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Abstract
Alcohol and dietary fat both play an important role in alcohol-mediated multi-organ pathology,
including gut and liver. In the present study we hypothesized that the combination of alcohol and
dietary unsaturated fat (USF) would result in intestinal inflammatory stress and mucus layer
alterations, thus contributing to disruption of intestinal barrier integrity. C57BL/6N mice were fed
Lieber-DeCarli liquid diets containing EtOH and enriched in USF (corn oil/linoleic acid) or SF
(medium chain triglycerides: beef tallow) for 8 weeks. Intestinal histology, morphometry, markers
of inflammation, as well as levels of mucus protective factors were evaluated. Alcohol and dietary
USF triggered an intestinal pro-inflammatory response, characterized by increase in Tnf-α,
MCP1, and MPO activity. Further, alcohol and dietary USF, but not SF, resulted in alterations of
the intestinal mucus layer, characterized by decreased expression of Muc2 in the ileum. A strong
correlation was observed between down-regulation of the antimicrobial factor Cramp and
increased Tnf-α mRNA. Therefore, dietary unsaturated fat (corn oil/LA enriched) is a significant
contributing factor to EtOH-mediated intestinal inflammatory response and mucus layer
alterations in rodents.
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INTRODUCTION
The concept that alcohol and dietary fat both play an important interactive role in the
development of alcoholic liver disease (ALD) is well documented (Nanji, 2004; Nanji and
French, 1986). The majority of the evidence from rodent models supports both a protective
effect of dietary saturated fatty acids against ALD, and a deleterious effects of dietary
unsaturated fatty acids, linoleic acid (LA) in particular, in alcohol-mediated liver damage
(Kono et al., 2000; Nanji and French, 1989; Nanji et al., 2001; Nanji et al., 1989; Nanji et
al., 1996; Ronis et al., 2004). Moreover, Nanji and French have shown that LA is required
for the development of experimental ALD (Nanji and French, 1989). However, the
underlying molecular mechanisms are not fully elucidated. Hence, the role of fat
composition in the development and progression of ALD remains an area of considerable
interest.

The importance of the gut-liver axis in alcohol-mediated liver pathology has received
increasing interest (Purohit et al., 2008; Szabo and Bala, 2010; Wang et al., 2010). Clinical
and experimental data have demonstrated that gut-derived endotoxin, lipopolysaccharide
(LPS), plays an important role in the pathogenesis of ALD (Bode et al., 1987; Fukui et al.,
1991; Keshavarzian et al., 2009; Mathurin et al., 2000; Parlesak et al., 2000; Szabo and
Bala, 2010; Tang et al., 2009). Multiple mechanisms contribute to alcohol-associated
endotoxemia, including alcohol-mediated intestinal bacterial overgrowth (Bode et al., 1993),
alterations in gut microbiota (Mutlu et al., 2009; Mutlu et al., 2012; Yan et al., 2011), as
well as increased LPS translocation caused by the disruption of intestinal barrier integrity
(Banan et al., 1999; Ma et al., 1999; Tang et al., 2008; Zhong et al., 2010).

The most recent studies from our group demonstrated that EtOH disrupts intestinal tight
junctions in the ileal mucosa, followed by increased intestinal permeability, elevated blood
LPS levels and consequent liver steatosis and injury (Kirpich et al., 2012; Zhong et al.,
2010). Understanding the effects of EtOH, dietary fat, and their potential interactions on the
intestine is critical in determining the mechanisms of alcohol-mediated multi-organ
pathology. The intestine, is an important component of the immune systems, and is an initial
organ exposed to alcohol and ingested nutrients; however, little is known about the potential
effects of alcohol in combination with different dietary factors on the intestinal
inflammatory response and its associations with intestinal barrier integrity.

