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Abstract- The effects of some aliphatic alcohols on the activity of several brush border enzymes
have been investigated. At the concentrations used we found strong inhibition of (Na® + K"} APTase,
and Mg®*-APTase while alkaline phosphatase and arylamidase activity was little influenced. The half-
maximal ATPase inhibitory concentrations of alcohols were closely correlated with the length of the
carbon chain and the interaction with the enzyme appeared to be hydrophobic. The change in free
energy due to addition of one CH, group is estimated at —620 cal for (Na® + K" )}-ATPase and
—730 cal for Mg?*-ATPase. The relationship between intestinal pharmacological activity of the alco-

hols and active transport is discussed.

Because of their characteristic physicochemical
properties, aliphatic alcohols are especially active on
biochemical mechanisms localized in the lipoprotein
structures in membranes and on hydrophobic sites
of enzymes. Because of this, the pharmacological
effects observed with these alcohols are not specific
and vary with the preparation used [1,2, 3,4, 5].

Aside from the interest in the effects of these
alcohols on specific membrane systems, studies on the
digestive epithelium are important from a toxico-
logical point of view because following voluntary or
involuntary ingestion, their effects are seen primarily
on the membranous structures involved in metabolite
absorption.

The natural presence of some of these alcohols in
fermented drinks poses a problem in alimentary toxi-
cology, the consequences of which are as yet little
known [6]. In addition, little work has been done
on the effects of aliphatic alcohols on the digestive
epithelium. Hill [7] studied the effects of these alco-
hols on the absorption of various trace elements in
isolated segments of chicken duodenum. Many
studies are limited to ethanol; the effect on intestinal
transport mechanisms are reviewed in ‘the biology of
alcoholism’ {8, 9, 10]. Tran et al. [11], using isolated
enterocytes, showed that ethanol inhibits metabolic
activity, and Carrera et al. [12] demonstrated a
diminution in vitamin B, absorption.

Enzymes in the brush border of enterocytes play
a very important role in hydrolysis and the transport
of metabolites from the intestinal lumen to the blood.

In addition, the ATPases of the brush border have
been implicated in the maintenance of ionic equilib-
rium and in active absorption. Israel and Kalant [13]
have shown that at concentrations considered toxic
for the animal, ethanol inhibits active Na transport
in frog skin. More recently, Israel et al. [14] found
an inhibition of ATPases localized in microsomes of
nerve cells by short chain alcohols.

In this paper, we report experiments on the activity
of several enzymes in the brush border of enterocytes
incubated in the presence of aliphatic alcohols.

METHODS

Brush borders were prepared from the small intes-
tines of male Sprague-Dawley rats weighing 250 g
Activities of various enzymes present in the prep-
arations as well as the effects of aliphatic alcohols
were measured.

Isolation of brush borders. The method used was
that developed by Mitjavila et al. [15]. Starting with
a homogenate of isolated rat intestinal cells, and
after several centrifugations, the subcellular fraction
is treated with glass wool to expel most of the DNA.
In these conditions a fraction is obtained consisting
essentially of brush borders in EDTA-Tris buffer at
pH 7-4. The volume was adjusted to obtain a final
protein concentration of approximately 1 mg/ml. Pro-
teins were measured by the method of Lowry et al.
[16].

Determination of enzymatic activities. (Na* + K™ )-
ATPase, Mg?"-ATPase, alkaline phosphatase and
arylamidase activities were measured. All incubations
were done at 37°. The incubation medium contained
0-5 mt of buffer and 0-1 ml of enzyme (brush border
preparation) in a final volume of 1 ml The cffects of
cight n-alcohols, from methanol to octanol, (pur-
chased from Fluka and redistilled) were measured.
Each alcohol was tested at three different concent-
rations. Addition of substrate marked the beginning
of the 15 min incubation period. Control enzymatic
activity was measured in the same conditions, the
alcohol being replaced by an equivalent volume of
water. The details for each enzyme assay are given
in the tables. The results are expressed as specific ac-
tivity (umoles hydrolysed substrate/mg protein/15
min) and as per cent of the control activity.
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Table 1. Effect of alcohols on ATPases activities in the brush border of rat enterocytes

