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Abstract

The kinetics of oxidation of various alcohols by purified rat liver alcohol dehydrogenase (ADH)
were compared with the kinetics of elimination of the alcohols in rats in order to investigate the
roles of ADH and other factors that contribute to the rates of metabolism of alcohols. Primary
alcohols (ethanol, 1-propanol, 1-butanol, 2-methyl-1-propanol, 3-methyl-1-butanol) and diols (1,3-
propanediol, 1,3-butanediol, 1,4-butanediol, 1,5-pentanediol) were eliminated in rats with zero-
order Kinetics at doses of 5-20 mmole/kg. Ethanol was eliminated most rapidly, at 7.9 mmole/
kgeh. Secondary alcohols (2-propanol-d;, 2-propanol, 2-butanol, 3-pentanol, cyclopentanol,
cyclohexanol) were eliminated with first order kinetics at doses of 5-10 mmole/kg, and the
corresponding ketones were formed and slowly eliminated with zero or first order kinetics. The
rates of elimination of various alcohols were inhibited on average 73% (55% for 2-propanol to
90% for ethanol) by 1 mmole/kg of 4-methylpyrazole, a good inhibitor of ADH, indicating a
major role for ADH in the metabolism of the alcohols. The Michaelis kinetic constants from in
vitro studies (pH 7.3, 37 °C) with isolated rat liver enzyme were used to calculate the expected
relative rates of metabolism in rats. The rates of elimination generally increased with increased
activity of ADH, but a maximum rate of 6 + 1 mmole/kgeh was observed for the best substrates,
suggesting that ADH activity is not solely rate-limiting. Because secondary alcohols only require
one NAD* for the conversion to ketones whereas primary alcohols require two equivalents of
NAD* for oxidation to the carboxylic acids, it appears that the rate of oxidation of NADH to
NAD* is not a major limiting factor for metabolism of these alcohols, but the rate-limiting factors
are yet to be identified.

© 2015 Elsevier Ireland Ltd. All rights reserved

"Corresponding author. Tel.: +1 319 335 7909; fax: +1 319 335 9570. bv-plapp@uiowa.edu. kevin-leidal@uiowa.edu.
murch.bp@pg.com. hp2gdwgreen@me.com.

Lpresent address: Department of Internal Medicine, The University of lowa, lowa City, 1A 52242, USA.

2present address: Proctor & Gamble, 8611 Beckett Road, West Chester, OH 45069, USA.

3present address: Vertex Pharmaceuticals, 50 Northern Avenue, Boston, MA 02210, USA.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of interest statement
The authors declare that there are no conflicts of interest.

Appendix A. Supplementary data
A table comparing substrate specificities of horse, rat, and human alcohol dehydrogenases can be found in the on-line version, at
http://dx.doi.org/10.1016/j.cbi.2014.12.040.


http://dx.doi.org/10.1016/j.cbi.2014.12.040

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Plapp et al. Page 2

Keywords
Alcohol dehydrogenase; Alcohol metabolism; Inhibition; Rat metabolism; Enzyme specificity

1. Introduction

Alcohol dehydrogenases (ADH) are ubiquitous in higher organisms and participate in
metabolizing a wide variety of alcohols and aldehydes, as an important “detoxification”
mechanism [1]. ADHs catalyze the first step in alcohol oxidation, using NAD* as a cofactor
and producing NADH and the corresponding carbonyl compound. Various studies have
suggested that ADH activity is a major rate-limiting factor in ethanol metabolism, because
the amount of liver ADH is approximately sufficient to account for the rate of elimination in
animals, and inhibitors of ADH act equivalently in vitro and in vivo in rats [2-8]. Fed rats
eliminate ethanol at about 8 mmol/kgeh, and the total liver ADH activity could provide
about a 1.4-fold higher rate, but the concentrations of coenzymes and acetaldehyde in vivo
could limit the rate of ethanol metabolism to the observed value [7, 8]. Humans eliminate
ethanol at about 2.2 mmol/kgeh, but the total ADH activity and the mass of the liver relative
to body weight are each about one-half of that found in the rat, supporting the conclusion
that ADH activity is a major rate limiting factor for ethanol metabolism in humans [2].

Kinetic simulation with estimated rate constants for alcohol and aldehyde dehydrogenases
can approximately describe ethanol and acetaldehyde metabolism in humans, and it is
significant that the rate of elimination of ethanol is directly related to ADH activity, whereas
the steady-state level of acetaldehyde (almost a constant blood concentration) depends on
levels of both alcohol and aldehyde dehydrogenases [9]. Although metabolism of ethanol in
humans is complicated because humans have five different ADHs that can contribute to
ethanol metabolism and the kinetic constants and the concentrations for these enzymes
should be considered [10, 11], it is remarkable that the rate of metabolism can be described
by a single set of kinetic constants [9]. However, in the steady-state of metabolism, it is
likely that several steps, such as aldehyde dehydrogenase activity, transport of reducing
equivalents from NADH into the mitochondria, and reoxidation of NADH in oxidative
phosphorylation contribute to controlling the overall rate of metabolism, and more complete
quantitative descriptions are required [2, 12]. Other enzymes, such as catalase and
cytochrome P450 2E1, can also contribute to the oxidation of alcohols.

The specificities of ADHs for various alcohols and the kinetics of metabolism (elimination)
in animals are also of fundamental interest because it is clear that ethanol is not the only
substrate, and metabolism of ethanol can affect the metabolism of other alcohols and
aldehydes, such as retinoids [13, 14]. Identification of endogenous substrates that may have
physiological roles is a continuing challenge. The rat is a good model for these studies
because of extensive prior use of this animal for studies of alcohol metabolism. Moreover,
metabolism of various alcohols in rats should be studied as a prelude to any studies with
humans.

Rats produce only four different active ADHSs (see Ref. [15] for ADH nomenclature), but the
single liver class 1 enzyme (ADH1, UniProt P06757) is the major ADH responsible for
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metabolism of common alcohols [16, 17]. The rodent ADH2 (UniProt Q64563) is much less
active than the other ADHs [18]. The substrate specificities of three rat enzymes have been
surveyed, and ADH3 (UniProt P12711) has no detectable activity on ethanol and butanol
[19]. The “stomach” enzyme, ADH4 (UniProt P41682), has much lower catalytic
efficiencies than ADH1, but may contribute to metabolism of high concentrations of
alcohols and in metabolism of retinoids and lipid peroxidation products [16, 20-22]. ADH5
(UniProt Q5X195) is not expressed in an active form [23]. Having one major ADH makes it
simpler to study the correlation of in vitro and in vivo activities. Studies with the rat are
relevant for understanding metabolism of alcohols in humans, even though humans produce
three class | ADHSs with quantitatively-different substrate specificities, because the
specificities of class | ADHSs overlap and the metabolic pathways (chemical transformations)
are probably similar in rats and humans. This work presents results on the specificities of rat
liver ADH for alcohols, the Kinetics of elimination of various alcohols in rats, and the
correlation of in vitro ADH activities with the rates of metabolism.

