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I. INTRODUCTION

Methanol poisoning in man, though its occurrence is rare, presents a
rather unique problem in toxicology in that its syndrome has not been de-
scribed in other species, In man, methanol poisoning is a complicated
clinical entity best described by consideration of a sequential series of
events (I). First, there is a mild central nervous system depression not
unlike that produced by other aliphatic alcohols. Second, there is a quies-
cent period of 12-24 hours during which time no signs or symptoms have
been recognized. Finally, after this latent period, a severe metabolic aci-
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dosis and ocular toxicity results with possible blindness even if the patient
recovers. Lower animals exhibit only the first phase of the toxic syn-
drome seen in man (2), although acidosis and retinal edema have been
described in monkeys (3).

The special susceptibility of man to methanol toxicity is generally ac-
cepted to be due to a metabolite or metabolites of methanol and not to
the alcohol per se (7). This is indicated by the latent period before signs
of toxicity develop, and by the observation of Roe (4,5) that the admin-
istration of ethanol soon after the ingestion of methanol significantly alle-
viates methanol toxicity in humans. At the present time it is not known
whether a unique toxic metabolite of methanol is formed in man or
whether man is highly sensitive to one of the metabolites of methanol
commonly formed in lower animals.

. THE METABOLIC DISPOSITION OF METHANOL

A. Peroxidative Oxidation
1. RoLE oF CATALASE

In 1936, Keilin and Hartree (6) described a reaction system whereby
catalase mediated the oxidation of a variety of alcohols to their corre-
sponding aldehydes in the presence of a hydrogen peroxide-generating
source. This mechanism was surprising in view of the fact that catalase
had been thought for years to be mainly a protective enzyme involved
only in the decomposition of hydrogen peroxide. These workers suggest-
ed (6,7) that the physiological function of catalase might be concerned
with the mediation of such oxidative reactions in vivo. The hydrogen per-
oxide in the system had to be supplied slowly in low concentrations which
could be accomplished by (1) adding peroxide-generating enzymes, such
as xanthine oxidase, glucose oxidase, or p-amino acid oxidase with ap-
propriate substrates; (2) the slow decomposition of barium or cesium
peroxide; or (3) the direct addition of hydrogen peroxide itself. This last
method was accomplished by adding hydrogen peroxide in small drops
with sufficient stirring, by volatilizing hydrogen peroxide into the action
vessel at 39°C or by supplying the hydrogen peroxide in the form of a
fine mist. A study of the specificity of this reaction showed that methanol
and ethanol were oxidized at an equal rate which was more rapid than
for other higher molecular weight alcohols tested.

Employing rapid-reaction techniques, Chance (8) found that catalase
and hydrogen peroxide combined to form a complex, catalase—peroxide
complex I, which was shown to react rapidly with alcohols, such as
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ethanol and methanol, to yield the corresponding aldehydes. Hydrogen
peroxide was shown to react with this complex at a rate much greater
than that observed with methanol or ethanol (3.5 X 10%). This would
explain why an alcohol such as ethanol or methanol does not react appre-
ciably with catalase in the presence of high concentrations of hydrogen
peroxide. Upon analyzing the data obtained by Agner and Belfrage (9)
on the rate of methanol disappearance from the blood of rabbits, Chance
(8) calculated that the peroxidatic activity of the intermediate compound
was adequate to account for the disappearance of methanol in vivo. Ja-
cobsen later considered the peroxidative system to be the important
mechanism for methanol oxidation in vive (10), although he assumed
with Theorell and Bonnichsen (17) that ethanol was oxidized in vivo by
alcohol dehydrogenase.

The first direct test of the role of catalase in the oxidation of methanol
came as a result of studies performed by Heim et al. (12). These work-
ers showed that the intraperitoneal injection of 1 gm/kg of 3-amino-1,
24-triazole (Fig. 1) produced a 909, inhibition in hepatic and renal
catalase activity in rats within the first 3 hours after injection. It is interest-
ing to note, however, that there was no effect of aminotriazole on ery-
throcytic catalase activity. Furthermore, there was no effect on liver cyto-
chrome ¢ content, blood hemoglobin levels, or urobilinogen excretion. It
was shown later (13,14) that there was a requirement for hydrogen per-
oxide in the aminotriazole inhibition of catalase activity. Substrates for
complex I, such as methanol and ethanol, were capable of preventing the
aminotriazole-induced inhibition of catalase activity in a manner predict-
able from a knowledge of their reactivity as substrates for this complex
(15). When aminotriazole was reacted with complex I prior to the addi-
tion of ethanol or methanol, catalase activity was irreversibly inhibited.
Therefore, aminotriazole has proved to be a valuable compound for
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studying the role of catalase and for detecting the presence of hydrogen
peroxide in biological systems.

One of the first applications of this information was the use of amino-
triazole in studies on ethanol metabolism. It was shown by Nelson et al.
(16) that aminotriazole had no effect on ethanol elimination in the dog,
although catalase activity was markedly reduced. This information served
to strengthen the concept that catalase was not involved in ethanol me-
tabolism in vivo.

Mannering and Parks (17) first used aminotriazole to assess the role
of catalase in the metabolism of methanol in witro. They found that the
administration of aminotriazole to rats (3 gm/kg) inhibited about 95%,
of the hepatic catalase activity and 709, of the methanol oxidizing capac-
ity of rat liver homogenates. When the homogenates from aminotriazole-
treated animals were supplemented with crystalline beef liver catalase,
the methanol oxidizing capacity of hepatic homogenates was restored to
normal. They further established that hydrogen peroxide generation was
the rate-limiting process in vitro in the oxidation of methanol by liver
homogenates from untreated rats. When hepatic homogenates from un-
treated rats were fortified with an exogenous peroxide-generating source,
such as glucose plus glucose oxidase, the oxidaticn rate of methanol was
substantially enhanced. In order to show that catalase was limiting in
homogenates of aminotriazole-treated rats, glucose and glucose oxidase
were added. No increase in methanol oxidation was observed in systems
containing enzymes derived from aminotriazole-treated rats.

Later, Smith (18) showed that liver slices from aminotriazole-pre-
treated rats exhibited a methanol oxidation rate that was reduced to 30%,
of values obtained with liver slices from untreated rats. The rate of ethan-
ol disappearance and acetaldehyde formation was not affected under the
conditions of these experiments.

Mannering and Parks (17) showed that aminotriazole administration
to rats had no effect on the disappearance of methanol from the blood,
although a marked effect was observed in vitro. This apparent paradox
was resolved by Tephly et al. (19) when it was shown that at high doses
of methanol (3 gm/kg), a considerable percentage of the administered
dose is excreted unchanged. These experiments demonstrated that with
volatile substances that are metabolized slowly, disappearance of the sub-
strate from the blood represents a complex of excretion and metabolism
and requires that one study metabolism exclusive of the total disappear-
ance of the substrate from the organism. Therefore, in recent years,
methanol metabolism has been studied in vivo by measuring the rate of
carbon dioxide-1C formation from methanol-11C.

