Figure 25: An oral gavage of ethanol in SD rats did not change SGLT1 or Na-K-ATPase
expression. (A) SGLT1 and Na-K-ATPase expression in SD rats after exposure to 1-hour of
ethanol. The blue stain represents DAPI, the green stain represents SGLT1 and the red stain
represents the Na-K-ATPase. SGLT1 is localized to the apical side, or BBM, of the cell while
the Na-K-ATPase is localized to the BLM. (B) One hour of ethanol did not significantly change
SGLT1 immunofluorescence intensity in SD rats (n=4). (C) One hour of ethanol did not
significantly change Na-K-ATPase immunofluorescence intensity in SD rats (n=4). Each sample
is an average of at least 5 different images obtained using a 20X objective. The error bars
represent the SEM.
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Discussion

Previous studies investigating the effect of ethanol on nutrition showed that ethanol could
decrease the absorption of a wide variety of vitamins (Bode and Bode 2003). Similar to our
study, others have also investigated the effect of ethanol on vitamin absorption at the level of
their respective co-transporters (Hoyumpa, Breen et al. 1975, Romanoff, Ross et al. 2007,
Subramanya, Subramanian et al. 2010, Guo, Wang et al. 2013, Subramanian, Subramanya et al.
2013). While there have been studies pertaining to nutrition and ethanol, no other study has
investigated the effect of moderate ethanol on the sodium-dependent glucose co-transporter
SGLT1 invitro and in vivo. SGLT1 is important because it transports glucose, an essential
nutrient for intestinal cell and whole-body metabolism. Thus, the goal of this study was to
investigate the effect of a moderate dose of ethanol, equivalent to a BAC of 0.04%, on Na-
dependent glucose absorption in enterocytes in vitro and in vivo.

Studies conducted using the same dosage of moderate ethanol (8.64 mM) in neuronal-like
pheochromocytomas cells showed no cell death after 12 hours of continuous ethanol exposure
(Luo, West et al. 1999). This directly supports our cell viability results using an LDH assay and
trypan blue exclusion. This moderate dosage of ethanol did not significantly alter cell viability in
IEC-18 cells.

This study showed that moderate ethanol affects glucose assimilation via SGLT1 in
intestinal epithelial cells. When exposed to a moderate dose of ethanol both in vitro and in vivo,
the effects of ethanol on SGLT1 are comparable. Previous studies conducted using inverted
intestinal sacs showed that an extremely high dosage of ethanol (450 mM) decreased glucose
absorption in the jejunum of hamsters (Dinda, Beck et al. 1975, Dinda and Beck 1977). This

study did not determine if SGLT1 was specifically affected by ethanol, but the researchers
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hypothesized that there is most likely interference of glucose absorption at the co-transporter
level, which directly supports our findings.

Moreover, the present study determined that there was a decrease in the Na-K-ATPase
activity in vitro and in vivo from moderate alcohol. Other studies have investigated the effect of
ethanol upon the Na-K-ATPase activity in hepatocyte and renal cells at concentrations equivalent
to a BAC of 0.08% or above and found that acute ethanol does decrease the activity of the Na-K-
ATPase in these organs as well (Pascale, Daino et al. 1989, Rodrigo, Novoa et al. 1996).
However, a previous study conducted with an extremely high dosage of ethanol (450 mM) in the
jejunum of hamsters did not find a change in Na-K-ATPase activity (Dinda, Beck et al. 1975).
This differs from our results. It is possible that the difference between this previous study and
our results stems from the differences in species, the duration of ethanol exposure and
concentration used. Moreover, studies conducted afterward in the jejunum of hamsters showed
that acute dosages of ethanol decreased the activity of the Na-K-ATPase (Hoyumpa, Patwardhan
et al. 1981), which does support our findings.

This decrease in Na-K-ATPase activity results in an altered sodium gradient in response
to moderate ethanol both in vitro and in vivo. Thus, at least part of the inhibition of Na-glucose
co-transport at the cellular level was secondary to this altered Na-extrusion capacity of the cell.
The degree to which the Na-K-ATPase is responsible for the inhibition of glucose absorption can
be further investigated. However, was the sodium-dependent glucose co-transporter SGLT1
directly affected? Thus, BBMV studies were undertaken. Again, moderate ethanol reduced Na-
glucose co-transport in BBMVs prepared from ethanol-treated SD rats. Therefore, there are two
mechanisms occurring in response to ethanol: there is a decrease in sodium-dependent glucose

absorption through SGLT1 at the level of the co-transporter itself as well as at the level of the
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sodium gradient produced by the Na-K-ATPase. Previous studies examining the effect of ethanol
on glucose absorption in BBMVs have found that direct incubation of the BBMVs with 4% v/v
ethanol reduced the absorption of glucose, as in our studies (al-Balool and Debnam 1989).