2. Experimental Procedures

2.1. Substrate specificity of rat liver alcohol dehydrogenase

Rat liver alcohol dehydrogenase was partially purified by precipitation with (NH4)2SO4
(35-75% saturation), passage through DEAE-cellulose, and chromatography on Sephadex
G-100 [24]. The specific activity was about 0.2 unit/mg, as assayed at 37 °C in a standard
enzyme assay [25]. The enzyme was stabilized by adding 5% ethanol during the
purification, but preparations gradually lost about 50% of the original activity during storage
at 5 °C for a week. The insertion of Cys-112 may account for the lability [26]. (Adding
NAD* also stabilized the enzyme, but after a few days of storage, the kinetics did not fit
simple Michaelis-Menten kinetics, as Ky, values for ethanol increased substantially, and it
appeared that two forms of enzyme were present.) The ethanol was removed by gel filtration
before kinetics studies with various alcohols, and a small reaction rate observed in the
absence of added alcohol was subtracted from the rates with varied concentrations of
alcohols. The reactions were also almost totally inhibited by 10 mM pyrazole, confirming
the ADH activity. The kinetics of the ADH were studied in 83 mM potassium phosphate and
40 mM KClI buffer, pH 7.3, at 37 °C, with 0.5 mM NAD™*, which is thought to resemble the
conditions found in vivo [4]. The initial velocity data were fitted to the Michaelis-Menten
equation [27]. Crystalline horse liver alcohol dehydrogenase, EE isoenzyme (ADHL1E,
UniProt P003327), was purchased from Boehringer Mannheim Co.

2.2. Elimination of alcohols in rats and effects of inhibitors

Male Sprague-Dawley rats (180-280 g) were fed certified rodent diet (equivalent to Harlan
8728C; 24% protein, 5% fat, 40% carbohydrate; tekladinfo@harlan.com) ad libitum, except
for those that were fasted for 24 h. Lights were on from 5 a.m. to 5 p.m. during Central
Standard Time and 6 a.m. to 6 p.m. during Daylight Savings Time. Experiments were begun
mid-morning. Alcohols were diluted in physiological saline to 1 M or lower and
administered intraperitoneally at sub-lethal doses. The doses were (usually) chosen to be
within the concentration range used in the in vitro studies and to give measurable levels in
the blood. Blood samples (10 uL) were drawn from the tail vein at regular intervals, such as
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10 min, as shown in the figures, and mixed with an internal standard (an alcohol chosen to
have a retention time close to the alcohol under investigation), and deproteinized with
Ba(OH), and ZnSQ;,. (For 2,3-butanediol, methanol, and tert-butanol, which are slowly-
eliminated, blood samples were taken about every 30 min.) The concentrations of ethanol
determined in the tail vein are approximately the same as those in arterial blood [28]. The
supernatant was analyzed on a Varian 3740 gas chromatograph with five different columns
(usually 6 ft x 2 mm) and varied oven temperatures chosen to provide baseline resolution for
the alcohols and their metabolites. Most primary and secondary alcohols and ketones were
separated on 60/80 mesh Carbopack B/5% Carbowax PEG 20M or 60/80 mesh Carbopack
C/0.2% Carbowax 1500 developed at 20 ml No/min, with fixed column temperatures
ranging from 60 to 130 °C. 1,2-Ethanediol, 1,5-pentanediol, and 3-valerolactone were
separated on the Carbowax 20M column at 140 or 180 °C. Ethanol, 1-butanol, and 1,2-
ethanediol were separated on 80/100 Chromasorb 102 at 30 ml No/min, at 150, 200 and 200
°C. Ethanol and 1,2-ethanediol were also separated on 80/100 Porapak-S at 30 ml No/min at
150 and 200 °C. The diols, benzyl alcohol and benzaldehyde were separated on 80/100
Carbopack C/0.8% THEED (3 ft x 2 mm ID) at 40 ml Ny/min at 100 or 125 °C. The
concentrations were calculated with a Hewlett-Packard 3388A integrator calibrated with
standard curves.

The elimination data were fitted to the equations appropriate for the observed kinetics using
the non-linear least squares Fortran program, NONLIN (C. M. Metzler, The Upjohn Co.).
For zero-order (straight line dependence on time) elimination, the data were fitted to the
equation [A]; = kit + [A],, and the rate constant was calculated by dividing the dose
administered by the time required for complete elimination as determined by the linear
extrapolation to zero concentration (mathematically, —[A]o/k1). The rate constants for three
or more animals were averaged and the standard deviation calculated. The results for two
animals were averaged and the range of values is reported. For non-linear (exponential)
elimination, various equations were tested to determine the best fits. For the simplest
reaction, A — B (A the alcohol and B an unidentified product), the equation d[A]/dt =
—k1[A] was used. For sequential A — B — C reactions (B usually a ketone and C not
identified), data for [A] and [B] were fitted simultaneously with various kinetic descriptions
to find the best fit: irreversible, sequential first order, d[A]/dt = —k;[A] and d[B]/dt = k{[A]
- ky[B]; sequential first order with reversible first step and irreversible second step, d[A]/dt
= —k{[A] + ko[B] and d[B]/dt = k1 [A] — (k-1+ ky)[B]; sequential, irreversible, with
Michaelis-Menten kinetics for first step followed by first order reaction for second step,
—d[A)/dt = k4 [A]l/(Kn+ [A]) and d[B]/dt = ky [A)/(Km+ [A]) — ko[B]. The fits provided
estimates of the rate constants and their standard errors; the average and standard deviation
were calculated when three or more animals were used. For two animals, the average and
range of values are reported. For single animals, the fitted value and standard error are
reported.

