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Abstract-Plasma free acetaldehyde levels were measured by an improved method in baboons fed 
ethanol chronically and in pair-fed controls during an intravenous infusion of ethanol. After an 
appropriate loading dose. ethanol was infused at the rate of its elimination to achieve a steady state 
at one of three different blood ethanol levels (SO i- 10 mM. IO 2 2 mM. or 5 f 1 mM). The rate of 
production of acetaldehyde was calculated from the rate of ethanol elimination bv subtracting losses 
into urine and expired air. Liver mitochondrial aldehyde dehydrogenase (AIDH) acfivity was measured 
in surgical biopsy samples with SO /fM acetaldchyde as substrate. Chronic ethanol administration resulted 
in both higher plasma free acetaldehyde levels and faster acetaldehyde production at each level of 
blood ethanol. When the blood level of ethanol was increased from 5 to SOmM. the level of plasma 
free acetaldehyde also rose in both groups of animals. The rate of acetaldehyde production, however. 
increased only in alcohol-fed baboons. Plasma free acetaldehyde had a significant positive correlation 
with production rate of acetaldehyde (r = 0.69) and a significant negative correlation with liver mito- 
chondrial AIDH specific activity (r = -0.59). When these two parameters were combined (acetaldehyde 
production rate/AlDH activity), a correlation coefficient of 0.84 resulted. suggesting that, in addition 
to increased production, decreased catabolism may contribute to the higher acctaldehyde levels seen 
after chronic consumption. 

Acetaldehyde. the product of ethanol oxidation, is 

considered to be toxic because of its reactivity [l]. 

It has been shown that during ethanol oxidation, 
blood acetaldehyde levels are higher in alcoholics 
than in non-alcoholic subjects [Z]. This could exac- 
erbate the neurologic, hepatic, and cardiac compli- 
cations of alcoholism. Even subjects having alcoholic 
parents or siblings have been reported to have elev- 
ated blood acetaldehyde concentrations after a mod- 
erate dose of alcohol [3]. Recent methodological 
advances have provided evidence that the concen- 
tration of free acetaldehyde in the plasma is lower 
than the total levels reported in these earlier studies 
[4]. Therefore, we re-investigated the question of 
factors that could regulate the level of acetaldehyde 
in the blood. Acetaldehyde levels were compared 
with the rate of acetaldehyde production and the 
activity of hepatic aldehyde dehydrogenase. 

MATERIALS AND METHODS 

Experimental animals. Twenty baboons were 
pair-fed either an ethanol-containing (50% of total 
calories) liquid diet or a diet in which ethanol was 
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replaced isocalorically by carbohydrate as described 
previously [5]. Controlled feeding was carried out 
for 3 months (four pairs). 2 years (four pairs), 6 
years (one pair), or 7 years (one pair) at the Lab- 
oratory for Experimental Medicine and Surgery in 
Primates, Tuxedo, NY. All animals fed ethanol for 
3 months, as well as one animal fed ethanol for 2 
years, had only fatty livers. The remainder of the 
ethanol-fed animals had either fibrosis (4) or cirrhosis 
(l), in addition to fatty infiltration, of the liver. 

Experimental design. In all experiments the ethan- 
ol’-fe?l baboons and their controls were studied on 
the same day. Individual experiments on the same 
pair were carried out at least 1 week apart. 

On the day preceding each experiment, the 
ethanol or control diets were withdrawn from the 
animals at 4:00 p.m. Each of the baboons then 
received one-third of their average daily intake of 
control diet. In addition, at midnight, a dextrin- 
maltose solution equivalent to one-third their caloric 
intake was given to avoid the effect of fasting. At 
8:00 a.m., under light ketamine anesthesia, a urinary 
catheter and two indwelling intravenous catheters.. 
one for blood sampling and the other for infusion, 
were inserted. During the experiment, a 5% glucose 
solution was infused to prevent hypoglycemia in the 
animals. To obtain an initial blood ethanol level of 
50 -+ 10 mM, 10 t 2 mM or 5 * 1 mM, a loading dose 
of 1.7, 0.4 or 0.2g of ethanol per kg body weight, 
respectively. was given over X-45 min. 

