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Abstract--Chronic ethanol administration (4-5 weeks) to female spontaneously hypertensive (SH) rats 
led to a marked increase in the rate of ethanol metabolism. This was accompanied by an increase in 
hepatic alcohol dehydrogenase (ADH) and by an increase in the rate of oxygen consumption in perfused 
livers of these animals. Treatment with the antithyroid drug 6-n-propyl-2-thiouracii (PTU) during the 
last 9 days (40 mg/kg/day) of the chronic administration of ethanol reduced hepatic oxygen consumption, 
resulting in a net diminution of the metabolic tolerance to ethanol, despite a further elevation in ADH 
activity. In these animals, microsomal ethanol-oxidizing system (MEOS) activity was not affected by 
chronic ethanol administration or by treatment with PTU. Data strongly suggest that in the female SH 
rat all the metabolic tolerance to ethanol proceeds via the ADH pathway, and that the increase in 
hepatic oxygen consumption is more important in the development of metabolic tolerance to ethanol 
than the increased ADH levels. 

Chronic ethanol intake results in an increase in the 
rate of ethanol metabolism (metabolic tolerance to 
ethanol) of the order of 30-100% in experimental 
animals [1-9] and in humans [10-16]. 

Two main mechanisms have been proposed to 
be responsible for the development of metabolic 
tolerance to ethanol: (1) an increase in ethanol oxi- 
dation through the alcohol dehydrogenase (ADH) 
pathway [17-19], and (2) an increase in ethanol 
metabolism via the microsomal ethanol-oxidizing 
system (MEOS) pathway [2, 20]. There is a general 
agreement, by investigators in the field, that most of 
the increase in ethanol metabolism following chronic 
ethanol intake is primarily mediated by the A D H  
system [3, 9, 21-25]. 

Metabolic tolerance to ethanol via the A D H  path- 
way may occur by: (1) an increase in the actual 
amount (level) of A D H  (Vmax determined under 
optimal conditions of substrate and cofactor avail- 
ability), and/or  (2) an increase in the rate of mito- 
chondrial oxidation of N A D H ,  which may be 
expressed as an increase in the rate of hepatic oxygen 
consumption. 

Experiments conducted in our laboratory have 
shown that chronic ethanol administration to female 
SH rats leads to the development of a marked and 
highly reproducible metabolic tolerance to ethanol, 
which is accompanied by increases in both hepatic 
oxygen consumption and A D H  activity [26]. The 
present studies were carried out in order to assess the 

* Present address: Dr. F. Okuno, Department of 
Internal Medicine, School of Medicine, University of Occu- 
pational and Environmental Health, Iseigaoka 1-1, 
Yahata-Nishiku, Kitakyushu 807, Japan. 

t Address all correspondence to: Dr. Y. Israel, Depart- 
ment of Pharmacology, University of Toronto, Toronto, 
Ontario, Canada M5S 1A8. 

relative importance of an increased hepatic oxygen 
consumption versus an increased A D H  activity to 
the development of metabolic tolerance to ethanol 
in the female SH rat. This was done by chronically 
administering the antithyroid drug 6-n-propyl-2-thio- 
uracil (PTU) which has been found to reduce the 
rate of hepatic oxygen consumption [27], but to 
increase hepatic A D H  levels [28]. Thus, since PTU 
has opposing actions on the two main controlling 
factors of ethanol metabolism via the A D H  pathway, 
the net effect of PTU administration on the rate of 
ethanol metabolism can give an indication as to 
which of the two factors plays a more prominent role 
in the development of metabolic tolerance following 
chronic alcohol consumption. 

In these studies, we have investigated the effect of 
PTU administration on the rate of ethanol metab- 
olism, liver A D H  activity, hepatic oxygen con- 
sumption and MEOS activity in female SH rats 
chronically fed with ethanol and in their carbo- 
hydrate-fed controls. Data obtained suggest that the 
contribution of the increased rate of oxidation of 
NADH,  expressed as an increased rate of oxygen 
consumption, is more important for the development 
of metabolic tolerance to ethanol than an increased 
A D H  level. 