We determined that moderate ethanol does not affect the protein expression of the
SGLT1 at the whole cell homogenate and BBM levels. The effect of ethanol on protein
expression of SGLT1 has not been previously shown in the literature. Ethanol has been shown to
increase the protein expression of the vitamin C co-transporters in the intestine in response to a
25% ethanol diet for two weeks in Kunming mice (Guo, Wang et al. 2013). On the other hand,
thiamine transporter-1 protein and mRNA expression levels were decreased in response to two
through six weeks of ethanol (Subramanya, Subramanian et al. 2010). Clearly, then, moderate
ethanol’s effect on SGLT1 is secondary to the altered affinity of the sodium-dependent glucose
co-transporter as compared to diminished protein levels in the affected cells. Changes in
phosphorylation and/or glycosylation may affect the affinity of SGLT1. Indeed, it has previously
been shown that constitutive nitric oxide reduces SGLT1’s affinity for glucose by altering the
glycosylation of the protein (Arthur, Coon et al. 2014).

Conclusions

Many prior studies have determined the effect of large doses of ethanol on a variety of
gastrointestinal functions. However, these studies have not investigated the effect of a moderate
dose of ethanol. In this study, we used a moderate dose of ethanol equivalent to a BAC of 0.04%,
which is achieved monthly by most of the population of the United States, making this dose very
relevant (NIAAA). Clearly, this study demonstrates that even a modest dose of ethanol can have
significant effects on important nutrient assimilation in the mammalian intestine. Moderate

consumption of ethanol inhibits intestinal glucose assimilation. It specifically inhibits SGLT1.
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The mechanism of inhibition is secondary to the reduced affinity of SGLT1 for glucose without a
change in the number of co-transporters in enterocytes. These observations are similar both in
vitro and in vivo. In conclusion, this novel study, using a moderate dose of ethanol, describes a
possible mechanism for the malnutrition commonly seen in chronic alcoholics and thus has

potential implications for the treatment of moderate ethanol-dependent malnutrition.

Author Contributions

Conceptualization, U.S.; Funding acquisition, U.S.; Investigation, M.B., and S.S.;
Methodology, M.B., and S.S.; Writing, review and editing, M.B., S.S., J.H., S.A., and U.S.
Funding

This work was supported by National Institutes of Health grants DK-67420, DK-108054,
P20GM121299-01A1, and Veteran’s Administration Merit Review grant BX003443-01 to U.
Sundaram and the NASA WYV Space Grant Consortium Research Fellowship to M. Butts and U.
Sundaram.
Acknowledgements
Thank you to Dr. Mary Louise Risher and Dr. Chris Risher for the use of the AM1 Alcohol
Analyzer (Analox) and thank you to Dr. Jim Denvir and Dr. Todd Gress for statistical
consultations.
Conflicts of Interest

The authors have declared that no conflicts of interest exist.

101



CHAPTER 6

In these studies, we were able to establish that moderate ethanol has a clear effect on the
sodium-dependent glutamine and glucose, via BOAT1 and SGLT1, co-transport, respectively, in
intestinal epithelial cells. However, we also showed that moderate ethanol affects a variety of
other cell functions, which is in part explored in this chapter.

FUNCTION OF THE NA-K-ATPASE IN REPONSE TO MODERATE ETHANOL

We determined in our previous studies that moderate ethanol significantly inhibited the
activity of the Na-K-ATPase. This assay describes the activity of the Na-K-ATPase through
inorganic phosphate release. Therefore, to also understand if the exchange of potassium ions, or
function, of the Na-K-ATPase was also affected, we conducted rubidium uptakes in IEC-18 cells
exposed to one and twelve hours of moderate ethanol. We determined that ethanol significantly
decreased ®RDb uptake in ethanol-treated cells at both time points (Figure 26; 1070+10.1

pmol/mg proteinemin in controls vs 603+122 in ethanol-treated cells at 1-hour, p<0.05, n=3).
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Figure 26: One and twelve hours of moderate ethanol significantly reduced #¢rubidium
uptake in IEC-18 cells (*, p<0.05, n=3). Error bars represent the SEM (1H: p<0.05; 12H:
p<0.01).