1t was shown by Tephly et al. (19) that pretreatment of rats with 1
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gm/kg of aminotriazole 1 hour before methanol administration led to a
decrease in the rate of conversion of methanol-4C to carbon dioxide-
4G to 509, of control values. Furthermore, it was shown that a dose
versus metabolism curve could be constructed for methanol in the un-
treated rat which could be used to calculate an “apparent Michaelis con-
stant” (K, ). Aminotriazole pretreatment produced an increase in the
K, value. These data suggest that catalase occupies a major role in the
oxidation of methanol in vivo as well as in vitro in the rat. Aebi et al.
(20) presented evidence which substantiated this hypothesis. They found
that when rats were fed allylisopropylacetureide, an inhibitor of catalase
synthesis, a 509, reduction in the rate of methanol oxidation occurred in
vivo. When aminotriazole was injected 4 hours after methanol adminis-
tration, a slight drop in the oxidation rate of methanol was noted. That a
more dramatic decrease in the methanol oxidation rate was not seen may
be explained by the fact that methanol, if injected prior to aminotriazole,
protects catalase from aminotriazole inhibition in vivo (15).

Further evidence demonstrating the importance of the catalase-de-
pendent peroxidative mechanism for methanol metabolism comes from
studies employing competing substrates in vivo (19). Ethanol and meth-
anol have equal reactivity for catalase peroxide complex I (8), but 1-bu-
tanol has negligible reactivity. When ethanol and methanol were injected
in equimolar concentrations in the rat, the methanol oxidation rate was
reduced to about 509, of control values. Although 1-butanol had only a
very slight inhibitory effect on the methanol oxidation rate, it produced a
profound inhibition of ethanol metabolism in the rat. 1-Butanol has
greater reactivity with alcohol dehydrogenase than ethanol. It was sug-
gested (19) that these results were consistent with a major role of the
catalase peroxidative system for methanol oxidation in the rat and a pre-
dominant role for the alcohol dehydrogenase system for ethanol oxida-
tion in this species. It was shown that methanol had no effect on the
oxidation of ethanol in the rat even when the molar ratio of ethanol to
methanol administered was 8 to 1 (79). These results were also observed in
experiments with the isolated, perfused rat liver (21).

Although these data clearly show the role of a catalase peroxidative
oxidation of methanol in the rat, results obtained with monkeys revealed
a different pattern. Makar et al. (22) showed that pretreatment of mon-
keys with aminotriazole at 1 or 3 gm/kg of body weight 1 hour prior to
methanol injection yielded no inhibition in the rate of methanol oxida-
tion, although catalase activity in the liver was reduced to 109, of control
values. Whereas equimolar concentrations of ethanol to methanol pro-
duced a 50%, inhibition of the rate of methanol oxidation in the rat, an
809, inhibition of the rate of methanol oxidation was observed in the
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monkey (22). 1-Butanol which produced only a slight effect on metha-
nol oxidation in the rat, produced a 90%, inhibition of methanol oxida-
tion in the monkey. These results strengthened the view that the-catalase
peroxidative system is not functional for methanol oxidation in the pri-
mate, and that the metabolism of methanol in the monkey depends upon
alcohol dehydrogenase.

2. ROLE OF PEROXIDE GENERATION

Although a requirement for hydrogen peroxide generation was estab-
lished by Keilin and Hartree in 1936, the importance of peroxide genera-
tion as a limiting factor in the peroxidative oxidation of methanol was not
recognized until 1957. Mannering and Parks (/7) showed that when a
purified peroxide-generating system, such as glucose and glucose oxidase,
was added to hepatic homogenates from untreated rats, a marked stimu-
lation of methanol oxidation occurred in vitro. In hepatic homogenates
from aminotriazole-treated rats, where catalase activity had been made
the limiting factor, addition of this peroxide-generating system was with-
out effect. Later it was shown by Koivusalo (23) and Tephly et al. (24)
that treatment of animals with sodium tungstate lowered hepatic xanthine
oxidase activity as well as the rate of methanol oxidation in hepatic hom-
ogenates. When a purified preparation of xanthine oxidase was added to
hepatic homogenates from tungstate-treated animals, complete restora-
tion of methanol oxidation resulted (24). Animals treated with sodium
molybdate in combination with sodium tungstate had levels of xanthine
oxidase intermediate between control and sodium tungstate-treated rats.
Methanol oxidation in liver homogenates displayed activities consistent
with the level of xanthine oxidase in hepatic homogenates. Since liver ca-
talase activity in these animals was unchanged, these results indicated
that the rate-limiting factor in peroxidative methanol oxidation was the
rate of hydrogen peroxide generation.

Further evidence that the rate of methanol oxidation depended upon
the rate of hydrogen peroxide generation was provided by Smith (18).
Xanthine addition to incubation mixtures containing rat liver slices dou-
bled the rate of methanol oxidation to formaldehyde, whereas the rate of
ethanol oxidation to acetaldehyde was unaffected.

Rat erythrocytes contain an abundance of catalase but are incapable of
oxidizing methanol. Furthermore, erythrocytic catalase is insensitive to
aminotriazole (12,25). Methods used to supply hydrogen peroxide to
these cells sensitize erythrocytic catalase to aminotriazole inhibition and
induce erythrocytes to metabolize alcohols (25). These results explain
why alcohol is normally not metabolized by erythrocytes, i.e. there is not
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enough hydrogen peroxide generation in normal, nonnucleated erythro-
cytes.

In 1966, Blair and Vallee (26) isolated human hepatic alcohol dehy-
drogenase and showed that ethylene glycol was capable of reacting with
this enzyme. Van Harken (27) began a series of experiments in order to
examine the effect of ethylene glycol on methanol oxidation in vivo. It
was expected that ethylene glycol would inhibit methanol metabolism if
its metabolism was dependent upon hepatic alcohol dehydrogenase.
Rather than observing a decrease in methanol oxidation, ethylene glycol
stimulated the rate of methanol oxidation in the rat (27,28). A review of
the pathway of ethylene glycol metabolism quickly revealed that ethylene
glycol was providing substrate for a peroxide-generating enzyme in the
rat liver, and that it was likely that increases in peroxide generation led to
an increase in the oxidation of methanol in this species. Glycolic acid is
one of the metabolites of ethylene glycol, and in its reaction with glycolic
acid oxidase, hydrogen peroxide is formed in addition to glyoxylic acid
(29,30). This would lead to an increase in the steady state level of cata-
lase peroxide complex I and an elevated rate of methanol oxidation in
the rat. Glycolic acid was capable of stimulating methanol oxidation to
the same degree that was observed with ethylene glycol (28). These ex-
periments further demonstrate the rate-limiting role imposed by peroxide
generation in the peroxidative oxidation of methanol.

Whereas the peroxidative system appears to be important for the oxi-
dation of methanol in the rat, its role in the primate appears to be mini-
mal. Experiments demonstrating the role of this system in the rat have
also been performed in the monkey. These will be reviewed more exten-
sively relative to the alcohol dehydrogenase system (Section 11, B) .

