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Subramanya SB, Subramanian VS, Said HM. Chronic alcohol
consumption and intestinal thiamin absorption: effects on physiolog-
ical and molecular parameters of the uptake process. Am J Physiol
Gastrointest Liver Physiol 299: G23–G31, 2010. First published May
6, 2010; doi:10.1152/ajpgi.00132.2010.—Thiamin is essential for
normal cellular functions, and its deficiency leads to a variety of
clinical abnormalities. Humans and other mammals obtain the vitamin
via intestinal absorption. The intestine is exposed to two sources of
thiamin, a dietary and a bacterial (i.e., normal microflora of the large
intestine) source. Chronic alcohol consumption is associated with
thiamin deficiency, which is caused (in part) by inhibition in intestinal
thiamin absorption. However, little is known about the physiological
and molecular aspects of the intestinal thiamin uptake process that are
affected by chronic alcohol use. To address these issues, we used rats
fed an alcohol-liquid diet and human intestinal epithelial HuTu-80
cells chronically exposed to ethanol as model systems. The results
showed that chronic alcohol feeding to rats led to a significant
inhibition in carrier-mediated thiamin transport across both the jejunal
brush-border membrane and basolateral membrane domains. This was
associated with a significant reduction in level of expression of
thiamin transporter-1 (THTR-1), but not THTR-2, at the protein and
mRNA levels. Level of expression of the heterogenous nuclear RNA
of THTR-1 in the intestine of alcohol-fed rats was also decreased
compared with their pair-fed controls. Chronic alcohol feeding also
caused a significant inhibition in carrier-mediated thiamin uptake in
rat colon. Studies with HuTu-80 cells chronically exposed to ethanol
also showed a significant inhibition in carrier-mediated thiamin up-
take. This inhibition was associated with a reduction in level of
expression of human THTR-1 and THTR-2 at the protein, mRNA, and
transcriptional (promoter activity) levels. These studies demonstrate
that chronic alcohol feeding inhibits intestinal thiamin absorption via
inhibition of the individual membrane transport event across the
polarized absorptive epithelial cells. Furthermore, the inhibition is, at
least in part, mediated via transcriptional mechanism(s).

vitamin B1; brush-border membrane vesicles; basolateral membrane
vesicles; thiamin transporter-1; thiamin transporter-2

TRANSLATIONAL HIGHLIGHTS Recent advances in our
understanding of the molecular mechanisms involved in the
transport of water-soluble vitamins and their regulation at the
transcriptional and posttranscriptional levels have provided
an excellent opportunity to address the negative impact of
chronic alcohol consumption on micronutrient physiology. The
authors took advantage of the recent progress made in the area
of intestinal vitamin B1 (thiamin) absorption to delineate the

cellular and molecular mechanism(s) involved in the thiamin
malabsorption that occurs as a result of chronic alcohol
exposure. The knowledge gained will help in the design of
effective strategies to optimize thiamin nutrition in chronic
alcoholism and in conditions associated with thiamin defi-
ciency and suboptimal levels.

Thiamin (vitamin B1), a water-soluble micronutrient, plays
an essential role in normal cellular functions, growth, and
development. The vitamin acts as a cofactor for multiple
enzymes (transketolase, pyruvate dehydrogenase, �-ketogluta-
rate dehydrogenase, and branched chain ketoacid dehydroge-
nase) that are involved in a variety of critical metabolic
reactions related to energy metabolism (5). Furthermore, be-
cause thiamin bridges the glycolytic pathway and the pentose
phosphate metabolic pathway, which is a critical step in cre-
ating chemical-reducing power in cells, this micronutrient also
plays a role in reducing cellular oxidative stress (15). Thiamin
deficiency in humans leads to a variety of abnormalities in-
cluding neurological and cardiovascular disorders (3, 41, 45).
On the other hand, optimization of thiamin status may prevent
diabetic retinopathy and block tissue damage caused by hyper-
glycemia of diabetes (14). Thiamin deficiency and suboptimal
status represent significant nutritional problems worldwide and
are associated with a variety of conditions including chronic
alcohol consumption (17, 41–43, 45).

