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Abstract--Dimcthylaminoethanol (DMAE) was studied as a possible substrate for liver alcohol deh!dro- 
gcnase (ADH) iu riro and irl rirro. Although kinetic studies showed that DMAE compared favorably as 
a substrate with ethanol (EtOH) for horse and rat liver ADH at pH 9.5, experiments with fasted male 
Sprague-Dawley rats indicated that the rate of elimination of “C02 from [l-14C]ethanol (I.08 to 16.3 
m-moles/kg i.p.) was not altered significantly by the injection (i.p.) of DMAE (at molar ratios DMAE; 
EtOH of 0.61 to 10.3); nor was the metabohsm of [I, 2-‘4C,]DMAE (2 and 5 m-moles/kg) affected by 
concurrent administration of ethanol (21.7 and 43.4 m-moles/kg), as shown by the unaltered urinary excre- 
tion pattern of radioactive compounds; the greater part of injected DMAE is climinatcd unchanged. These 
results were supported by the finding that while both horse and rat liver ADH gave K,, and l;II,kvalues 
for ethanol at pH 7.0 comparable to values obtained at pH 9.5, no activity at pH 7.0 was observed with 
DMAE as substrate, DMAE thus appears an unlikely substrate ir? ciao for rat and horse liver ADH. 

The abundance of liver alcohol dehydrogenase (ADH; 
alcohol: NAD oxidoreductase, EC 1.1.1.1) in animals 
with little contact with substantial quantities of eth- 
anol and the relatively low substrate specificity of this 
enzyme, which reacts with a variety of primary and 
secondary alcohols. aldehydes and ketones, raise the 
possibility of physiological substrates other than eth- 
anol for liver ADH [I, 21. 

Recently Winer [3] reported that 2-dimethyla- 
minoethanol (DMAE) compares favorably with eth- 
anol as a substrate for horse liver ADH in citro; since 
this substance is a precursor of the phospholipid, phos- 
phatidyl choline, the possible involvement of DMAE 
in ethanol oxidation in viuo in the rat was studied by 
us. 

Our results indicate that DMAE is, indeed, an effec- 
tive substrate for horse liver ADH and, as we show 
here. for rat liver ADH at pH 9.5. However, it has no 
significant effect on the oxidation of ethanol in the rat 
nor is it a substrate for horse or rat liver ADH at phy- 
siological pH in citro. The fact that the major part of 
the substantial quantities of DMAE injected into rats 
in our experiments is not metabolized is not, of course, 
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inconsistent with the fact that far lesser amounts of 
DMAE may be involved in DMAE’s role as a physio- 
logical substrate in other non-ADH reactions. 

MATEKIA1.S .AYD METHODS 

Matekds. Male Sprague-Dawley rats (Charles 
River, CD). weighing 206250 g were used. The ani- 
mals were maintained on Purina Laboratory Chow 
and were fasted overnight (16 hr) before use. [l- 
14C]ethanol (specific activity, 12.3 mCi/m-mole) and 
[l,2-14Cz]DMAE (specific activity, 3.64 mCi/m-mole; 
as the hydrochioride) were obtained from New Eng- 
land Nuclear and diluted appropriately with cold eth- 
anol or DMAE immediately prior to use. Unlabeled 
DMAE was purchased from Matheson. Coleman bt 
Bell; N-methylaminoethanol (MMAE; practical grade. 
Eastman) was distilled under nitrogen prior to use. 
Horse liver ADH, NAD and NADH were from Boeh- 
ringer Mannheim Corp.; the ADH. a crystalline sus- 
pension consisting largely of the isoenzyme EE [4], 
was exhaustively dialyzed against 0.05 M sodium 
phosphate buffer. pH 7.5. Rat liver ADH, prepared 
according to the method of Markovic et crl. [S]. was 
kindly supplied by Miss F. Chen and Dr. R. Pietruszko 
of this Center. 

DetPrrrliMatior? ?f‘tlzP rate Of’i~fhNMOI oYidatio~1 i/I lilYI. 
The rate of ethanol oxidation was estimated from the 
rate of radioactive CO? production after the intraperi- 
toneal injection of [ I-14C]ethanol, approximately I 
pCi/kg as a 1 or 10 per cent (w/v) solution in isotonic 
saline, at doses shown in Table I. Ethanol was given 
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Table I. Ethanol oxidation in the rat with or without 2-dimethylaminoefhancl” 
._ 

Ratio of Ethanol oxidation 
[I-‘“(JethanoI DMAE DMAE to (m-moles/kg/hr 5 S.D.) 