The question of why the peroxidative system does not function in the
monkey has been studied by Makar and Mannering (31) and Goodman
and Tephly (32). One possible explanation was that monkey liver con-
tained less catalase activity than rat liver. However, the monkey liver
contains more catalase activity than does rat liver (37). Makar and
Mannering (31) have examined the distribution of hepatic catalase and
evaluated its peroxidative activity in a number of species in which metha-
nol appears to be oxidized peroxidatively and in which methanol seems
not to be metabolized by this system.

Catalase and oxidases capable of generating hydrogen peroxide exist in
both the soluble and particulate fraction of the hepatic cell (33), and
within the particulate fraction, catalase and several oxidases reside in the
microbody (peroxisome) (3). In the rat, mouse, and guinea pig, in
which methanol is metabolized primarily through a catalase peroxidative
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TABLE I
OXIDASE-DEPENDENT METHANOL OXIDATION IN HEPATIC HOMOGENATES®
Oxidase Rat Monkey Human
Urate oxidase 955 + 5.5° 1.7 =12 0
Glycolate oxidase 530 = 48 21.0 = 20 220 + 34
Xanthine oxidase 54 4= 10 0 0
p-Amino acid oxidase 27 +05 16 + 04 09 + 0.2
L-a-Hydroxy acid 0 0 0
oxidase

*From Goodman and Tephly (35), reprinted from Res. Commun. Chem. Pathol.
Pharmacol., by permission of Publications Ltd., Westbury, New York.

® Micromoles of methanol oxidized per gram of liver per hour. Each value repre-
sents the mean of four livers + SEM.

system, methanol metabolism in vivo correlated well with the catalase ac-
tivity in the particulate fraction of the liver homogenate (31). In the
monkey, no correlation between methanol oxidation and particulate cata-
lase was observed. It was found that the peroxidative capacity of hepatic
particulate catalase activity for the monkey was about 209, of that ob-
served for the rat liver particulate catalase, and it was suggested that
these findings account at least in part for the low peroxidative oxidation
of methanol in the monkey.

Another possibility is one that has been discussed previously in this
section, namely that the rate of hydrogen peroxide generation regulates
the rate of methanol oxidation. Goodman and Tephly (32) studied a
number of peroxide-generating enzymes and evaluated their capacity to
provide hydrogen peroxide for the catalase-dependent peroxidative oxi-
dation of methanol in the rat, monkey, and human (Table I). Their in-
vestigations included systems associated with the microboedy fraction of
liver homogenates as well as certain soluble peroxide-generating en-
zymes. Since peroxide generation was limiting for methanol oxidation in
the rat, where the peroxidative system for methanol oxidation was shown
to play a major role, they reasoned that these enzymes might play an
even more limiting role in the monkey, and, perhaps even in human liver
(35). It was shown (32,35) that urate oxidase and glycolate oxidase
were the most active hepatic hydrogen peroxide-generating enzymes in
the rat, and that much less activity was found in preparations obtained
from monkey and human liver. It has long been known that urate oxidase
is absent in human liver, and that urate is the end product of purine cata-
bolism in man. p-Amino acid oxidase and 1-hydroxy acid oxidase activi-
ty were low in each species studied. The addition of crystalline catalase to
systems containing hepatic oxidases did not alter the rate of methanol ox-
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idation in vitro (32). This further substantiated the proposal that hydro-
gen peroxide generation was rate limiting ir the peroxidation of methanol
in the rat, monkey, and human liver. The low activity of oxidases in
monkey and human liver may explain the lack of peroxidative oxidation
of methanol in these species and may relate to its toxicity. This is dis-
cussed further in Section IV on formate metabolism.

B. Role of Hepatic Alcohol Dehydrogenase

For many years hepatic alcohol dehydrogenase (ADH) was generally
accepted as the catalyst for the oxidation of aliphatic alcohols. This con-
cept was supported experimentally in 1938 by Lutwak-Mann (36), who
first studied a partially purified preparation of hepatic ADH. She showed
the requirement of nicotinamide adenine dinucleotide (NAD) as cosub-
strate, and the reactivity of this preparation with ethanol and methanol.
In 1948, Bonnichsen and Wassen prepared crystalline horse hepatic
ADH (37). Reports followed which showed that horse liver ADH was
reactive with ethanol and higher aliphatic alcohols but was unreactive
with methanol under the conditions of their experiments (11,38-40).
That methanol failed to serve as a substrate for hepatic ADH redirected
the attention of many investigators to another enzyme system which was
known to mediate this oxidative reaction, the catalase peroxidative sys-
tem. Its role has been discussed in the previous section.

Although the report of Theorell and Bonnichsen (11), which showed
that horse liver ADH is unreactive with methanol, may be credited with
having directed attention to the peroxidative route of methanol metabo-
lism, the observations of Kini and Cooper brought attention back to
ADH (41). They showed that methanol in relatively high concentrations
(about 0.4 M) had appreciable reactivity with crystalline horse liver
ADH. It is now known that purified liver ADH from rat (31), rhesus
monkey (41), and man (42,43) reacts with methanol.

Once it became apparent that methanol oxidation to carbon dioxide in
the intact mammal could be initiated by hepatic ADH and catalase per-
oxidative systems, a number of experimental approaches were employed
in order to define the degree to which these systems contribute to metha-
nol metabolism in the rat and monkey.

1. UsE oF INuiziTors oF HEPATIC ALCOHOL DEHYDROGENASE

A differential susceptibility of methanol oxidation to alternate alcohol
substrates between the rat and monkey (19,22) has been shown. In a
homologous series of straight chain aliphatic alcohols, relative activity
(maximal velocity) and affinity for ADH (¢4 ) increase with increases in mo-
lecular weight. The reverse is true for alcohol interactions with the cata-
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lase peroxidative system (8). Tephly et al. (I19) and Makar et al. (22)
demonstrated that, whereas ethanol produced a 50%, inhibition of metha-
nol oxidation in the rat, an inhibition of 809, was observed in the mon-
key. 1-Butanol, which inhibited methanol oxidation to only an insignifi-
cant degree in the rat, effected a more dramatic inhibition of methanol
oxidation in monkey than did ethanol. These results are in accord with
the concept that the catalase peroxidative system serves as the major met-
abolic route for methanol in the rat, while ADH is the primary catalyst
for methanol oxidation in the monkey.

Although aminetriazole served to demonstrate the role of the catalase
peroxidative system in methanol and ethanol oxidation in the rat and
monkey, Watkins et al. (45) have shown that pyrazole (Fig. 2) dramati-
cally inhibits the oxidation of methanol in the rhesus monkey. These re-
sults demonstrate directly that methanol is oxidized primarily by the
ADH system in the monkey. Furthermore, it was shown by Watkins et al.
(45) that pyrazole produced a significant inhibition of methanol oxida-
tion in the rat but, as expected, not to the same degree as observed in the
monkey. These findings revealed that, although the catalase peroxidative
system plays a major role for methanol oxidation in the rat, the ADH
system also contributes to methanol metabolism in this species.