Humans (and all other mammals) cannot synthesize thiamin
and thus must obtain the vitamin from exogenous sources via
intestinal absorption. Therefore, the intestine plays a central
role in regulating body homeostasis of the vitamin. The human
intestine mediates absorption from two sources of thiamin: a
dietary thiamin (which is absorbed in the small intestine) and
a bacterial thiamin (where the vitamin is produced in signifi-
cant quantities by the normal microflora of the large intestine
and is absorbed primarily in that region of the gut). In both the
small and large intestine, absorption of thiamin occurs via an
efficient and specialized carrier-mediated processes (reviewed
in Refs. 32 and 36). Thiamin was found at both membrane
domains of the polarized intestinal absorptive cells, i.e., across
the intestinal brush-border membrane (BBM) and basolateral
membrane (BLM) domains (reviewed in Refs. 32 and 36).
Studies from our laboratory have also shown that both thiamin
transporter-1 and -2 (THTR-1 and THTR-2), products of the
SLC19A2 and SLC19A3 genes, respectively, are involved in
intestinal thiamin uptake (27, 33). Furthermore, we have also
shown that, whereas THTR-1 is expressed at the both the
apical BBM and BLM domains of the intestinal epithelial cells,
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expression of THTR-2 is restricted to the apical BBM domain
only (33, 39).

Chronic alcohol consumption leads to thiamin deficiency,
and that inhibition in intestinal thiamin absorption process
plays a role in causing this abnormality (9, 17). However, little
is known about the physiological and molecular aspects of the
intestinal thiamin absorption process that are affected by
chronic alcohol consumption. In this study, we investigated the
effect of chronic alcohol use on both transport across the small
intestinal BBM and/or BLM, whether one or both of the
thiamin transport systems (i.e., THTR-1 and THTR-2) are
affected, and the mechanism(s) that mediates the effect. We
also investigated whether thiamin absorption in the colon is
affected by chronic alcohol feeding. We used two models in
our investigations: an in vivo model of chronic alcohol feeding
to rats (Lieber-Decarli liquid diet) and an in vitro model in
which the human-derived intestinal epithelial HuTu-80 cells
are chronically exposed to ethanol (46).

MATERIALS AND METHODS

Materials. [3H]Thiamin (specific activity 20 Ci/mmol; radiochem-
ical purity �99%) was obtained from American Radiolabel (ARC, St.
Louis, MO). Nitrocellulose filters (0.45-�m pore size) were purchased
from Millipore (Fisher Scientific, Fair Lawn, NJ). Unlabeled thiamin
and other chemicals including molecular biology reagents were ob-
tained from commercial vendors (Fisher Scientific and Sigma) and
were of analytical grade.

Chronic alcohol feeding of rats. Male Wistar rats (Charles River,
Wilmington, MA) weighing �120 g (�14 wk old) were housed at the
Animal Core of the NIAA-funded Southern California Research
Center for Alcoholic Liver and Pancreatic Disease (ALPD) and
Cirrhosis at the University of Southern California. The experimental
protocols were approved by animal use committee of the Veterans
Affairs at Long Beach and the University of Southern California. Rats
were fed Lieber-Decarli (21) ethanol liquid diet (ethanol provides
36% of total calories) (Bio Serv, Frenchtown, NJ); control rats were
pair fed the same liquid diet but without ethanol (maltose-dextrin
replaced ethanol isocalorically). After 2, 4, and 6 wk of chronic
alcohol feeding, rats were euthanized, and the jejunum was removed
and used for isolation of BBM vesicles (BBMV) and BLM vesicles
(BLMV). A portion of the jejunum was also collected and stored at
�80°C in TRIzol (Invitrogen, Carlsbad, CA) for subsequent determi-
nation of mRNA and heterogenous nuclear (hnRNA) levels of thiamin
transporters.

Preparation of rat jejunal BBMV and BLMV and transport studies.
After euthanasia of rats with ketamine, the jejunum was removed and
flushed with ice-cold saline solution, and the mucosa was scraped.
BBMV were then isolated on the same day from alcohol-fed rats and
their pair-fed controls by a divalent cation (Mg2�) chelation method,
while BLMV were isolated by a Percoll-gradient differential centrif-
ugation method. Both methods have been previously described and
widely used by our laboratory and others (6, 7, 9, 18, 35, 38). Freshly
isolated BBMV and BLMV were preloaded with a buffer of (in mM)
280 mannitol and 20 Tris·HCl in pH 5.5. Uptake studies were
performed by incubating vesicles [10-s initial rate (6, 7, 44) in a buffer
of 100 mM NaCl, 80 mM mannitol 20 mM HEPES, pH 7.4, in
presence of 0.5 �Ci (0.25 �M) 3H-thiamin]. Transport studies were
performed at 37°C using a rapid-filtration technique as described
previously (16).