Mg?*-ATPase activity

(Na* + K*)-ATPase activity

Alcohol M Sp. act. % Sp. act. %

0 620 + 111 100 290 + 0-30 100

Methanol i 580 4 1117 94 200 + 0201 69
2 520+ 113 84 0-54 + 0147 19

4 2:30 + 047* 37 030 + 012 10

0 620 + 11 100 290 + 030 100

Ethanol 06 550 + 102 89 0-83 + 0-22¢ 29
12 360 + 0-85* 58 034 + 0-17¢ 12

24 103 + 0-10% 17 017 + 0081 6

0 620 + 1-11 100 290 + 030 100

Propanol 02 570 + 1-19 92 094 + 0341 32
04 380 + 0:94* 61 032 + 0-19% 11

06 2:50 + 025+ 40 030 + 0241 10

0 620 + 111 100 290 + 030 100

Butanol 006 602 + 085 97 1-28 + 0103 44
o112 385 + 070 62 050 + 0167 7

024 115 + 020 19 033 + 0101 11

0 620 + 111 100 2-90 + 030 100

Pentanol 002 625 + 085 101 1-60 + 0-60* 55
004 425 + 0:89 69 100 + 0407 34

006 178 + 020% 29 037 + O 11E i3

0 620 + I-11 100 290 + 030 100

Hexanol 0-006 507 + 103 82 2:20 + 0-20% 76
0-012 338 + 074* 55 1-40 + 0-10% 48

0-024 1-33 + 0-20% 21 0-24 + 0-05% 8

0 620 + 111 100 290 + 030 100

Heptanol 0-002 533 + 120 86 190 + 0-30% 66
0-004 360 + 090 58 1:50 + 030t 52

0-006 1-52 + 0201 25 037 4 0-03% 13

0 620 + 111 100 290 + 030 100

Octanol 00006 445 + 0-85* 72 190 + 6-20* 66
00012 290 + 050t 47 170 + 0103 59

0-0024 1-35 + 028 22 038 + 0133 13

Incubation were carried out as described in Methods. For total ATPases the reaction mixture contained
30 umoles Tris (pH 7-4); 7-5 umoles MgCl,; 120 umoles NaCl; 20 umoles KCl; and 5 umoles ATP(di-
sodium ATP. Boehringer Mannheim GmbH). After stopping the reaction with 2-5 N perchloric acid,
the quantity of inorganic phosphate liberated was measured [17]. Mg?"-ATPase was assayed in the
presence of 1 umole phlorizin, The difference between the two measurements (total ATPase-Mg?"-AT-
Pase) was that of (Na® + K*)}-ATPase. The results are expressed as sp. act. (umoles phosphate/mg
protein/15 min.) and as per cent of the control activity. Each value represents the mean + S.E.M.
of four different brush border preparations. Difference statistically significant in relation to control:

*P < 0:05; TP < 0-01; 1P < 0001,

RESULTS

Effect on the AT Pases. In the concentration range
used, the eight alcohols investigated have an inhibi-
tory effect on ATPase activities (Table 1).

(Na* + K*)-ATPase is specially sensitive to the
action of alcohols; the activity decreases very rapidly
in a significant manner, and at the highest concent-
ration the inhibition is nearly complete (90-95%).

At the same concentration range, the effect on
Mg?"-ATPase is less important. Af the lowest con-
centration only octanol produces a significant de-
crease and in no case was complete inhibition
observed.

Effect on alkaline phosphatase and arylamidase.
Concerning alkaline phosphatase (Table 2), only
methanol, ethanol, and propanol. used at the same
concentration range as previously, caused a signifi-
cant decrease in enzyme activity. From butanol on,

doses effective on ATPase activities have no effects
on alkaline phosphatase.

Arylamidase (Table 3) is more resistent to the alco-
hols studied; only 24 M ethanol produces a signifi-
cant inhibition. Nevertheless considering the regres-
sion between enzymatic activity and alcohol concen-
tration we observed that, for ethanol and propanol,
the decrease with rising concentrations is statistically
significant (P < 0-01 and P < (-05 respectively),

Equitoxic concentration. The concentration of alco-
hol which causes a 50 per cent inhibition of enzymatic
activity {Isy) was used as a criterion for comparison
of the different alcohols. This concentration is esti-
mated from ATPase inhibition curves calculated from
results in Table 1. The mean values are obtained,
expressed in mM alcohol/l of incubation medium, and
presented in Table 4. 1t can be seen that the 15, con-
centration diminishes considerably as the length of
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Table 2. Effect of alcohols on alkaline phosphatase activity in the brush border of rat enterocytes