The possibility that pyrazole might influence catalase peroxidative ac-
tivity has been a source of particular concern to many investigators. This
stems in part from the chemical similarity between pyrazole and amino-
triazole and from studies which have shown that hepatic catalase activity
is decreased following the treatment of rats with pyrazole (46). Lieber et
al. {#6) measured hepatic catalase activity 23 hours after the oral ad-
ministration of pyrazole ‘(300 mg/kg of body weight) and observed a
marked inhibition of hepatic catalase activity. This inhibition is probably
due to a metabolite of pyrazole formed in vivo, since pyrazole is not an
inhibitor of catalase activity. Watkins et al. (45) studied the interaction
of pyrazole with hepatic catalase seven ways: (1) as a direct inhibitor of
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crystalline beef liver catalase activity; (2) as an inhibitor of crystalline
beef liver catalase in the presence of hydrogen peroxide; (3) as a sub-
strate for catalase-peroxide complex I; (4) as an inhibitor in vitro of the
catalase peroxidative oxidation of methanol to formaldehyde; (5) as a
substrate which protects against the aminotriazole inhibition of catalase
peroxidative oxidation of methanol to formaldehyde in vitro; (6) as an
inhibitor of hepatic catalase activity in vivo over the time course used to
study methanol metabolism; and (7) as a substrate for catalase—peroxide
complex 1 in vivo. Because pyrazole exerts an almost immediate inhibi-
tion of methanol or ethanol metabolism (5) in vivo, any effect of a pyr-
azole metabolite on these processes appears to be unlikely. Furthermore,
conditions are obtainable in which methanol or ethanol metabolism is in-
hibited by pyrazole in the rat and in the monkey, without evidence of he-
patotoxicity (45). Therefore, it would seem unlikely that the alcohol in-
hibitory effects of pyrazole are due to some hepatotoxic effect.

Much investigation has been devoted to studying the mechanism by
which pyrazole exerts its inhibitory effect on equine hepatic ADH (/7).
Recent publications suggest that the same inhibitory mechanism exists for
liver ADH from the human (48) and rat (49). Pyrazole competes with
ethanol for the alcohol binding site on liver ADH, forming an inactive
ternary complex composed of pyrazole-NAD-ADH. The formation of
this complex has been ascribed to bond formation between the negatively
charged pyrazole ion and the 4-carbon of the pyridinium ring of NAD,
occurring at or near the alcohol binding site of the enzyme. Zinc atoms
present at the active centers of liver ADH are currently considered to
promote the dissociation of H* from pyrazole. The resulting pyrazole
anion then interacts with NAD (47).

The relative inhibitory specificity of pyrazole has been the subject of
considerable recent study. The influence of pyrazole upon the activities of
a number of zinc-containing enzymes has been examined by Reynier
(49). In these studies, pyrazole in concentrations 100- to 1000-times
that required to inhibit liver ADH exerted no inhibitory effects on a
number of mammalian enzyme activities. The possible effect of pyrazole
on aldehyde dehydrogenase has been examined due to the intimate rela-
tionship of these enzymes to the metabolism of alcohols in the intact
mammal. Partially purified rat hepatic aldehyde dehydrogenase activity is
unaffected by 10,000 times (10 mM) the concentration of pyrazole
which effectively inhibits hepatic ADH (50). Studies on the effect of
pyrazole on hepatic formaldehyde dehydrogenase will be discussed in
Section III.

A number of compounds other than pyrazole and its derivatives have
been reported to serve as effective inhibitors of hepatic ADH, including
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various amides and oximes. Koe and Tenen (57) have reported that n-
butyraldoxime effectively inhibits mouse hepatic ADH activity in vivo
and in vitro. In addition, they reported that n-butyraldoxime exerted an
inhibitory effect on aldehyde dehydrogenase (AldDH) in vivo, but not in
vitro. These investigators suggest that n-butyraldoxime inhibits ADH ac-
tivity directly, while AldDH is probably inhibited by a metabolite of this
inhibitor. We have recently shown that n-butyraldoxime can serve as a
good substrate for AIADH and may inhibit aldehyde oxidation in vivo on
the basis of competitive substrate interaction. Recently it has been shown
(52) that n-butyraldoxime is rapidly hydrolyzed to hydroxylamine and
n-butyraldehyde, a substrate for AIdADH and ADH. This process occurs
at a rapid rate in aqueous solutions as well as in enzyme incubation reac-
tions. The observed inhibition of AIDH activity in vivo which appears
to be associated with n-hutyraldoxime is probably a function of the de-
gree of its hydrolysis to n-butyraldehyde, which can compete with acetal-
dehyde. In vitro, the substrate character of n-butyraldoxime is probably
due to n-butyraldehyde. “Disulfiram-like” side effects associated with en-
vironmental exposure to n-butyraldoxime (53) may also be explained on
this basis. Variable results observed during kinetic analysis of n-butyral-
doxime inhibition of ADH activity may also be explained in part by the
variable amounts of n-butyraldehyde which are available and which in-
fluence the enzyme. Also, the hydrolytic formation of hydroxylamine, a
relatively modest inhibitor of hepatic ADH, further complicates the ki-
netic analysis of ADH inhibition by n-butyraldoxime.

In order for peroxidative or ADH reactions to occur, relatively high
concentrations of methanol must be achieved. However, the concentra-
tion of methanol can reach a sufficient magnitude to permit these reac-
tions to assume significance in vivo. If a man drank a pint of 209, meth-
anol, he would achieve a concentration (in total body water) in vivo of
approximately 0.05 M. This concentration would be sufficient to allow
either the peroxidative or the ADH system to metabolize methanol to for-
maldehyde at significant rates.

It is likely that the ADH system predominates for methanol oxidation
in man as well as in the rhesus monkey. The effectiveness of pyrazole
and its derivatives in inhibiting alcohol oxidation in vivo suggests that
perhaps such inhibitors might possess some clinical value in modifying
the pharmacology and toxicology of substances such as methanol. Al-
though 4-methylpyrazole has already been administered to the human
with no apparent adverse effects (57), the use of such agents would
wisely be limited until more definitive information is available with re-
gard to their biologic disposition and the influence of these agents and
their metabolites upon systems other than hepatic ADH. Although all the
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pertinent information is not available concerning the disposition and tox-
icity of pyrazole and its derivatives, when we consider the consequences
of methanol poisoning, the use of these substances alone or in combina-
tion with ethanol (45) may be better than the alternative.