Therefore, moderate ethanol affects the Na-K-ATPase in two ways: by a decrease in the
release of inorganic phosphate as well as a decrease in the uptake of potassium ions, as measured
with the rubidium uptakes. Further experiments were conducted examining the protein
expression of the a1 subunit in response to moderate ethanol.

Immunofluorescence intensity of the Na-K-ATPase in response to moderate ethanol

This large drop in Na-K-ATPase activity could be due to many mechanisms. Previous
studies have shown that the activity and expression of the Na-K-ATPase can be affected by
ethanol (Hoyumpa, Patwardhan et al. 1981, Johnson and Crider 1989, Pascale, Daino et al. 1989,
Rodrigo, Vergara et al. 1991, Rodrigo, Novoa et al. 1996, Rodrigo and Thielemann 1997, Otis,

Mitchell et al. 2008, Rasic-Markovic, Krstic et al. 2008). Using ICC, ethanol significantly and

slightly decreased the immunofluorescence intensity of the Na-K-ATPase a-1 subunit in IEC-18
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cells (Figure 27, p<0.05, n=4). The methodology was the same as described in chapter four.
Primary antibody raised in mouse (Sigma-Aldrich 05-369) and the appropriate anti-mouse

AlexaFluor 488 secondary antibodies were used (ThermoFisher A28175).

Control

500

(RFU/um?)

250

Fluorescence Intensity

Ethanol

Control Ethanol

Figure 27: Moderate ethanol decreased immunofluorescence intensity of the Na-K-ATPase
a-1 subunit in IEC-18 cells (*, p<0.05, n=4). Each sample is an average of at least 5 different
images obtained using a 20X objective. Error bars represent the SEM.

Further studies should be conducted to fully understand the effect of moderate ethanol on
the protein expression of the Na-K-ATPase.
Ethanol’s effect on ZO-1 expression

In order to determine alternative possible mechanisms of ethanol’s action on intestinal
epithelial cells, the tight junction protein ZO-1 was examined using ICC in IEC-18 cells exposed
to one and twelve hours of moderate ethanol. As ethanol has been shown to affect tight junctions,
it was important to determine if there were any changes in ZO-1 expression (Cresci, Bush et al.

2014, Elamin, Masclee et al. 2014). Moderate ethanol did not change the expression of ZO-1
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(Figure 28; p>0.05, n=4). The methodology used was described in chapter four. The primary
antibody was raised in mouse (ThermoFisher 33-9100) and the appropriate anti-mouse
AlexaFluor 488 secondary antibodies were used (ThermoFisher A28175).

Control Ethanol

Figure 28: Ethanol did not alter ZO-1 immunofluorescence intensity in IEC-18 cells (n=4).
Each sample is an average of at least 5 different images obtained using a 20X objective. Error
bars represent the SEM (1H: p>0.05; 12H: p>0.05).
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Clearly, moderate ethanol does not significantly affect the tight junction protein ZO-1.
Furthermore, the passive movement of glutamine and glucose were measured in all uptake
experiments. No significant differences existed in the passive movement of glutamine and
glucose between control and ethanol-treated cells at one hour (Figure 29A; 366+44.1 pmol/mg
proteinemin in controls vs 383+43.3 in ethanol-treated cells for glutamine uptake, p>0.05, n=6)
(Figure 29B; 1119+175 pmol/mg proteinemin in controls vs 1086+146 in ethanol-treated cells for
glucose uptake, p>0.05, n=6). Therefore, moderate ethanol does not have a significant effect on

the passive movement of nutrients in IEC-18 cells.
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Figure 29: Moderate ethanol does not change passive nutrient uptake in IEC-18 cells. A)
Passive glutamine uptake in response to moderate ethanol for 1-hour (p>0.05, n=6). B) Passive
glucose uptake in response to moderate ethanol for 1-hour (n=6). Error bars represent the SEM.
Conclusions

Overall, this dissertation has clearly shown that moderate ethanol decreases sodium-
dependent glutamine and glucose co-transport through BOAT1 and SGLT1, respectively, in
intestinal epithelial cells along the small intestine both in vitro and in vivo. Furthermore, the
work examined in this dissertation has revealed a novel and broad field of investigation for

future studies in other nutrient transporters in response to moderate ethanol along the small

intestine.
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CHAPTER 7
DISCUSSION

