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way or to effects of morphine at other sites within the CNS
is unclear, It is possible that the two effects of morphine.
enhanced dopamine metabolism and impulse flow. reflect
activation of opiate receptors at two unrelated sites, and
the amount of dopamine released will reflect the sum of
these two phenomena. To separate these sites of action will
be difficult because of the multiplicity of opiate agonist
effects in the extrapyramidal system [13. 15, 16, 18].
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Effect of ethanol administration on free proline and glutamate in the intact rat
liver

{Received 15 March 1979 accepted 5 December 1979)

The concentration of free proline is considered to be sig-
nificant in the formation of collagen [1. 2]. Earlier we
observed that the synthesis of proline was increased during
the incubation of liver homogenates obtained from cthanol-
treated rats or of liver slices when ethanol was added in
vitro [3]. The conclusions on the role of glutamate as a
precursor of free proline in liver are variable [1. 3, 4.

In humans. Kershenobich et al. [S] demonstrated a cor-
relation between the concentrations of free proline and
collagen in liver. Sicgel er al. [6] studied alcohotics and did
not find any change from normal in serum proline but.,
following ethanol load. an clevation of proline was found.
Similarly, Shaw and Lieber [7] observed in baboons that
after a long-term administration of cthanol. proline was
depressed in post-prandial serum, Mezey e af. [8] observed
in rat liver an increasce of frec proline after cthanol feeding.
In our own study [9] we also found that a long-term
administration of cthanol to the rats increased the concen-
tration of free proline in liver. aithough by 10-12 per cent
only, on average. Mgrland et al. [10] did not observe any
change in hepatic free proline in rats after long-term cthanol
feeding. while Forsander (personal communication) found
a decrease in liver proline after a 2-month trcatment with
ethanol, although there was an increase in liver glutamate.

The purpose of this work was to find out whether a
single-dose administration of cthanol will cause an increase

of free proline in liver in vivo, and to discover what are the
simultaneous changes in liver glutamate. There is a shift
in the redox balance towards the reducing side during the
catabolism of ethanol in liver [11]. This change favours the
synthesis of proline. Therefore, we wanted to sec whether
by diminishing this change in the redox balance caused by
the oxidation of ethanol we could prevent the increase in
the amount of proline. For that purpose the rats were
treated with 4-methylpyrazole. a potent inhibitor of alcohol
dehydrogenase [12]. Attempts to influence the redox bal-
ance were made also by giving methylence blue to the rats.

Experimental

Treatment of animals. Male Sprague-Dawley rats, aged
2~ 4 months, and fasted for about 40 hr. were given ethanol
by stomach tube, usually 2 g per kg body wt as a 256 (viv)
agueous solution, In the preliminary experiments. ethanol
doses of 4 and 8 g per kg were also used. The control rats
received corresponding volumes of water.

4-Methylpyrazole was injected i.p. 10 min before the
administration of ethanol. On the basis of the preliminary
experiments with doses from 10 gwmoles to 2.44 mmoles
per kg body wt. the dose adopted for use was (1.2 mmoles
or 16.4 mg per kg.

Methylene blue was given 3 or [0 mg per kg as an i.p.



Short communications

1436
%
+60 |-
[ ]
[ ]
+ 40
[ ]
% [ J
< °
-
o) X
&
+20
o« [ ]
s
2 x
- ® 6
Z
W
g L ]
s 2
o *0 O o
o]
~ 20
|
0 5

| | - 1
10 17 24

TIME, h

Fig. 1. Change in the concentration of liver proline as a function ¢l time between the administration

of ethanol and the Killing of rats. The number of experiments at each point of time varies from 1 to

6, and every circle represents the average value from 2 rats. For the details sec the Experimental section.

The change is calculated as per cent of the valuc of the corresponding control rats without ethanol,

~-@-@-@- Rats that received ethanol, 2 g per kg body wt.: ~O-CO~CO- rats that received 4-methvlpyrazole.
16.4 mg. and ethanol. 2 g per kg body wt.

injection of an aqueous solution 10 min before the
administration of ethanol.