C. Reactions of Methanol with Retinal Dehydrogenases

Until recently it was generally believed that retinol-retinaldehyde in-
terconversion in the retina was mediated by alcohol dehydrogenase
(E.C. 1.1.1.1). This concept was based and sustained primarily on ob-
servations made using either purified hepatic ADH (49,55,56) or crude
retinal preparations (57-60). However, evidence has been obtained
which suggests that the “hepatic type” ADH is absent from the retina,
and that retinol is oxidized in the retina and liver by specific and distinct
enzymes (61). Retinal ADH’s are of particular bearing in this review for
two reasons: (a) few details are presently known of the role of “retinal
ADH” in retinopathies associated with methanol or its metabolites; and
(b) retinal ADH activity has been only partially characterized with re-
gard to its relative susceptibility to inhibitors of liver ADH, substrate spe-
cificities, or physical characteristics. Since_the metabolites of methanol
appear to be responsible for the unique toxic manifestations of poisoning
by this alcohol, and since inhibitors of liver ADH may be of value in pre-
venting the formation of these metabolites, two additional toxicological
considerations relative to the retinal ADH activity have been explored
(62). First, if the enzymatic oxidation of methanol proceeds more favor-
ably in the retina than in the liver, it is possible that methanol retinopa-
thies could be a result of exposure to relatively high concentrations of
formaldehyde generated in situ. Secondly, if retinal ADH participates in
visual pigment metabolism, and if the retinal enzyme is similar to hepatic
ADH, inhibitors of hepatic ADH could interrupt normal visual pigment
generation. Watkins and Tephly (62) have studied the kinetics of retinal
ADH and AlADH activities purified from the rat and monkey. They
showed that NAD-dependent oxidation of ethanol (RADH) is catalyzed
by an enzyme purified from the retinal cytosol fraction and is inhibited
by pyrazole and n-butyraldoxime. In contrast to the hepatic enzyme, this
possesses no reactivity with respect to retinol or methanol, is a poor cata-
lyst of acetaldehyde reduction, and is relatively insensitive to the zinc-
chelating effects of 1,10-phenanthroline. These authors conclude that al-
though RADH activity was inhibited by inhibitors of hepatic ADH, it is
unlikely that these substances could exert retinotoxicity on the basis of
inhibition of oxidation of retinol. This view was substantiated by direct
measurements of oxidation of retinol to retinaldehyde in homogenates of
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TABLE 11
OXIDATION OF RETINOL IN HOMOGENATES OF RAT RETINAE®

Retinol oxidation

I 11
Control 1.7¢ 18
Pyrazole 1.8 18
Ethanol 1.6 1.7
Methanol 19 22

% From Watkins and Tephly (62), reprinted from J. Neurochem, by permission of
Pergamon, Oxford and New York.

® Micromoles of retinaldchyde oxidized per gram of retinae per hour. Retinal
homogenates were incubated with 1.1 mM retinol, 2 mM NADP, and when used, 1
mM pyrazole, 100 mM cthanol, or 100 mM methanol in a final volume of 1.5 ml
with 0.1 M potassium phosphate buffer (pH 7.6). Reactions were carried out in air
at 37°C for 60 minutes, during which time product formation was linear. Each
set of values represents an individual experiment.

rat retina, where neither methanol, ethanol, nor pyrazole inhibited the
oxidation of retinol (Table II). While studies to date have not revealed
the mechanism by which methanol exerts its retinotoxic effects, these in-
vestigations may have disqualified certain time-honored concepts about
the role of retinal ADH in the metabolism of methanol and retinol.

fil. THE METABOLIC DISPOSITION OF FORMALDEHYDE

A. Introduction

Although our knowledge of the first step in the oxidation of methanol
to carbon dioxide has increased considerably in the last ten years, the
second step in this process, the disposition of formaldehyde, has received
relatively little attention. An assessment of this step is extremely impor-
tant to the study of methanol poisoning, since formaldehyde is the first
metabolic product from this alcohol and has been suggested as the toxic
metabolite responsible for methanol poisoning (2). However, the pres-
ence of formaldehyde has not been demonstrated in blood, urine, or ex-
pired air after methanol administration (9,63,67). An unconfirmed study
by Kesser (65) reported the presence of formaldehyde in the cerebro-
spinal fluid, vitreous humor of the eye, and peritoneal fluid of rats given
methanol.

These findings are not surprising in view of the high degree of reactivi-
ty of formaldehyde with proteins and other compounds containing active
hydrogen atoms (66). Formaldehyde can combine with any of a number
of functional groups found in proteins. The most frequently encountered
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reaction of formaldehyde is its addition to a compound containing an ac-
tive hydrogen atom with the formation of a hydroxymethyl compound:

R-H 4 CH.O0 &£ R-CH.OH

When steric relations are favorable, the hydroxyl group is usually reactive
and may condense with a functional group containing an active hydrogen
atom to form a methylene bridge:

R-CH-OH 4 H-R’ 2 R-CH,R’ 4 H:0

Reactions of this type are likely to modify the structural properties of the
protein (66). One result of such interaction between formaldehyde and
protein is interruption of the normal physiological role of that protein.

For example, formaldehyde (2.5 pmoles/mg protein) has been shown
to inhibit the phosphate dependent respiration of mitochondria (67), and
it was proposed that this inhibition was due to the inhibition by formalde-
hyde of phosphate transport into the mitochondria. In view of the high
degree of reactivity of formaldehyde, it may be very difficult to pinpoint a
specific toxic receptor for this substance.

B. Formaldehyde Dehydrogenase

In 1955, Strittmatter and Ball isolated a formaldehyde-specific, NAD-
dependent formaldehyde dehydrogenase from beef liver (68). This en-
zyme activity exhibited a requirement for reduced glutathione (GSH)
which was suggested to participate in its catalytic mechanism. The en-
zyme activity was purified 4-fold but was never completely freed of ADH
or AldDH. The pH optimum was found to be 8.0 which is in contrast to
the pH optima of pH 9-10 for human liver AIdDH, a factor which will
be discussed shortly. Formate was shown to be formed enzymatically in
that reaction, and it was demonstrated that 1 mole of NAD was reduced
for each mole of formate formed. In addition, the presence of sodium
formate did not reduce the rate of NAD reduction, which indicated that
the formaldehyde dehydrogenase reaction was not readily reversible. Ki-
netic data (8) indicated that the initial step in the reaction is the nonen-
zymatic, nonrate-limiting formation of the thiohemiacetal, S-hydroxy-
methylglutathione, which in turn acts as the actual substrate for the enzyme.
The proposed reaction scheme was (68):

HCHO 4 GSH - HO-CH.-SG
HO-CH=SG 4 FDH — {HO-CH.-SG}FDH

{HO-CH,-SG}FDH 4 NAD - {HCO-SG)FDH 4+ NADH +H*
{HCO-SG}FDH 4 H:0 -> FDH 4 GSH 4+ HCOOH
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That GSH participates directly in the reaction, rather than nonspecifically
to protect protein sulfhydryl groups, was indicated by the following ob-
servations: (1) the GSH requirement was quite specific, i.e., high con-
centration of other sulfhydryl compounds (thioglycolate, ergothionine,
CoA, thiolhistidine, pL-cysteine, pr-homocysteine, or cysteinylglycine)
which might also protect protein sulfhydryl groups, could not substitute
for GSH; (2) an excess of either formaldehyde or oxidized glutathione,
two compounds which might inactivate protein sulfhydryl groups, did not
affect the rate of formaldehyde oxidation; (3) GSH was active in cataly-
tic amounts and required no preincubation with the enzyme for maximal
effect; and (4) the rate of formaldehyde oxidation was dependent on the
relative concentrations of GSH and formaldehyde. These observations
would be difficult to explain on the basis of an indirect protective mecha-
nism for GSH.