The small intestine is responsible for absorbing all the essential dietary nutrients the
mammalian body requires to efficiently function. The small intestine interacts with a wide
variety of ingested substances, including alcohol. Alcohol interacts with the small intestine in
almost 90% of the population of the United States at some point (NIAAA). However, the
interaction between alcohol and the absorption of nutrients along the small intestine at the level
of the nutrient co-transporter has not been fully investigated. More specifically, further research
is required to understand how moderate ethanol affects the small intestine’s two primary fuel
sources: glutamine and glucose. Therefore, this dissertation focused on the effect of moderate
ethanol on the sodium-dependent glutamine and glucose co-transporters BOAT1 and SGLT1,
respectively, in the small intestine.
Novelty and rationale

This dissertation is striking, due to the inherent novelty of the subject matter. For over
fifty years, the relationship between ethanol and nutrition has been heavily scrutinized. However,
because so much of the research focusing on ethanol’s effect on nutrient absorption was
conducted in the late 1900s, the advent of new technologies and discoveries of novel nutrient co-
transporters has opened this field to new avenues of research, including the effect of ethanol on
the sodium-dependent nutrient co-transporters BOAT1 and SGLTL1. This new connection
between ethanol and nutrient co-transporters is fascinating because it demonstrates ethanol’s

influence at a subcellular level.
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The novelty of ethanol and glutamine research

The association between alcohol use and glutamine absorption has never been
investigated in the mammalian system. As most ethanol and nutrition research occurred in the
late 1900s, this lack of research could be due to the delayed onset of glutamine-associated
research. The importance of glutamine in the intestinal epithelium has only been emphasized
since the early 2000s. In 2002, glutamine deprivation in rat pups displayed villus blunting in the
ileum and decreased epithelial junctions (Potsic, Holliday et al. 2002). As of 2015, researchers
were still clarifying this relationship. Researchers showed that glutamine deprivation reduced
porcine intestinal epithelial cell numbers within eight hours (Zhu, Lin et al. 2015). Clearly,
glutamine is an essential nutrient in the small intestine, but this connection was not discovered
until the past twenty years. As a result, the effect of ethanol on glutamine absorption has not yet
been investigated.

The novelty of ethanol and glucose research

On the other hand, the association between decreased glucose absorption and alcohol use
has been well investigated since the 1980s (Dinda, Beck et al. 1975, Dinda and Beck 1977,
Dinda and Beck 1981, Cobb, Van Thiel et al. 1983, al-Balool and Debnam 1989, Money,
Petroianu et al. 1990, Kaur, Kaur et al. 1995, Bode and Bode 2003, Yunus, Awad et al. 2011).
However, the SGLT1 co-transporter was not characterized until 1987 (Hediger, Coady et al.
1987) Thus, the relationship between moderate ethanol and the specific sodium-dependent
SGLT1 co-transporter in the small intestine has not been investigated until now.

The use of moderate ethanol

The dosage of ethanol was highly considered before conducting this dissertation.

Commonly, research studies use doses of ethanol that can be rarely achieved by an average adult
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(greater than a BAC of 0.2%). Levels of lethal BAC were measured in 175 adults and was
averaged to be 0.355% (Heatley and Crane 1990). However, despite this being the lethal limit of
alcohol consumption, some studies have used this high concentration of alcohol (Hoyumpa,
Breen et al. 1975, Dinda and Beck 1977, Lemos, Azevedo et al. 2005, Romanoff, Ross et al.
2007, Li, Xu et al. 2008). Other studies focus on more relatable doses, achieved by chronic
alcoholics (Hoyumpa, Breen et al. 1975, Hajjar, Tomicic et al. 1981, Hoyumpa, Patwardhan et
al. 1981, Antonson and Vanderhoof 1983, Pascale, Daino et al. 1989, Rodrigo, Vergara et al.
1991, Kaur, Kaur et al. 1995, Rodrigo, Novoa et al. 1996, Rodrigo and Thielemann 1997, Otis,
Mitchell et al. 2008, Joshi, Mehta et al. 2009, Sabino, Petroianu et al. 2010, Subramanya,
Subramanian et al. 2010, Nogales, Ojeda et al. 2011, Guo, Wang et al. 2013, Subramanian,
Subramanya et al. 2013). Few studies use doses lower than that seen in chronic alcoholics
(Krishnamra and Limlomwongse 1987, Hamid, Wani et al. 2007). Therefore, we chose to use a
dosage of ethanol that is achieved not only by chronic alcoholics, but by moderate drinkers: a
BAC of 0.04%. This dosage of moderate ethanol is achieved by over half of the population of the
United States per month. Therefore, our dosage used was considered very translational to the
human condition (NIAAA, Gunzerath, Faden et al. 2004).
Ethanol, BOAT1 and SGLT1