The animals were kilied by dislocation of the cervical
vertebrae at various time intervals from 0.5 to 24 hr. The
livers were immediately dissected and dropped into liquid
nitrogen. The time required for the killing of rats and
removal of livers was 30 sec to | min. It was noted that up
to 5 min the speed of this performance had no effect on
the level of proline and only slightly affected the level of
glutamate. The frozen livers were chopped to smaller picces
and divided into portions so that cach sample contained
material from every lobe. The samples were kept frozen
until used for analyses.

Determination of proline. Frozen liver samples were
homogenized in cold Ringer-bicarbonate buffer. Liver
homogenate was deproteinized with 75% (v/v) cthanol and
centrifuged. The ethanol was evaporated from the super-
natant, and proline in the residue was determined according
to the photometric method to Troli and Lindsley [13] using
a ninhydrin reagent. For the removal of the interfering
amino acids, Amberlite IRC-50 resin was used instead of
Permutit.

Determination of glhuamate. Frozen liver samples were
homogenized in cold 75% (v/v) ethanol, centrifuged. and
ethanol was evaporated from the supernatant. The residue
was dissolved in water, and glutamate was determined
according to the method of Borys ez al. [14]. based on the
procedure of Graham and Aprison [15]. Glutamate was
oxidized to a-ketoglutarate by glutamic dehydrogenase and
the fluorescence of NADH formed was measured with a
Zeiss spectrophotometer PMQIL. excitation 365 nm. emis-
sion 470 nm.

Resulrs

Concentrations of proline und glutamate, and the effect
of fasting of the rats. The concentration of liver proline in
fasted control rats (N = 15) was 0.53 =+ 0.016 (S.FE.M.)
wmoles per g wet wt. The concentration of liver glutamate
was 3.42 + 0.32 umoles per g wet wt.

The fasted animals were employed to ensure the optimal
absorption of ethanol and the homogeneity of their nutri-
tional state. Although fasting of rats for about 40 hr caused
an increase in liver proline. the increase was the same in
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Fig. 2. Change in the concentration of liver glutamate as a function of time between the administration
of ethanol and the killing of rats. For the explanations see the legend of Fig. 1.

both control (+ 21.8 per cent) and ethanol-treated rats
(+ 21.3 per cent), and thus did not influence the change
caused by the administration of ethanol.

Effect of various doses of ethanol. The increase in the
concentration of liver proline, measured 2 hr after the
administration of ethanol, was almost the same whether
the rats had received ethanol 2 g (+ 20 per cent) or 4 g per
kg body wt (+ 23 per cent) The corresponding changes in
the concentration of liver glutamate were + 85 and + 83
per cent. The dose 8 g ethanol per kg body wt caused a
higher rise (+ 113 per cent) in the concentration of proline.
However, since the dose 8 g per kg is close to lethal. and
there was no difference in the effects of the two lower
doses, only 2 g ethanol per kg was used in all following
experiments.

Time dependency of the effect of ethanol. The increase
in the concentration of proline was at its highest, + 37.3
per cent, 3 hr after the administration of ethanol (Fig. 1).
The level of proline returned to almost normal in 10 hr.

The concentration of glutamate increased even more
than that of proline. and the maximum level, + 149 per

cent, was reached 7 hr after the administration of ethanol
(Fig. 2).

When all the points in the period 0.5-7 hr are included.
the increase caused by ethanol is significant at the level P
< 0.001 in both proline and glutamate concentration.

Influence of 4-methylpyrazole on the effect of ethanol. 4-
Methylpyrazole. injected 10 min before the administration
of ethanol. prevented the increase of both proline (Fig. 1)
and glutamate (Fig. 2). At the time points of maximum
ethanol-induced increase. at 3 hr for proline and at 7 hr
for glutamate, the changes in the concentrations of these
metabolites in 4-methylpyrazole-treated rats were + 7.8
and —8.1 per cent, respectiyely. The cflect of 4-methyl-
pyrazole in the ethanol-treated rats was significant at the
level P <0.001. whether the values in the period 0.5-7 hr
were calculated as independent or non-independent
samplcs. During the latter part of the experimental period
the concentration of proline decreased below the control
level. The injection of 4-methylpyrazole alonc did not
change appreciably the level of proline (= 0.0 per cent)
and glutamate (—1.8 per cent) in the livers of control rats.
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Fig. 3. Ratio of the concentration of liver glutamate to the concentration of liver proline. The
concentrations are expressed in mg and in ug per g liver wt, respectively. The calculated regression line
(please see the text) is presented. O Control rats: @ ethanol-treated rats.

