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1. MINIMAL LETHAL DOSES, SYMPTOMS, AND TOXIC
SEQUELAE OF METHANOL POISONING IN HUMANS AND
EXPERIMENTAL ANIMALS

The minimal lethal dose of methano! in humans has not been determined. It has been
suggested that about | g kg can cause death if the patient is untreated and has not
consumed ethanol.*’

In some clinical cases, the blood methanol content is low in the last phase of the
poisoning. In three such cases’™ blood methanol concentration was 0.275, 0.277. and_
0.194 g/¢ . respectively. On the assumption that the body water in diffusion equmbnum

with the blood represents about 709 of the body weight, it has been calculated that 0.19,
0.19,and 0.14 g kg, respectively, was present in the body.

Data on the rate of methanol oxidation in humans probably do not exist. In rhesus
monkeys given | g'kg of methanol, Makar et al.*® showed that 37 mg kg, hr was
oxidized. Provided that the rate of methano! oxidation is the same in man, the amount of
methanol oxidized during 18 hr (the average time needed for development of severe
acidosis in clinical cases) would be 0.666 g kg. It seems reasonable still to regard 1 g kgof
meihanol as the approximate minimal lethal dose in man.

The severe symptoms appearing after about 18 hr are well known: vomiting,
Kussmauls respiration, pain in the back and the extremities, and often excecdingly

. violent abdominal pains. Simultaneously, or shortly after the onset of severe symptoms,
amblyopia appears which may develop rapidly into amaurosis. The pupils are dilated and
do not react to light. Sopor and coma follow. The next alarming symptom is a reddish-
cyanotic color of the skin. Now the cessation of respiration is not far away. When
respiratory arrest occurs it seems too late to save the patient,*!'***

By ophthalimoscopy, a slight injection of the optic disc'occurs in many cases, with or
without some blurring of the disc margins. Extensive retinal edemas were not seen in our
cases.’?0

Those patients who have regained full vision (i.e., V 2 6’6 with no central relative
scotoma) in the course of a week after treatment, retain it. In patients whose vision partly
returns, a decline is observed in the course of some weeks or a few months. The first
clinical sign of optic nerve atrophy, the pale papilla, is seen from 410 6 weckiaﬁ;mbc
_poisoning. A very marked atrophy of the retinal blood vessels follows.™ Post -mortem

examination shows some large and many small hemorrhages in the Hram and both
ganglnon cells and glia cells are dcgcnera(cd * Degeneration of retinal ganglion C€lls has
been obsenved.” - *

The minimal lethal dose of melhanol in the rat, rabbit, and dog is, 9.5, 7, and gg, kg,
respectively. " The symptoms are ev idently produccd by the general anesthetic effect of
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high doses of methanol, as described in an carlier review. Permanent impairment of
vision has not been demonstrated with any degree of certainty.”’

Since 1955 several investigations on methanol poisoning have been performed in
monkeys. These results should be of special interest since it has been suggested that the
monkey can serve as a valid model for the toxic syndrome seen in man.* -

The minimal lethal dose of methanol in the rhesus monkey (macaca mulata), as
determined by Gilger and Potts," was 3 g/kg. The animal was slightly intoxicated for 1 10
2 hr. Then there was a symptomless latent period of about 12 hr, followed by “sickness
and death™ Narcosis appeared as a terminal manifestation.

With 1 g, kg of methanol. there was no drop in plasma CO;. With 2 g/ kg. it decreased
from 53 vol% to 16 volC; by 24 hr. The monkey recovered soon. Four monkeys getting 3.
4,6, and 8 g methanol per kilogram, respectively. died. The last monkey died after a few
hours; in the others the plasma CO; decreased within 24 hr to less than 15 volS;. It should
be noted, however, that the control plasma CO:. tested just prior to the start oi the
poisoning. was between 32 and 41 volf. In the two surviving monkeys. the control
plasma CO. was about 50-vol©;. The lowest plasma CO., 32 volT. was found in the
monkey having received 3 g methanol per kilogram.

Two out of six monkeys showed changes in the fundus oculi. The monkey given 3 g/kg
presented slight biurring of the optic disc margins in both eves after 25 hr. Another
developed a small monocular retinal hemorrhage 29 hr after administration of 6 g
methanol per kilogram. No sign of blindness was described. In the opinion oflhc authors,
the “clinical picture™ resembled that described in man.