In the present study, we used a mouse model of chronic EtOH feeding to evaluate the effects
of dietary saturated and unsaturated fat on the gut pathology associated with chronic alcohol
consumption. We hypothesized that dietary unsaturated fat (corn oil/linoleic acid enriched)
is a cofactor in ethanol-mediated intestinal inflammatory stress and mucus layer alterations.
Mice were fed liquid Lieber-DeCarli EtOH diet ad libitum for 8 weeks with two different
sources of fat. Unsaturated fat (USF) diet was enriched in corn oil/linoleic acid (LA), and
saturated fat (SF) was mainly comprised of medium chain triglycerides (MCT). Our findings
revealed that alcohol and dietary USF triggered an intestinal pro-inflammatory response
characterized by increased Tnf-α, MCP-1, and MPO activity. Further, alcohol and dietary
USF, but not SF, resulted in alterations of the intestinal mucus layer and antimicrobial
defense, characterized by decreased expression of Muc2 and Cramp in the ileum. Overall,
these findings contribute to the understanding of the deleterious effects of dietary
unsaturated fatty acids, LA in particular, in EtOH-mediated intestinal pathology.
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MATERIALS AND METHODS
Experimental Animal Model

C57BL/6N male mice obtained from Harlan (Indianapolis, IN) were fed a modified Lieber–
DeCarli liquid diet enriched in USF (corn oil/LA) or SF (an 18:82 ratio beef tallow:MCT
(Ronis et al., 2004)). The diets were purchased from the Research Diet, New Brunswick, NJ.
Mice were fed control or EtOH-containing diets ad libitum for 8 weeks. Control mice were
pair-fed SF or USF maltose-dextrin diets that were isocaloric with the EtOH diets. In the
control group diets, the levels of protein, carbohydrate, and fat were held constant at 17, 43,
and 40% of total energy, respectively. In the alcohol diets, EtOH (35% of total calories) was
substituted for carbohydrate energy. Detailed nutritional composition and dietary calories of
the experimental diets are provided in the Table 1. The fatty acid compositions of corn oil,
MCT and beef tallow are shown in the Table 2. At the end of the experiment, the mice were
anesthetized; and blood and tissue samples were collected for assays. The detailed
experimental protocol has been described previously (Kirpich et al., 2012). The study
protocol was approved by the University of Louisville Institutional Animal Care and Use
Committee. The study was performed in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised
1996.

Blood Alcohol Level Measurement
Blood alcohol levels were measured using NAD-ADH Reagent Multiple Test (Sigma, Saint
Louis, MO) according to the manufacturer’s instructions.

Histological Analysis of the Intestinal Mucosa
After sacrifice, segments of the terminal ileum (1 cm proximal of the cecum) were excised
and fixed in 10% buffered formalin. After processing, 4 μm sections were cut, stained with
hematoxylin and eosin (H&E) and examined using light microscopy. The histological
evaluation of the intestinal mucosa was performed by a trained pathologist in a blinded
fashion. The ileum was chosen for analysis because the ileum is the region that has the most
permeability in response to alcohol feeding (Kirpich et al., 2012). Histological assessment
also included semi-quantitative analysis of the goblet cell density by counting the number of
goblet cells per villus. Fifteen villi per group (n=3) were examined for that analysis.

Morphometric Analysis of the Intestinal Mucosa
Ten complete villus-crypt structures per group (n=3) were randomly selected in H&E
stained sections, and villus height, width, and crypt depth were measured using MetaMorph
software (Molecular Devices, LLC, Sunnyvale, CA). Villus length was measured from the
tip to the base of villus, villus width was measured at the base of villus, and the crypt length
was measured from the bottom of the crypt to the opening of the crypt (Collins et al., 2008).

Myeloperoxidase Activity Measurement
Myeloperoxidase (MPO) activity in the intestine was measured using Myeloperoxidase
Activity Colorimetric Assay Kit (BioVision Research Products, Mountain View, CA)
according to the manufacturer’s instructions.