Ratio of glutamate 10 proline. When the concentrations
of glutamate are plotted against the concentrations of pro-
line from the same liver samples (Fig. 3). there is a mod-
crately high linear correlation: v = 0.025 v - 0917, r =
0.731. P < 0.001. For cthanol-treated rats scparately the
corresponding parameters are v = 0,019 x - 04206, 7 =
0.628, P < 0.01, but in the group of control rats no cor-
relation is present (r = - 0.0040).

Influence of methyvlene blue on the effect of cthanol.
Methyvlene blue had no effect on liver glutamate of control
rats, but increased the concentration of liver proline (+ 34
per cent). In ethanol-treated rats the injection of methylene
blue caused a 25 per cent additional increase in liver proline
and a 23 per cent additional increase in liver glutamate.
The combined effect of ethanol and methylene blue was
a 74 per cent increasc in liver proline and a 94 per cent
increase in glutamate.

Discussion

The increase in the concentration of free proline in liver
found after the administration of ethanol was in accordance
with our expectations. The concentration of glutamate
increased even more. but that does not necessarily indicate
a precursor—product relationship. In an earlier work [3] we
have found that the conversion of ["C] glutamic acid to
proline in liver slices was increased by 39-46 per cent when
ethanol (20-50 mM) was added to the medium. Rojkind
and Diaz de Leon [1] have observed only slight conversion
of glutamic acid to proline (0.03 pumole/g at a 3 hr incu-
bation) by liver slices from normal rats, but an 8-fold
amount (0.24 umole/g) by slices from rats made cirrhotic
by the administration of CCly.

The prevailing condition of liver plays a role also in the
incorporation of proline into collagen. For example.
ethanol in vitro caused a significant increase in the incor-
poration of proline in the biopsy specimens of alcoholic
hepatitis or active cirrhosis, but had no effect on the col-
lagen synthesis by normal or fatty liver [16]. In the rats on
the high-fat, low-protein diet. the cffect of ethanol on the
collagen synthesis was never more marked than in the rats
on the normal diet [9].

The levels of liver proline and glutamate depend on the
time point after the administration of ethanol (Figs. 1-2)

[6]. Therefore, one wonders whether the liver samples
studied by Kershenobich er al. [S] were taken under the
catabolism of ethanol. Furthermore. during the first weeks
of long-term administration of cthanol to the rats. liver
proline reaches a maximum and then levels off (unpublished
results).

Ethanol has also been reported [17] to lower the amount
of labeiled proline incorporated into collagen. There was.
nevertheless. an increase in the amount of collagen, which
was attributed to the inhibition of collagen breakdown by
ethanol.

In a study of collagen biosvnthesis in the chick embryo
[4]. glutamate was found not to be a major precursor ol
free proline in the leg minces: arginine and ornithine.
instead, were active precursors of both free proline and
free glutamate. This conclusion was confirmed in this lab-
oratory by means of rat liver preparations (Forsander.
Lukkari and Mikkonen. personal communication).

The metabolism of liver proline is influenced also by the
simultaneous urea synthesis. The urca synthesis utilizes the
amino groups liberated by glutamate dehvdrogenase as well
as the carbon skeleton of glutamate for the formation of
ornithine. This catabolic outlet of glutamate through the
ornithine cycle is reported to be suppressed by cthanol
[18]. This explains. in part, the accumulation of glutamate
and proline in liver during the ethanol catabolism.

