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Introduction

Acute but not chronic ethanol exposure
impairs retinol oxidation in the small
and large intestine of the rat

Summary Background and aim
Ethanol has been shown to inhibit
retinol oxidation at the level of al-
cohol dehydrogenase in liver and
colon but not previously in the
small intestine. In the present study
we investigated how chronic alco-
hol feeding and acute ethanol ex-
posure affects retinol dehydroge-
nase activity in the colon and small
intestine of the rat. Methods Rats
were fed ethanol in a liquid diet for
six weeks. Control rats received a
similar diet but with ethanol
isocalorically replaced by carbohy-
drates. Retinol dehydrogenase was
analyzed from cell cytosol samples
from the small and the large intes-
tine with respect to maximum ac-
tivity (Vmax), Michaelis-Menten
constant (K,,), and inhibition by
ethanol (2-43 mM) in vitro. Results
Both the V.« and the catalytic effi-
ciency (Vinax/Km) were found to be
significantly higher in the colon

than in the small intestine (2.9-3.6
and 54-70 times higher, respec-
tively). While chronic alcohol feed-
ing did not affect these parameters,
acute ethanol exposure reduced
Vinax and Vi,a,/K;, dose-dependently
(p<0.001) in both intestinal seg-
ments. Conclusions The present
data demonstrate that ethanol
markedly inhibits in vitro cytosolic
retinol oxidation in the small in-
testinal mucosa, which is conside-
rably lower than that found in the
colon. Considering the vital impor-
tance of retinol on intestinal in-
tegrity, our finding suggests that
this might contribute to the
ethanol-induced increase in intesti-
nal permeability.
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Retinol is a substrate for cytosolic alcohol dehydro-

Vitamin A (retinol) is required for the integrity and
proper function of epithelial cells of the intestine. Hy-
povitaminosis A leads to impaired cell differentiation of
enterocytes and to reduced protein synthesis by the in-
testinal mucosa [1-3]. For biological function, intracel-
lular oxidation of retinol to retinoic acid is required [4].
Retinoic acid acts by binding either to retinoic acid re-
ceptors (RAR a, 3,y) or in its 9-cis form to retinoid X re-
ceptors (RXR o, B,7v) [5]

genases (ADH, EC 1.1.1.1) both in rats [6] and humans
[7]. The crucial role of ADH in the oxidation of retinol
has been demonstrated in several studies [8]. Thus inhi-
bition of ADH markedly reduces retinoic acid synthesis
in rodents [9] and mice lacking genes encoding ADH]1
(Adh17") (nomenclature as suggested by Duester [10])
or ADH4 (Adh4~-) have significantly reduced plasma
levels of retinoic acid [11]. Although previous studies in-
dicated that ADH3 was not involved in the catalysis of
retinol oxidation [6, 7, 12], recent experiments with
Adh3~- mice also demonstrate an important role of
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ADH3 in retinoic acid synthesis from retinol in vivo [13,
14].

The inhibitory effect of ethanol at concentrations oc-
curring after social drinking in man on intracellular
retinol oxidation has been shown for liver enzymes of
man and rats [7, 12, 15, 16] and for retinol dehydroge-
nases in the colon mucosa of the rat [16]. From these ex-
periments, an ethanol-induced limited availability of
retinoic acid as a result of a reduced retinol oxidation
was suggested. However, to our knowledge, no informa-
tion is available on the effect of chronic alcohol feeding
on changes in the capability of mucosal cells of the small
and large intestine on cytosolic retinol oxidation.

Chronic alcohol consumption leads to an enhanced
intestinal permeability to macromolecules such as en-
dotoxin [17], which was hypothesized to contribute sig-
nificantly to the development of alcohol-induced liver
disease [18, 19]. Due to the crucial role of an intact
retinol metabolism in proper mucosal function, a
causative role of the ethanol-induced impairment of
retinol oxidation seems plausible. Therefore, this study
was conducted to investigate the effect of both acute
ethanol exposure in vitro and chronic alcohol feeding on
the enzyme activity of the cytosol of mucosal cells from
the small and the large intestine of male Wistar rats.

Animals, materials and methods
Animals

The design of the chronic ethanol feeding study and the
diet composition has been described in detail before
[20]. The study was approved by the Committee of Ani-
mal Experimentation of the National Public Health In-
stitute, Helsinki. In brief, twelve adult male Wistar rats
(Mollegaard, Ejby, Denmark; 220 to 240 g) were individ-
ually kept in cages with stainless steel wire bottoms. An-
imals (n=6) received either an alcohol-containing diet
(34.5% of calories) with a high content of fat (44 %) and
a low percentage of carbohydrates (5.5%) or a control
diet in which ethanol was replaced isocalorically by mal-
todextrose (40% in total) [21]. Both of the diets con-
tained 16 % of calories as protein. Control and ethanol-
receiving animals were pair-fed for six weeks. For organ
removal, animals were anesthetized by intraperitoneal
injection of sodium pentobarbital (60 mg/kg). The small
and the large intestine were washed extensively with ice-
cold KCl solution (1.15% m/v) and stored at -70 °C un-
til further proceeding.