MATERIALS AND METHODS 

Chronic ethanol treatment and PTU 
administration. Female spontaneously hypertensive 
(SH) rats (Taconic Farms, Germantown, NY) 4 
weeks of age (body weight: 51 --- 1 g) were housed 
individually in wiremesh cages. One group of animals 
received Lieber-type liquid diets containing 35% of 
the total calories as ethanol, 19% as proteins, 41% 
as fat and 5% as sucrose [29], for a period of 
4-5 weeks. The control animals were pair-fed with 

2377 



2378 G. RACHAMIN, F. OKUNO and Y. ISRAEL 

equivalent diets in which ethanol was substituted 
isocalorically with sucrose. 

PTU was administered to these animals only in 
the last 9 days of chronic ethanol treatment,  by 
adding it to their ethanol and sucrose liquid diets at 
a final concentration of 100mg/liter. For the 
administration of PTU, the animals were divided 
into groups of four, according to body weight. Each 
group consisted of: (a) ethanol-fed rat + PTU, (b) 
sucrose-fed rat + PTU, (c) ethanol-fed control rat 
and (d) sucrose-fed control rat. In each group, the 
caloric intake during PTU treatment was controlled 
by the animal with the lowest caloric intake per 
day. The average caloric intake per kg body weight 
throughout the chronic ethanol treatment was higher 
in the ethanol-fed rats than in the sucrose controls 
(464 +- 10 vs 397 - 6 kcal/kg body wt/day, P < 10 -s, 
in the ethanol-fed and sucrose-fed rats respectively; 
and 478---13 vs 411-+9kca l /kg  body wt/day, 
P < 10 -3, in the ethanol-fed + PTU and sucrose-fed 
+ PTU rats respectively), due to a lower growth rate 
in the former animals. 

Eighteen to twenty hours before the in vivo deter- 
mination of the rates of ethanol metabolism or of 
the rates of oxygen consumption in the perfused 
livers, the rats receiving ethanol and ethanol + PTU 
diets were switched to sucrose and sucrose + PTU 
diets respectively. All  diets were administered ad lib. 
for this period. 

Determination of  the rate of  ethanol metabolism 
in vivo. Ethanol was determined in tail-vein blood 
samples taken 2, 3, 4, 5 and 6hr  after the intra- 
peritoneal administration of 2.5g/kg ethanol in 
saline, as a 12.5% (w/v) solution. The samples were 
deproteinized and ethanol was assayed enzymatic- 
ally, as described by Hawkins et al. [1]. Blood ethanol 
concentrations were plotted as a function of time, 
and the intercept at the abscissa was taken as the 
time at which all the administered ethanol was 
metabolized. Ethanol metabolic rate in terms of 
mmoles e thanol /kg/hr  was obtained by dividing the 
dose of ethanol administered (mmoles/kg body wt) 
by the period of time required for its complete elim- 
ination (hr). The value obtained was divided by the 
ratio of wet liver weight to body weight (g liver/kg 
body weight) and multiplied by 1.0 x 103, in order 
to express the rate of ethanol metabolism in terms 
of #moles ethanol/g liver/hr. 

Liver perfusion. A non-recirculating liver per- 
fusion system was used. The animals were anes- 
thetized with pentobarbital  (60 mg/kg, i.p.) and hep- 
arinized (2000 U. S.P. units injected into the spleen), 
and the portal vein was cannulated following the 
procedure of Miller [30]. The perfusion medium was 
hemoglobin-free bicarbonate buffer [31], containing 
5 .5mM glucose and saturated with 95% 02 :5% 
CO2, with a pH of 7.4 and temperature of 37 °. The 
portal vein was quickly cannulated and flow through 
the liver was started immediately, such that the inter- 
ruption of tissue oxygenation did not exceed 15-30 
sec. The inferior vena cava below the right kidney 
was immediately cut to allow outflow of the perfu- 
sate. A cannula was placed in the inferior vena cava 
above the liver, and the inferior vena cava above the 
right kidney was then tied off. The liver was removed 
and transferred to the perfusion apparatus while 

maintaining perfusion flow. The oxygen tension was 
measured in the perfusion fluid entering and leaving 
the liver using a Clark oxygen electrode (Yellow 
Springs Instruments, Yellow Springs, OH, U.S.A.) .  
Perfusion flow was regulated to keep the outflow 
oxygen tension between 71 and 142 mm Hg, using a 
variable speed peristaltic pump. Total liver oxygen 
consumption was calculated by taking the product of 
the flow rate and the difference between inflow and 
outflow oxygen content of the buffer. This value was 
divided by the animal's body weight and by the 
animal's liver weight to give liver oxygen con- 
sumption per kg body weight and per g liver 
respectively. 