(m-moles/kg i. p.) (m-moles/kg i. p.) ethanol Control With DMAE 
..~ 

1 @ 9.95 9.95 @SY(l)i @64(l) 
2.17 224-224 I ,03- IO.3 I.09 + 0,09(X) I.00 If: 0.08 (8) 

16~30 9.95 061 3.40 ( I ) 3.33 (1) 

* ?-Dimethylaminoethanol as a 10% (w/v) solution with pH adjusted to 7.4 was given intraperitot~call~ 15 min prior to 
the administration of [I-‘“C]ethanol, approximately I @X/kg as a 1’;; or 102, (w/v) solution in saline. The highest dose 
of DMAE borders on the lethal, exceeding the reported LDFO in Sprague-Dawley rats [ 121. 

f Number of experiments. 

15 min after the intraperitoneal injection of DMAE 
(see Table 1). The rat was placed in a glass respiratory 
chamber (model 350-C, Aerospace Industries, Inc.) 
through which COz-free air at 1 liter/min was drawn. 
Expired CO: was collected in approximately 40 ml of 
an ethanolamine--methanol mixture (1 :4, v/v) for suc- 
cessive 1%min periods over 2-3 hr; the mixture 
absorbed CO2 completely. After adding methanol to 
the absorbent mixture to a final volume of 50 ml, the 
radioactivity of a S-ml aliquot, made up to 15 ml with 
toluene scintillation solution containing 42 ml Liquif- 
luor (Intertechnique) per liter of toluene, was measured 
in an Intertechnique liquid scintillation spectrometer 
(model SL30). The counting efficiency of each sample 
was determined by an external standards ratio tech- 
nique which had been checked with an added [‘4C]to- 
luene internal standard; all calculations were based 
upon the computed radioactivity as dis./min. The rate 
of ethanol metabolism was computed from the maxi- 
mal rate of radioactive CO: elimination, calculated 
from the maximal slope of the best fitting polynomial 
of the data. The slope than allowed calculations of the 
minimum time for elimination of all radioactivity: 
dividing dose by time gave the rate of ethanol disposi- 
tion as m-moles/kg/hr. Although the rate so obtained 
is somewhat less than the value for ethanol disappear- 
ance estimated from analysis of blood ethanol, the 
values obtained give parallel measures of the rates of 
oxidation and allow comparisons in the absence and 
presence of injected DMAE. 

t’lbrnry arzd~sis of’ DM A.5 Rats were given intra- 
peritoneally 2 or 5 m-moles/kg of [1,2-‘4C-JDMAE 
(molar solution, pH adjusted to 7.4; 5 &i/kg) with or 
without 21.7 or 43.3 m-moles/kg of ethanol (loo/, solu- 
tion. w;v in saline). When both agents were adminis- 
tered, ethanol was given 5 min before the injection of 
DMAE. 

A metabolic chamber was used for urine collection. 
One ml of the sample was diluted with 14 ml Triton 
X- 1~.toluene~Liquifluor mixture (65 : 3 I :4, v/v) and 
counted for total radioactivity. DMAE and possible 
metabolites were analyzed by paper and gas-liquid 
chromatography. 

For paper chromatography, Whatman No. 4 filter 

paper and a solvent system consisting of methanol- 
diethyl ether-HCl-water (10: 10: 1 :3, v/v) were 
employed. With this solvent system, an R, value of 0.5 
was observed for DMAE. After development, the 
chromatogram was divided into I -cm segments and the 
radioactivity of the segments was directly counted in 
the toluene-Liquifluor solution. In some cases. the 

-paper strips were eluted with 50% ethanol in an elution 
chamber; the eluates were then counted. Direct count- 
ing gave 80 per cent recovery; essentially 100 per cent 
recovery was obtained by the elution technique. 

For gas-liquid chromatography, a 5 ft x i inch 
(o.d.) stainless steel column, filled with a 6OBO Gas 
Chrom Q support coated with 30 per cent by weight 
of a 16x:, Amine 220 and 840,:, Apiezon L mixture, was 
used at 90’ with a hydrogen flame ionization detector: 
the carrier gas was nitrogen. Under our conditions, the 
DMAE peak appeared in about 65 sec. Urine diluted 
with water was injected into the chromatograph; in the 
urine of the fasted rat, at the attenuation and dilution 
employed. no peak other than that of DMAE was 
detected. 