Tissue preparation and incubation experiments

The isolated mucosal cells were homogenized in 12 ml
ice-cold KCl solution and centrifuged (105,000 x g, 60

minutes, 4 °C). The supernatant (termed consequently
as ‘cytosol’) was used for the measurement of retinol de-
hydrogenase activity. Protein concentration in the cy-
tosol was determined by the method of Smith [22] using
bovine albumin as standard.

Retinol dehydrogenase activity was measured as de-
scribed earlier [16]. Retinol was suspended in an aque-
ous albumin solution (65mg/mL) (both: Sigma,
Taufkirchen, Germany) and added to the buffered cy-
tosol solution with 2.5 mM NAD* [16] to give a final con-
centration of 11,22,44, 88,175, and 349 uM. Samples (to-
tal volume of 500uL) were incubated either without
alcohol or with 2.7 mM (0.0125 % m/v), 11 mM (0.05 %),
and 43 mM (0.20 %) ethanol for 30 minutes at 37 °C. The
reaction was stopped by addition of 50 pL of an acidic
stock solution [16] and 600 pL of ethanol (all organic
solvents: Merck, Darmstadt, Germany) with tetra-
methylbutylphenol (TMBP) as internal standard.

Analysis of retinoids

Retinoids and TMBP were extracted with 700 uL of
toluene containing 1mg/mL 2,6-di-tertbutyl-p-cresol
(Sigma, Steinheim, Germany) to prevent autoxidation
and analyzed by high performance liquid chromatogra-
phy (HPLC) (Gynkotek, Germering, Germany) [16].

Data evaluation and statistics

In experiments with identical ethanol concentrations,
Viax and K, values were calculated from the single spe-
cific enzyme activities at each retinol concentration by
applying non-linear regression (Levenberg-Marquardt
algorithm) presuming the reaction follows the rules of
Michaelis and Menten. Constants for uncompetitive
(Kiy) and competitive (K;.) inhibition were calculated as
described previously [16, 23].

If not indicated otherwise, all data are given as means
* standard error of the mean (SEM). After logarithmic
transformation (to achieve homogeneity of variances),
values were compared by analysis of variances (ANOVA;
within-subject design for determination of differences
induced by ethanol in the incubation medium) and
Tukey’s HSD post hoc test. Comparisons of data origi-
nating from the control and ethanol group were done
with the Mann-Whitney U test.

Results

During incubation for the determination of retinol de-
hydrogenase activity, average applied protein concen-
trations were 13.3 2.9 mg/mL in samples with cytosol
from the small intestine and 1.47 +0.52 mg/mL in those
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with cytosol from the colon. Specific retinol dehydro-
genase activity at substrate saturation (Vi,.c) was sig-
nificantly lower in the small intestine compared to that
of mucosal cytosol from the colon (Tablel). In both
feeding groups, the Michaelis-Menten constant (Ky,)
was about 20-fold higher in the small intestine com-
pared to that measured in the colon (Table1). Conse-
quently, the difference in catalytic efficiency (Vimax/Kum)
was even more pronounced (about 50 times/70 times
higher in the colon than in the small intestine of rats
from the control group or the alcohol feeding group, re-
spectively).

When ethanol was added to the incubation medium,
Vinax decreased dose-dependently and K,, increased
with increasing ethanol concentrations (Table 1, Fig. 1).
Consequently, V,,/K;, decreased markedly in both the
small intestine (at 43 mM ethanol: -68% in controls,
-75% in alcohol-fed animals) and the colon (at 43 mM
ethanol: -92% in both controls and ethanol-fed rats)
(Fig.2). In both feeding groups, non-competitive and
competitive inhibition constants increased with in-
creasing ethanol concentration in both intestinal seg-
ments (Table 1). Both inhibitory constants were lower in
the colon.