Rose and Racker (69) isolated a formaldehyde, NAD-, and GSH-de-
pendent formaldehyde dehydrogenase from Bakers yeast and provided
evidence in support of the view that the substrate of the dehydrogenase
reaction is formaldehydeglutathione thiohemiacetal, and that S-formyl-
glutathione is an intermediate in the reaction. 1f the substrate for the re-
action is the postulated thiohemiacetal, the oxidation product would be a
thiol ester. S-Formylglutathione was synthesized chemically, and in the
presence of the enzyme it caused a rapid oxidation of NADH but not of
NADPH. S-Acetylglutathione and S-lactylglutathione, in the presence of
the enzyme, did not result in NADH oxidation, and neither compound
was an inhibitor of the formaldehyde dehydrogenase reaction. These re-
sults help to explain why Strittmatter and Ball (68) were unable to re-
verse the formaldehyde dehydrogenase reaction by the addition of so-
dium formate.

Kinoshita and Masurat (70) have demonstrated that the addition of
GSH to bovine, rabbit, and human retinal preparations resulted in a
marked increase in NAD-dependent formaldehyde oxidation. The pH
optimum of this reaction was shown to be 8.0. These studies indicate that
the retina possesses an enzyme similar to the hepatic and yeast formalde-
hyde dehydrogenase previously described.

Recent studies by Goodman and Tephly (77) have shown the pres-
ence of a specific formaldehyde dehydrogenase (FDH) requiring NAD
and GSH in rat and human liver. A 102-fold purification of FDH from
rat liver and a 225-fold purification of FDH from human liver were
achieved.

Rat and human hepatic FDH were found to have certain similarities
(71). Both enzymes were unreactive toward acetaldehyde and benzalde-
hyde, substrates which are known to react favorably with human liver
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AldDH (72,73). In addition, the GSH requirement of the enzyme ob-
tained from both species could not be replaced by dithiothreitol, CoA, or
cysteine. NADP was not capable of replacing NAD. The K,, of formalde-
hyde was similar for both rat and human liver enzymes: 7.1 X 10-¢ M
and 8.7 X 10-% M, respectively. The K,, for NAD was 10-3 M and 7
X 1078 M for the rat and human liver enzyme, respectively, and the pH
optimum of rat hepatic FDH was between 7.5 and 8.4. The human liver
enzyme had a pH optimum which was slightly broader and higher,
7.6-8.9, which contrasts with the sharp pH optimum between 9 and 10
reported for human liver AldDH (72,73).

Several qualitative differencés exist between rat and human liver FDH
(Table III). 1,10-Phenanthroline had no effect on the rat liver enzyme
but did inhibit human liver FDH activity. Since 1,10-phenanthroline is a
chelating agent, these data suggest that the enzyme from human liver is a
metalloprotein. However, a rather high concentration (1 mM) of 1,10-
phenanthroline was required to inhibit the enzyme and, therefore, the in-
hibition may be due to a mechanism other than metal chelation. Folic
acid inhibited rat liver FDH, but had no effect on the human liver en-
zyme, whereas methotrexate, an inhibitor of numerous dehydrogenases
(74), had no effect on either enzyme.

Pyrazole, a potent inhibitor of liver ADH (75) was examined for its
effect on FDH activity (71). Unexpectedly, pyrazole stimulated purified
rat liver FDH activity, and it was capable of substituting for GSH in the
reaction, It is explained that formaldehyde might react with pyrazole to
form N-hydroxymethylpyrazole, analogous to the reaction of formalde-
hyde with amino and imino groups (66), which then serves as a substrate
for rat liver FDH. In contrast to the results obtained with the rat liver en-
zyme, pyrazole had no effect on five out of six human liver FDH prepa-

TABLE 11
EFFECTS OF VARIOUS INHIBITORS ON PURIFIED RAT AND HUMAN FORMALDEHYDE
DEHYDROGENASE®
Rat Human

Formaldehyde 0.12% 0.10
Formaldehyde 4 1,10-phenanthroline (0.1 mM) 0.12 0.07
Formaldehyde 4 1,10-phenanthroline (1.0 mM) 0.12 0
Formaldehyde 4 folic acid (0.1 mM) 0 0.10
Formaldehyde 4 methotrexate (0.5 mM) 0.12 0.10

°From Goodman and Tephly (7/), reprinted from Biochem. Biophys. Acta, by
permission of Elsevier, Amsterdam.
® Rates are expressed as micromoles of NAD reduced per milligram per minute.
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Fic. 3. Estimation of the molecular weight of rat and human liver formaldehyde
dehydrogenase. A Sephadex G-200 column (2 em X 50 cm) was calibrated with six
crystalline proteins. The elution volume of a 4-fold purified rat liver formaldehyde
dehydrogenase preparation was measured, and the molecular weight was estimated to
be 110,000. The elution volume of a purified human liver formaldehyde dehydrogenase
preparation and a crude human liver formaldehyde dehydrogenase preparation were
measured. The molecular weights of the enzyme in purified and crude preparations
were estimated at 90,000 and over 250,000, respectively. V, = eclution volume; V, =
void volume (62 ml). From Goodman and Tephly (7I), reprinted from Biochem.
Biophys. Acta, by permission of Elscvier, Amsterdam.

rations (71). However, at a concentration of 1 mM, pyrazole did pro-
duce a 20%, inhibition of FDH purified from one human liver. This may
be due to the existence of an atypical human liver FDH in certain indi-
viduals. Von Wartburg and Schurch (75) have reported the existence of
an atypical human liver ADH in 209, of a Swiss and 4%, of a London
population. The typical and atypical ADH enzymes differed in their sus-
ceptibility to inhibition by pyrazole. The human liver FDH preparation
inhibited by pyrazole was as sensitive to inhibition by 1,10-phenanthro-
line as was the FDH preparation which was not inhibited by pyrazole
(71). However, at this point one cannot state that an atypical human liv-

er FDH exists.
Pyrazole was shown to be useful in the study of AldDH when this en-

zyme is contaminated by ADH (77). In the presence of ADH, AldDH
activity is masked due to the cycling of pyridine nucleotides. Pyrazole in-
hibits ADH without affecting human hepatic AIdDH and, thus, provides
a means of determining the actual amount of AldDH in preparations con-