After  a 30-rain control period, ethanol was added 
to the perfusion medium at a concentration of 
1.5 raM. The rate of ethanol metabolism in the per- 
fused livers was determined by measuring inflow 
and outflow ethanol concentrations at 10 and 15 min 
following the start of peffusion with ethanol. The 
differences between the inflow and outflow con- 
centrations of ethanol across the liver were deter- 
mined in triplicate. Minor losses of ethanol from the 
perfusion system were corrected for by measuring 
inflow and outflow ethanol concentrations without a 
liver present. 

Alcohol dehydrogenase (ADH) activity. A D H  
activity in the liver was determined essentially as 
described by Crow et al. [32]. Liver samples were 
homogenized in 3vol.  of 0.05M HEPES (N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 
pH8.4 ,  containing 0.33raM dithiothreitol and 
centrifuged at 40,000g for 45 rain at 4 °. Aliquots 
(0.02 ml) of the supernatant fractions obtained were 
assayed for A D H  activity at 37 ° in 2 ml of a reaction 
mixture containing 0 .5M Tris buffer, pH7.4 ,  
2.8 mM NAD and 10 mM ethanol. The activity was 
calculated from the initial rate of N A D H  production 
and expressed per g of liver and per kg body weight. 

Microsomal ethanol oxidizing system (MEOS) 
activity. MEOS activity was assayed in washed liver 
microsomes as described by Lieber et al. [33]. For 
each sample, duplicate incubations were performed 
for periods of 0, 5 and 10 rain to verify the linearity 
of the reaction. After  an overnight diffusion period 
at room temperature,  the concentration of acet- 
aldehyde bound to the semicarbazide was deter- 
mined spectrophotometrically at 224 nm as described 
by Gupta and Robinson [34]. MEOS activity was 
calculated from the rate of the reaction (taken as the 
slope obtained from linear regression analysis of a 
plot of optical absorbance vs reaction times) and 
expressed per mg protein, per g liver and per kg 
body weight. Values per g liver and per kg body 
weight were further corrected for microsomal 
recovery. 

Cytochrome P-450 content. Cytochrome P-450 
content in the homogenate was measured by the 
method of Greim [35], as described by Estabrook et 
al. [36]. Homogenate cytochrome P-450 content was 
calculated from the difference in absorbance of 
reduced cytochrome P-450 bound to CO between 
450 and 510 nm, using the extinction coefficient of 
100mM -1 cm -1. Baseline difference in absorbance 
was subtracted from this value. Microsomal cyto- 
chrome P-450 content was measured by the method 
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Table 1. Body weight, liver weight, and thyroid weight in female SH rats given chronically 
ethanol or sucrose liquid diets with and without 9 days of PTU treatment* 

Liver wt/ 
Treatment Body wt Liver wt Body wt Thyroid wt 
group (g) (g) (%) (mg) 

Ethanol 114 --- 2 6.92 ± 0.18 6.08 --- 0.17 5.4 +-- 0.2 
P < 0.001t P < 0.001t 

Sucrose 129 --- 2 6.60 --- 0.15 5.16 --- 0.16 5.9 --- 0.4 
Ethanol + PTU 123 ± 3 7.98 ± 0.22 6.51 ± 0.21 11.8 ± 0.8 

P < 10-55 P < 10-55 P < 10-711 
P < 0.02§ P < 0.001§ P < 10-7§ 

Sucrose + PTU 127 ± 3 6.48 ± 0.14 5.13 ± 0.12 13.1 ± 0.4 

* Values represent means - S.E.M. (N = 16 per group). Only statistically significant 
differences are indicated (P < 0.05). 