A completelv different picture ofmethanol poisoning in rhesus monkeys was described
by Cooper and Felig 6 vears later. in 1961.” A total of 12 monkeys were employved. 8 of
which were reused 1 to 5 times. All animals given | to 6 g/ kg of methanol survived. Death
occurred in 506, of those monkeys having been given 7,8,and 9 g kg of methanol. There
were no symptoms like those seen in man, such as vomiting or deep and irregular
respiration. Varying degrees of intoxication and ataxia occurred. sometimes progressing
10 a narcotic state which usually lasted from Sto 12 hr. All these animals were alert by 24
hr after poisoning. In fatal cases, the picture was one of narcosis followed bv death.

In three monkeys given 6 g’ kg of methanol. the serum bicarbonate was, respectively,
4.9, 46, and 8.6 mmol,¢ 48 hr after methano! administration. The control serum
bicarbonate, determined at the start of the experiments, was, respectively, 16, 9.9, and
13.8 mmol/Q. Again it seemed as if some of the blood bicarbonate had been displaced
before methanol was given.

Inspite of the high doses of methanol given in these experiments, no case of permanent

blindness was seen. In one monkey having received 9 g/ kg of methanol, there was no
response to gross visual stimuli on the 4th day, but this was transient. From the following
day the reaction was normal and remained so.

The animals, were evidently allowed to be relatively unrestrained in both the
experimental series referred 1o here. In both cases, methanol diluted to about 206 was
given through a gastric tube. Both groups of investigators used the rhesus macaque. Why
then the great differences in the reactions to methanol? This difficult question has to be
discussed later.

: Inexperiments performed by McMartinetal.” in 1975, the intention was to review the

position of whether the rhesus macaque or the pig-tailed macaque could serve as models

~for human methanol poisoning. Through an indwelling catheter in the femoral artery,
blood was obtained for determination of methanol, formate, pCO:, pO:, pH, and for
electrolyte analysis. In addition, the rate of *C-methanol oxidation was also followed.
The monkeys were restrained in a small chair that formed a part of the metabolism
chamber, and their limbs were tied.
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The minimum lethal dose 3 g/ kg of methanol, as determined by Gilger and Potts 20
years earlier, was given in 206 solution through a naso-gastric tube. Slight intoxication
appeared for | to 2 hr, then the condition of the monkey progressively deteridrated with
signs of anorexia, photofobia, weakness, restlessness, and profound hyperpnea. After 16
hrarterial blood pH was 7.15, pCO; (av.) 20 mm Hg. Plasma bicarbonate decréased from
21 mmol/? to 8 mmol/2. Maximum blood formate was 7.5 mmol/g, about 5057 of the
increased anion gap. Death occurred from 12 to 33 hr after methano! administration.

The authors were probably right in suggesting that the severe restraint contributed 3o

_the evolution of ‘metabolic acidosis and death.

"Someof the monkeys used by Makar et al.”® in studies on the methanol oxidation rate
were given 6 g/ kg which was tolerated well. However, the experimental period was only 4
hr in each of these cases.

McMarntin et al. did not find anv retinal edema in their cases within 24 hr.

Neither in the experiments mentioned nor in some others™ " has amaurosis or optic
nerve atrophy been demonstrated: This Tepresents the most fundamental difference

_between the toxic effects of methanol in man and that in the rhesus monkey and lower
mammals. The cause of the species differences is as yet unknown. Most likely, the answer
is to be found in differential metabolic processes.

From the beginning of this century, the oxidation products of methanol. formaldehyde.
and formic acid have alternately been regarded as being the proximal toxic agent.”® We
can hardly discuss the possible cause of the species differences in methanol poisoning
without considering the metabolism of the oxidation products in some detail. However,
it would be appropriate first to give some data concerning the accumulation of formate,
which so far have been presented only from experiments in monkevs.