DetrrmD~&on of‘the rate oj’ethimol oxidutior~ hy rat 

liter homogenate. The method used was a modification 
of Lundquist et ul. [6]. Rat liver was homogenized 
with 5 vol. of 0.1 M phosphate buffer, pH 7.1. Nico- 
tinamide solution (1 M) was added to the buffer solu- 
tion immediately before the homogenization to give a 
final concentration in the suspension of 0.04 M. NAD 
(20 mg/ml) was then added to a final concentration of 
O-2 mM. One ml of the suspension was pipetted into 
each test tube and ethanol was added to give a final 
concentration of 9 mM. The sealed tubes were then 
shaken mechanically in a water bath at 23“. Tubes 
were removed at 1%min intervals and dcproteinized 
with 1 ml of S.l’i:, perchloric acid. The supernatant 
solution was used for the determination of ethanol by 
the yeast ADH method [7], In experiments where the 
effects of DMAE (10 mM) and pyrazole (1 mM) were 
examined, these substances were added 10 min prior to 
the addition of ethanol. Although there is some inhibi- 
tion of yeast ADH by pyrazole [S, 91, under our exper- 
imental conditions, neither pyrazole nor DMAE inter- 
fered with the ethanol determination. 



~~~us~~~~~~~~fif ~~~~~~~~~fJ1~ f~~~j~~j~j~~.~. The initial veioci- 
ties of the oxidatjon of substrates (ethanol. DMAE or 
MMAE) were determined at constant NAD con- 
centration (0.5 mM) and various substrate con- 
centrations in U-1 M phosphate buffer. pH 7.0, or in 0.1 
M glycine-P&Of-f buffer, pH 9-5, by monitoring the 
appearance of NADH on a Beckman DBGT recording 
spectrophotometer at 25’. Concentration of enzyme 
was expressed as the norm~~lity~ N (NARH-binding 
sit&liter), and was determined 1~Liororn~tri~aily by 
titration with NADH in the presence of 0.1 M isobu- 
tyramide, according to the method of Winer and 
Theorcll [IO]. The concentration of NADH was calcu- 
lated from its extinction co&Gent of 6.22 mM_’ 
cm-” at 340 nm [l I]. 

The lines of Figs. L-4 were computed by the method 
of least squares utilizing all experimental values, except 
those for DMAE at substrate inhibitory con- 
centrations (see Fig. 3). 

Fig. 1. Ethanol metaboljsm in rat tiver homogenates with 
or without DMAE and pyrazolc at 23”. The reaction mix- 
ture contained I ml liver-homogenate (equivalent to 0.2 g 
liver), 10 ~1 each of ethanoi (900 mM) and DMAE (1 M) or 
pyrazole (lo0 IBM]. In control experiments, 10 pl of Of M 
phosphate buffer. pH 7.1. wassubstituted for DMAE or pyr- 
azole. Each point shown is the mean of duplicate 

The effects of DMAE on ethanol oxidation in rats 
are prescntcd in Table I. At doses of DMAE in the 
range of 2.24 to 224 m-moles/kg. the rates of ethanol 
oxidation for the control vs. the DMAE-treated rats 
were found to be 0~59 vs. O%il. I-09 vs. IGO and 3.40 
vs. 3.33 m-moles!kg/hr at ethanol levels of 198. 2.17 
and 16.3 m-moles/kg respectively. If DMAE is indeed 
a substrate of ADH, one would expect its competition 
with the oxidation ofethanol to result in lower ethanol 
oxidation rates. We observed no significant differences 
between DMAE-treated and con&of rats when the 
ratio of DMAE to ethanol was varied from 061 to 10.3. 
making DMAE an unlikely substrate ir7 7Goo for liver 
ADH. 

rate seen in the presence of pyrazolc. a strong competi- 
tive inhibitor of ADH. 

Since these experiments i~ uiz;o and in cirra did not 
appear to agree with Win&s report [3] that DMAE 
was a substrate of ADH, we re-examined Winer’s 
results with both horse liver ADH and rat liver ADH 
in @I M phosphate buffer, pH 7.0, and in 0.1 M gly- 
tine-NaOH buffer, pH 9-S. The results are presented 
in Figs. 2 and 3 and Table 2. 

Furthermore. in the first 6 hr after intr~~eritoIle~l~y 