t ,  :~ Effect of ethanol: t Ethanol vs Sucrose; and 5 Ethanol + PTU vs Sucrose + PTU. 
§, [] Effect of PTU; §Ethanol + PTU vs Ethanol; and IlSucrose + PTU vs Sucrose. 

of Omura  and Sato [37]. Cytochrome P-450 content  
in the microsomes was calculated f rom the difference 
in absorbance of  reduced cytochrome P-450 bound 
to CO be tween  450 and 490 nm using the extinction 
coefficient of  91 m M  -1 cm -1, minus the difference in 
absorbance for baseline. 

Protein determination. Protein was determined by 
the me thod  of  Lowry et al. [38], using bovine serum 
albumin as a standard. 

Statistical analysis. Results are presented as means 
--- S .E .M.  Statistical comparisons were  made using 
the two-tailed Student 's  t-test for unpaired data, 
unless otherwise indicated. Differences were con- 
sidered to be  significant when a probabili ty value of 
less than 0.05 was obtained.  

RESULTS 

Body weight, liver weight and thyroid weight. 
Chronic  e thanol  administrat ion to female SH rats 
resulted in significant increases in the liver to body 
weight ratios in the ethanol-fed rats ( + 1 8 % )  and 
PTU- t rea ted  ethanol-fed rats (+27%) ,  when com- 
pared to their  respective sucrose controls (Table 1). 
In the ethanol-fed rats, the increase in liver to body 
weight ratio was due primarily to a reduction in body 
weight relative to sucrose-fed controls; while in the 

PTU- t rea ted  ethanol-fed rats increased liver size 
relative to PTU- t rea ted  sucrose-fed controls can 
account for most of the increase in liver to body 
weight ratio. P T U  administrat ion resulted in small 
but significant increases in liver weight and liver to 
body weight ratio ( + 1 5 %  and 7% respectively) in 
the ethanol-fed rats, while having no effect in the 
sucrose-fed rats. The  weight of the thyroid glands 
was markedly e levated in the ethanol-fed and 
sucrose-fed rats following the 9 days of t rea tment  
with PTU,  indicating that the animals became 
hypothyroid.  

In vivo ethanol metabolism and in vitro ADH 
activity. The effects of  chronic ethanol  t rea tment  
and of P T U  administrat ion on the rate of  ethanol  
metabol ism and on A D H  activity are presented in 
Table  2. The  rate of e thanol  metabolism, expressed 
per  kg body weight,  was increased markedly in the 
chronically e thanol-fed rats relative to that found in 
the sucrose-fed controls (+49%) .  This increase in 
the rate of e thanol  metabol ism was accompanied 
with an increase in A D H  activity (+31%) .  P T U  
administrat ion for 9 days reduced the rate of ethanol  
metabol ism by 31% in the ethanol-fed rats, while 
having only a small effect in the sucrose control rats 
( - 1 2 % ) .  The reduct ion in ethanol  metabol ism by 
P T U  in the ethanol-fed rats occurred despite a 32% 

Table 2. Effect of 9 days of PTU treatment on the rate of ethanol metabolism and ADH activity in female SH rats 
chronically fed with ethanol and their sucrose controls* 

Ethanol metabolism ADH activity 

Treatment group (mmoles/kg body wt/hr) (/~moles/g liver/hr) (mmoles/kg body wt/hr) (gmoles/g liver/hr) 

Ethanol 15.35 --- 0.53 270.0 --- 7.4 13.03 --- 0.64 229.2 ± 1.0 
p < 10-7t P < 10-st P < O.O02t 

Sucrose 10.27 --- 0.26 215.9 --- 3.3 9.96 ± 0.48 209.4 ± 8.3 
Ethanol + PTU 10.59 - 0.30 175.0 ± 4.8 17.20 --- 0.35 284.3 -+ 7.4 

P < 0.0015 P < 10-55 P < 0.055 
p < 10-6§ p < 10-8§ P < 10-4§ P < 0.001§ 

Sucrose + PTU 9.00 ± 0.16 185.9 ± 5.2 11.83 ± 0.74 245.0 ± 16.5 
P < 0.00111 P < 0.00111 