The contribution of ADH to the elimination was assessed by administering inhibitors of
ADH. A dose of 1 mmole/kg of 4-methylpyrazole (MP) or 10 mmole/kg of isobutyramide
(IBA) were given 10 min before the i.p. dose of alcohol. 4-Methylpyrazole is a potent
competitive (against alcohol) inhibitor of class I alcohol dehydrogenases, with an in vitro K;
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of 0.11 uM for rat liver ADH and an effective, in vivo, competitive K; value of 1.4 pmole/kg
in the rat [8]. A dose of 1 mmole/kg inhibits elimination of a dose of ethanol of 20
mmole/kg by 87%. 4-Methylpyrazole has low toxicity and more specificity than pyrazole
[29]. It does not appreciably inhibit rat liver catalase or cytochrome P-450, as the latter has
an invitro Kj of 5.7 mM [30, 31]. Likewise, 10 mmole/kg of isobutyramide, an
uncompetitive inhibitor of ADH with an in vivo K; of 1 mmole/kg, inhibited ethanol
elimination comparably [8]. Using higher concentrations of 4-methylpyrazole and
isobutryamide does not completely inhibit ethanol elimination, and the uninhibited rate
depends on the dose of ethanol, as if the reaction were catalyzed by an enzyme with a Ky, of
21 mmole/kg and a Viyax of 2.1 mmole/(kgeh). The inhibitor-insensitive rate results from
excretion and metabolism by other, unidentified enzymes [8].

3-Amino-1,2,4-triazole (AT) irreversibly inhibits catalase and was used to test the
contribution of catalase to the metabolism [32] with a dose of 1 g/kg (12 mmole/kg) given 1
h before the alcohol. 3-Aminotriazole weakly inhibits or stimulates the activity of isolated
ADH, depending upon the concentrations of substrates [32, 33]. 3-Aminotriazole modestly
(~10%) inhibits ethanol metabolism in rats, but more strongly inhibits (~35%) methanol
metabolism [32]. The rate of ethanol elimination observed in the presence of 4-
methylpyrazole is not decreased significantly by co-administration of 3-aminotriazole,
suggesting that the limiting rate of ethanol elimination is not due to catalase [8].

3.1. Substrate specificities of liver alcohol dehydrogenases for oxidation of alcohols

Table 1 provides the kinetic constants for a variety of primary and secondary alcohols. The
Km values and catalytic efficiencies (V/KyE;, turnover number per enzyme subunit divided
by the K,) for many of these alcohols are similar to those found for horse liver ADH1E and
monkey liver ADH1A, which were assayed under the same buffer conditions [34, 35].
Moreover, the catalytic efficiencies are similar to those for human liver ADHs 1A, 1B1, 1C,
and 4 (Table 1S, Supplementary Data) even if the assay conditions differ from those used in
this study. In contrast, human ADH2 and ADH3 have somewhat different specificities and
probably different physiological roles (Table 1S). The class | enzymes have similar
hydrophobic amino acid residues in the substrate binding sites, but rat ADH1 differs from
human ADH1A in 6 out 9 residues, from ADH1B in 3 of 9, and from ADH1C in 2 of 9
residues [26, 35]. The specificities of the three human ADH1 enzymes may complement one
another so that their combined physiological activities are similar to those of horse and rat
ADHL1 in those animals.

Some specificities should be further explained. Methanol is a very poor substrate for rat liver
ADH1, with a K, of 380 mM and a V/E; of 12 min~1 [19], and human ADH1B1 and 1C1
have about 10-fold higher catalytic efficiency (Table 1S). Monkey and human ADH1A are
about 10-fold less active on methanol, ethanol, and 1-propanol than the other class |
enzymes because of the substitution of Phe-93 with Ala, but are about 10-fold more active
on secondary alcohols, such as 2-propanol and cyclohexanol [34]. Human ADH1B is much
less active than the other enzymes on cyclohexanol. A combination of the three human
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ADHs could function like the single rat ADH1, depending upon the concentrations of the
enzymes in the liver and the concentrations of substrates.

The reactions of 1,5-pentanediol are complex, with several possible pathways. 1,5-
Pentanediol would be oxidized by ADH on one primary hydroxy! group to form 5-
hydroxypentanal, which might be further oxidized to produce the 1,5-dialdehyde and two
NADHSs per 1,5-pentanediol. 5-Hydroxypentanal may also cyclize to form the hemiacetal or
be oxidized by ADH or aldehyde dehydrogenases to form 5-hydroxypentanoic acid, which
can cyclize to form 8-valerolactone. (The oxidation of aldehydes by ADH has been
described previously [36-40].) We studied these reactions using horse liver ADHL1E, as this
enzyme is more stable than the rat enzyme. Horse liver ADHL1E is active on 1,5-pentanediol,
with a K, of 21 mM and a Ve« relative to the activity on ethanol of 1.1. Analysis by GC of
a reaction with 5 mM 1,5-pentanediol and 1 mM NAD™ at pH 7.0 and 25 °C with 0.01
mg/mL ADH over 14 h did not show a significant increase in 5-hydroxypentanal or &-
valerolactone concentrations, perhaps because the dialdehyde formed. Nevertheless, GC
analysis of a reaction of 5 mM 5-hydroxypentanal and 1 mM NAD* with 0.01 mg/mL of
ADH showed that 8-valerolactone and 1,5-pentanediol formed slowly in approximately
equal concentrations (~2 mM each at 12 h), in a dismutation reaction that consumed little
NAD*.

3.2. Elimination of alcohols in rats by zero order kinetics

Fig. 1 shows the elimination of primary, aliphatic alcohols in the series from ethanol to 3-
methyl-1-butanol. Data points for the initial increase in blood alcohol concentration are not
shown, but the kinetics fit zero order kinetics after the absorption phase. Because the Ky,
values for these alcohols are sub-millimolar and the concentrations in the rat are higher than
mM, it appears that ADH would be saturated and be acting at maximum velocity. The
elimination was substantially inhibited by 4-methylpyrazole and isobutyramide (Table 2),
indicating that ADH has a major role in metabolism [8]. Although only one or two animals
may have been tested with 4-methylpyrazole and isobutryamide, the extent of inhibition is
similar with each inhibitor, supporting the significance of the result. In contrast, 3-
aminotriazole did not significantly inhibit elimination, suggesting the catalase is not
involved. The aldehydes are then presumably rapidly oxidized by aldehyde dehydrogenases
to the carboxylic acids.

Elimination of ethanol is slower in fasted rats, consistent with the reduced content of liver
ADH [41], and catalase may contribute in this state [42].