RNA Isolation and Real Time Reverse Transcription Polymerase Chain Reaction Assay
Total RNA from the ileum was isolated using Trizol reagent (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions. Reverse transcription (RT) was performed with
qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD) and qRT-PCR with
Perfecta SYBR Green FastMix (Quanta Biosciences) using an ABI Prism 7500 sequence
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detection system (Applied Biosystems, Foster City, CA). The reverse and forward specific
primers were as following: Monocyte chemotactic protein-1 (Mcp-1; F:5’-
ggctcagccagatgcagt-3’; R:5’-gagcttggtgacaaaaactacag-3’), Cathelin related antimicrobial
peptide (Cramp; F:5’-cagccctttcggttcaagaa-3’; R:5’-cccacctttgcggagaagt-3’), Mucin-2
(Muc2; F:5’-actgcacattcttcagctgc-3’; R:5’-attcatgaggacggtcttgg-3’), Interleukin-1β (IL-1β;
F:5’-ttcatctttgaagaagagcccat-3’; R:5’-tcggagcctgtagtgcagtt-3’), Interleukin-6 (IL-6; F:5’-
tggaaatgagaaaagagttgtgc-3’; R:5’-ccagtttggtagcatccatca-3’). Primers were designed using
Primer3 software (Rozen and Skaletsky, 2000). Tumor necrosis factor-alpha (Tnf-α) primer
was purchased from SA Biosciences (Frederick, MD). All primer pairs were validated by
demonstrating high amplification efficiency, consistent single peak dissociation patterns and
the presence of single products of the expected size on agarose gels. The relative gene
expression was normalized with 18s rRNA (SA Biosciences (Frederick, MD) as the internal
control, and calculated using the 2−ΔΔCt method.

Intestinal Cytokine Production Measurement
Intestinal segments from the distal ileum were used for the measurement of cytokine
production. The specimens were homogenized in 1 ml of normal saline (Ding and Li, 2003).
The homogenates were then centrifuged at 4500 g for 15 minutes at 4°C, and supernatants
were used for the assay. Intestinal cytokines were determined by multianalyte
chemiluminescent detection using MILLIPLEX MAP Mouse Cytokine/Chemokine Panel kit
(Millipore, Billerica, MA) on the Luminex100 IS System (Luminex, Austin, TX).
Specifically, IL-1β, IL-6, IL-10, MCP-1, and TNF-α were measured. Data were normalized
to total protein content.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 5.01 for Windows
(GraphPad Software, Inc., La Jolla, CA). Two-way ANOVA followed by Tukey’s multiple
comparison test was used to evaluate significant differences between the 4 compared groups
(SF, SF+EtOH, USF, USF+EtOH). The data were expressed as mean ± SEM. A p-value of <
0.05 was considered statistically significant. Pearson’s correlation analysis was used to
determine the association between pro-inflammatory cytokine and TJ protein variables.

RESULTS
Effects of Alcohol and Saturated and Unsaturated Fat Diets on Body Weight and Blood
Alcohol Levels

The experimental animals were pair-fed liquid diets enriched in saturated fat (SF) or
unsaturated fat (USF) with or without EtOH for 8 weeks. Mice fed USF+EtOH diet gained
more body weight compared to mice fed SF+EtOH diet during the first 2 weeks of the
experiment (15.2+1.7 g vs 6.06+1.6 g, p < 0.05). A noticeable gradual reduction of body
weight was observed in both SF+EtOH and USF+EtOH groups starting the second month of
the feeding period. There were no differences in final body weight in both EtOH fed groups
compared to the initial body weight (25.28+0.4 g vs 25.07+0.4 g in SF+EtOH; and
25.41+0.5 g vs 26.72+0.6 in USF+EtOH).