* Values represent means --- S.E.M. (N = 10 per group). Only statistically significant differences are indicated 
(P < 0.05). 

t, 5 Effect of ethanol: tEthanol vs Sucrose; and 5Ethanol + PTU vs Sucrose + PTU. 
§, II Effect of PTU: §Ethanol + PTU vs Ethanol; and IlSucrose + PTU vs Sucrose. 
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Fig. 1. Effect of 9 days of PTU treatment on oxygen consumption per kg body weight (A) and per g 
liver (B) in the perfused livers of chronically ethanol-fed female SH rats and their sucrose controls. 
Each point represents mean - S.E.M. (N = 11-13 animals per treatment group). Statistical significance 
was assessed by analysis of variance, and only statistically significant differences are indicated. Overall 
effect of ethanol, P < 10-3; overall effect of PTU, P < 10-3; interaction between ethanol and PTU (per 

kg body weight), P < 0.01. 

st imulation in A D H  activity, relat ive to ethanol-fed 
controls. Alcohol  dehydrogenase  activity was not 
changed significantly by P T U  in the sucrose-fed con- 
trois. The  absolute metabol ic  tolerance to ethanol  in 
the presence of P T U  was reduced by 70% (P < 104), 
when compared  to the absolute metabol ic  tolerance 
in the absence of PTU.  This occurred despite a 
75% increase (P < 0.03) in the absolute difference in 
A D H  activity be tween ethanol  and sucrose rats, 
when compared  in the presence and absence of PTU 
treatment .  A similar pattern emerges  when ethanol  
metabol ic  rate and A D H  activity are expressed per 
g liver (Table 2), except  that the differences in these 
parameters  be tween ethanol-fed with and without 
P T U  t rea tment  and their  respective sucrose controls 
are smaller. This is due to higher liver to body weight 
ratios observed in the ethanol-fed rats relative to 
their controls (Table 1). 

Oxygen consumption and ethanol metabolism in 

perfused livers. As shown in Fig. 1A, chronic ethanol  
t rea tment  to female SH rats resulted in large sig- 
nificant increases in the rate of hepatic oxygen con- 
sumption,  expressed per  kg body weight,  relative to 
sucrose controls (+49 to +53%) .  These  increases 
occurred both in the presence and absence of ethanol 
in the perfusion medium.  P T U  t rea tment  for 9 days 
significantly reduced the rate of  oxygen consumption 
in the livers of both ethanol-fed and sucrose-fed rats. 
The net  decrease in the rate of oxygen consumption 
by P T U  was greater  in the ethanol-fed rats 
(P < 0.01). When  hepatic  oxygen consumption is 
expressed per  g liver, a similar pattern was also 
obtained (Fig. 1B). 

The  rates of  e thanol  metabol ism in the perfused 
livers of  chronically ethanol-fed rats were increased 
markedly relative to sucrose controls (+  168% per 
kg body weight and + 134% per  g liver, Table  3). 
The increase in oxygen consumption could stoi- 

Table 3. Ethanol metabolism in the perfused livers of chronically ethanol-fed 
female SH rats treated with PTU and their respective controls* 

Treatment group 

Ethanol metabolism 

(mmoles/kg body wt/hr) (/~moles/g liver/hr) 

Ethanol 7.49 - 0.49 121.7 -+ 8.7 
P < 10-5+ p < 106¢ 

Sucrose 2.80 _+ 0.29 52.0 -+ 4.8 
Ethanol + PTU 4.96 --- 0.48 76.5 _+ 8.0 

P < 0.0025 P < 0.055 
P < 0.002§ P < 0.001§ 

Sucrose + PTU 2.87 _+ 0.22 55.7 -+ 5.2 

* Values represent means --- S.E.M. (N = 11-12). Only statistically sig- 
nificant differences are indicated (P < 0.05). 

t, $ Effect of ethanol: tEthanol vs Sucrose; and SEthanol + PTU vs Sucrose 
+ PTU. 