Diols with a primary hydroxyl group, but not vicinal diols, are also metabolized readily,
with zero-order kinetics and involvement of ADH as demonstrated by significant inhibition
by 4-methylpyrazole and isobutyramide (Fig. 2, Table 2). It is not clear why the alcohols are
eliminated with zero-order kinetics, as the K, values from in vitro studies are comparable
to, or larger than, the concentrations observed in the rat.

1,3-Butanediol is metabolized almost quantitatively to f-hydroxybutyrate and acetoacetate
[43]. 1,4-Butanediol is oxidized to y-hydroxybutyrate, which can cyclize to y-butyrolactone
or be further oxidized to succinate [44].
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1,5-Pentanediol is oxidized on one primary hydroxyl group to form 5-hydroxypentanal, and
then is apparently oxidized by aldehyde dehydrogenases to form 5-hydroxypentanoic acid,
which cyclizes to form the §-valerolactone. With a dose of 10 mmole/kg 1,5-pentanediol, &-
valerolactone built up in the blood to levels of about 5 mM in one to two hours before
clearing by six hours. It appears that aldehyde dehydrogenases are involved because the
oxidation of 5-hydroxypentanal by ADH to §-valerolactone in vitro is relatively slow.

The elimination of 1,2-ethanediol (ethylene glycol) is relatively rapid, but the inhibitors of
ADH only slightly decreased the rate, whereas 3-aminotriazole had a larger effect,
presumably because of inhibition of catalase. These results would suggest that ADH is not a
major contributor to 1,2-ethanediol elimination. Excretion in the urine is significant [45],
and other enzyme activities may contribute to metabolism. The low catalytic efficiency of
ADHs on 1,2-ethanediol also indicates that ADH could only contribute slowly to the
metabolism (Table 1, Table 1S). Nevertheless, even the slow oxidation of 1,2-ethanediol by
ADH to glycoaldehyde and subsequent oxidation to glycolic acid causes toxic acidosis in
primates [46, 47], which can be effectively inhibited by 4-methylpyrazole (Fomepizole) [48]
and reduce mortality, in rats [45].

The elimination of 2,3-butanediol was relatively slow and was not inhibited by 4-
methylpyrazole, suggesting that ADH is not involved. Previous studies showed that the 2R,
3R and meso isomers were oxidized to R-acetoin and then cleaved to acetate [49].

The elimination of methanol was very slow, requiring 15 h to eliminate a dose of 10
mmole/kg (by strictly zero-order kinetics) and was only slightly inhibited by 4-
methylpyrazole. Aminotriazole inhibited somewhat better, suggesting a role for catalase
[32]. Methanol is eliminated significantly through lungs and kidneys [50]. Nevertheless,
methanol is a substrate for rat liver alcohol dehydrogenase, with a Ky, of 340 mM and a
Vmax relative to ethanol of 0.10 [32]. ADH oxidizes methanol to formaldehyde, which is
rapidly oxidized by ADH3 to formic acid, which is slowly metabolized (especially in
primates [51]) to CO, by a folate-dependent pathway and builds up to produce metabolic
acidosis, ocular toxicity, and potentially death in humans and monkeys [47]. Rodents
metabolize formic acid more rapidly than humans and are not poisoned by doses of
methanol that are toxic to humans [50]. As with 1,2-ethanediol, 4-methylpyrazole is useful
for treatment of methanol toxicity in humans and in principle would be better to use than
ethanol as a competitive inhibitor of ADH [47, 52, 53]. Selective uncompetitive inhibitors,
such as isobutyramide, formamides and sulfoxides [54], offer an alternative, potentially
more effective therapy, but studies in humans are required.

Tert-butanol cannot be oxidized by ADH, but its elimination serves as a reference for other
metabolic and excretion pathways. As shown in Table 2, this alcohol is eliminated
somewhat more slowly than methanol, and inhibitors of ADH or catalase did not
substantially decrease the rate of elimination. Apparently tert-butanol is metabolized to 2-
methyl-1,2-propanediol and subsequently oxidized to 2-hydroxy-iso-butyrate [55], perhaps
by enzymes that also slowly act on ethanol.
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3.3. Elimination of alcohols in rats by first order kinetics

Secondary alcohols typically are eliminated by a first order process that leads to the ketones,
which form and are slowly metabolized to products (probably hydroxylated) that were not
determined in the present studies. The exponential decay can also be described by the
Michaelis-Menten equation when the apparent K, value is larger than the alcohol
concentration because the equation then reduces to v = V[A]/K,,, which is equivalent to
—d[A]/dt = k[A]. Thus, elimination of 2-propanol (10, 17, and 30 mmole/kg doses) can be
equally well described by simultaneous fitting of the progress curves to a first order process
with k = 49 (+ 1) x 10™*min~1(R2= 0.986) or the Michaelis-Menten equation with Vipay =
0.38 = 0.10 mM/min and K, = 58 = 20 mM (R2 = 0.981). (Similar K, values were
determined previously in vivo and in vitro [5] and in this study (Table 1).) Because the
single parameter is sufficient to describe the result, our choice is to fit the data for the
secondary alcohols as first order, as described in Table 3.

Metabolism of 2-propanol to acetone is somewhat more rapid than the subsequent
elimination of acetone, and acetone levels became substantial (Fig. 3A). The rate of
elimination of acetone was confirmed in separate experiments with three different doses of
acetone. Acetone is very slowly reduced to 2-propanol, in accord with in vitro studies [56].
The elimination of 2-propanol is significantly inhibited (see Fig. 3A and k; in Table 3) by 4-
methylpyrazole and isobutyramide, but not by aminotriazole, suggesting a major role for
ADH and not for catalase, consistent with previous studies [57]. Since acetone is
hydroxylated and then reduced to 1,2-propanediol, the redox state of the liver is not altered
substantially by 2-propanol metabolism [57]. Fully deuterated 2-propanol is eliminated at
one-half the rate of protio 2-propanol (Fig. 3B, Table 3), consistent with the isotope effect
for hydride transfer shown by the purified enzyme (Table 1). The in vitro oxidation and in
vivo elimination kinetics of protio and deuterio 2-propanol in rats were previously analyzed
by fitting the data to the Michaelis Menten equation, with the similar conclusion that ADH
is a major limiting factor for 2-propanol metabolism [5]. An earlier study with mice also
showed an isotope effect of 2.0 for in vivo metabolism of 2-propanol, but no isotope effect
for metabolism of ethanol, because the rate-limiting step for the oxidation of ethanol with
ADH is release of the product NADH [58].