At the end of the experiment the blood alcohol levels were similar in the SF+EtOH
(0.15+0.02%) and USF+EtOH (0.12+0.02%) groups indicating that type of dietary fat did
not affect systemic blood alcohol levels. However, portal vein alcohol levels were not
determined.
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Evaluation of the Intestinal Pathology in Response to Ethanol and Saturated or
Unsaturated Fat Diets

To determine the effects of EtOH and different types of dietary fat on the intestine, we first
performed histological evaluation of intestinal tissue sections and quantitative analysis of the
intestinal morphometry. Mice receiving SF and USF diet had intact intestinal mucosa, and
the villi looked normal. No inflammatory cell infiltration was noted either in the
intraepithelial or in the lamina propria compartments (Fig.1A-I, 1A-III). In contrast, EtOH
addition to the diets damaged the intestinal epithelium architecture, characterized by
blunting of the villi (Fig.1A-II, 1A-IV), accompanied by moderate inflammatory cell
infiltrates, predominantly mononuclear lymphocytes with some neutrophils, in the lamina
propria; this effect of EtOH was more pronounced in USF+EtOH compared with SF+EtOH
group (Fig.1B-I). Thinning of the fibrovascular core in the villi, and dilation of the
capillaries in the lamina propria (Fig.1B-II) were also observed, which was also more
pronounced in the USF+EtOH group.

The morphometric indices (villus length and width, crypt depth) indicate intestinal
enterocyte maturity and functional capacity. Importantly, there were no differences in
studied parameters between the SF or USF diets in the absence of EtOH. A reduction in
villus height (Fig. 1C) and width (Fig. 1D) was noted in response to EtOH, regardless of the
type of fats in the diet (SF vs SF+EtOH, p < 0.05; USF vs USF+EtOH, p <0.05). The crypt
depth was observed to be significantly greater in the ileum of USF+EtOH fed animals
compared with other groups (Fig. 1E). The increase in crypt depth was about 20% in USF
+EtOH compared with USF group (p < 0.05), and about 40% in USF+EtOH compared with
SF+EtOH group (p < 0.05).

Ethanol and Unsaturated Fat Diet Fed Mice Exhibited Intestinal Inflammatory Stress
Our recent study demonstrated that USF+EtOH resulted in prominent hepatic inflammation
compared with USF as well as with SF+EtOH feeding (Kirpich et al., 2012). To determine
whether USF+EtOH can cause similar effects in the intestine, and to evaluate the potential
mechanisms by which different types of dietary fat may contribute to the alcohol-mediated
intestinal barrier dysfunction, we assessed markers of intestinal inflammatory activity in this
animal model. Compared with USF diet alone, the USF+EtOH treatment increased ileal Tnf-
α and Mcp-1 mRNA levels, key mediators of inflammation and macrophage activation. We
found that USF+EtOH fed mice exhibited 4-fold higher intestinal Tnf-α mRNA levels
compared with USF, as well as with SF+EtOH fed animals (Fig.2A, p<0.05). Despite the
up-regulation of Tnf-α mRNA in response to USF+EtOH, a correspondent statistically
significant increase in the TNF-α protein levels was not observed (Fig.2B); the discrepancy
in the TNF protein data could be due to the interfering proteins present in the intestinal
homogenates used for the assay. Intestinal Mcp-1 mRNA levels were elevated by EtOH in
both USF+EtOH and SF+EtOH groups compared with pair-fed control animals (Fig.2C)
with the statistically significant increase at the protein levels (Fig.2D: SF vs SF+EtOH, and
USF vs USF+EtOH, p<0.05). Even though MCP-1 was significantly elevated by EtOH
regardless the types of fat in the diets, the effect was more pronounced in response to USF
+EtOH treatment (Fig.2D: SF+EtOH vs USF+EtOH, p<0.05). The correspondent increase in
the Mcp-1 mRNA levels was not statistically significant likely due to the discrepancy in the
mRNA and protein stability. We have evaluated several other cytokines, including IL-1β
and IL-6. The expression of these pro-inflammatory cytokines was insignificantly elevated
in response to EtOH at both mRNA and protein levels (data not shown). We also found that
IL-10, a potent anti-inflammatory cytokine, was not altered by EtOH or the type of fat in the
diet (data not shown).
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To further evaluate the effects of dietary fat on alcohol mediated intestinal inflammatory
response we measured the ileal MPO activity, the downstream event of cytokine activation.
USF+EtOH significantly increased ileal MPO activity, a marker of inflammation and
neutrophil infiltration, compared with SF+EtOH (Fig.3, p<0.05).