administered [ 1,2-l ‘CZ]DMAE (2 and 5 m-moles/kg), 
less than I.5 per cent appeared as 14C02 in expired air 
and about 60 per cent of the radioactivity appeared in 
the urine, essentially all as ii~~c~l~ng~d DMAE. These 
values were determined by gas--liquid and paper chro- 
tn~to~r~pl~i~ analyses. irrespective of the presence or 
absence of ethanol (21.7 and 434 n-moles/kg). The 
rsdioactivity which remained in the body after 6 hr 
was excreted thereafter in the urine at 2 much slower 
pace, and at 72 hr a total of 75 per cent was recovered, 
again virtually all as unchanged DMAE. 

Because the inef%cctiveness of DMAE on ethanol Fig. 2. Kinetics of oxidation catalyzed by horse liver alco- 
hol dehydrogenase. The reaction mixture contained 2 ml of 
0.75 mM NAD in buffer plus 1 ml buffer with varvine. 

metabolism and the ijle~e~~~~ren~ss of ethanol on 
DMAE metabolism may result from DMAE not being 
transported to the liver cytosol, experiments were per- 
formed with rat liver ~~orno~~n~t~s. The results of these 
experiments are prcscntcd in Fig. I. After 60 min of in- 
cubation, the ethanol coil~~t~tration in both control 
and DMAE-treated homogenates dropped to 6.6 mM. 
As in the case irz t:it~. the presence of DMAE did not 
alter the rate of ethanol disappearance. which remained 
at 15 ~~moiesig ofliver,‘hr. far greater than the inhibited 

amounts of substrates (if necessary, adjusted to proper ;H), 
The total volume of 3 ml was equilibrated at 25”. then 10 
~tl enzyme (144 pN) was added to initiate the reaction. --. 
@l M glycine-NaOH buffer, pH 95: ----, 0.1 M phos- 
phate buffer. pH 7.0; (0) ethanol, concentration varying 
from 0.4 to 2.0 mM; (0,) ethanol, co~~ntration varying from 
0.33 to 2.0 mM; (X) DMAE, concentration varying from I.0 
to 20.0 mM; (A) MMAE, concentration varying from 6.67 
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Fig. 3. Kinetics of oxidation catalqfed by rat liver alcohol 
dehydrogenase. The reaction mixture contained 2 ml of 0.75 
mM NAD in buffer plus I ml buffer with varying amounts 
of substrate (if necessary, adjusted to proper pH). The total 
\olumc of 3 ml was cqullibrated at 25 then IO/II cnrymc 
(66.5 /tN) was added to initiate the reaction. ~. 0.1 M glj- 
tine NaOH buffer. pH 9.5; ----. @I M phosphate buffer. 
pH 7.0; (0) ethanol. concentration \,arying from 0.5 to 2.0 
mM: (0) ethanol. concentration varying from 0.67 to IO.0 
mM; (X) DMAE. concentration varying from I.25 to 5.0 

mM. 

L and Y,,,, values of horse liver ADH for ethanol, 
0.76 mM and 327 moles/liter/min/mole of ADH at pH 
7.0. and I.09 mM and 665 moles/liter/min/mole of 
ADH at pH 9.5, arc in good agreement with those of 
Winer [3] and others [ 13. 143. 

Ethanol was also used as a substrate for the kinetic 
studies of rat liver ADH, and a K,,, value of 1.02 mM 
at pH 7.0 was obtained. higher than the reported value 
of 0.5 mM [IS]. At pH 9.5. the K,,, value was found to 
be 0.24 mM. which is much lower than reported values 
of2.13 mM (pH IO) [5] and 40 mM (pH 8.X) [ 161. These 
discrepancies cannot bc explained: however, the insta- 
bility of the enzyme, varying purities of the preparation 
and the possible existence of isoenzymes might be con- 
tributing factors. 

K, and V,,,,,values of DMAE and MMAE at pH 9.5 
for horse liver ADH were found to be 2.6 and 24.0 mM, 
and 226 and 323 moles/liter/min/mole of ADH re- 
spectively. Substrate inhibition occurred when the 
DMAE concentration was above 5 mM. Although 
these observation differ somewhat from Winer’s 
[r<, = I.2 and 13.0 mM; C’,,, = 135 and I60 moles/l/ 
min/mole of ADH and substrate (DMAE) inhibition, 