Our present study extends the series of alcohols to larger secondary alcohols (2-butanol, 3-
pentanol, cyclopentanol and cyclohexanol), which are all eliminated with similar kinetics
(Fig. 3C-F) and with relatively fast rates (Table 3), in accord with the good activity of ADH
on these substrates (Table 1). The kinetics for cyclohexanol elimination are especially
interesting because a quasi-equilibrium for [cyclohexanone]/[cyclohexanol] is rapidly
reached during the steady-state elimination (Fig. 3F). When cyclohexanone is administered,
it is also rapidly reduced to cyclohexanol, and the kinetic constants for the first order
reactions are about the same as those determined for cyclohexanol elimination (Table 3).
Moreover, simultaneous administration of cyclohexanol and ethanol shifts the equilibrium to
greatly favor cyclohexanol, because of the effect on the redox state [9]. Ethanol metabolism
can alter the metabolism of other alcohols and carbonyl compounds.
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Benzyl alcohol is a primary alcohol, oxidized by ADH with a low Ky, but it is eliminated,
relatively rapidly, with first-order kinetics. The elimination is inhibited by 4-methylpyrazole
and isobutyramide, but also by 3-aminotriazole, from which we conclude that ADH may be
only one enzyme involved in the elimination. Perhaps the elimination is first-order because
the other enzymatic systems that are involved have higher Ky,values.

3.4. Correlation of activities of ADH and rates of elimination in rats

Table 4 compares the relative rates calculated with the Michaelis-Menten equation for the
oxidation of the alcohols by ADH in vitro at a concentration of 5 mM with the rates of
elimination in vivo that were observed or calculated for 5 mM concentrations. This
concentration was chosen because such a concentration was observed in vivo at some point
during the elimination in rats. (Choosing 10 mM for the calculation gives somewhat
different results, but does not change the overall conclusions.) The contribution of ADH to
the elimination, based on the extent of inhibition of the rate by 4-methylpyrazole (from
Tables 2 and 3), is also listed. The correlation for 14 alcohols is shown in Fig. 4. (Benzyl
alcohol, 1,2-ethanediol, 2,3-butanediol, and methanol are not included in the correlation
because ADH is not the major contributor to their elimination. 1,5-Pentanediol is not
included because the in vitro results may have overestimated the Vinaxdue to production of 2
NADH molecules per diol.) The data were fitted to the equation, rate = akye ko/(aki+ k),
where kjis the relative rate for oxidation by ADH in vitro, a is a proportionality constant to
adjust the relative rate with ADH to the rates in vivo, and kyis the limiting rate when
akibecomes large. The proportionality constant has units of mmoles/(kgehev-rel), and it
represents the initial slope of the fit. This equation describes an irreversible, steady-state
reaction, such as Alcohol — x — Y, where x is a carbonyl compound or NADH, and the
second step could be various reactions. The fit is reasonable, yielding values of a =43 (
25) and ko= 6.0 (= 1.0) mmole/kgeh, with R2= 0.93, but there is considerable scatter. (For
comparison, when the data are fitted to a straight line, the slope, equivalent to the
proportionality factor a, is 6.0 (+ 1.0), with R2 = 0.78, indicating a weak relationship.) The
errors of the rate measurements have not been propagated. Although 2 or 3 determinations
were made for each in vitro or in vivo parameter (and errors reported), a few values have
errors of about = 50%, and this would tend to disturb the correlation. Nevertheless, when 14
alcohols are used, there are sufficient data in the pattern to show that there is some overall
limitation to the maximum rate of elimination.

The limiting rate for ethanol elimination does not appear to be due to aldehyde
dehydrogenases, because acetaldehyde is eliminated rapidly, and acetaldehyde
concentrations are relatively low after administration of ethanol [6]. NADH oxidation may
be partially rate-limiting, especially for primary alcohols where the aldehyde
dehydrogenases rapidly produce the corresponding acid and a second NADH. However, the
secondary alcohols are typically oxidized by using one NAD* in the first step, and the
relative rates for the secondary alcohols fit the same trend in Fig. 4 as the primary alcohols.
If only the six secondary alcohols are used for the analysis of the correlation, the fit to the
sequential reaction provides a = 36 + 7 and a limiting rate for ko= 5.4 (+ 0.7) mmole/kgeh.
Thus, there is still some factor (or factors) that limits the elimination. Because the limiting
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rate is about the same for primary and secondary alcohols, we would propose that NADH
oxidation is not the limiting factor for elimination of these alcohols.

The data in Fig. 4 could also be interpreted as if the elimination of the alcohols (2-propanol,
2-butanol, and 1,3-propandiol) with the slowest rate of oxidation by ADH is limited by the
activity of ADH, whereas the elimination of the ten alcohols with highest activity with ADH
is limited by some other common factor. The average rate of elimination of these ten
alcohols is 5.0 mmole/kgeh. The factors contributing to this limiting rate still need to be
identified.

4. Discussion

4.1. Substrate specificities of ADH and endogenous substrates

The rat liver ADH is active on a variety of alcohols, with Ky,values and relative catalytic
efficiencies (V/Ky,) that are similar to those for the homologous horse liver ADH1E and
mouse liver ADH1 [34, 35, 40]. Mouse liver ADH1 activity was determined on 28 alcohols
and carbonyl compounds. The human ADHSs have similar broad specificities (Table 1S). The
specificities are generally consistent with the similar, hydrophobic substrate binding sites,
although amino acid residues in the sites are unique for each enzyme. Three-dimensional
structures for the horse and human ADHSs have been determined, and we expect that the rat
and mouse liver ADHs are similar. It remains for future studies to correlate substrate
specificities with enzyme structure.

Because ADHs can oxidize many alcohols or reduce carbonyl compounds that are found in
tissues of animals, defining the physiological roles of ADHs is of continuing interest [59].
ADH substrates may be ingested or be produced from various metabolic pathways (e.g.,
[60]), and the co-metabolism with ingested ethanol may cause alcoholic pathologies. Classic
studies show that ethanol affects the metabolism of various alcohols [61, 62]. ADHs also
oxidize 20-hydroxyeicosatetraenoic acid, which produces vasoconstriction in cerebral
circulation, to the inactive dicarboxylic acid [39, 40]. This activity of ADH may be inhibited
by ingested ethanol and thus cause hypertension.