Preparation of colonic sheets and uptake. Colonic sheets were
prepared and used in uptake investigations as described by us previ-
ously (10). Briefly, the colon was removed from alcohol-fed rats and
their pair-fed controls, and flushed with an ice-cold saline solution, cut
open longitudinally, and two 1-cm pieces (sheets) were then prepared

from the mid portion and immediately incubated in Krebs-Ringer
buffer (in mM: 133 NaCl, 4.93 KCl, 1.23 MgSO4, 0.85 CaCl2, 5
glucose, 5 glutamine, 10 HEPES, 10 MES, pH 7.4) in presence of 0.5
�Ci (25 nM) 3H-thiamin. Incubation was performed at 37°C for 5 min
(initial rate; data not shown). Reaction was terminated by removal of
the incubation solution and immediate addition of 5 ml of ice-cold
Krebs-Ringer buffer. The colonic sheets were then washed again with
ice-cold Krebs-Ringer buffer, and digested with NaOH, neutralized
with 10 N HCl, and radioactivity was counted in a Beckman Coulter
LS6500 multi-purpose liquid scintillation counter.

Real-time PCR analysis. Total RNA (5 �g) was isolated from
jejunum of alcohol-fed rats and their pair-fed controls and primed with

Fig. 1. Effect of chronic alcohol feeding of rats for different periods on
carrier-mediated thiamin uptake by jejunal brush-border membrane vesicles
(BBMV). A, B and C: carrier-mediated uptake of 3H-thiamin (0.25 �M) by
jejunal BBMV of rats fed alcohol liquid diet for 2, 4 and 6 wk, respectively,
was examined and compared with uptake by BBMV of pair-fed controls. Data
are means � SE of at least 3 separate uptake determinations from multiple sets
of rats. *P � 0.01.
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oligo-dT primers to synthesize first-strand cDNA (Superscript First-
Strand synthesis RT-PCR kit; Invitrogen). To amplify the coding region
of rat THTR-1, THTR-2, and 	-actin, we used the following gene-
specific primers for real-time PCR study (THTR-1: forward 5=-
GCTGTCATCTACAATGGCGG-3=, reverse 5=-GATGTACACTG-
CAGCAGCAATC-3=; THTR-2: forward 5=-CGTGATACTCTGCTT-
GTTCGG-3=, reverse 5=-GGTAAGAGTACGTCCAAACAGG-3=; and
	-actin: forward 5=-GTCAGGTCATCACTATCGGC-3=, reverse 5=-
CATGGATGCCACAGGATTCC-3=). Real-time PCR conditions were
as described previously (28, 33), and data were normalized to 	-actin and
then quantified using a relative relationship method supplied by the
vendor (Bio-Rad, Hercules, CA) (22). The real-time PCR analysis of
human THTR-1 and THTR-2 expression in human intestinal epithelial
HuTu-80 was carried out using gene-specific primers for the hTHTR-1
(forward, 5=- AGCCAGACCGTCTCCTTGTA- 3=; reverse, 5=- TA-
GAGAGGGCCCACCACAC- 3=), hTHTR-2 (forward, 5=-TTCCTG-
GATTTACCCCACTG-3=), and 	-actin (forward, 5=-AGCCAGAC-
CGTCTCCTTGTA-3=; reverse, 5=-TAGAGAGGGCCCACCACAC-3=)
as described by us previously (23).

Western blot analysis. Western blot analysis was performed on
purified BBM and BLM proteins isolated from the jejunum of alco-
hol-fed and control pair-fed rats. Thirty to sixty micrograms of BBM
or BLM proteins were resolved onto premade 4–12% Bis-Tris mini-
gel (Invitrogen) as described before (23, 25, 33, 34). After electro-
phoresis, proteins were electro-blotted onto polyvinylidene difluoride
membrane (Bio-Rad) and then blocked with a PBS solution contain-
ing 5% dried milk (Bio-Rad) for 1 h at room temperature. The
membranes were then incubated with either THTR-1- or THTR-2-
specific polyclonal antibodies. The antibodies were raised in rabbits
against the KKCRKQEDPNSSPQ and EPYLQEPRDVSTKE pep-
tides, which correspond to amino acids 481–494 and 468–481 of the
THTR-1 and THTR-2, respectively, by a commercial vendor (Thermo
Fisher Scientific, Huntsville, AL). To establish specificity of the
antibodies, membranes were also incubated (1 h, room temperature)
with THTR-1 and THTR-2 antibodies pretreated with synthetic anti-
genic peptides (Thermo Fisher Scientific) as described previously (23,
33). Western blotting with membranous preparation of the human
intestinal epithelial HuTu-80 cells was performed using specific
polyclonal antibodies against human THTR-1 and THTR-2 as de-
scribed by us previously (23, 33).