§ Effect of PTU: Ethanol + PTU vs Ethanol. 
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Table 4. Effect of 9 days of PTU treatment on microsomal ethanol-oxidizing system activity in female 
SH rats chronically fed with ethanol and their sucrose con,rols* 

2381 

nmoles acetaldehyde 
MEOS activity 

m o l e s  acetaldehyde 

Treatment group mg protein × min g liver x hr 

mmoles acetaldehyde 

kg body wt x hr 

Ethanol 5.69 --- 0.63 23.06 ± 2.96 1.53 ± 0.17 
Sucrose 4.55 ± 0.50 19.32 ± 1.98 1.13 + 0.13 
Ethanol + PTU 4.38 ± 0.40 16.46 ± 2.07 1.18 - 0.14 
Sucrose + PTU 4.38 ± 0.46 20.22 ± 1.69 1.13 -+ 0.09 

* Values represent means ± S.E.M. (N = 6 per group). No statistically significant differences were 
observed in MEOS activity expressed per mg protein, per g liver and per kg body wt. Values expressed 
per g liver and per kg body weight are corrected for microsomal recovery. The recovery factors were 
calculated from the ratio of microsomal P-450 content to homogenate cytochrome P-450 content (see 
Table 5). The average recovery factors, which were not significantly different between the treatment 
groups, were: ethanol, 43.3 ± 3.9%; sucrose, 41.7 ± 1.3%; ethanol + PTU, 46.7 ± 2.7%; and sucrose 
+ PTU, 43.1 ± 2.0%. 

chiometrically account for 63% of the metabolic  
tolerance to e thanol  in these livers. In line with the in 
vioo findings, the administrat ion of  P T U  significantly 
reduced the rate of e thanol  metabol ism in the per- 
fused livers of  the ethanol-fed rats, while having no 
effect in the sucrose control  rats. Thus, increases in 
the rate of e thanol  metabol ism in the PTU- t rea ted  
ethanol-fed rats relat ive to PTU- t rea ted  sucrose-fed 
rats were  much smaller  than in ethanol-fed versus 
sucrose-fed control  rats. 

MEOS activity and cytochrome P-450 content. 
Chronic  e thanol  administrat ion to female SH rats 
had no significant effect on M E O S  activity, whether  
expressed per  mg protein,  per  kg body weight or  per  
g liver (Table 4). Similarly, P T U  t rea tment  had no 
significant effect on M E O S  act~.vity in the ethanol- 
fed rats nor  in the sucrose-fed rats. Liver  homogenate  
and microsomal  cytochrome P-450 content  were also 
not  affected by chronic e thanol  administrat ion in the 
female  SH rat (Table 5). In the sucrose-fed rats, 
P T U  t rea tment  resulted in significant increases in 
liver homogena te  and microsomal  cytochrome P-450 
content ,  when expressed per  mg protein,  per  g liver 
and per  kg body weight.  P T U  administration to 
chronically e thanol-fed rats resulted in small 
statistically non-significant increases in cytochrome 
P-450 content ,  except  when microsomal  P-450 
was expressed per  mg protein ( + 2 9 % , P < 0 . 0 2 ;  
Table  5). 

To determine  whether  the female SH rats also 
show a relative insensitivity to another  known micro- 
somal inducer,  o ther  than ethanol,  they were admin- 
istered phenobarbi ta l  (50 mg/kg,  i.p.) for 6 days. 
This t rea tment  resulted in a marked  increase in cyto- 
chrome P-450 in liver homogenates ,  when expressed 
as nmoles per  _g liver (31.3---1 .4vs  83.6-+5.7;  
+ 167%, P < 10-~), or as g moles per  kg body weight 
(1.49-+ 0.07 vs 4.56-+ 0.32; +206%,  P < 10-5). 
Thus, cytochrome P-450 can indeed be markedly 
induced in the female SH rat but this depends on the 
inducer substance used. 