Chronic alcohol feeding had no significant effects on
either the K, or Vy,,, of retinol oxidation catalyzed by
the cytosol of mucosal cells from the small intestine and
the colon at all applied ethanol concentrations (Table 1).
Although moderately lower, Vy,,/K,, of retinol oxidation
turned out to be insignificantly (p > 0.4) changed in cells
of the small intestine of animals from the ethanol-fed
group compared to that of the control animals (Fig.2).
No difference (p > 0.9) was measured when V,,,,/K,, of
colon cells from both groups were compared (Fig. 2).
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Fig.1 Dose-dependent inhibition of retinol oxidation in small intestinal cytosol
from mucosa of a rat from the control group. The graph shows the specific retinol
dehydrogenase activity without alcohol (e solid line), with 2.7 mM (T long-dashed
line), with 11 mM (A short-dashed line), and with 43 mM (+ dotted line) ethanol

Discussion

In contrast to previous studies [16], in the present ex-
periments we were able to measure both V,,,, and K, of
retinol oxidation in the cytosol of cells from the small
intestine. The present data demonstrate a considerably
higher activity of retinol dehydrogenase in the cytosol
of the colon mucosa as compared to that of the small in-
testine. Within the cytosol, retinol is nearly completely
bound to cellular retinol binding protein (CRBP I) [28].
As CRBP-bound retinol is not a substrate for ADH [29],
out of the total cytosolic concentration of about 5uM,

Table1 Enzyme activities at substrate saturation (Vy,,) and Michelis-Menten constants (K.,,) of retinol oxidation in the cytosol of the mucosa from the rat’s small and large
intestine depending on ethanol concentrations [c(EtOH)] added to the incubation medium. Values (means + SEM) are given for both animals from the control group (‘Con’)
and from the ethanol-fed group (‘EtOH’) . No effect of chronic alcohol feeding on Vi, or K, was observed, but the presence of ethanol in the incubation medium decreased
Vinax @and increased K, in the cytosol of both intestinal segments significantly (within-group comparisons vs. no addition of ethanol: * p < 0.05; ** p < 0.01; *** p <0.001) .

Ki, and Ki. noncompetitive and competitive inhibition constants

Small intestine

Large intestine

¢(EtOH) Group Vinax K Kiy Kic W K Kiu Kic
[mM] [pmol/min/mg] [pM] [mM] [mM] [pmol/min/mg] [uM] [mM] [mM]
0 Con 40.6£13.6 475+90 116£29.5 26.3+3.0
EtOH 30.4+9.6 486+71 109+28.7 224+1.1
2.7 Con 35.0+11.0 622 +99** 17.0 5.2 57.0£15.1%** 29.5+1.7 2.6 2.1
EtOH 26.0£6.6 671+77 16.1 4.4 55.4+15.0%** 32.3£1.5% 2.8 1.5
1 Con 29.44+10.4%** 638+110** 28.7 12.8 41.0+11.0%%* 45.8+2.8** 5.9 2.8
EtOH 243+9.1* 756+ 63* 43.0 11.5 37.6+£10.6*** 46.1£2.2%** 5.7 2.2
43 Con 21.8+£8.4%** 755+ 138%** 50.2 22.1 24.5+6.5%%* 74.6+7.8%%* 11.6 35
EtOH 21.3£6.9% 1326+ 181*** 101 15.0 22.3+6.0%** 64.4+7.5%** 11.2 33
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Fig.2 Effect of ethanol addition on the catalytic efficiency Via/Km [ml/min/g] of
retinol oxidation by the cytosol obtained from colon mucosa from animals fed the
control diet (o solid line) and those fed the ethanol diet (e dashed line) and from
the small intestine of rats fed the control diet (O dotted line) and those fed the
ethanol diet (M dashes and dots). Addition of ethanol resulted in highly significant
depression of catalytic efficiency at all ethanol concentrations (ANOVA for both in-
testinal segments: p < 0.001)

only 2.5nM are in the unbound state [30,31] and there-
fore available for ADH-mediated oxidation. To approach
the binding of retinol to CRBPI within the cell, in con-
trast to previous studies [16] we applied retinol bound
to protein as substrate in the present assay. This resulted
in a decreased Vi, of cytosolic retinol oxidation in the
colon, but, evidently, the reduction of Vi,.x by acute ex-
posure to ethanol occurs independently of the applied
formulation of retinol (Table 1). With respect to the low
concentration of free retinol in the cell, the catalytic ef-
ficiency (Via/Km), which represents the slope of the en-
zyme activity vs. substrate concentration at very low
substrate concentrations [23], is the most favorable pa-
rameter to discuss changes in enzymatic retinol oxida-
tion. The present data demonstrate that V,,/K,, of
retinol oxidation in cells from the colon is about 50 to 70
times higher compared to that of the mucosa from the
small intestine.