Semi-quantitative RT-PCR assay of hnRNA. To investigate the
effect of chronic alcohol feeding on transcriptional rate of THTR-1
and THTR-2 genes in rat jejunum, we determined the level of hnRNA
in the jejunum of alcohol-fed rats and their pair-fed controls. As it is
known, the first product of transcription is primary transcript of
hnRNA, which includes introns as well as exons (8). The level of

hnRNA can be used as an indicator of gene transcription rate (2, 8,
19). Briefly, total RNA isolated from the jejunum of chronic alcohol-
fed rats and their pair-fed controls were used to perform RT-PCR with
gene-specific primers that anneal to sequences in the intron/exon
boundaries (thus amplifying hnRNA only; Ref. 8). RNA samples were
treated with DNAse I (1 �g RNA/unit; Invitrogen) to prevent amplifi-
cation of genomic DNA. DNAse I-treated RNA was reverse transcribed
with the random hexamer (Invitrogen). Semi-quantitative RT-PCR was

Fig. 2. Effect of chronic alcohol feeding of rats on carrier-mediated thiamin
uptake by jejunal basolateral membrane vesicles (BLMV). Carrier-mediated
3H-thiamin (0.25 �M) uptake by jejunal BLMV of rats fed alcohol liquid diet
for 4 wk compared with their pair-fed controls. Data are means � SE of at least
3 separate uptake determinations from multiple sets of rats. *P � 0.01.

Fig. 3. Effect of chronic alcohol feeding of rats on level of expression of
thiamin transporter-1 (THTR-1) and THTR-2 proteins at the intestinal BBM.
Western blot analysis was done using intestinal BBM proteins (60 �g) isolated
from chronic alcohol-fed rats (4 wk) and their pair-fed controls and were
resolved on 4–12% SDS-PAGE and electroblotted onto polyvinylidene diflu-
oride membrane as described in MATERIALS AND METHODS. A: blots were
incubated with rabbit polyclonal THTR-1 antibody (left) or anti-THTR-1
antibodies pretreated with the antigenic peptides (right). B: blots were incu-
bated with rabbit polyclonal THTR-2 antibody (left) or anti-THTR-2 antibod-
ies pretreated with the antigenic peptides (right). Data are means � SE of at
least 3 separate sets of experiments and were normalized related to 	-actin
protein expression. *P � 0.05.
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then performed using the following hnRNA gene-specific primers:
THTR-1 (forward, 5=-CACTTTGTACCTGTGTGTG-3=; reverse, 5=-
GAATGACAGGCTTGTAACG -3=), THTR-2 (forward, 5=- CTACCG-
TAACAGGACACAG -3=; reverse, 5=-TGTGAAAATGGAGGCTCAC-
3=), and 	-actin (forward, 5=- CTGCTCTTTCCCAGATGAG-3=; re-
verse, 5=- CTCATAGATGGGCACAGTG-3=). A negative control,
which constituted a reaction without cDNA template, was run with
every assay to establish specificity. The amplified products were
then run on 1% agarose gel, and the specific bands were quantified
using UN-SCAN-IT gel automated digitizing system, version 6.1
(Silk Scientific, Orem, UT).

Culturing of HuTu-80 cells and chronic alcohol exposure. The
human-derived intestinal (duodenal) epithelial HuTu-80 cells (ATCC,
Manassas, VA; passages 10 to 18) were plated at a density of 2 
 105

