanson, G.; Gorenz, A.; Shaikh, M.; Forsyth, CB.; Burgess, H.; Keshavarzian, A. Research Society 
on Alcoholism, 37th Annual Meeting. Bellevue, WA.: 2014. Area under the curve of plasma 
melatonin in alcoholics inversely related to increased intestinal permeability.. 

Tamaru T, Hattori M, Ninomiya Y, Kawamura G, Varès G, Honda K, et al. ROS stress resets circadian 
clocks to coordinate pro-survival signals. PLoS One. 2013; 8:e82006. [PubMed: 24312621] 

Forsyth et al. Page 17

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tang Y, Forsyth CB, Farhadi A, Rangan J, Jakate S, Shaikh M, et al. Nitric oxide-mediated intestinal 
injury is required for alcohol-induced gut leakiness and liver damage. Alcoholism: Clinical and 
Experimental Research. 2009; 33:1220–1230.

Tang Y, Preuss F, Turek FW, Jakate S, Keshavarzian A. Sleep deprivation worsens inflammation and 
delays recovery in a mouse model of colitis. Sleep Medicine. 2009; 10:597–603. [PubMed: 
19403332] 

Taylor BL, Zhulin IB. PAS domains: internal sensors of oxygen, redox potential, and light. 
Microbiology and Molecular Biology Reviews. 1999; 63:479–506. [PubMed: 10357859] 

Tipoe GL, Liong EC, Casey CA, Donohue TM Jr. Eagon PK, So H, et al. A voluntary oral ethanol-
feeding rat model associated with necroin-flammatory liver injury. Alcoholism: Clinical and 
Experimental Research. 2008; 32:669–682.

Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E, et al. Obesity and metabolic 
syndrome in circadian Clock mutant mice. Science. 2005; 308:1043–1045. [PubMed: 15845877] 

Turner JR. Intestinal mucosal barrier function in health and disease. Nature Reviews. Immunology. 
2009; 9:799–809.

United States Department of Labor and Bureau of Labor Statistics. Workers on flexible and shift 
schedules in May 2004. Jul.2005 1:1–14.

Vitaterna MH, King DP, Chang AM, Kornhauser JM, Lowrey PL, McDonald JD, et al. Mutagenesis 
and mapping of a mouse gene, Clock, essential for circadian behavior. Science. 1994; 264:719–
725. [PubMed: 8171325] 

Voigt RM, Forsyth CB, Green SJ, Mutlu E, Engen P, Vitaterna MH, et al. Circadian disorganization 
alters intestinal microbiota. PLoS One. 2014; 9:e97500. [PubMed: 24848969] 

Voigt RM, Forsyth CB, Keshavarzian A. Circadian disruption: potential implications in inflammatory 
and metabolic diseases associated with alcohol. Alcohol Research. 2013; 35:87–96. [PubMed: 
24313168] 

Wang HJ, Gao B, Zakhari S, Nagy LE. Inflammation in alcoholic liver disease. Annual Review of 
Nutrition. 2012; 32:343–368.

Wang HJ, Zakhari S, Jung MK. Alcohol, inflammation, and gut-liver-brain interactions in tissue 
damage and disease development. World Journal of Gastroenterology. 2010; 16:1304–1313. 
[PubMed: 20238396] 

Wang Y, Kirpich I, Liu Y, Ma Z, Barve S, McClain CJ, et al. Lactobacillus rhamnosus GG treatment 
potentiates intestinal hypoxia-inducible factor, promotes intestinal integrity and ameliorates 
alcohol-induced liver injury. The American Journal of Pathology. 2011; 179:2866–2875. 
[PubMed: 22093263] 

Wilking M, Ndiaye M, Mukhtar H, Ahmad N. Circadian rhythm connections to oxidative stress: 
implications for human health. Antioxidants & Redox Signaling. 2012; 19:192–208. [PubMed: 
23198849] 

Wittmann M, Dinich J, Merrow M, Roenneberg T. Social jetlag: misalignment of biological and social 
time. Chronobiology International. 2006; 23:497–509. [PubMed: 16687322] 

Yamato M, Ito T, Iwatani H, Yamato M, Imai E, Rakugi H. E-cadherin and claudin-4 expression has 
circadian rhythm in adult rat kidney. Journal of Nephrology. 2010; 23:102–110. [PubMed: 
20091493] 

Yoo SH, Yamazaki S, Lowrey PL, Shimomura K, Ko CH, Buhr ED, et al. PERIOD2::LUCIFERASE 
real-time reporting of circadian dynamics reveals persistent circadian oscillations in mouse 
peripheral tissues. Proceedings of the National Academy of Sciences of the United States of 
America. 2004; 101:5339–5346. [PubMed: 14963227] 

Zeeb H, Hammer GP, Blettner M. Epidemiological investigations of aircrew: an occupational group 
with low-level cosmic radiation exposure. Journal of Radiological Protection. 2012; 32:N15–
N19. [PubMed: 22395103] 

Zelinski EL, Deibel SH, McDonald RJ. The trouble with circadian clock dysfunction: multiple 
deleterious effects on the brain and body. Neuroscience and Biobehavioral Reviews. 2014; 
40:80–101. [PubMed: 24468109] 

Zvonic S, Ptitsyn AA, Conrad SA, Scott LK, Floyd ZE, Kilroy G, et al. Characterization of peripheral 
circadian clocks in adipose tissues. Diabetes. 2006; 55:962–970. [PubMed: 16567517] 

Forsyth et al. Page 18

Alcohol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Alcohol and circadian disruption combine to promote alcoholic liver pathology and systemic 

inflammation through effects on the gut, including hyperpermeability and dysbiosis.
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Fig. 2. 
Possible mechanisms of alcohol- and circadian disruption-induced gut leakiness include 

dysbiosis of gut bacteria and increased expression of Cyp2e1, resulting in oxidative stress 

(ROS) and changes to intestinal epithelial cell (IEC) circadian and junctional proteins, 

resulting in intestinal hyperpermeability to gut microbial contents such as LPS. Dysbiosis 

may also contribute to inflammation. These combine to promote systemic inflammation and 

liver pathology.
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