Alcohol M Sp. act. Y Alcohol M Sp. act. Yo
Methanol 0 311 £+ 211 100 Pentanol 0 301+ 21 100
1 259 + 1-1* 83 002 289 + 08 92

2 219 + 1-1% 70 0-04 299 + 14 96

4 169 £+ 1-1% 53 0-06 287+ 09 92

Ethanol 0 311 4+ 21 100 Hexanol 0 300+ 21 100
06 241 + 1-2F 77 0-006 292 +£ 09 93

1-2 21-1 + 1443 67 0012 280 + 05 90

24 140 + 1-4% 45 0-024 276 + 07 88

Propanol 0 3+ 2 100 Heptanol 0 3+ 241 100
02 268 + 12 86 0002 287 + 06 92

04 247 + 087 79 0-004 293+ 09 94

0-6 228 + 1-3% 73 0-006 282 + 09 90

Butanol 0 31 £ 21 100 Octanol 0 311+ 21 100
0-06 308 + 21 99 0-0006 303+ 14 97

012 285+ 12 91 00012 306 + 2-1 98

0-24 267 £ 1-3 85 0-0024 283+ 15 90

Incubation were carried out as described in Methods. According to the method of Bessey and Lowry
p-nitrophenyl phosphate disodium salt, (Boehringer Mannheim GmbH) was used as substrate in a
glycine buffer at pH 9-1 [18]. After stopping the reaction with 0:02 N NaOH. the p-nitrophenol released
was measured by colorimetry at 405 nm. The results are expressed as sp. act. (umoles p-nitrophenol/mg
protein/15 min.) and as per cent of control activity. Each value represents the mean + S.E.M. of four
different brush border preparations. Difference statistically significant in relation to control: *P <(-5:

tP < 001; {P < 0-001.

the chain increases; this is very clear for the two
ATPases studied. A similar value could not be calcu-
lated for alkaline phosphatase or arylamidase because
insufficient inhibition was obtained.

In the same table are included for each alcohol
(for the determination of correlation coefficient)
several physicochemical constants such as chain
length, boiling point and partition coefficient which
are themselves related to liposolubility of these alco-
hols.

Relationship between physicochemical properties and
enzymatic inhibition

Solubility of alcohols in lipids is only an expression
of the chemical potential (thermodynamic activity)
which can be determined in aqueous solution using
coefficients of thermodynamic activity of the alcohols.
We have calculated the regression between thermo-
dynamic activity (y), corresponding to Isq (Table 4),
and the number of carbon atoms in the alcohol (x)

Table 3. Effect of alcohols on arylamidase activity in the brush border of rat enterocytes

Alcohol M Sp. act. % Alcohol M Sp. act. %
Methanol 0 274 + 018 100 Pentanol 0 274 + 018 100
1 2-75 + 030 100 002 2:78 + 0-14 101
2 2-49 + 0-30 909 0-04 2:66 + 0-17 971
4 236 £ 027 86:1 0-06 2:55 + 021 931
Ethanol 0 274 + 0-18 100 Hexanol 0 274 £+ 0-18 100
06 242 + 022 883 0-006 276 + 0-16 101
1-2 224 + 024 81-8 0012 2:66 + 0-29 971
24 1-67 + 0-35% 609 0-024 2:61 + 0-24 101
Propanol 0 274 £ 0-18 100 Heptanol 0 274 £ 018 100
02 246 + 0-21 898 0002 290 + 0-33 107
04 2:28 + 023 832 0-004 303 + 030 1
06 2:05 + 025 74-8 0-006 300 + 045 11
Butanol 0 2:74 + 0-18 100 Octanol 0 2:74 + 0-18 100
0-06 2:45 + 0-36 89-4 0-0006 2:80 + 0-19 104
012 2-46 + 027 89-8 0-0012 273 + 013 100
024 221 £ 033 80-7 0-0024 273+ 013 100