DISCUSSION 

Chronic e thanol  administrat ion to female SH rats 
results in a large increase in the rate of ethanol  
metabol ism per  kg body weight (approximately 
50%),  which is accompanied by increases in both 
hepatic oxygen consumption and A D H  levels. The  
administrat ion of  P T U ,  which reduced hepatic oxy- 
gen consumption but increased A D H  levels, resulted 
in a significant reduct ion in the rate of  ethanol  metab- 
olism in the chronically ethanol-fed rats. The latter 
strongly suggests that, in the female SH rat, the 
contribution of  increased mitochondrial  oxidation of 
N A D H  (expressed as an increase in hepatic oxygen 
consumption) plays a more  important  role in the 

Table 5. Effect of 9 days of PTU treatment on liver homogenate and microsomal cytochrome P-450 content in female 
SH rats chronically fed with ethanol and their sucrose controls* 

Homogenate cytochrome P-450 Microsomal cytochrome P-450 

nmoles/mg nmoles/g ~moles/kg nmoles/mg nmoles/g ~moles/kg 
Treatment group protein liver body wt protein liver body wt 

Ethanol 0.23 ± 0.01 55.99 --- 3.14 3.76 --- 0.19 0.84 --- 0.04 23.94 --- 2.05 1.61 -+ 0.15 
Sucrose 0.24 --- 0.01 54.25 ± 3.39 3.16 ± 0.22 0.76 ± 0.04 22.47 ± 1.13 1.31 --- 0.08 
Ethanol + PTU 0.30 ± 0.03 68.03 -+ 7.77 4.88 --- 0.51 1.08 -+ 0.07 32.23 --- 4.95 2.30 -+-+ 0.33 

P < 0.02t 
Sucrose + PTU 0.35 ± 0.02 84.50 ± 7.00 4.70 - 0.36 1.09 ± 0.08 36.79 ± 3.98 2.04 -+ 0.21 

P < 0.002:~ P < 0.02~ P < 0.005$ P < 0.015 P < 0.01~: P < 0.01~ 

* Values represent means --- S.E.M. (N = 6 per group). Only statistically significant differences (P < 0.05) are indicated. 
t ,  ~: Effect of PTU: tEthanol + PTU vs Ethanol; and ~Sucrose + PTU vs Sucrose. 
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development of metabolic tolerance to ethanol than 
the increased ADH levels. PTU also depressed the 
rate of ethanol metabolism in vivo in the control 
female SH rats, suggesting that reoxidation of 
NADH is the main rate-determining factor in ethanol 
metabolism in these animals. The reductions in 
hepatic oxygen consumption and ethanol metabolism 
were greater in the ethanol-fed female SH rats than 
in the controls. In other studies in Wistar rats, oxygen 
consumption measured in liver slices [27] and the 
rate of ethanol metabolism measured in vivo [39] 
have also been observed to be more sensitive to 
PTU administration in ethanol-fed than in control 
animals. In addition, recent studies in perfused livers 
of Sprague-Dawley rats have shown that increases 
in oxygen consumption and in ethanol metabolism, 
induced by a single large dose of ethanol given before 
sacrifice, can both be abolished by pretreatment with 
PTU [40]. 

PTU is a potent antithyroid drug, which inhibits 
both thyroid synthesis and peripheral deiodination 
of thyroxine to triidothyronine [41,42]. Previous 
studies in our laboratory suggest that thyroid hor- 
mones may play a permissive role in the production 
of the liver hypermetabolic state following chronic 
ethanol consumption [18]. This may explain the 
finding that the increased rates of hepatic oxygen 
consumption and of ethanol metabolism in the etha- 
nol-fed rats are more responsive to the action of 
PTU than the basal rates. Another possibility is that 
the greater sensitivity of ethanol-fed rats to PTU is 
due to a modification of the pharmacokinetic proper- 
ties of this drug by chronic ethanol consumption. 
However, since the dose of PTU administered to the 
animals was quite high, at least eighty times the 
acute dose necessary to completely inhibit thyroidal 
incorporation of iodide [43], changes in phar- 
macokinetic parameters are not likely to influence 
drug effect. Further, thyroid enlargement induced 
by PTU was not different in the ethanol-treated and 
control animals. 