Metabolism of other alcohols and carbonyl compounds may be physiologically important,
but requires further investigation. Volatile compounds found in human serum include many
potential substrates or products of ADH reactions: ethanol/acetaldehyde, 1-propanol/1-
propanal, 2-propanol/acetone, 1-butanol/1-butanal, 2-butanol/2-butanone, 2-butenal, 2-
methylpropanol/2-methylpropanal, 1-pentanol/1-pentanal, 2-methylbutanol/2-methylbutanal,
3-methylbutanol/3-methylbutanal, trans-2-methyl-2-butenal, 2-pentanone, 3-pentanone, 3-
penten-2-one, 1-hexanol/1-hexanal, 2-hexanol/2-hexanone, 4-methyl-2-pentanone, 2-
heptanone, 3-heptanone, 4-heptanone, octanal, 2-octanol/2-octanone, 4-octanone, 6-
methyl-2-heptanone, 5-methyl-3-heptanone, nonanal, 2-nonenal, n-nona-2,4-dienal, 5-
nonanone, 1-decanal, 1-undecanal, furfural, cyclohexanone, benzaldehyde, and 6-methyl-5-
acetophenone [63-68]. Which substrates are metabolized by ADHs is thus of interest. Our
study shows that 10 of these compounds are substrates or products of ADH activities in rats,
and most of the rest probably are also because of the broad substrate specificities of the
ADHs.
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4.2. Contribution of ADH to the metabolism of alcohols in rats

The results show that ADH is a major contributor to the elimination of the alcohols listed in
Table 4. This conclusion is based on the observation that 4-methylpyrazole and
isobutyramide, which are potent inhibitors of ADH, significantly inhibited the elimination of
the alcohols, whereas 3-aminotriazole did not. Inhibitors are not usually totally specific,
however, and quantitative studies with other inhibitors are required to identify other
enzymes that may be involved.

Liver ADHs have low activity on methanol and 1,2-ethanediol, even though metabolism of
these alcohols by ADH leads to toxic metabolites. 2,3-Butanediol and 2-methyl-2-propanol
are not substrates for ADH, and their elimination occurs by other pathways.

4.3. Contribution of other enzymes to the metabolism of alcohols in animals

The “microsomal ethanol oxidizing system” or NADPH-dependent cytochrome P-450
enzymes oxidize methanol, ethanol, propanol and butanol with Kp,values of 22, 9.6, 5.5 and
4.9 mM, respectively, and could contribute 20-25% to the rate of ethanol metabolism [69,
70]. In deer mice lacking liver ADH, it was concluded that the activity of cytochrome P-450
was a minor contributor to ethanol metabolism, and that catalase-H,O»and non-hepatic
ADHs were more involved [71]. Cytochrome P-450(CYP)2E1 is induced in animals by
chronic treatment with ethanol, but knocking out CYP2EL1 in mice did not significantly
affect the rate of elimination of ethanol [72]. Although 4-methylpyrazole inhibits CYP2E1
[73, 74], it appears that the capacity of the P-450 system is relatively small.

4.4. Correlation of ADH activity and rates of elimination of alcohols in rats

A focus of this work was to determine if ADH activity is rate-limiting in the metabolism of
the alcohols that are substrates for ADHSs. The results in Table 4 and Fig. 4 show a
relationship between the activity of rat liver ADH and the rate of elimination of the various
alcohols. The rate of elimination reaches a maximum of about 6 mmole/kgeh for the 14
different alcohols, but there is considerable scatter, as ethanol is eliminated at a faster rate of
7.9 mmole/kgeh and 1-butanol at the slower rate of 3.2 mmole/kgeh. That there is a limiting
rate might be taken as evidence for some rate limitation for reoxidation of NADH via
oxidative phosphorylation, which has been investigated with rat liver cells and slices,
producing differing conclusions [4, 12, 75]. The fact that the redox state becomes 2-3-fold
more reduced during ethanol oxidation clearly indicates that NADH reoxidation is partially
rate-limiting for the overall rate. During ethanol metabolism in the rat, acetaldehyde levels
also increase — to variable extents — indicating partial rate limitation for aldehyde
dehydrogenase [6]. In our calculations of ADH activity (for Table 4), we only used the
initial velocity for alcohol oxidation, without consideration of the full kinetic equation that
includes product inhibition by NADH or the carbonyl compound. Such calculations for rat
ADH suggest that for ethanol oxidation, product inhibition might decrease the rate of
ethanol metabolism by about 45%, but ADH activity would still be the major rate-limiting
factor for ethanol oxidation [4, 7].

In principle, the reduction of the carbonyl products of ADH1 activity by medium and short
chain alcohol dehydrogenases and aldo-keto reductases [76] could decrease the overall net
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rate of metabolism by reversing the oxidation of the alcohols. Reduction of the aldehydes
back to the alcohols probably is not very significant because the aldehyde dehydrogenases
are very active, and the aldehyde levels are low. Furthermore, our experiments show that the
ketones are not being reduced in vivo because the corresponding alcohols are not detected at
significant levels in the blood when the ketones are administered. An exception is
cyclohexanone, which is illustrative because it is reduced to cyclohexanol in vivo, and the
kinetics of elimination of cyclohexanol involves the reversible dehydrogenation.
Nevertheless, as can be shown by simulations, the rate calculated for the initial phase of
elimination is almost the same whether the reduction of cyclohexanone is included or not.
As noted above, the kinetics of elimination of the secondary alcohols, which produce just
one NADH for the first step, also show a limiting rate of elimination.

Other factors could influence the relationship shown in Fig. 4. Enzyme systems, such as
cytochrome P-450 (CYP)2E1, could be contributing to the elimination. The quantitative
contribution of CYP2EL1 for metabolism of various alcohols needs to be studied. A criterion
for including the data in Fig. 4 was that the rate of elimination of the alcohol should be
inhibited by at least 50% by 4-methylpyrazole, but the uninhibited rates could be due to
CYP2EL1 or other activities. The alcohols are probably also excreted at different rates. The
alcohols may be distributed to different extents in fat, muscle, blood, etc., although the body
water parameters, r, are similar for the various alcohols. Further studies are required to
evaluate these factors.

A major conclusion of this study is that rat liver ADH contributes significantly to the
metabolism of a broad variety of alcohols. Because the specificities of the various Class |
human ADHs are similar in an aggregate, complementary manner to that of rat ADH1, we
suggest that metabolism of these alcohols in humans and rats would be similar. Whether the
metabolism of particular alcohols by ADHs, and co-metabolism with ethanol, has biological
effects remains an important question for further studies.
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Fig. 1.
Elimination of primary alcohols. Doses were 20 mmole/kg ethanol (@), 10 mmole/kg 1-

propanol (M), 8 mmole/kg 1-butanol (O), 10 mmole/kg 2-methyl-1-propanol (O), and 7
mmole/kg 3-methyl-1-butanol (). Data are for one rat.
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Fig. 2.
Elimination of diols with a primary hydroxyl group. All doses were 10 mmole/kg: 1,3-

propanediol (OJ), 1,3-butanediol (@), 1,4-butanediol (M), 1,5-pentanediol (O).Data are for
one rat.
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Fig. 3.