Incubations were carried out as described in methods. Leucine p-nitroaniline (Boehringer Mannheim
GmbH) was used as substrate in a O-1 M phosphate buffer at pH 7-2 [19]. The enzyme was inhibited
by heating and the p-nitroaniline released was determined by colorimetry at 405 nm. The results
are expressed as sp. act. (umoles p-nitroaniline/mg protein/15 min.) and as per cent of control activity.
Each value represents the mean + S.E.M. of four different brush border preparations. Differences statis-

tically significant in relation to control: *P < 0-05.
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Table 4. Various forms of I, expression and values of some physical constants as related to liposolubility of aliphatic

alcohols
(Na* + K*)-ATPase Mg’ *-ATPase
Chain Boiling
Alcohol length point* ot I (mM); log I, A§ Lo (mM)i log 15, A§
Methanol 1 6496 00095 1350 3130 0038 3362 3527 0-096
Ethanol 2 78-50 0-035 438 2-642 0-029 1425 3154 0-099
Propanol 3 9710 0155 153 2185 0-040 450 2:654 0119
Butanol 4 117-50 0630 52-5 1-720 0-050 1537 2-187 0-148
Pentanol 5 137:30 2:300 245 1.389 0-095 485 1-685 0187
Hexanol 6 158-00 7-500 9-5 0978 0155 12-9 1-110 0209
Heptanol 7 177-00 22:000 33 0-518 0-208 41 0612 0-263
Octanol 8 194-50 59-000 1-18 0-072 0-260 1-15 0-061 0255

* Boiling point in C degrees, at 760 mm [20].
+ 2 = Partition coeflicient water -triolein [21].

115, = Alcohol concentration which produces a 509 inhibition of enzymatic activity. This value is calculated from
the results in Table 1 and represents the mean of four experiments.

§ A: Thermodynamic activity ol Is, = activity coeflicient

and obtained the following equations:

(Na®™ 4+ K*)-ATPase: y = 00338 x — (-0428
(F = 117) (p <0:001)
Mg? " -ATPase: y = 0:0266 x + 0:0520
(F = 70) (p <0-001)

The slopes of these equations are not zero. The
regressions are very significant, showing that there is
a relation between chain length and thermodynamic
activity of T, One can conclude that the thermo-
dynamic activity necessary to obtain an identical inhibi-
tion rises with the chain length of the alcohol.

This led us to consider the relationship between
the I, concentration and several physical constants
characteristic of these alcohols. In Table 5 are pre-
sented the regressions; the significance of the relation
between the two variables is given by the F-test of
regression. The results show that the highest F-values
are obtained with the logarithm of I5, and that
between the parameters considered, the represen-
tation of log I, as a function of the number of car-
bon atoms gives the most suitable values for regres-

[22] x molecular fraction of Is,.

sion as well as lincarity (F of the regression and F
of deviation from linear regression).

Combination of alcohol molecules with ATPases. Free
energy involved in enzyme inhibition

Results obtained so far demonstrate a close relation
between the hydrophobic nature of aliphatic alcohols
and inhibition of the ATPases. Calculation of the free
energy involved during transfer of a methyl group
from the alcohols, solubilized in water, to the active
sites of the enzyme could be helpful in understanding
the hydrophobic nature of the active sites. This free
energy is calculated with the following equation:

AF = —(RTInb/N)

in which b represents the slope of the regression line
and N the number of carbon atoms. From the values
in Table 5, for the regression log Iso/N we found
—620 cal for (Na* + K*)-ATPase and —730 cal for
Mg?"-ATPase which demonstrates the more hydro-
phobic nature of the second enzyme.

Table 5. Relationship between I, concentration and some physico-chemical parameters. Analysis of variance of the
regression and linearity.

F of the F of deviation from
Straight line equation regression linear regression
Y/x Y=ax+bh df =1 and 24 df = 6 and 24
(Na’ + K*)-  Iso/chain length Y = —143-69x + 90046 8671 87-7%
log 154/chain length Y = —04291x + 34980 2379-7% 0-64
APTase log  I5,/boiling point Y = —00224x + 44367 23681 245
log T5/l0g « Y = —0-7783x + 1-5537 2373% 1-6
15o/chain length Y = —381-55x + 2399-20 585% 74%
Mg2*-  log Io/chain length Y = —0-5035x + 4-1335 6553-11 2-8*
APT-asc log I5o/boiling point Y = —0:0263x + 52361 65541 4-23%
log I5/log o Y = —09100x + 1-8520 64901 132

a = Partition coefficient water—triolein [21].