cells/well onto 12-well plates in MEM media (ATCC) supplemented
with 10% FBS and antibiotics. Twenty-four hours later, fresh growth
medium containing 200 mM of alcohol (a concentration that simulates
the level of alcohol encountered by the intestine in chronic alcohol
drinkers; Ref. 26) was introduced, and the plates were kept in an
ethanol-saturated incubator for 72 h as described recently with minor
modifications (46); in addition to changing the alcohol-containing
growth medium every 12 h, studies were designed to minimize
ethanol evaporation (46). Uptake studies were performed at 37°C in
Krebs-Ringer buffer (in mM: 133 NaCl, 4.93 KCl, 1.23 MgSO4, 0.85
CaCl2, 5 glucose, 5 glutamine, 10 HEPES, 10 MES, pH 7.4). Labeled
and unlabeled thiamin were added to the incubation medium at the
onset of incubation, and uptake was examined during the initial linear
period of uptake (5 min; data not shown). The reaction was terminated
by the addition of 2 ml of ice-cold Krebs-Ringer buffer followed by
immediate aspiration. Cells were then rinsed twice with ice-cold
buffer, digested with 1 ml of 1 N NaOH, neutralized with 10 N HCl,
and then measured for radioactive content using scintillation counter.
Cell digest samples (100 �l each) were taken for protein quantifica-
tion using a Bio-Rad Dc protein assay kit.

Transfection and reporter gene assay. SLC19A2 and SLC19A3
full-length promoter-luciferase reporter constructs utilized in this
study were generated previously (24, 29). HuTu-80 cells were co-
transfected in 12-well plates at less than 80% confluency with 4 �g of
each test construct and 100 ng of the Renilla transfection control
plasmid Renilla luciferase-thymidine kinase (pRL-TK) (Promega,
Madison, WI). Transfection was performed with Lipofectamine re-
agent (Invitrogen) according to manufacturer’s instructions. On the

second posttransfection day the cells transfected with SLC19A2 and
SLC19A3 were treated with MEM medium containing 200 mM
alcohol for 72 h. To ensure proper alcohol effect, the media containing
200 mM alcohol was changed every 12 h. At the end of 72 h of
alcohol incubation, Renilla-normalized firefly luciferase activity was
determined by using the Dual Luciferase Assay system (Promega).

Statistical analysis. Uptake data with rat intestinal preparation pre-
sented in this paper are means � SE of at least three separate experiments
from different rats and are expressed in femtomoles per milligram of
protein per unit of time. Uptakes with the human intestinal epithelial
HuTu-80 cells were also means � SE from at least three separate
experiments. Student’s t-test was used for statistical analysis. P � 0.05
was considered statistically significant. Carrier-mediated thiamin uptake
was determined by subtracting uptake by simple diffusion (determined
from the slope of the line between uptake at high pharmacological
concentration of 1 mM and point of origin) from total uptake. Protein and
RNA determinations as well as promoter assay were run on at least three
different occasions using three different preparations.

RESULTS

Effect of chronic alcohol feeding of rats on thiamin transport
across jejunal BBM and BLM domains: studies with isolated
membrane vesicles. The effect of chronic alcohol feeding of
rats for different periods of time (2, 4, and 6 wk) on the entry
of a physiological concentration of thiamin (0.25 �M), i.e.,
transport across the apical BBM of the polarized intestinal
epithelial cells, was examined using purified jejunal BBMV.
Vesicles were isolated simultaneously from alcohol-fed rats
and their pair-fed controls and were used for uptake studies on
the day of isolation (see MATERIALS AND METHODS). The results
showed a significant (P � 0.01 for all) inhibition in carrier-
mediated thiamin uptake in intestinal BBMV of chronic alco-
hol-fed rats compared with their pair-fed controls with the
inhibition being evident in 2 wk after the initiation of the
alcohol feeding regimen (Fig. 1, A–C).

We also examined the effect of chronic alcohol feeding (for
4 wk; standard feeding period used in all subsequent studies)
on the exit of thiamin out of the polarized enterocytes, i.e.,
transport across the BLM, using isolated jejunal BLMV. The

Fig. 4. Effect of chronic alcohol feeding of rats on level of
expression of THTR-1 protein at the intestinal BLM. Western
blot analysis was performed using intestinal BLM proteins (60
�g). Legend is as in Fig. 3. A: blot shows expression of
THTR-1. *P � 0.05. B: blot shows lack of expression of
THTR-2 in intestinal BLM.
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results again showed a significant (P � 0.05) inhibition in
carrier-mediated thiamin uptake in the chronic alcohol-fed rats
compared with their pair-fed controls (Fig. 2).