El?mination of secondary alcohols. In each sub-figure, the concentration of alcohol is
represented by filled circle (@), its corresponding ketone by a filled square (M), and the
results when another rat was given 1 mmole/kg of 4-methylpyrazole are represented by the
open symbols, alcohol (O) and ketone (). (A) 2-propanol, 10 mmole/kg; (B) 2-propanol-
d7, 15 mmole/kg; (C) 2-butanol (racemic mixture of isomers), 10 mmole/kg; (D) 3-pentanol,
5 mmole/kg; (E) cyclopentanol, 5 mmole/kg; (F) cyclohexanol, 5 mmole.kg. The lines
represent the fitted values from simultaneous non-linear least squares fits of data for alcohol
and ketone for the uninhibited (or inhibited) state to the differential equations for the first
order, sequential reactions.
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Correlation of rates of elimination of alcohols in rats with the rates of oxidation by isolated
rat liver alcohol dehydrogenase. Rates are calculated for 5 mM alcohol, as shown in Table 4.
The circles represent the data points, and the enclosed number is for the alcohol, which is

also labeled.
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Kinetic constants for oxidation of alcohols by isolated rat liver alcohol dehydrogenase.a

Table 1

Alcohol v relb Km, MM Vrel/K  Conc Range, MM
ethanol (1.0) 0.64 +0.22 1.6 0.4-10
1-propanol 0.95+0.07 0.22+0.03 4.3 0.14-14
1-butanol 13+0.1 0.14 +0.03 9.3 0.1-10
2-methyl-1-propanol  0.80+0.04 0.19 +0.04 4.2 0.1-10
3-methyl-1-butanol 0.54+0.02 0.042+0.013 13 0.3-15
benzyl alcohol 0.47£0.03 0.036+0.008 13 0.023-23°
2-propanol 040+0.02 36+7 0.011 10-200
2-propanol-d; 0.20+0.02 8315 0.0024  10-200
2-butan0ld 0.48+0.03 12+6 0.04 1.9-48
3-pentanol 0.69+0.03 4.8+0.03 0.14 0.43-4.9
cyclopentanol 0.72+0.04 0.32+0.29 22 0.14-4.9
cyclohexanol 1.0+0.1 0.54 +0.26 1.8 0.2-10
1,2-ethanediol 099+0.25 740120 0.0013  50-500
1,3-propanediol 0.75+0.04 24+2 0.031 9-152
1,3-butanediol 0.83+0.10 4.4x48 0.19 1.5-51
1,4-butanediol 15+0.3 95+0.7 0.16 2.5-63
1,5-pentanediol 36+13 35+16 1.0 1-20

Page 22

eLI'he kinetic constants were determined in two or three separate experiments and the average values are reported. In each experiment, the data were
fitted to the Michaelis-Menten equation, and the standard errors were less than 25% of the values, indicating a good estimation. Some of these

constants were previously reported [20].

Vrel, is the Vmax relative to ethanol as substrate; the kinetics with ethanol were determined for each batch of purified enzyme and used as the

reference for the other substrates. Standard error on the estimation of Vmax with ethanol was about 5%, which was not propagated into the

calculation of V rel for the other alcohols. To convert V rel to turnover number per enzyme subunit, multiply V rel by 2.4 3'1, which is based on the
complete kinetic study [7].

CSubstrate inhibition at high concentration, Kj =27 + 13 mM

Racemic mixture of isomers. Horse ADH1E has 3-fold higher activity on the S-isomer [34, 35].
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. . .. . . a
Zero-order kinetics of elimination of alcohols in rats.

Table 2

Alcohol Animals, Dose, Rate, r, mL/g

stateb mmole/kg mmole/kgeh
Ethanol 29 20,33,4365 79%1.0 0.79 £ 0.09

2, MP 20 0.92 +0.03 0.73+0.01

2, IBA 20 1.7+02 0.73+0.01

3, fasted 43 57+0.1 0.70 £ 0.01
1-Propanol 4 10 53+£05 0.67 £0.09

3, MP 10 1.0+0.2 0.72+0.11

3, IBA 10 1.2+02 0.71 +0.09

3, AT 10 50+05 0.77 £0.20
1-Butanol 3 8 32+04 0.82 +0.09

3, MP 8 14%01 0.90+0.20

1, IBA 8 1.4 11

2, AT 8 40+04 1.2+02
2-Methyl-1-propanol 3 10 3.8+0.6 1.1+0.04

3, MP 10 1.3+0.2 0.92 +0.09

1, IBA 10 15 0.99

2, AT 10 45+0.1 0.95+0.13
3-Methyl-1-butanol 5 57 46+0.8 1.2+0.2

2, MP 5 18+04 11+01

1, IBA 5 15 1.0

1, AT 5 3.9 13
1,3-Propanediol 3 10 27+0.8 09+05

3, MP 10 1.0+£0.2 0.6+0.3

1, IBA 10 13 0.43
1,3-Butanediol 3 10 50+0.3 0.82+0.05

1, MP 10 0.77 0.69

1, IBA 10 11 0.70

1, AT 10 4.9 0.98
1,4-Butanediol 2 12 6.7+0.1 1.3%0.2

2, MP 12 0.95+0.32 11+01

1, IBA 12 1.2 0.68

1, AT 12 6.5 1.6
1,5-Pentanediol 5 10 5.0+0.7 1.1+0.2

2, MP 10 1.05+£0.05 1.0+03

1, IBA 10 15 0.87

1, AT 10 6.2 0.93
1,2-Ethanediol 2 50 56+0.3 0.72+0.08

2, MP 50 50+0.2 0.68 + 0.06

2, IBA 50 52+0.7 0.68 + 0.06

Chem Biol Interact. Author manuscript; available in PMC 2016 June 05.