To maintain blood ethanol at a constant level, a 
10% solution of ethanol in saline was continuously 
infused during the subsequent 4 hr with a Harvard 
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Apparatus infusion pump model 975. The infusion 
rate was based on the rate of ethanol elimination 
previously determined after a single dose of ethanol 
in each individual animal. Samples for blood ethanol 
determination (0.5ml) were taken every 15 min. 
After blood ethanol levels reached the desired pla- 
teau (6s-90 min from the start of the experiment). 
a 2-hr urine sample was collected, and its volume 
and ethanol concentration were measured. Samples 
for plasma free acetaldehyde determination were 
taken 275 and 300min after the start of the 
experiment. 

The rate of ethanol elimination equals the rate of 
ethanol infusion when blood ethanol levels remain 
constant. Since blood ethanol concentrations some- 
times deviated from the plateau level, a correction 
factor, calculated as described previously 171. was 
subtracted from the infusion rate to give the actual 
elimination rate. The rate of change of the blood 
ethanol concentration was determined in each 
experiment. An estimated volume of distribution of 
ethanol was obtained by multiplying 0.7 times the 
body weight of the animal in kilograms. The cor- 
rection factor was then calculated by multiplying the 
slope by the volume of distribution, and in each 
group of animals the average correction was less 
than 10 per cent of the ethanol elimination rate. In 
addition, even assuming an error as large as 10 
per cent in the volume of distribution, the error in 
the calculated rate of ethanol elimination would be 
less than 1 per cent. 

The rate at which ethanol is oxidized to acetal- 
dehyde is the ethanol elimination rate less the rate 
of excretion of unmetabolized ethanol. The urinary 
rate of ethanol excretion was measured as described 
[7]. The rate of ethanol exhalation was calculated 
from the partition ratio of blood to breath ethanol 
of 2100 and the respiratory minute volume of 
100mlig per min for baboons reported by Haglin 
[8J. The pulmonary elimination of ethanol was 
approximately 5 per cent at 50mM, 1 per cent at 
10 mM, and 0.5 per cent at the 5 mM level of blood 
ethanol. 

Analytical methods. A Perkin-Elmer F-40 gas 
chromatograph equipped with an automatic sam- 
pling device was used to measure blood ethanol (21 
and plasma free acetaldehyde [4] as described pre- 
viously. For plasma free acetaldehyde determina- 
tion, heparinized blood was immediately centri- 
fuged. Plasma (0.5 ml) was placed in sealed vials and 
incubated for 15 min at 37”, and the acetaldehyde 
in the vapor was measured. The concentration of 
acetaldehyde was determined by comparing peak 
heights to acetaldehyde standards (0.5 to 10 ELM) 

prepared in distilled water. Under these conditions. 
the recovery was 72 i 2 per cent. and the sensitivity 
was 0.5 * 0.1 PM. 

Aldehyde dehydrogenase assuy. Liver samples 
were obtained from surgical biopsies taken under 
ketamine anesthesia from 2 to 4 weeks after the 
infusion study. Samples were homogenized in 0.25 M 
sucrose containing 1 mM EDTA and 1OmM Tris 
(pH 7.4). Mitochondrial fractions were separated by 
differential centrifugation [9]. After solubilization 
with 0.2% (final concentration) sodium deoxycho- 
late, the mitochondrial preparations were centri- 
fuged for 1 hr at 3X.OOOg, and the supernatant frac- 
tion was used in aldehyde dehydrogenasc (EC 
1.2.1.3) assays. The rate of NADH production at 
37” was measured spectrophotometrically at 340 nm. 
Reaction mixtures contained 0.5 mM NAD. 3 !lM 
rotenone, 50mM potassium phosphate buffer (pH 
7.4) containing 1.15 mM MgCll, and 50 /tM acetsl- 
dehyde as substrate. Mitochondrial protein was 
determined as described by Lowry et al. [lo]. 

Statistical analysis. Matched-pair t-tests were used 
to evaluate the differences between ethanol-fed and 
control animals. 

RESULTS 

Plasma free acetaldehyde leuels. As shown in Table 
1, the plasma free acetaldehyde levels at 275 and 
300min were similar within each group, indicating 
that, when blood ethanol levels were at a steady 
state, plasma free acetaldehyde levels also remained 
relatively constant. At all three blood ethanol levels, 
5,lO or 50 mM, the plasma free acetaldehyde levels 
were significantly higher in the ethanol-fed baboons 
compared to their respective controls. In both groups 
of baboons, the plasma level of free acetaldehyde 
was significantly higher at 5OmM than at 5 mM 
ethanol. 