The huge difference in cytosolic retinol oxidation be-
tween the mucosa of the small and large intestine is par-
alleled by findings on ADH subclass localization in the
intestine using immunohistochemical and Western blot
techniques [24, 25]. In these studies, ADH3 was detected
in both the small and large intestine of rodents with a
significantly higher level of ADH1-protein expression in
the colon than in the small intestine, while ADH2 and
ADH4 were not detectable with these methods [24, 25].
Regarding the immunohistochemical and enzyme ki-
netics data, the expression of ADH1 in the colon, which

is practically absent in the small intestine [24], seems to
be responsible for the markedly higher cytosolic retinol
oxidation in the colon while ADH3 seems to mediate
retinol oxidation in the small intestine [24]. Both rodent
and human ADH3 were previously considered to be in-
active in ethanol oxidation [6,12]. Nevertheless, as com-
pared to wild-type mice, animals in which the gene for
ADH3 was deleted, retinoic acid synthesis was reduced
by the factor 3.8 [13] and although low in activity, ADH3
was clearly shown to contribute significantly to systemic
retinoic acid synthesis in vivo [14]. A possible explana-
tion for the absence of retinol dehydrogenases in the
small intestine may be the fact that - besides the liver -
the rodent’s small intestine is the only organ where reti-
nal can be formed from carotenoids cleaved by 15,15’-
dioxygenase [32] and the availability of retinoic acid
may therefore not depend on the synthesis of retinal
from retinol.

In vitro, the presence of ethanol was shown to inhibit
ADH-associated retinol oxidation in the cytosol from
human liver and cattle retina [15] as well as that of iso-
lated alcohol dehydrogenases from both the rat (ADH1)
[34] and man (ADH1,ADH2,ADH4) [7,12,29]. Further-
more, retinol oxidase activity in the cytosol from colon
cells of the rat was measured to be significantly inferior
at ethanol concentrations occurring in man after social
drinking [16], a result that is in accordance with the re-
sults of the present study. The inhibition is evidently
based on a direct interaction between the protein and
ethanol and is of mixed type (non-competitive and com-
petitive) with constants for competitive inhibition be-
tween 1.5 mM ethanol in the colon and 22 mM in the
small intestine (Table 1).

In the present study, we were able to show for the first
time that although quite low, the activity in the cytosol
from cells of the small intestine is inhibited significantly
by low ethanol concentrations (Figs. 1 and 2). Presuming
fast ingestion, a concentration of 2.7 mM ethanol in the
aqueous phase of the body in a ‘standard’ human (70 kg
body mass) is already achieved after drinking about half
a glass of wine (~90ml, 11 % ethanol v/v) [35]. This con-
centration is sufficient to block about 33 % of cytosolic
retinol oxidation in the small intestine and about 60 % of
that in the cytosol of colon mucosa (Fig. 2).

In mice, systemic hypovitaminosis A leads to an im-
paired functionality of the intestinal mucosa, a thinner
mucus layer, histological abnormalities and a reduced
cellular division rate of cells in the small intestine
[36-39]. Hypovitaminosis A is associated with a higher
intestinal permeability in mice and man and can be re-
duced by supplementation with retinol [40, 41]. The ob-
served reduction of retinol oxidation and the conse-
quently reduced availability of the active vitamin A
metabolite retinoic acid might therefore contribute to a
higher permeability of macromolecules through the in-
testinal wall, as measured in rats after chronic alcohol
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feeding [42] and in patients with chronic alcohol abuse
[17].1In fact, in the present study a higher concentration
of endotoxin was measured in the peripheral blood of
the alcohol-fed animals as compared to the control rats
[20], which may be of relevance because of the impor-
tant role of the permeation of endotoxins from the in-
testine in the development of alcohol-induced organ
damage [43, 44].

The results of our experiments suggest that retinol
oxidation in the cytosol of intestinal cells is impaired as
long as ethanol is present in the cell. Chronic alcohol
feeding did not change the basal enzymatic activity of
the cytosol. Therefore, an unchanged expression of
retinol-oxidizing enzymes, namely ADH, can be pre-
sumed. Contradictory results were reported on the effect
of chronic alcohol feeding on changes of ADH activity in

the rat liver. Hepatic ADH activity was shown to be in-
duced after chronic alcohol feeding in rats [45]. In con-
trast, comparable experiments with female rats resulted
in a reduced hepatic ADH activity with ethanol as sub-
strate [46]. In the present study, we were not able to mea-
sure any effect of chronic ethanol feeding on total ADH
activity with retinol as substrate either in the small or
the large intestine (Fig. 2). Therefore, the role of ethanol-
induced inhibition of retinol oxidation followed by im-
paired function of the intestinal mucosa can be viewed
as a consequence of the prolonged presence of ethanol,
a situation that may become detrimental in the long run
in alcoholics.
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