We have reported previously that in female 
Sprague-Dawley rats chronic ethanol administration 
does not increase ADH activity, and even slightly 
reduces it [44]. These strain differences in ADH 
inducibility by ethanol are in line with recent studies 
by Wang and Singh [45], who showed that in different 
inbred strains of mice liver ADH activity can be 
either "induced" or "repressed" by chronic alcohol 
feeding. These latter studies suggested a single gene 
difference for ADH inducibility. 

While in the peffused liver preparations from 
female SH rats the rates of ethanol metabolism were 
lower than those in vivo, qualitatively the pattern of 
ethanol metabolism rates in perfused livers of the 
different treatment groups was similar to that 
observed in vivo. Quantitatively, the increase in 
the rate of ethanol metabolism in the chronically 
ethanol-fed rats relative to sucrose rats was greater 
in vitro then in vivo (+168% vs +49%), while the 
small reduction in the in vivo rate of ethanol metab- 
olism in the PTU-treated sucrose-fed rats relative to 
sucrose controls was not observed in the perfused 
liver preparations of these animals. These differences 
might be due to different conditions in vitro from 
those in vivo,  such as the type of perfusion medium 

and the flow rates that were employed, in these 
experiments, as compared with circulating blood in 
the whole animal, or to the low concentration of 
ethanol (1.5 mM) that was used in the liver perfusion 
experiments. 

Oxygen consumption measured in the perfused 
livers of female SH rats showed a similar pattern to 
the rate of ethanol metabolism in vivo. Chronic 
ethanol consumption resulted in a large increase in 
hepatic oxygen consumption, while PTU treatment 
for 9 days significantly reduced the rate of oxygen 
consumption in the livers of the chronically ethanol- 
fed rats and their sucrose controls, the net reduction 
being larger in magnitude in the former animals. In 
addition to the increase in hepatic oxygen con- 
sumption induced by chronic ethanol treatment, the 
proportion of the total oxygen consumption that was 
utilized for ethanol metabolism in the perfused livers 
of the chronically ethanol-fed animals was greater 
than that observed in sucrose control livers (+81% 
vs 38%), which would further indicate the import- 
ance of the contribution of mitochondrial oxidation 
of NADH and oxygen consumption to the devel- 
opment of metabolic tolerance to ethanol in the 
female SH rat. 

Studies in the literature, using Sprague-Dawley 
and Wistar rats, have shown that chronic ethanol 
intake leads to proliferation of the smooth endo- 
plasmic reticulum, and to increases in cytochrome 
P-450 content and MEOS activity in the liver [46]. 
In the present study with female SH rats, chronic 
ethanol administration did not have an effect on 
hepatic cytochrome P-450 content or on MEOS 
activity. The latter suggests that increased MEOS 
activity is not obligatory for the development of 
metabolic tolerance to ethanol, at least in females of 
this rat strain. We have reported previously that, 
in male spontaneously hypertensive rats, MEOS is 
indeed induced by ethanol [47]. The lack of indu- 
cibility of cytochrome P-450 by ethanol in the female 
SH rat does not seem to be due to a general insen- 
sitivity to microsomal inducers, since we observed 
that phenobarbital administration to these animals 
resulted in marked increases in hepatic cytochrome 
P-450 content. As well, PTU treatment significantly 
increased the level of cytochrome P-450 in the livers 
of the sucrose-fed control female SH rats. Moreno 
et al. [48] observed that the administration of PTU (7 
days, 50 mg/kg) increases MEOS activity in female 
Sprague-Dawley rats. In the female SH rats, we 
found that PTU (9 days, 40 mg/kg) had no effect on 
MEOS activity. 

In conclusion, in the female SH rat, metabolic 
tolerance to ethanol appears to occur via the ADH 
pathway. The increase in the rate of ethanol metab- 
olism is accompanied by increases in both liver oxy- 
gen consumption and in the amount of hepatic ADH. 
However, the contribution of the increased hepatic 
oxygen consumption appears to be more important 
to the development of metabolic tolerance to ethanol 
in the female SH rat than the increased ADH levels. 
The studies support the hypothesis that an increased 
reoxidation of NADH mediated by an increased 
oxygen consumption constitutes an important mech- 
anism of metabolic tolerance induced by chronic 
alcohol intake. 
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