Rate of acetaldehyde production. The rates of 
acetaldehyde production at the different blood 
ethanol levels are shown in Table 2. Baboons chron- 
ically fed ethanol had significantly higher rates of 
acetaldehyde production than their pair-fed controls 
at each level of blood ethanol investigated. In alco- 
hol-fed baboons the rate of acetaldehyde production 
was significantly higher at 50 mM than at 5 mM blood 
ethanol levels. In control baboons there was no 
change in the rate of acetaldehyde production with 
increasing blood concentrations. 

Mitochondrial aldehyde dehydrogenuse rrctioity. A 
significant difference was observed between the 
ethanol-fed and control baboons in the specific 

Table 1. Effect of chronic ethanol consumption on plasma free acetaldehyde levels during ethanol 
infusion* 

Blood ethanol 
Pair-fed controls Ethanol-fed 

275 min 300 min 275 min 300 min 

5 mM (9) 1.2 t 9.2 1.0 t 0.2 3.1 k 0.x:- 2.9 + (I.hi 
10 mM (6) I .3 t 0.2 1.3 t 0.2 3.8 i_ 1.3t ‘I.0 k 1.21 
50mM (10) 1.8 t 0.2 1.9 + 0.2 5.0 -t I .ot 5.1 I l.Oi 

* Values (PM) are means + S.E. The number of animals in each group is given in parenthesis. 
t Significantly different from control value (P < 0.01). 
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Table 2. Effect of chronic ethanol consumption on acetal- 
dehyde production rates* 

Blood ethanof Pair-fed controIs Ethanol-fed 

5 mM (9) 2.47 & 0.14 3.02 2 0.12? 
10 mM (6) 2.43 ? 0.10 3.23 t 0.12$ 
50 mM (10) 2.59 ? 0.22 3.41 ? 0.2og 

* Values are means -C SE. expressed as mmolesikg body 
weight per hr. The number nf pairs of animals in each 
group is given in parenthesis. 

t Significantly different from controls (P CL 0.05). 
$ Significantly different from controls (P < 0.001). 
P Significantly different from controls (P < 0.005). 

activity of the low K,,, hepatic mitocho~drial AIDH 
activity. The mean activity t the standard error in 
nmoles of NADH formed. min-’ . (mg protein)-’ was 
41.4 -t 4.0 and 52.5 r: 2.2 in the alcohol-fed and con- 
trols respectively (P < 0.05). 

Correlation of plasma acetaldehyde with pro- 
duction rate and AIDH activity. The range of plasma 
free acetaldehyde was greater;n ethanol-fed baboons 
than in their controls (Fig. 1). Within the alcohol- 
fed group there was a positive correlation between 
the plasma free acetaldehyde level and the rate of 
production of acetaldehyde at the SOmM blood 
ethanol level (I = 0.65; P < 0.05). When the data 
from all twenty baboons were included, the corre- 
lation coefficient was 0.69 (P < 0.001). No signi~cant 
correlation was found at the lower blood ethanol 
levels. 

Plasma free acetaldehyde levels had a significant 
negative correlation with mitochondrial AlDH 
activity when data from all twenty baboons were 
used (r = -0.59; P < 0.01) (Fig. 2). A more highly 
signi~cant correlation was obtained when the plasma 
free acetaidehyde levels were correlated with the 
ratio of the rate of acetaldehyde production divided 
by in vitro AlDH activity (Fig. 3). In alcohol-fed 
baboons, the correlation coefficient was 0.80 (P < 
0.01) and including the controls the correlation coef- 
ficient was 0.84 (P < 0.001). 

. 
. ETHANOL-FED BABOONS 
0 PAIR-FED CONTROLS 

- ALL BABOONS 

8 

I 2 3 4 5 

RATE OF ACETALDEHYDE PRODUCTION 

(mmol/kg/h) 

Fig. 1. Correlation between plasma free acetaldehyde con- 
centration and the rate of acetaldehyde production. Blood 

ethanol levels were maintained at 50 mM. 
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Fig. 2. Correlation between plasma free acetaldehyde con- 
centrations and liver mitochondrial aldehyde dehydrogen- 
ase activity. AIDH activity is expressed in nmoles NADH 

formed per min per mg protein. 