Cytokine-mediated alterations of intestinal TJ have recently been demonstrated by several
groups (Al-Sadi et al., 2012; Suzuki et al., 2011; Wang et al., 2005). In the present study, we
used linear regression analysis to test for potential association between ileal pro-
inflammatory markers and down-regulation of TJ proteins and protein-adaptors in response
to USF+EtOH (Kirpich et al., 2012). We found that increased secretion of MCP-1 in USF
+EtOH group was negatively correlated with ZO-1 expression (Pearson r = −0.81, p = 0.05),
occludin (Pearson r = − 0.81, p = 0.05), and the protein adaptor fodrin (Pearson r = − 0.83, p
= 0.03).

Alterations of the Intestinal Mucus Layer in Response to Ethanol and Unsaturated Dietary
Fat

The gut epithelium typically provides a structural barrier to both commensal and pathogenic
flora by secreting a protective coat of mucus. In our study, we focused our investigations on
MUC2, a major component of intestinal mucus layer. MUC2 is secreted by intestinal goblet
cells. Significantly decreased density of goblet cells in the ileum was observed in USF group
compared with SF (Fig.4A, p < 0.05), with further decline in response to EtOH regardless of
the types of dietary fat. Significantly decreased ileal Muc2 mRNA levels was observed in
response to USF+EtOH compared with USF, but not SF+EtOH compared with SF
treatments (Fig.4B: USF+EtOH vs USF, p<0.05).

Expression of the Antibacterial Peptide Cramp in Response to Ethanol and Dietary Fat
To further explore the effects of different types of dietary fat in combination with EtOH on
the intestinal mucosa, we next studied Cramp, one of the cathelicidin antimicrobial peptides
secreted by Paneth cells in the intestinal epithelium. Mice on USF+EtOH diet showed a
marked decrease in expression of the ileal Cramp compared with USF diet, whereas there
were no significant changes of Cramp levels in the SF+EtOH fed mice compared with SF
pair-fed animals (Fig. 5A: USF+EtOH vs USF, p<0.05). It has been shown that cathelicidin
peptides exhibit immunomodulatory effects, including modulation of the release of TNF-α
(Pinheiro da Silva et al., 2009). A significant inverse correlation was found between Cramp
mRNA and levels of intestinal pro-inflammatory marker, Tnf-α mRNA (Pearson r = − 0.88,
p = 0.02, Fig.5B).

DISCUSSION
There are several known injurious effects of alcohol consumption on the gut, including
alcohol induced gut permeability (Parlesak et al., 2000; Purohit et al., 2008; Rao et al.,
2004), impairment of the intestinal microcirculation, macro- and micronutrient
malabsorption, and altered gut motility (reviewed in (Bode and Bode, 2003; Rajendram and
Preedy, 2005). However, little is known about the combined effects of EtOH and dietary fat
on the intestinal inflammatory response, as well as on intestinal mucus layer integrity. The
major new finding of the present study is that EtOH and dietary USF (corn oil/LA enriched)
but not SF (MCT enriched) triggered inflammatory stress, and mucus layer alterations in the
ileum, the region that is the most highly permeable in response to chronic alcohol feeding
(Kirpich et al., 2012).