taining high levels of ADH activity.
FDH, AldDH, and ADH can be considered to be functionally related
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enzymes. Aldehydes serve as substrates for these enzymes, and a product
of the ADH reaction, acetaldehyde, is a substrate for AIdDH. It is inter-
esting that in the human liver, these dehydrogenases remain inseparable
throughout a variety of purification procedures (71). Only by including a
procedure involving adsorption on calcium phosphate gel was FDH freed
from ADH and AldDH (7I). The molecular weight of the purified hu-
man liver FDH was estimated at 90,000 (Fig. 3) . However, when a rela-
tively crude preparation of human liver FDH which also contained ADH
and AldDH was applied to a Sephadex G-200 column, FDH was eluted
in a volume indicating its molecular weight to be over 250,000 (Fig. 3).
The AIADH and about 109, of the ADH present in these preparations
were also eluted in the same volume of FDH. The remainder of the
ADH was eluted in a volume indicating its molecular weight to be about
80,000. The molecular weight of purified human liver ADH has been re-
ported to be 87,000. These data (77) suggest the possibility that FDH,
ADH, and AldDH exist in a multifunctional enzyme complex within the
cytosol of the human hepatic cell. This would explain the difficulty en-
countered in isolating these dehydrogenases, and the observation that in a
purified preparation the molecular weight of FDH was estimated at
90,000, while in relatively crude preparations in which ADH and AldDH
were also present, the molecular weight of FDH was estimated at over
250,000. The physical association of enzymes located in the cytosol as
multifunctional enzyme complexes has been reported to exist in bacteria
(76-78). We believe that this occurs in mammals, also. However, it is
also possible that FDH dissociates into subunits during the final stages of
the purification procedure, and that this accounts for the discrepancy in
molecular weight between crude and purified preparations. The molecu-
lar weight of rat liver FDH, in both crude and purified preparation, was
estimated at 110,000 (Fig. 3) .

A low capacity of human liver to oxidize formaldehyde would at least
partially explain the unique susceptibility of man to methanol poisoning.
However, this was not found to be the case (71). The total amount
(units per gram of liver) of formaldehyde dehydrogenase activity in hu-
man liver was found to be about 50%, higher than in rat liver. In addi-
tion, the capacity for NAD-linked formaldehyde oxidation which is not
dependent upon GSH was severalfold higher (in terms of units per gram
of liver and specific activity) in human liver than rat liver. While it is
possible that there are other as yet undescribed pathways for formalde-
hyde disposition which are operative to a greater extent in rat liver, it ap-
pears that the conversion of formaldehyde to formate can proceed more
readily in human liver than in rat liver (77).
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C. Aldehyde Dehydrogenases

A number of AldDH’s have been reported to employ formaldehyde as
substrate, but most of these studies have not been performed with empha-
sis directed toward formaldehyde per se. Careful kinetic studies are lack-
ing, and analysis of the properties of these enzymes have been performed
primarily with substrates other than formaldehyde (79).

An NAD-dependent AIdDH has been isolated by Kraemer and Deitrich
(72) from the soluble fraction of human liver and purified 23-fold. The en-
zyme activity was found to increase with increasing pH, but at pH 10 and
above, irreversible inactivation occurred. Both aromatic and aliphatic al-
dehydes served as substrates, and of the aldehydes studied, benzaldehyde
exhibited the lowest K,,. Formaldehyde was shown to be a relatively poor
substrate for the enzyme, and reactions were not performed in the pres-
ence of GSH. The molecular weight of AIdDH was estimated to be about
90,000 (72). Other investigators have studied AldDH from various spec-
ies, and although they have provided physical and chemical data for these
catalysts, none have evaluated the substrate potential of formaldehyde
(73,80,81).

D. Additional Reactions Involving Formaldehyde

Abeles and Lee (82) reported that crystalline horse liver ADH cata-
lyzes the dismutation of formaldehyde to formic acid and methanol in the
presence of NAD. The following reaction scheme was proposed:

CH:00 4 NAD & HCOOH 4 NADH
CH,0 4+ NADH &2 CH,0H 4 NAD

2CH.0 - HCOOH 4 CH.OH

They also noted that when methanol was initially present, the products
included methylformate and suggested that this ester was formed by the
oxidation of formaldehyde-methylhemiacetal by way of the following re-
action sequence:

CH,OHOCH, 4 NAD = HCOOCH, 4 NADH
CH.O 4 NADH = CH,0H 4 NAD

CH.OHOCH. 4 CH.O0 - HCOOCH, 4 CH,OH

Hift and Mahler (83) described an enzyme isolated from beef liver
which condenses formaldehyde and pyruvate in equimolar amounts to
yield a-keto-y-hydroxybutyric acid. The enzyme was concentrated in the
mitochondrial fraction and appeared highly specific for both substrates.
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Neither formaldehyde nor pyruvate disappeared when incubated singly
with the enzyme. The presence of a similar enzyme could be demonstrat-
ed in whole tissue homogenates of rat kidney and liver but not of heart,
diaphragm, spleen, or brain.

Neither methylformate nor a-keto-y-hydroxybutyric acid have been
thoroughly evaluated for their toxic potential.

E. The One Carbon Pool

Formaldehyde occupies, with formic acid, a central role in the metabo-
lism of the one carbon pool. In 1950, DuVigneaud and Verly (8¢4) dem-
onstrated that the carbon atom of methanol was incorporated into the
methyl groups of choline isolated from the tissues of the rat after the ad-
ministration of methanol-14C. It was also shown that the carbon atoms
of formaldehyde and formate are incorporated into the methy! groups of
choline (85). That methano! and formate could serve as precursors of
the methyl groups of choline was confirmed in a study by Arnstein (86).
Jonsson and Mosher (87) also demonstrated that formaldehyde was in-
corporated into the methyl groups of choline, and these investigators indi-
cated that pteroylglutamic acid and vitamin B,, may be involved in this
process.

The appearance of the carbon atom from methanol in choline isolated
from animal tissues allows several interpretations: (1) it may be serving
as a donor of intact methyl groups; (2) it is possible that methanol is a
metabolic intermediate in the transfer of methyl groups; or (3) metha-
nol may serve as a precursor of the methyl group through oxidation and
subsequent reduction. This question was answered in a study by Du-
Vigneaud et al. (88) (4) which employed methanol labeled in the meth-
yl group with both deuterium and C. The deuterium to G ratio in
the methyl groups of the choline isolated was considerably lower than
that of the methanol injected. These experiments indicated that the meth-
yl group of methanol was not being utilized directly in transmethylation,
but was being utilized through oxidation and subsequent reduction. A
similar study was performed with formatedeutero-#C (89). The lability
of the formate hydrogen atom was determined and found to be extremely
low and thus warranted the use of formate labeled with deuterium and
14C as a biological tool. If the hydrogen atom of formate is retained in
the conversion of the latter to the methyl group, the deuterium to 4C ra-
tio in the methyl group of choline would be expected to be one-third of
that existing in the formate administered to the animal. This value is
based upon the fact that formate would necessarily be diluted with two
additional hydrogen atoms upon its conversion to the methyl group. The
results of this study indicated that formate enters the methyl group with
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no detectable loss of its hydrogen. It is thus clear, that in the conversion
of formate into a labile methyl group, any intermediate possessing no hy-
drogen atom, such as carbon dioxide, cyanide, or isocyanate, and any in-
termediate possessing readily exchangeable hydrogen atoms under biolog-
ical conditions are precluded. The results of these studies also indicate
that it is at the oxidation level of formaldehyde that hydrogen is lost from
the methyl group of methanol during the synthesis of labile methyl
groups from the latter.