When the effects of the oxidation of ethanol on the redox
balance are prevented by a simultancous administration of
4-methylpyrazole, only slight changes are observed in the
concentrations of proline and glutamate in liver. This
indicates that the metabolism of these amino acids is not
affected by ethanol as such but through its catabolism.

[t is postulated that the reduced form of methyiene blue
predominates in the tissues in vivo |[19]. This form would
support the reducing reactions. An accentuation of the
effects of ethanol on liver proline and glutamate is indeed
observed after the treatment of rats with methviene bluce.

In addition to the stimulation of the biosynthesis of
proline. the mode of action of cthanol on the proline
metabolism couid be the inhibition of the oxidation of
proline in liver to A-pyrroline-S-carboxylate {20]. the inhi-
bition of gluconeogenesis and urca synthesis from proline
[21. 22}, or changes in the intraceltular proline concentra-
tion through the cffect of ethanol on the cell membranes.
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Many redox steps are involved in the metabolism of
proline. The oxidation of proline is NAD-dependent but.
in the reduction of glutamate to proline, NADP-dependent
dehydrogenases are involved. Since the NAD-dependent
reactions are more affected by ethanol than the NADP-
dependent reactions [23], the oxidation of proline is thus
in all probability inhibited more than its formation is pro-
moted (24].

In summary. a single dose of cthanol caused a significant
but temporary increase in the concentration of both proline
and glutamate in the rat liver. maximally + 37 and + 149
per cent, respectively. The concentrations of glutamate and
prolinc had a linear correlation. When 4-methylpyrazole
was given simultaneously with ethanol there were no
changes in the concentrations ol proline and glutamate.
The administration of methylene blue corroborated the
effects of ethanol.
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Inhibition of hepatic metabolism of azathioprine by furosemide in human liver in
vitro

(Received 21 October 1979; accepted 10 Junuary 1980)

The immunosuppressive drug azathioprine undergoes thio-
lysis to 6-mercaptopurine, a biotransformation important
for the ultimate action of the drug [1. 2]. This conversion
is catalyzed by glutathione (GSH) S-transferase [3] pre-
dominantly in the liver [4]. In vivo studics in rats have
shown inhibition of hepatic metabolism of azathioprine by
endogenous and exogenous glutathione S-transferasc
inhibitors, bilirubin and probenecid, respectively [5]. After
kidney transplantation, azathioprine is often used together
with the diuretic drug furosemide. which can inhibit GSH
S-transferase activity in the kidney [6]. Since the liver seems
to play the dominant role in the glutathione mediated
metabolism of azathioprine [4], it was of interest to study
whether furosemide could also inhibit the formation of -
mercaptopurine in this tissue. Such an interaction could
possibly result in a diminished immunosuppressive effect
of azathioprine. Therefore we have studied furosemide
inhibition of the formation of 6-mercaptopurine in the liver
in vitro. We used human liver from our human liver bank
[7] since marked species differences in the metabolism of
xenobiotics exist.

Eight specimens of human adult liver were obtained
within 20 min after stopping artificial respiration and life
supporting treatment of patients without cerebral activity
who were selected as kidney donors. Homogenization and
subcellular fractionation was initiated shortly thereafter,
as described elsewhere [7]. The 100.000 g supernatant frac-
tion was stored at —80° until used. Relevant paticnt data
are depicted in Table 1. Some donors received drugs the
tast few days before death. However. usually they reccived
only single (e.g. during anesthesia) or a few doses. and we
believe that this pre-mortem treatment did not markedly
influence the capacity of the liver to metabolize drugs.

The GSH-S-transterase activity with azathioprine in the
100,000 g liver "cytosol” [ractions was determined according
to methods previously described [3]. The final reaction
mixture (3.0 ml) consisted of azathioprine (0.1 or 0.2 mM)
dissolved in 0.1 M sodium phosphate buffer. pH 6.5.
0.17 mM reduced glutathione and 200 ul of liver evtosol.
The reaction was measured by the production of the 317 nm
product (6-mercaptopurine) in a Beckman ACTA MVI
spectrophotometer at 37° with the reference containing