The absence of research conducted directly on the BOAT1 and SGLT1 co-transporters in
the intestinal ileum using a moderate dosage of ethanol allows this dissertation to stand alone in
the field of alcohol and nutrition research.
Aim

The aim of this study was to investigate the effect of moderate ethanol on the sodium-

dependent glutamine and glucose co-transporters in the small intestine: BOAT1 and SGLT1,
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respectively. We demonstrated these findings in the ileum of the small intestine, due to its
compensatory mechanisms of nutrient absorption. If ethanol affects nutrient absorption at the
ileum, it is likely that transport is affected throughout the intestine (Koopmans 1990). In order to
accomplish this goal, we began by testing the effect of ethanol on nutrient absorption in a rat
intestinal epithelial cell line (IEC-18).
In vitro experimentation

Preliminary data

Dosage

The initial steps of this dissertation involved establishing the dose of ethanol to use. Even
sub-moderate doses of ethanol (0.02% BAC) significantly decreased the absorption of glutamine
in IEC-18 cells. This is the dosage equivalent of less than a standard alcoholic beverage for
women and one alcoholic beverage for men. Few studies have seen a physiological effect on
nutrient co-transport at this small amount of ethanol with one of the few being conducted by
Krishnamra and colleagues (Krishnamra and Limlomwongse 1987, Hamid, Wani et al. 2007).
Most studies are conducted with chronic doses of ethanol (Dinda, Beck et al. 1975, Dinda and
Beck 1977, Beck and Dinda 1981, Dinda and Beck 1981, Hajjar, Tomicic et al. 1981, al-Balool
and Debnam 1989, Kaur, Kaur et al. 1995, Li, Xu et al. 2008, Sabino, Petroianu et al. 2010,
Subramanya, Subramanian et al. 2010, Guo, Wang et al. 2013, Subramanian, Subramanya et al.
2013). In all, the dosage equivalent of a 0.04% BAC was selected due to its translational
applicability in humans, as it is the equivalent of a moderate dosage of ethanol.

Cell viability
The next logical step in our investigation of ethanol on nutrient absorption was to assess

if this dosage of ethanol could harm intestinal epithelial cells. A study conducted in neuronal-like
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pheochromocytoma (PC12) cells, using the same dosage of ethanol used in our studies (0.04%
BAC), showed that ethanol caused cell death after consistent exposure for 24 hours using trypan
blue assays (Luo, West et al. 1999). Using trypan blue and LDH assays, we determined that there
was no change in cell viability in response to this dosage of ethanol over one to twelve hours in
IEC-18 cells, similar to previous studies (Luo, West et al. 1999).
BLM versus BBM treatment

As ethanol has been shown to interact with the ileum of the small intestine along the
BLM of the cell, through the vasculature, the effect of ethanol on the BLM was conducted using
transwell studies. The effect of moderate ethanol on glutamine uptake was the same whether
treated on the BLM side or the BBM. Therefore, studies were conducted using apical treatment
to reduce significant time and fiscal cost.

Acetaldehyde

We also assessed the action of ethanol’s primary toxic metabolite, acetaldehyde, as a
possible mechanism of this decrease in nutrient absorption. One study has shown that
acetaldehyde can mediate decreased folate absorption in the colon of chronic ethanol-
administered rats. The decreased folate absorption was reversed with the administration of 50
mg/kg ciprofloxacin, which decreased the proliferation of bacteria in the colon, and therefore the
inherent acetaldehyde production (Homann, Tillonen et al. 2000). Therefore, it is important to
always consider the effect of the primary metabolite of ethanol metabolism and its potential
effects on nutrient absorption.

We measured 11.4 uM acetaldehyde after one hour of moderate ethanol exposure in IEC-
18 cells. Other studies have found comparable amounts of acetaldehyde in the small intestine.