The mean numeric values of the different parameters used in this calculation are presented in Table 4.
Statistically significant: *P < 0-05: TP < 0-01; TP < 0-001. The significance of the regression and linearity are calcu-
lated according to Schwartz [23]. When the deviation from linear regression is not significant, the hypothesis of linearity

can be retained.



Alcohols and brush border enzymes

DISCUSSION

The activity of various enzyme systems presents in
the brush border of enterocytes is influenced very dif-
ferently by the presence of aliphatic alcohols in the
incubation medium. Results show that at concent-
rations active on the ATPases, the alcohols tested
{beginning with butanol) have no effect on arylami-
dase and alkaline phosphatase. On the other hand,
methanol, ethanol and propanol partially inhibit
these enzymes. Inhibitions found with alkaline phos-
phatase and arylamidase are perhaps related to the
moderate polarity of the first in the series of alcohols
which could form clathrates with the polar groups
of the proteins. Along this line, Hill et al. [24] found
that in the case of leucine aminopeptidase prepared
from porcine kidney, hydrophobic interactions play
a very small role in the inhibition caused by aliphatic
alcohols.

With regard to the ATPases, we have demonstrated
a relationship between alcohol chain length and the
thermodynamic activity of the I5, concentration. The
thermodynamic activity necessary to obtain an identi-
cal effect rises with chain length. According to the
Ferguson principle [25]. in a homologous series,
equal effect should be achieved with equal thermo-
dynamic activity. But Brink and Posternak [3]
reported that this principle does not apply to certain
biological preparations.

Our results also show that interactions between the
active sites of the ATPases and the alcohols are lar-
gely hydrophobic according to the theoretical work
of Butler [22]. The existence of a linear relation
between log 15, and the number of carbon atoms in
the alcohol shows that there is an interaction between
the alcohols and the non-polar sites on the enzyme.
This linear relation agrees with the results of Rang
[4] showing that as the length of the carbon chain
rises arithmetically, the concentration necessary to
obtain a given effect falls logarithmically. The less sig-
nificant results obtained with other physical constants
(boiling point, partition coefficient) show that the
values for the coefficients used in these calculations,
themselves obtained in well-defined experimental con-
ditions, are not strictly applicable to complex mem-
brane structures like the brush border.

The transfer of an alcohol in aqueous solution to
a lipid phase or a hydrophobic site of an enzyme
involves forces of association between molecules of
solvent and solute. Using activity coefficients of ali-
phatic alcohols, Butler et al. [22] calculated that the
free energy arising from the addition of each methyl
group is approximately 800 cal. Presently, the value
of 830 cal of free energy on transfer of each methyl
group in a non-polar substance dissolved in water to
a non-polar solvent is calculated [26]. The transfer
of an alcohol to the hydrophobic site of an enzyme
is thus an endothermic process; the free energy values
for solubilization less than 830 cal indicate an incom-
plete dehydration of the methyl groups of the alcohol
and show that the sites are not completely hydro-
phobic. This is the case for (Na* + K¥)»-ATPase in
enterocyte brush border for which we found a AF
of —620 cal. This value is comparable to the figure
of —600 cal obtained by Hegyvary [27] studying the
inhibition of (Na® + K*)-ATPase of guinea-pig kid-
ney by various organic solvents. Similar results have
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been found for other enzymes. Mitsuda et al. [28]
found a free energy value of — 650 cal for each methyl
group in the inhibition of lipoxygenase and Tang [29]
found a value of —560 cal for pepsin under similar
conditions.

For Mg?*-ATPase, we found a free energy value
of —730 cal which indicates the existence of more
lipophilic sites.

From a pharmacological point of view. the con-
centration of ethanol necessary to inhibit in vitre the
activity of the brush border ATPases is not high. rela-
tive to the concentration which can be found in the
digestive tract after the ingestion of alcohol [30]. On
one hand several authors have shown an inhibition
of active transport of amino acid in vifro by ethanol
and other alcohols [31] and in vivo by ethanol [30].
On the other hand (Na® + K ")-ATPase is necessary
for the greatest active amino acid and sugar transport
[32]. According to Israel et al. [ 13. 14] the depression
of amino acid intestinal transport linked to
(Na™ + K*)-ATPase activity is conceivable. This
work shows that the ATPases of the brush border
are inhibited by alcohols. This poses the problem of
pharmacological activity of fermented drinks contain-
ing ethanol and low concentrations of high alcohols
sufficient for inhibiting ATPases.
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