We report that USF+EtOH compared with SF+EtOH treatment resulted in intestinal
inflammation, characterized by moderate infiltration of inflammatory cells, predominantly
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lymphocytes with some neutrophils, in the lamina propria, increased expression of Tnf-α
and Mcp1 pro-inflammatory cytokines, and elevated MPO activity. Our findings are in
alignment with the study by Fleming et al. (Fleming et al., 2001), in which they
demonstrated that mice fed EtOH and diet containing USF fat for 2 weeks exhibited
increased intestinal levels of TNF-α, IL-1β, IL-6 mRNA. The importance of our results is in
demonstrating the higher potential of USF (corn oil/LA enriched) compared with SF (MCT
enriched) to induce these pro-inflammatory effects in the intestine in response to EtOH. The
strong correlation between increased MCP1 levels and down-regulation of TJ proteins
observed in our experimental model suggests the contributory role of USF+EtOH diet
induced inflammation in the disruption of intestinal barrier integrity. Indeed, cytokine-
mediated enhancement of intestinal permeability via alterations of intestinal TJ has been
demonstrated by other groups (Ma et al., 2004; Wang et al., 2005; Ye et al., 2006).
Moreover, cytokines increase the flux of large molecules, such as bacterial
lipopolysaccharides, across the intestinal TJ (Wang et al., 2005). Therefore, USF+EtOH
induced alterations of intestinal TJ and increased intestinal permeability observed in this
model might, at least in part, be mediated by the intestinal inflammation.

The ability of EtOH per se to induce a pro-inflammatory response has been shown in Caco-2
cells, an in vitro model of intestinal epithelium (Amin et al., 2009). However, alcohol
consumption is always coupled with dietary factors in vivo. Therefore, to evaluate the
contribution of a diet to alcohol-mediated effects is essential. The increased intestinal pro-
inflammatory response observed in our study in response to USF+EtOH but not SF+EtOH
strongly suggests that USF diet (corn oil/LA enriched) modulates the intestinal
inflammatory tone in response to EtOH. Dietary USF, LA in particular, may affect the
inflammatory response in several different ways, including conversion of LA to arachidonic
acid (AA), and its subsequent metabolism to pro-inflammatory leukotoxins. Nanji et al. have
demonstrated that EtOH and corn oil feeding was associated with an increase in
cyclooxygenase-2, thromboxane B2, and leukotriene B4, important mediators of ALD
(Nanji et al., 1993). Of high interest is the recent study by Yang et al. (Yang et al., 2010)
demonstrating that chronic alcohol administration increases circulating bioactive
peroxidized phospholipids (hydroxyoctadecanoic acids [HODEs], and
hydroxyeicosatetraenoic acids [HETEs]), pro-inflammatory derivatives of LA and AA.

There are several potential mechanisms and signaling pathways underlying intestinal pro-
inflammatory response. It has been shown that arachidonic acid metabolites may increase
IL-8 production by enhancing NF-kB-dependent transcription of IL-8 (Alzoghaibi et al.,
2004). The important role of p38α MAPK in TNF-α regulation has been demonstrated in
the inflamed colonic mucosa of IBD patients (Waetzig et al., 2002). In addition to p38α, the
authors also showed significant activation of colonic mucosa JNK1/2, and ERK1/2 MAPKs
in these patients. Costantini at al. have reported increased phosphorylation of the intestinal
p38, ERK1/2 MAPKs, and elevated IL-6 in burn-induced intestinal inflammation, which
were attenuated by pentoxifylline treatment (Costantini et al., 2009). We are currently
investigating potential mechanisms underlying observed alcohol/USF-induced intestinal
inflammation.