Page 23



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Plapp et al.
Alcohol Animals, Dose, Rate, r, mL/g
stateb mmole/kg mmole/kgeh
2, AT 50 43+0.3 0.76 +£0.11
2,3-Butanediol 2 10 0.92+008 0.89+0.04
1, MP 10 0.84 0.85
1, AT 10 0.86 0.93
Methanol 2 10 0.64+002 0.89+0.04
2, MP 10 0.56 +0.01 0.85+0.05
1, IBA 10 0.62 0.79
2,AT 10 040+005 0.82+0.04
1, MP+AT 10 0.41 0.83
tert-Butanol 2 7 0.39 £0.02 0.66 +0.01
(2-Methyl-2-propanol)  1,MP 7 0.33 0.63
1, AT 7 0.35 0.63

Page 24

aRats (usually fed; fasted animals had no food for 24 h) were given the indicated doses of alcohol (i.p., diluted in saline) and the blood alcohol
concentration was followed over time. Linear regression was used to calculate the parameters for the zero-order (straight line) fit to the data. The
rates were calculated by dividing the dose given by the time required to completely eliminate the alcohol. The r value (fraction of body weight that
is “water”, accessible to the alcohol or ketone) was calculated as the ratio of fitted concentration of alcohol in the blood at zero time divided by the

dose given.

bThe number of animals, fed state usually (fasted animals had no food for 24 h), and treatments with inhibitors are given.
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First order kinetics of elimination of alcohols and ketones in rats.>

k k

Table 3

1 2
Alcohol <> Ketone —> X
K
Alcohol/ketone  Animals  Dose, 104 Ky, 104 ks, ky, mmole r, mL/g
Stateb mmole/kg  pin-t min-1 /kgeh
2-Propanol 7 10,17,30 495 18+2 0.84+0.16 0.78+0.07
1, MP 10 226+03 237+11 0.33 0.75
1, IBA 10 31704 213+x10 044 0.76
1, AT 10 516+05 273+08 0.68 0.77
2, fasted 17 42+4 143+06 0.64+0.02 0.75+0.01
Acetone 3 17,34,70  -------- 12+4 18t orderc 0.80 +0.05
2-Propanol-d; 9 15, 30 25%2 19+4 0.59+0.08 0.74+0.04
4, fasted 15 18+2 13+2 0.44+0.06 0.70+0.03
2-Butanol 3 10 112+ 17 37+4 1.1+0.2 0.74 £ 0.08
2, MP 10 3B+l 55+4 08+0.1 0.73 +0.05
2, IBA 10 45+1 56 + 25 09+0.3 0.75+0.08
3,AT 10 110+ 33 38+5 12+0.2 0.72 £ 0.04
2-Butanone 1 0 e 31+2 1.3 0.81
3-Pentanol 3 5 220 £ 50 51+13 0.72+0.24 0.71+0.06
1, MP 5 21.0+04 62+3 0.26 0.78
1, AT 5 2205 52+2 0.92 0.88
3-Pentanone 1 5 e 59+2 1.0 0.64
1, MP 5 e 56+ 2 0.96 0.66
Cyclopentanol 4 5 280+130 17+9 0.30+0.22 0.82+0.08
2, 4AMP 5 68 +1 20£8 e 0.81 +0.05
1, AT 5 206 +6 5+1 0.25 0.86
Cyclopentanone 1 5 e 18+04 0.37 0.72
Cyclohexanol 5 5 229+ 70 50 £ 6 98 + 46d 0.75+0.21
1, MP 5 46+1 380 + 30 Not fit 0.68
1, IBA 5 50+1 336+£33  Notfit 0.64
1, AT 5 142 +5 61+1 56 + 4d 0.83
Cyclohexanone 1 5 176 + 13 67+3 190 £ 22 0.53
Benzyl alcohol® 4 560+70  ---meeem - 0.82+0.07
2, MP 4 150 £30  soeeeee eemeees 1.05+0.06
1,IBA 4 340 £20 oo oo 1.0
1, AT 4 300 £20 e eeeees 11
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aThe elimination data for each animal were fitted to the sequential mechanism for irreversible first order reactions (k1, k2) or an irreversible first

order reaction (k1) followed by an irreversible zero order reaction (k2), which gave essentially equally good fits to the data. For cyclohexanol and
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cyclohexanone, the first step was reversible and the rate constant, k-1, was calculated instead of the zero order reaction. The r value was calculated
as the ratio of the concentration of alcohol at zero time from the best fit to the differential equations divided by the dose given.

bNumber of animals, fed state usually (fasted animals had no food for 24 h) and inhibitors used.

CThe three (increasing) doses were eliminated (to 55, 67, 75% remaining, respectively) over 5.5 h with first order rate constants of 1.66 x 1073
min_l, 1.15x 1073 min_l, and 0.87 x 10~3 min~1 , and thus the reaction is not strictly first order, but the estimated zero order rate constants also
depended on the dose. The elimination is best described as first order, but previous studies show that a significant fraction (varies with dose) of
acetone is excreted in breath and urine, thus yielding more complex kinetics [77]. Very small levels of 2-propanol (about 2% of the acetone levels)
were also formed, but the reduction is negligible.
d_. . . . . -

Fitted to reversible sequential mechanism with k-1, 10%min~1

e_. . ) . . . .
Fitted to simple first order reaction, as no benzaldehyde was observed, and the data did not fit a zero order reaction.
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Correlation of alcohol dehydrogenase activity and elimination of alcohols in rats

Table 4

Alcohol invitro® in vivob Rate dug %ADH®
vrel mmole/kg/h  to ADH

Ethanol 0.88 79+1.0 7.0 89
1-Propanol 0.91 53105 43 81
1-Butanol 13 32+04 1.8 56
2-Methyl-1-propanol  0.77 3.8+05 25 66
2-Methyl-1-butanol 0.53 46+08 2.8 61
2-Propanol 0.049 1.1+01 0.6 55
2-Propanol-d7 0.011 0.55+0.04 N.D. N.D.
2-Butanol 0.14 25+04 17 68
3-Pentanol 0.35 4010 3.6 90
Cyclopentanol 0.68 47+32 3.0 64
Cyclohexanol 0.90 43+15 3.2 74
1,3-Propanediol 0.13 27+0.8 1.7 63
1,3-Butanediol 0.44 50+0.3 4.1 82
1,4-Butanediol 0.52 6.7 +0.1 5.8 86

aCalculated from Kinetic constants, v rel = Vye|(5)/Km + 5) for 5 mM alcohol.

bData for zero order elimination; or for first order elimination, where rate = k1(min_:L * (5 mmole/L)er(L/kg)*60min/h).
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CEstimated from the observed rate without inhibitors minus the rate with 1 mmole/kg 4-methylpyrazole. “%ADH” is the estimated percentage of

elimination due to ADH.
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