There are numerous reactions in which formaldehyde and formate en-
ter into biosynthetic pathways. The primary single carbon transforma-
tions in which folic acid is directly or indirectly involved have been re-
viewed extensively (90).

IV. THE METABOLIC DISPOSITION OF FORMIC ACID

Though formic acid may appear to be a prime candidate in the pro-
duction of methanol toxicity, attempts to correlate formate accumulation
with the acidosis of methanol poisoning have failed. Formic acid was
found to represent a very small proportion of the total amount of organic
acid excreted in the urine by monkeys poisoned with methanol (2). The
pyruvate and lactate levels in the urine of these animals were also very
low (2). Therefore, the major organic acids excreted by the monkey af-
ter methanol poisoning have yet to be identified. In 31 lethal cases of
methanol poisoning in man, a marked variation appeared in blood levels
of formate (5.7-274 mg/100 ml) (I). The most likely explanation for
variabilities in formate measurements following methanol ingestion re-
sides in the lack of a sensitive and specific assay for formate.

The central role occupied by formate in the metabolism of the one car-
bon pool and reactions of formate in the presence of crystalline ADH
have been discussed previously.

Formate has been shown to be oxidized in the intact animal (97) and
in tissue homogenates (92,93). Chance (94) demonstrated that
catalase-hydrogen peroxide complex I reacts with formate and methanol
at about the same rate. In 1953, Nakada and Weinhouse (92) presented
evidence which indicated that the catalase peroxidative system is respon-
sible for the oxidation of formate in vivo. Oro and Rappoport (93) dem-
onstrated that formate oxidation in vitro could be inhibited with ethanol
and presented evidence that inhibition was due to interactions of
catalase-hydrogen peroxide complex 1.

Since evidence has been presented that both methanol and formate can
be oxidized by the peroxidative pathway, the question arises as to which
step may be rate-limiting if both substances are oxidized in this manner in
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vivo. In view of the demonstration by Chance (94) that formate and
methanol are about equally reactive with the catalase peroxidative sys-
tem, it would seem that the oxidation of methanol would be rate-limiting.
During the initial period following the administration of methanol, the rel-
ative concentration of methanol to formate would be very high and
methanol should inhibit the oxidation of formate by the catalase peroxi-
dative system. However, it is obvious that there are more mechanisms
available to the animal organism for the oxidation of formate to carbon
dioxide than the catalase peroxidative pathway. The rate of oxidation of
methanol to carbon dioxide in the monkey, a species in which the cata-
lase peroxidative system has been shown to be functioning only minimal-
ly (22,28), is much faster than the rate of methanol oxidation to carbon
dioxide in the rat (19), a species in which the catalase peroxidative sys-
tem has been shown to be important (19,28). If the catalase peroxidative
pathway were solely responsible for the oxidation of formate, one would
expect the rate of oxidation of methanol to carbon dioxide to be lower in
the monkey than in the rat and not higher as has been demonstrated
(19,22,28).

Although the presence of an NAD-dependent formate dehydrogenase
in Pseudomonas oxalaticus has been demonstrated by Johnson et al.
(95), the existence of a similar enzyme in mammalian tissues has not
been shown.

Leiberman (96) demonstrated that extracts of Clostridium kluyveri
catalyze a decomposition of acetyl phosphate that is dependent upon the
presence of formate and coenzyme A (CoA). This observation led Sly
and Stadtman (97,98) to a series of studies in which they demonstrated
two enzymatic pathways for the synthesis of formyl-CoA.

phosphate acetyltransferase
acetyl-P 4 CoA-SH & acetyl-CoA 4 P,
CoA-transferase
acetyl-CoA 4 formate 2 formyl-CoA 4 acetate
formyl-CoA hydrolase
formyl-CoA 4 H.O < formate 4 CoA-SH

Net: acetyl-P 4+ H.O - acctate 4 P,

In addition, the presence of two enzymes (one rather nonspecific) cata-
lyzing the synthesis of formyl-CoA from formyl phosphate and CoA was
identified from Clostridium cylindrosporum (98). However, the exist-
ence of this system in a mammalian species has not been demonstrated.

Therefore, the major system responsible for formate disposition and
the impact of the presence of high levels of this acid has yet to be deter-
mined.
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V. SUMMARY

Our knowledge of the metabolism of methanol and its metabolite, for-
maldehyde, has expanded over the last 10 years. We have learned of a
species difference with respect to the relative importance of certain path-
ways for the metabolism of methanol to formaldehyde. In the rat, a cata-
lase-dependent peroxidative oxidation of methanol is important while it
appears to have no established function in methanol metabolism in the
monkey. Hepatic ADH appears to be relatively important in the monkey
for the conversion of methanol to formaldehyde, although it plays a lesser
role in the rat. Even though the exact mechanism of this is still unex-
plained, it is likely that within the primate there is a deficiency of perox-
ide generation and a possible lack of peroxidative activity for catalase.
These taken together could explain why the primate resorts to the ADH
system for the metabolism of methanol to formaldehyde.

Formaldehyde metabolism has been examined in detail recently and
the importance of a specific NAD- and GSH-dependent FDH has been
evaluated in several species including man. While certain qualitative dif-
ferences exist between the rat and human liver enzymes, there appears to
be more activity in human liver than in rat liver for FDH as well as for
other dehydrogenases that participate in the disposition of formaldehyde.
However, because of the reactivity of formaldehyde, it still remains as
one of the leading candidates for an explanation of methanol toxicity. Its
presence has not been verified in an animal organism after the adminis-
tration of methanol. This may well be due, however, to the high reactivity
of this substance from which one could predict that a great deal of for-
maldehyde is nonspecifically bound to many types of endogenous sub-
stances, thereby altering their function.

Despite our increase in information on methanol and formaldehyde
metabolism, we have very little new information available on formic acid
utilization. This has been partly due to the lack of a specific assay which
has been a plague to investigators in this area. This has been overcome to
some degree with the development of sensitive fluorometric analysis for
reduced pyridine nucleotides and the utilization of a specific formate de-
hydrogenase induced in cultures of Pseudomonas oxalaticus. It is hoped
that this development will contribute to an improved understanding of the
disposition of formate in the animal organism. The limitations of a cata-
lase-dependent pathway were expressed in Section 1V.

Perhaps our greatest dearth of information lies in an understanding of
how metabolites contribute to the acidosis provoked by methanol in man.
It may be that metabolites of methanol indirectly affect normal metabolic
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pathways, whereby intermediates of those pathways accumulate and exert
an effect on the organism. On the other hand, formic acid itself may con-
tribute to the acidosis. Information currently available does not allow us
to answer this question completely, but it is in this area that investigation
currently is being intensified.
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