> IO mM] [3], they are of the same magnitude. For 
rat liver ADH, at pH 9.5. the K, and b,,,,, values of 
DMAE were 0.59 mM and I01 moles/l/t&/mole of 
ADH respectively. However, at pH 7.0. there is no acti- 
vity with either horse or rat liver ADH toward DMAE 
as substrate. or for horse liver ADH toward MMAE. 
Kinetic values of DMAE or MMAE as substrates of 
ADH at pH 7.0 have not been reported heretofore. 

These extreme differences in activity of DMAE (and 
MMAE) at pH 7.0 and pH 9.5 may result from the 
ionization characteristics of DMAE and the hydro- 
phobic substrate binding site of ADH [ 17, 181. With 
pK,\ values for DMAE of 9.15 [ 191 or 9.3 I 1201 and 
for MMAE of 9.77 1211. it is reasonable to assume that 
at pH 7.0 they are almost completely protonated, car- 
rying positive charges. while at pH 9.5 they probably 
exist in the uncharged state. Since the substrate bind- 
ing site is hydrophobic. a charged substrate will have 
difficulty entering the binding site, and no activity will 
be observed at pH 7.0. Contrariwise. at pH 9.5. un- 
charged DMAE or MMAE will be able to enter the 
hydrophobic binding site and reaction can proceed. 
Although WC did not use a non-phosphate buffer at pH 
7.0 to exclude the possible inhibitory action of phos- 
phate, the agreement of the results irk ~.if~o (using a 
phosphate buffer) with the measures irk V~I:O and the 
non-inhibition of ethanol oxidation in phosphate 
buffer at pH 7.0 give little support for such an altcrna- 
tive. 

The product formed in the liver ADH-catalyzed 
reaction of DMAE at pH 9.5 was not studied. but it 
is assumed to be the aldehyde of DMAE. Double reci- 
procal plots of the initial rates versus DMAE con- 
centrations were made at two NAD concentrations 
(0.1 and 0.5 mM) and are shown in Fig. 4; since the two 

Table 7. Michaclis constants (K,,,) and maximal velocitlcs (L’,,,,,, ) of liver alcohol dehydrogenase for diffcrcnt substrates at 
pH 7.0 and 9.S* 

Enzyme Substrate 

K”, ~;,I.,, 
(mM) (moles/l./min,lmole ADH) 

pH 7.0 pH 9.5 pH 7.0 pH 9.5 

Horse liver ADH Ethanol 0.76 I.1 327 665 
DMAE ND+ 2.6 0 726 
MMAE ND 24.0 0 333 

Rat liver ADH Ethanol I .02 0.24 64 I 40 
DMAE ND 0.59 0 IO1 

* K,,, and k,,,,\ were determined bv double reciprocal plots of the rate of NADH increase vs. substrate concentration, 
with a minimum of three determinations at each of four to seven concentrations (Figs. 2 and 3). 

+ ND = not dctcrminablc. 
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DiD 

HAD 

NAD 

2. 

Fig. 4. Kinetics of oxidation catalyzed by horse liver alco- 
hol dchydrogenasc at pH 9-5 with DMAE at two con- 
centrations of NAD. The reaction mixture contained 2 ml 
of 075 or @IS mM NAD in @I M ~lycine-NaOH hutfer, 
pH 9.5. and 1 ml of the same hufTer with varying amounts 
of substratc; if necessary. the pH was adjusted to 9.5. The 
total volume of 3 ml was equilibrated at 25 , then IO /II 
enzyme (14.4 /IN) was added to initiate the reaction. The 

concentration of DMAE was varied from 1-O to 50 mM. 

lines have a common intersection on the substrate axis 
with different slopes, the reaction appears to follow a 
random mechanism [22]. The reaction does not seem 
to follow the Theorell- Chance mechanism. a compul- 
sory mechanism involved in the reversible oxidation of 
primary, secondary and cyclic alcohols [ 18, 23. 241. 
However, more detailed kinetic experiments with sub- 
jnaximal concentrations of the constant reaction 
partner need to be carried out and subjected to the 
Dalziel 1251 tests, which distinguish the Theorell- 
Chance mechanism from other alternatives. 
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