One study using wildtype mice found plasma ethanol levels equivalent to approximately 0.6 g/dL

111



Li, Xu et al. 2008, Subramanya, Subramanian et al. 2010, Yunus, Awad et al. 2011, Guo, Wang
et al. 2013, Subramanian, Subramanya et al. 2013, Thakur, Rahat et al. 2015). However, few
studies have investigated ethanol’s effect on the individual nutrient co-transporters along the
small intestine, with none in an ileal cell line (Hamid, Wani et al. 2007, Li, Xu et al. 2008, Joshi,
Mehta et al. 2009, Subramanya, Subramanian et al. 2010, Nogales, Ojeda et al. 2011, Guo, Wang
et al. 2013, Subramanian, Subramanya et al. 2013, Thakur, Rahat et al. 2015). We determined
that ethanol decreased the maximal velocity of the sodium-dependent BOAT1 co-transporter
(Vmax) without a change in the affinity of the co-transporter (Km), suggesting that the number of
BOAT1 co-transporters was decreased. We determined that moderate ethanol did decrease
BOAT1 protein expression at the whole cell homogenate and BBM, explaining this decrease in
Vmax Values. Few other studies have demonstrated a change in the kinetic parameters of a co-
transporter in response to ethanol (Kaur, Kaur et al. 1995, Hamid, Wani et al. 2007, Nogales,
Ojeda et al. 2011). Previous studies have shown that BOAT1 is decreased in response to chronic
intestinal inflammation in the rabbit ileum (Saha, Arthur et al. 2012). Chronic intestinal
inflammation also decreased the Vmax values for BOAT1, without a change in affinity (Km).
Overall, in response to intestinal stressors such as moderate ethanol and chronic intestinal
inflammation, sodium-dependent glutamine co-transport is decreased.

Furthermore, changes of protein co-transporter levels in response to ethanol have been
shown before as well, but never for BOAT1 (Joshi, Mehta et al. 2009, Subramanya, Subramanian
et al. 2010, Guo, Wang et al. 2013, Subramanian, Subramanya et al. 2013, Thakur, Rahat et al.
2015). Overall, moderate ethanol decreased BOAT1 protein expression at the BBM, leading to

decreased glutamine absorption in IEC-18 cells.
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found that the decrease in Na-K-ATPase activity was inhibited by more than half of its normal
activity levels. This was an immense inhibition. However, similar inhibitions of Na-K-ATPase
activity have been demonstrated in previous studies. For example, binding of the Na-K-ATPase
regulatory protein phospholemman reduces Na-K-ATPase activity by approximately 40%
(Mishra, Habeck et al. 2015). Phosphorylation of this protein by PKC can affect the function of
this pump, but only the a-2 isoform in Xenopus llaevis oocytes (Bibert, Roy et al. 2008).
Moreover, the Na-K-ATPase can experience approximately a 60% drop at 20 mmol/L sodium
when exposed to 2 mmol/L oxidized glutathione in the human skeletal muscle (Juel, Hostrup et
al. 2015). In all, the large drop in Na-K-ATPase activity has been shown multiple times
throughout the literature (Bibert, Roy et al. 2008, Juel, Hostrup et al. 2015, Mishra, Habeck et al.
2015).

We demonstrated similar inhibition of Na-K-ATPase activity in vivo in response to
moderate ethanol. The assay used to analyze Na-K-ATPase activity was via inorganic phosphate
release. This pump requires the hydrolysis of ATP to function, making inorganic phosphate
release a very reasonable measurement of Na-K-ATPase activity. However, the Na-K-ATPase
also maintains important concentration gradients in cells by exchanging three sodium ions out of
the cell for two potassium ions into the cell. Moderate ethanol may also be affecting this
important function of the Na-K-ATPase. Therefore, we measured the function of the Na-K-
ATPase using rubidium uptakes, which approximately measures how much potassium the Na-K-
ATPase is transporting into the cell. We established that moderate ethanol significantly
decreased uptake of rubidium in IEC-18 cells. Therefore, moderate ethanol also significantly