DISCUSSION 

This study reveals that plasma free acetaldehyde 
levels are positively correlated with the rate of ace- 
taldehyde production and negatively with in vitro 
hepatic AIDH activity. The plasma free acetaldehyde 
levels observed in the present study are lower than 
blood acetaldehyde levels reported previously in 
human subjects with similar blood ethanol levels [2]. 
This difference probably is the result of a change in 
methods. In the present study, the new method used 
to measure the concentration of free acetaldehyde 
in plasma circumvented the spontaneous production 
of acetaldehyde from ethanol in blood samples dur- 
ing the precipitation of proteins. Although the 
absolute levels of acetaldehyde detected were very 
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Fig. 3. Correlation between plasma free acetaldehyde levels 
and the ratio of the acetaldehyde production rate relative 

to liver mitochondria~ AIDH activity. 
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low, the observed relative changes agree with earlier 
increases reported in alcoholic subjects [2]. Ethan- 
ol-fed baboons, with blood levels of 50 mM ethanol, 
had plasma acetaldehyde levels two and one-half 
times greater than their respective pair-fed controls 
at the same blood ethanol level. 

This response was observed in all baboons that 
had been maintained on the ethanol containing diet 
for at least 3 months. This included baboons that 
exhibited only the early stage of alcoholic liver injury 
fa fatty liver) as we11 as those maintained for from 
2 to 7 years and exhibiting injury ranging from mild 
fibrosis to incomplete cirrhosis. 

correlated positively with the rate of production of 
acetaldehyde and negatively with mitochondrial 
AlDH activity. Since the most significant correlation 
was obtained when blood acetaldehyde levels were 
compared to a combination of an ivz uioo production 
rate and an in oifro AlDH activity (Fig. 3). it is 
possible that a decrease in acetaldehyde oxidation 
as well as increased acetaldehyde production may 
contribute to the increased blood acetaldehyde levels 
seen after chronic ethanol consumption. 

In this primate model, we have examined two 
systems that may regulate blood acetaldehyde levels, 
namely ethanol oxidation rate and AlDH activity. 
The data suggest that the difference in plasma free 
acetaIdehyde levels between ethanol and control 
baboons can be explained, in part, by a greater rate 
of acetaldehyde production in the ethanol-fed ani- 
mals. In addition, data from our laboratory indicate 
that the subcellular forms of AlDH in the liver of 
the baboon are very similar to those reported in the 
rat [ll] and human 1121 and that at micromolar 
acetaIdehyde concentrations mitochondria~ AIDH 
activity may predominate. The mean specific AlDH 
activity of mitochondriai fractions with 50pM ace- 
taldehyde was significantly lower in the ethanol-fed 
baboons compared to their controls. It is not known, 
however, whether in viva acetaldehyde oxidizing 
capacity is impaired after chronic ethanol consump- 
tion since factors other than enzyme activity may be 
rate limiting, Furthermore, total hepatic AIDH 
activity cannot be calculated because the liver weight 
of these animals is not known. 

REFERENCES 

1. K. 0. Lindros, in Research Aduance.s m Alcohol und 
Drug Problems (Eds. Y. Israel, F. B. Glaser. H. 
Kalant, R. E. Popham, W. Schmidt and R. G. Smart). 
Vol. 4, p. 111. Plenum Press. New York (1978). 

2. M.A. Korsten, S. Matsuzaki, L. Feinman and C. S. 
Lieber, New Engl. J. Med. 292. 386 (1975). 

3. M. A. Schuckit and V. Rayses. Science 203, 34 (1979). 
4. P. H. Pikkarainen, M. S. Salaspuro and C. S. Lieber. 

Alcoholism: Clin. expl. Res. 3.‘44 (197Y). 
5. C. S. Lieber and L. M. DeCarli. J. med. Primaroi. 3, 

1.53 (IY74). 
6. P. P~kkarai~en, E. R. Gordon, M. E. Lebsack and C. 

S. Lieber, Akoholism IV. 22X fabstr.) tlY8UI. 
7. P. H. Pikkarainen and C. S. Lie’ber, Al&olkm: Clin. 

expl. Res. 4, 40 (1980). 
8. J. J. Haglin, Thesis, Graduate School of the University 

of Minnesota. Minneapolis (1964). 
Y. D. b. Beattie, &o&em. biophys. Res. C‘ommun. 31, 

901 (1968). 
10. 0. H. Lowry, N. J. Rosebrough, A. L. Farr, R. J. 

Randall, .I. biol. Chem. 193, 265 ( 195 1). 
11. M. E. Lebsack, E. R. Gordon and C. S. Lieber. Fe&l. 

Proc. 39, 540 (1980). 
In summary, plasma levels of free acetaldehyde 12. T. Koivula, Life Sci. 16, 1563 (1975). 