Effect of chronic alcohol feeding on level of expression of
THTR-1 and THTR-2 proteins at the jejunal BBM and BLM
domains. In this study, we examined the effect of chronic
alcohol feeding on the level of expression of THTR-1 and
THTR-2 proteins at the BBM and BLM domains of rat jeju-
num. This was performed by Western blot analysis using
polyclonal antibodies against the THTR-1 and THTR-2 and
purified BBM and BLM preparations isolated from the jejunum
of rats chronically fed alcohol liquid diet and their pair-fed
controls. Specificity of the rat antibodies was established by
treating with antigenic peptides (antigenic peptide sequence is
described in MATERIALS AND METHODS). The results showed that
chronic alcohol consumption leads to a significant (P � 0.05)
decrease in the level of expression of the THTR-1 protein at the
apical BBM (Fig. 3A). No difference in the level of expression
of THTR-2 protein, however, was observed in BBM prepara-
tions isolated from alcohol-fed rats and their pair-fed controls
(Fig. 3B).

With regard to the effect of chronic alcohol consumption on
the level of expression of thiamin transporters at the BLM
domain of the polarized enterocytes, the results again showed

significant (P � 0.05) reduction in the level of expression of
the THTR-1 in alcohol-fed rats compared with their pair-fed
controls (Fig. 4A). As previously recognized with human
intestinal epithelial cells (33, 39), no expression for THTR-2
was detected in BLM preparations of rat jejunum (Fig. 4B).

Effect of chronic alcohol feeding of rats on expression of
THTR-1 and THTR-2 at the mRNA and hnRNA levels. In this
study, we used qPCR to examine the effect of chronic alcohol
feeding on the level of expression of THTR-1 and THTR-2
mRNA using total RNA isolated from the jejunum of rats fed
alcohol chronically and their pair-fed controls. The results
showed a significant (P � 0.01) reduction in the level of
expression of THTR-1 mRNA (Fig. 5A), but not that of
THTR-2 (Fig. 5B), in rats fed alcohol chronically compared
with their pair-fed controls.

To further understand the cause of reduction in mRNA level
of THTR-1, we investigated the effect of chronic alcohol
feeding on level of expression of the hnRNA of THTR-1.
Level of hnRNA has been used as an index of transcriptional
activity of different genes under different conditions (2, 8, 19).
These results showed a significant (P � 0.02) reduction in
THTR-1 hnRNA levels in the jejunum of rats fed alcohol
chronically compared with their pair-fed controls (0.69 � 0.3
and 0.95 � 0.1 for alcohol-fed and pair-fed controls, respec-
tively, in arbitrary units).

Effect of chronic alcohol feeding of rats on colonic uptake of
thiamin. In this study we examined the effect of chronic
alcohol feeding of rats on carrier-mediated uptake of a physi-
ological concentration of thiamin (25 nM) using an established
colonic sheet procedure as described by us previously (10).
Chronic ethanol feeding caused an �80% decrease in carrier-
mediated thiamin uptake by colonic mucosa (P � 0.03, Fig. 6).

Effect of chronic alcohol exposure on physiological and
molecular parameters of thiamin uptake by the human-derived
intestinal epithelial HuTu-80 cells. In these investigations, we
extended our studies into the human-derived intestinal epithe-
lial HuTu-80 cells and examined the effect of chronic alcohol
exposure on physiological and molecular parameters of thia-

Fig. 5. Effect of chronic alcohol feeding of rats on level of expression of THTR-1
and THTR-2 mRNA levels. A and B: real-time quantitative PCR was performed
using rat THTR-1 and THTR-2 gene-specific primers (see MATERIALS AND METH-
ODS). Data are means � SE of at least 3 separate sets of experiments and were
normalized relative to 	-actin and calculated using relative relationship method
supplied by manufacturer (Bio-Rad). *P � 0.05.

Fig. 6. Effect of chronic alcohol feeding of rats on carrier-mediated thiamin
uptake in the colon. Colonic sheets were prepared as described in MATERIALS

AND METHODS from chronic alcohol-fed rats (4 wk) and their pair-fed controls.
The initial rate of carrier-mediated [3H]thiamin (25 nM) uptake was deter-
mined, and data are represented as means � SE of at least 3 separate
experiments. *P � 0.03.
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min uptake by these cells. Chronic alcohol exposure was
performed for 72 h as described recently (46). A concentration
of ethanol of 200 mM was chosen to mimic the level of ethanol
encountered by the human intestine following alcohol inges-

tion (26). The results showed a significant (P � 0.05) inhibi-
tion in carrier-mediated 3H-thiamin uptake in alcohol-exposed
cells compared with controls (Fig. 7A). This was associated
with a significant (P � 0.05) reduction in the level of expres-