inhibits the functional activity of the Na-K-ATPase in IEC-18 cells.
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However, how is the function and activity of the Na-K-ATPase affected by moderate
ethanol? We found that there was a significant decrease in the immunofluorescence intensity of
the Na-K-ATPase a-1 subunit in IEC-18 cells exposed to moderate ethanol for one hour. This
decrease in immunofluorescent intensity could explain the decrease in activity. The Na-K-
ATPase has been previously shown to be altered in intestinal epithelial cells. In intestinal
epithelial cells of chronically inflamed rabbits, the activity of the Na-K-ATPase was decreased,
but was not due to changes in protein expression or relative mRNA abundance of the a-1 and -1
subunits (Saha, Manoharan et al. 2015). It was suggested that ankyrin, part of the protein
cytoskeleton necessary for the correct trafficking of the Na-K-ATPase, was affected by chronic
intestinal inflammation. Ankyrin protein expression was significantly diminished in intestinal
epithelial cells, which resulted in improper trafficking to the BLM, and the decrease in Na-K-
ATPase activity (Saha, Manoharan et al. 2015). Clearly, the Na-K-ATPase can be affected by
improper trafficking. Moreover, activation of the Na-K-ATPase-associated Src kinase has been
shown to induce endocytosis of the Na-K-ATPase (Xie and Xie 2005). Further research is
necessary to fully understand the effect of ethanol on the Na-K-ATPase.

Effect of moderate ethanol on ZO-1 expression

Possible mechanisms of this decrease in nutrient absorption could be due to the integrity
of the tight junctions in these intestinal epithelial cells. Fortunately, the glutamine and glucose
uptake studies conducted in intestinal epithelial cells account for the passive movement of
glutamine and glucose into the intestinal epithelial cells. There was no significant difference in
the passive movement of these nutrients in response to moderate ethanol. However, it has been
demonstrated that intestinal epithelial cells can have alterations to their transmembrane proteins,

like tight junctions, in response to ethanol (Cresci, Bush et al. 2014, Elamin, Masclee et al.
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2014). Therefore, in IEC-18 cells, ZO-1 immunofluorescence intensity was examined. ZO-1
immunofluorescence intensity was not significantly changed in response to one and twelve hours
of moderate ethanol. Although this does not fully describe the localization of this tight junction
protein, as the protein could be translocated intracellularly, future studies examining this
phenomenon can elucidate if this dosage of moderate ethanol removes tight junction proteins like
ZO-1 from the cellular junctions and studies measuring transepithelial resistance can ensure the
stability of the intestinal tight junctions.
Possible mechanisms

Ethanol-mediated decrease in glutamine absorption in vitro

It is quite clear that moderate ethanol decreases glutamine absorption at the level of the
sodium-dependent glutamine co-transporter in response to a moderate dosage of ethanol. We
demonstrated in IEC-18 cells that moderate ethanol decreased the protein expression of BOAT1
in whole cell homogenates and BBM, concurrently with a visible decrease in
immunofluorescence intensity. Clearly, ethanol is causing a removal of BOAT1 protein
expression from the BBM, which is supported by our kinetic studies demonstrating a decrease in
Vmax Values. Previous studies in our lab have demonstrated that BOAT1 is also inhibited through
a reduction in BBM co-transporters during states of chronic intestinal inflammation (Saha,
Arthur et al. 2012). Researchers demonstrated that inducible nitric oxide, which is elevated
during chronic intestinal inflammation, regulates the inhibition of BOAT1 at the BBM of rabbit
intestinal villus cells. This was demonstrated through use of an inducible nitric oxide inhibitor,
L-NIL, which reversed the inhibition of BOAT1 (Arthur and Sundaram 2015). This reversal was
also shown through administration of the glucocorticoids (Arthur, Saha et al. 2012) via

prostaglandins in the cyclooxygenase pathways (Arthur, Singh et al. 2018). Overall, BOAT1 has
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also been shown to be removed from the BBM under states of chronic intestinal inflammation,
due to immune system modulators, which may be similar to what is occurring in our study
regarding ethanol. Ethanol could be causing signaling cascades that could lead to the removal of
BOAT1 from the BBM.

One of these signaling cascades could be initiated by PKC. In PKC siRNA studies
conducted in IEC-18 cells, the inhibitory effect on glutamine absorption was reversed. Although
this is only one of many possible mechanisms, clearly PKC has an effect on glutamine
absorption in response to moderate ethanol. Further studies are needed to describe this
mechanism.

Ethanol-mediated decrease in glucose absorption in vitro and in vivo

Ethanol also causes a decrease in sodium-dependent glucose co-transport in vitro and in
vivo; however, moderate ethanol differentially regulates BOAT1 and SGLT1. The mechanism of
moderate ethanol on SGLT1 is through increased Km values, suggesting a decrease in the
affinity of the co-transporter to its substrate.