Another point to consider in the USF+EtOH induced intestinal inflammation is the
alterations of gut microbiota, which can occur in response to alcohol (Kirpich et al., 2008;
Mutlu et al., 2009; Mutlu et al., 2012; Yan et al., 2011) as well as high fat diet (Cani et al.,
2007; Hildebrandt et al., 2009; Turnbaugh et al., 2006). On the other hand, intestinal
inflammation caused by EtOH and dietary USF may, in turn, alter microbiota composition
creating a vicious cycle in the intestine. This notion is supported by a study showing that
chemically or genetically (IL-10 deficiency) induced intestinal inflammation can alter
intestinal microbiota (Lupp et al., 2007).
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Impairment of the intestinal microbiota can significantly modulate mucosal inflammatory
response and alter host immunity (Hooper and Gordon, 2001), therefore maintaining the
integrity of the intestinal mucosal barrier is essential in this scenario. One of the mechanisms
by which this is accomplished is the production of a thick mucus layer that overlies the
entire intestinal epithelium. Ethanol (Andrade et al., 2006) and dietary USF fat (Kono et al.,
2003) can affect the mucus layer by diminishing the number of goblet cells (which secrete
mucins). Decreased density of goblet cells in response to USF (corn oil/LA enriched)
compared to SF (MCT enriched) was observed in our experiment with further decline in
response to EtOH regardless of the type of dietary fat. Further, ileal Muc2, a major
component of intestinal mucus secreted by goblet cells, was down regulated in mice fed
USF+EtOH but not SF+EtOH diet. Importantly, dietary SF (MCT enriched) prevented the
decrease in Muc2 levels in response to EtOH, despite not preventing the decrease in goblet
cell numbers. MUC2 plays a crucial role in maintaining the intestinal mucosal barrier. It has
been shown that MUC2 genetic depletion or mutation resulted in spontaneous intestinal
inflammation (Johansson et al., 2008; Van der Sluis et al., 2006), and increased epithelial
permeability (Heazlewood et al., 2008). Taking into consideration that disruption of mucus
integrity allows invasion of bacteria and other luminal pathogens into intestinal mucosa
resulting in increased expression of pro-inflammatory cytokines and chemokines (Goto and
Kiyono, 2012; Kagnoff, 2006), Muc2 alterations may contribute to the increased intestinal
pro-inflammatory tone observed in our study.

Dietary fat also modified the ethanol-mediated down-regulation of Cramp, another
important factor of the intestinal mucosal barrier protection. In our study, expression of
Cramp, a peptide with antimicrobial and immunomodulatory effects, was significantly
decreased in response to USF+EtOH but not SF+EtOH diets. The strong correlation between
low levels of Cramp and increased Tnf-α expression observed in our study suggests the
potential role of Cramp in intestinal pro-inflammatory response. This is supported by the
fact that human cathelicidin LL-37 can suppress LPS-induced macrophage and dendritic
inflammatory responses, including the release of nitric oxide and TNF-α (Mookherjee et al.,
2006). However, it has been also reported that LPS induced cytokine activation in
macrophages was not inhibited in CRAMP−/− mice (Pinheiro da Silva et al., 2009).
Therefore the role of Cramp in the intestinal pro-inflammatory response is controversial and
required further study.