Fig. 7. Effect of chronic alcohol exposure of the human-derived intestinal epithelial HuTu-80 cells on carrier-mediated thiamin uptake and level of expression of THTR-1
and THTR-2 at the protein and mRNA levels. HuTu-80 cells were chronically exposed (72 h) to 200 mM ethanol as described in MATERIALS AND METHODS.
A: carrier-mediated 3H-thiamin (25 nM) uptake was carried out and compared with control. B and C: Western blot analysis of membranous fraction of HuTu-80 cells
run as in Fig. 3. Data are means � SE of at least 3 separate sets of experiments that were normalized relative to 	-actin protein expression. *P � 0.05. D and E: real-time
quantitative PCR was performed using hTHTR-1 and hTHTR-2 gene-specific primers (see MATERIALS AND METHODS). Data are means � SE of at least 3 separate sets
of experiments and were normalized relative to 	-actin and calculated using relative relationship method supplied by manufacturer (Bio-Rad). *P � 0.05.
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sion of hTHTR-1 and hTHTR-2 proteins (Fig. 7, B and C) and
for all mRNA levels (Fig. 7, D and E).

We also examined the effect of chronic alcohol exposure of
the human intestinal epithelial HuTu-80 cells on the activity of
full-length SLC19A2 (�2,250 to �36 bp) and SLC19A3
(�1,957 to �59 bp) promoters. In these investigations,
SLC19A2 and SLC19A3 promoters fused to the Firefly lucif-
erase reporter gene were transiently transfected into HuTu-80
cell lines and chronically exposed to ethanol (200 mM) (26) for
72 h. Luciferase activity was then measured as described by us
previously (24, 28, 29). The results showed a significant (P �
0.05) reduction in the activity of the both SLC19A2 (Fig. 8A)
and SLC19A3 (Fig. 8B) promoters in cells chronically exposed
to alcohol compared with control cells.

DISCUSSION

This study was undertaken to determine the physiological
and molecular mechanisms by chronic alcohol consumption
leading to inhibition in intestinal thiamin absorption. It has

been known for some time that chronic alcoholism is associ-
ated with thiamin deficiency, which may lead to Wernicke’s
encephalopathy and Korsakoff’s psychosis (30, 41, 45). Al-
though a number of factors may be involved in the pathogen-
esis of thiamin deficiency in the setting of chronic alcohol
intake (e.g., inadequate intake of thiamin, decreased liver
storage of the vitamin, urinary losses) (1, 17, 30), an inhibition
in intestinal absorption of this vitamin plays an important role
in this process given the central role of intestine in regulating
normal body homeostasis of thiamin. We used two established
models (in vivo and in vitro) of alcohol exposure to achieve our
aims: a rat model in which alcohol was provided in a nutri-
tionally adequate liquid diet and involved pair-feeding of
controls and human-derived intestinal epithelial HuTu-80 cells
chronically exposed to a clinically relevant concentration of
alcohol.

Our studies with rats revealed that chronic alcohol consump-
tion causes a significant inhibition in both the entry step of
thiamin into the polarized enterocytes across the apical BBM
and the exit step of the vitamin across the BLM. These findings
confirm the previous suggestion that chronic alcohol feeding
affects the carrier-mediated process of the intestinal thiamin
uptake (17). The effect of alcohol on thiamin transport across
the apical BBM was evident as early as 2 wk following the
initiation of alcohol feeding. Furthermore, the inhibition of
thiamin uptake across the BBM and BLM was associated with
a decrease in the level of expression of the THTR-1 protein at
both the BBM and BLM; expression of THTR-2 at the apical
BBM was not affected. Of note, THTR-2 is only expressed at
the BBM and not the BLM, as shown by us previously using
confocal imaging and immunological approaches (4, 33) and
confirmed in the present study (Fig. 4B). The decrease in
protein abundance of THTR-1 protein in alcohol-fed rats was
associated with a significant decrease in message level of the
transporter. In contrast, THTR-2 protein and mRNA levels
were not different in alcohol-fed animals compared with pair-
fed controls. These findings demonstrate differential effects of
chronic alcohol consumption on expression of thiamin trans-
porters in the intestine, a finding that is in line with previous
observations showing differential effects of chronic alcohol
feeding on nutrient transport in the gut (11–13) and on gene
expression (including those that encode membrane transport-
ers) in other tissues (20). Furthermore, the observation that
chronic alcohol feeding affects the expression of THTR-1 but
not THTR-2 in the intestine contrasts our recent findings in the
kidneys of rats chronically fed alcohol, where decreased levels
of expression of both THTR-1 and THTR-2 were observed
(40). These findings demonstrate that chronic alcohol feeding
exerts a tissue-specific effect on the molecular parameters of
thiamin transport. It is interesting to note here that chronic
alcohol feeding also affects thiamin metabolism in a tissue-
specific manner (31).