The change in affinity of SGLT1 in response to moderate ethanol could be caused by
post-translational modifications of SGLT1. SGLT1 has been shown to be phosphorylated or
glycosylated in response to cell mediators (Arthur, Coon et al. 2014). In previous studies,
inhibition of constitutive nitric oxide has shown an inhibition of SGLT1 through a reduction in
the affinity in IEC-18 cells, which was shown to be due to the glycosylation of SGLT1 (Arthur,
Coon et al. 2014). Ethanol could be initiating signaling mechanisms which could activate post-
translational modifications of SGLT1, causing this decrease in SGLT1-mediated glucose
absorption in response to moderate ethanol. Further research is necessary to explore this

hypothesis.
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FUTURE DIRECTIONS

The signaling mechanisms causing these differing effects on glutamine and glucose
absorption in intestinal epithelial cells can be elucidated in the future. Previous studies have
found that BOAT1 and SGLT1 can be affected by different signaling mechanisms (Arthur, Coon
et al. 2014, Arthur, Singh et al. 2018). Furthermore, the mechanism of action of ethanol on the
Na-K-ATPase in intestinal epithelial cells has yet to be clarified. Future studies can focus on
determining ethanol’s effect on the necessary sodium-gradient for sodium-dependent co-
transporters.

Ethanol influences nutrient absorption along the small intestine (Chang, Lewis et al.
1967, Dinda, Beck et al. 1975, Hoyumpa, Breen et al. 1975, Dinda and Beck 1977, Racusen and
Krawitt 1977, Hoyumpa 1980, Dinda and Beck 1981, Hoyumpa, Patwardhan et al. 1981,
Antonson and Vanderhoof 1983, Cobb, Van Thiel et al. 1983, Middleton 1986, Krishnamra and
Limlomwongse 1987, al-Balool and Debnam 1989, Money, Petroianu et al. 1990, Pfeiffer,
Schmidt et al. 1992, Kaur, Kaur et al. 1995, Bode and Bode 2003, Lemos, Azevedo et al. 2005,
Hamid, Wani et al. 2007, Romanoff, Ross et al. 2007, Li, Xu et al. 2008, Subramanya,
Subramanian et al. 2010, Yunus, Awad et al. 2011, Guo, Wang et al. 2013, Subramanian,
Subramanya et al. 2013, Thakur, Rahat et al. 2015). Chronic use of alcohol can lead to an
alcohol-dependent malnutrition that may be able to be modulated by supplementation of specific
nutrients. Supplementation with glutamine may be beneficial in cases of intestinal disruption
linked with heavy alcohol use, which may help prevent the dangerous translocation of
endotoxins seen in chronic alcoholics causing liver damage. This is a prime potential avenue for

future ethanol and glutamine research.
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Moreover, the ethanol-mediated phenomenon described in this dissertation also provides
a potential mechanism of onset for alcohol-dependent malnutrition. Future studies should
investigate potential mediators that may ameliorate this condition. Furthermore, future
investigations can explore the involvement of ethanol-dependent inhibition of glucose absorption
in order to aid in glucose-associated diseases like diabetes and obesity. Overall, there are many
potential avenues for future research in the field of ethanol and sodium-dependent nutrient co-
transport.

CONCLUSIONS

We demonstrated that a moderate dosage of ethanol significantly decreased sodium-
dependent glutamine and glucose co-transport in a rat intestinal epithelial cell line (IEC-18) and
that moderate ethanol decreased sodium-dependent glucose co-transport in Sprague Dawley rats.
We isolated the effect of ethanol into two separate mechanisms: at the level of the sodium-
dependent nutrient co-transporters, BOAT1 and SGLT1, as well as to the sodium gradient set by
the Na-K-ATPase. Furthermore, we showed that silencing PKC in IEC-18 cells reverses the
effect of ethanol on sodium-dependent glutamine absorption which offers the first part of a
probable mechanism for ethanol’s effect on sodium-dependent glutamine absorption. Overall,
this novel dissertation defined moderate ethanol’s effect on the sodium-dependent nutrient co-
transport in the small intestine. This dissertation and future experiments can help describe the

onset of alcohol-dependent malnutrition.
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e Graded over 80 entries for their presentation skills, use of the scientific method, and
overall project
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