One of the limitations of the study is that our experimental diets do not necessarily reflect
the human diets. The calories from the fat were predominantly derived from MCT in SF fed
groups, and from the corn oil in USF fed animals. However, in the real life, the dietary fat is
mixed and comprised of the different proportions of saturated and unsaturated fatty acids.
Nevertheless, the obtained data support the hypothesis that USF (corn oil/LA enriched) is a
contributing factor to the EtOH-mediated intestinal inflammatory response, and a key player
in the intestinal mucus layer alterations.
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Figure 1. Evaluation of the intestinal pathology in response to ethanol and saturated fat (SF) or
unsaturated fat (USF) diets
(A-B) Representative microphotographs of hematoxylin and eosin staining of the intestinal
sections. Distal ileum from mice fed Lieber-DeCarli control and EtOH liquid diets for 8
weeks. Sections were analyzed using a light microscope (original magnification for A: x200,
for B:x400). The mucosa appear normal in SF and USF groups (A-1, and A-3). Histological
injury is noted in mice fed alcohol, characterized by shorten villi (A-2, and A-4).
Inflammatory cell infiltrates (B-1) and dilation of blood vessels (B-2) were observed
predominantly in the lamina propria of USF+EtOH group. Arrows indicate infiltration of
lymphocytes and neutrophils, and dilated capillaries. (C-D) Morphometrical analysis of the
ileal mucosa in response to ethanol and dietary fat. Ten complete villus-crypt junctions of
the ileal segments of the individual mouse were measured, n=3 animals/per group. Values
are mean+SEM. The value for the SF group was set at 1 as a control for comparison
purposes. Statistical differences were analyzed by two-way ANOVA followed by the
Tukey’s multiple comparison test. Means without a common letter differ at p<0.05.
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Figure 2. Intestinal markers of inflammation in response to alcohol and saturated fat (SF) and
unsaturated fat (USF) diets
(A and B) Tnf-α mRNA and protein levels. (C and D) Mcp1 mRNA and protein levels.
The relative mRNA expression was measured by qRT-PCR. Values are mean+SEM, n=6
animals/per group. Cytokine protein levels were determined using MILLIPLEX Cytokine/
Chemokine Panel kit (Millipore, Billerica, MA) on the Luminex100 IS System (Austin,
TX). Values are mean+SEM, n=6–9 animals/per group. Statistical differences were analyzed
by two-way ANOVA followed by the Tukey’s multiple comparison test. Means without a
common letter differ at p<0.05.
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Figure 3. Intestinal MPO activity in response to EtOH and SF and USF dietary fat
USF+EtOH significantly increased ileal MPO activity, a marker of inflammation and
neutrophil infiltration, compared with SF+EtOH. Values are mean+SEM, n=5–6 animals/per
group. Statistical differences were analyzed by two-way ANOVA followed by the Tukey’s
multiple comparison test. Means without a common letter differ at p<0.05.
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Figure 4. Effects of saturated fat (SF) or unsaturated fat (USF) on the intestinal mucus layer
integrity in response to chronic alcohol feeding
(A) Quantitative analysis of intestinal Goblet cells. (B) Muc2 mRNA levels assessed by
qRT-PCR. Values are mean+SEM, n=6 animals/per group. Statistical differences were
analyzed by two-way ANOVA followed by the Tukey’s multiple comparison test. Means
without a common letter differ at p<0.05.
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Figure 5. Down-regulation of the intestinal mucosa antimicrobial peptide, Cramp, in response to
ethanol and dietary unsaturated but not saturated fat
(A) Cramp mRNA levels assessed by qRT-PCR. Values are mean+SEM, n=6 animals/per
group. Statistical differences were analyzed by two-way ANOVA followed by the Tukey’s
multiple comparison test. Means without a common letter differ at p<0.05. (B) Negative
correlation was observed between intestinal antimicrobial factor Cramp and intestinal Tnf-α
mRNA levels.
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Table 1

Nutritional composition of the SF+EtOH and USF+EtOH experimental diets.

Ingredients
SF+EtOH USF+EtOH

(kcal%)

Protein

 Casein 166 166

 DL - Methionine 1 1

 L - Cystine 2 2

Carbohydrates

 Maltodextrin 63 63

 1Cellulose 0 0

  2Xantham Gum 0 0

Fat

 Soybean Oil 40 40

 Corn Oil 356 0

  4Beef Fat 0 65

MCT Oil 0 292

3Minerals S10018 0 0

Vitamins V10036 10 10

Choline Bitartrate 0 0

Ethanol 350 350

The diets were obtained from Research Diet, New Brunswick, NJ

1
Cellulose – 10gm/1000g;

2
Xantham Gum – 3gm/1000g;

3
Minerals 8.75 g/1000g;

4
Choline Bitartrate – 0.53gm/1000g

4
18:82 ratio beef tallow:MCT
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Table 2

Fatty acid composition of fat sources in SF and USF experimental diets*.

Fatty acids Corn oil MCT Beef tallow

g/kg total fatty acids

<C8:0 - 60 -

C8:0 - 670 -

C10:0 - 230 1

>C10:0 1000 40 999

C12:0 - - 1

C14:0 - - 33

C 14:1 - - 2

C 15:0 - - 13

C 15:1 - - 2

C16:0 - - 255

C16:1 122 - 34

C 17:0 1 - 15

C 17:1 - - 7

C 18:0 22 - 216

C 18:1 n9 275 - 387

C 18:2 n6 570 - 22

C 18:3 n3 9 - 6

C 19:0 - - 1

C 20:0 1 - 1

C24:0 - - 4

*
(Ronis et al., 2004)
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