The decrease in the level of expression of THTR-1 mRNA
in the intestine of rats chronically fed alcohol compared
with their pair-fed controls suggests that the inhibition may
(at least in part) be transcriptionally mediated. This possi-
bility was tested by determining the level of expression of
THTR-1 hnRNA in the jejunum of alcohol-fed rats com-
pared with their pair-fed controls because changes in the
level of hnRNA expression could serve as an indicator for
changes in the rate of transcription of this gene (2, 8, 19).

Fig. 8. Effect of chronic alcohol exposure of the human intestinal epithelial
HuTu-80 cells on activity of the SLC19A2 and SLC19A3 promoters. A and
B: full-length SLC19A2 and SLC19A3 promoters in pGL3-Basic were trans-
fected into HuTu-80 cells. These cells were then subjected to 200 mM ethanol
treatment for 72 h followed by determination of luciferase activity. Data are
reported as relative luciferase activity normalized to Renilla luciferase activity
and presented as means � SE of at least 3 independent experiments. *P �
0.05.
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The results showed that chronic alcohol feeding leads to a
significant reduction in the level of THTR-1 hnRNA, thus
supporting the possibility that the inhibitory effect of
chronic alcohol feeding on intestinal thiamin uptake may (at
least in part) be exerted at the transcriptional level. Obvi-
ously, this does not exclude the involvement of other mech-
anisms (e.g., changes in RNA stability), and further studies
are needed to address this issue.

As mentioned earlier, the intestinal tract is exposed to two
sources of thiamin: a dietary source that is absorbed in the
small intestine and a bacterial source where the vitamin is
generated by the normal microflora in the large intestine and is
absorbed in that region of the gut via an efficient carrier-
mediated mechanism (34). Thus in this study we also examined
the effect of chronic alcohol feeding to rats on thiamin uptake
in the colon and observed a significant inhibition in the uptake
process. Thus chronic alcohol use appears to inhibit the ab-
sorption of both dietary and bacterial sources of thiamin.
Because alcohol is absorbed mainly in the upper small intestine
(26), it is reasonable to assume that the colon gets exposed to
ethanol from the blood side (37). Also, because colonic bac-
teria can metabolize some of the ethanol that enters the colon
to acetaldehyde (37) and because the colon has a low capacity
to metabolize acetaldehyde secondary to a low level of alde-
hyde dehydrogenase activity (37), it is possible that some of
the inhibitory effect of chronic alcohol feeding on colonic
thiamin uptake is caused by this alcohol metabolite. Thus
chronic alcohol feeding appears to inhibit the absorption of
both dietary and bacterial sources of thiamin. The clinical
implication of these findings would be that chronic alcohol
consumption has a significant deleterious effect on the overall
physiology of intestinal thiamin transport.

Our in vitro model, i.e., studies with the human-derived
intestinal epithelial HuTu-80 cells chronically exposed to
alcohol (26), also showed a significant inhibition in carrier-
mediated thiamin uptake. This inhibition, however, was
associated with a significant reduction in level of expression
of both hTHTR-1 and hTHTR-2 at the protein and mRNA
levels. This is unlike what we observed above in rats
chronically fed alcohol where only THTR-1 appears to be
affected. Whether this is due to differences in the model
used (in vivo alcohol feeding vs. in vitro alcohol exposure)
and/or due to interspecies difference is not clear and re-
quires further investigations. The reduction in the level of
expression of hTHTR-1 and hTHTR-2 appears to again be
mediated (at least in part) via transcriptional mechanism(s),
as indicated by the significant inhibition in the activity of
the SLC19A2 and SLC19A3 promoters in human intestinal
epithelial HuTu-80 cells chronically exposed to alcohol
compared with control cells. Again, other mechanisms may
contribute to the inhibitory effect of chronic alcohol expo-
sure on thiamin uptake by HuTu-80 cells, and further
investigations are needed to address this issue.

In summary, chronic alcohol feeding/exposure inhibits the
physiological and molecular parameters of intestinal thiamin
uptake process, and that effect is mediated (at least in part) via
transcriptional mechanism(s). In addition, the inhibition in
thiamin transport appears to be at the level of both the small
and large intestine.
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