11. SPECIES DIFFERENCES IN ACCUMULATION OF FORMATE

A. Animals

In rats no significant accumulation of blood formate was demonstrated after a
methanol dose of 6 g. kg bodv weight had been given intraperitoneally.’' Rabbiis are able
to oxidize formate almost completely, regardless of whether it has been given as
methanol or as sodium formate.” In dogs varying results have been obtained. In two
dogs given 2 g/ kg of methanol intravenously, the maximal blood formic acid levels were,
respectively, 2.6 and 3.2 mmol/2.**’® In two other dogs given 1.7 and 1.9 g/kg of
methano} orally, the blood formic acid concentration was 8.7 and 1l mmol/,
respectively.’* These discrepancies in results will be mentioned later in connection with a
discussion on the anomalous purine catabolism in the Dalmation dog.

Animal experiments generally are based on the administration of a single dose of
methanol. If accumulation of blood formate in monkeys has to be compared 10 that in
other animals or in man, the same technic should be used. This demand was fulfilled in
the experiments by McMartin et al.”! in rhesus monkevs. Afterasingle doseof 3 g/ kgthe
maximal blood formate was 7.5 mmol/Q after about 16 hr.

B. Man 2

Two patients described by Lund™ in 1948 died within 24 hr after methandl con-
sumption. The diagnosis was made at autopsy. In the first case blood formic acid was
14.8 mmol/R and liver formic acid 13.2 mmol/ kg liver tissue. In the second casg liver
formic acid was 21.3 mmol/ kg (blood formic acid probably about 23 mmol/2).

In 1965 Erlanson et al.l” reported three cases in which blood formic acid was
determined. The patients were all in a hopeless situation, deeply comatose with
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respiratory paralysis and very low blood pressure. Blood formic acid: 22.8 mmol € . 14.8
mmol,/2, and 8.3 mmol, ¢ (vide infra).

" Thefirst two patients had developed severe acidosis with coma followed by respiratory
paralysis shortly before they were transferred to a dialysis clinic from another hospital.
The third patient had been treated with alkali and ethanol intravenously a few hours
before the blood formic acid test was made. This treatment most probably lowered the
blood formate level. Ethanol inhibits formate formation*’ and correction of severe
acidosis increases the tissue respiration in methanol poisoning.**

Table | presents some data from experiments as well as from clinical cases. The data
are collected over a period of about 30 vears or more.

It will be seenfrom the table that only in man is the blood formate concentration high
enough to provoke severe acidosis per se. It also seems evident that in rodents (rat and
rabbit) there i1s no specific toxic action of methanol. It is felt that the low lethal dose of
methanol for monkeys in some cases'"*' is not due 10 the action of methanol alone. In
order to get more knowledge on the pathogenesis of the acidosis in monKkeys. it would be
necessary to analyze the acids beside the formic which account for the increase in the
anion gap. ‘

The accumulation of formate evidently parallels the toxicity of methanol. Therefore
we will return to the problems of the elimination of formate after having studied the
formaldehyde, which, until recently, has been regarded by some authors as being the
proximal toxic agent in methanol poisoning.*’’

I1I. FATE OF FORMALDEHYDE

A. Formaldehyde as a Normal Metabolite

Formaldehvde is an obligatory intermediate in the metabolism of the one-carbon
compounds. The organism is ablc to synthetize formyvi groups. The normal biological
source of formyvl carbon is the beta-carbon of serine -

Formaldehyvde fTormed by methanol oxidation can be partly utilized as a substitute for
formyl groups formed in the normal metabolism.'"® Such groups combine with
tetrahydrofolic acid(THFA) nonenzymatically. The N'°-formyl-THFA is a central
compound in the one-carbon metabolism and is the form utilized for formy! transfer in
many synthetic pathways. By a two-step reduction it is transferred to N'-methyl-THFA,
which affords a pathway for de novo genesis of methyl groups of substances as
methionine, thymine, choline a.o. Vitamin B,: acts as a carrier of methyl groups from
N*-methyl-THFA to homocysteine to form methionine.

Besides contributing to the pool of labile methyl groups, formaldehyde (and formate)
take part in the purine synthesis. Accordingly, carbon atoms no. 2 and no. 8 of the purine
nucleus derive from formate in those organisms which can activate formate.*!

It has earlier been assumed that direct conversion of the carbon of a one-carbon-
THFA derivative to CO; does not occur.® However, later investigations in vitro, in
which homogenates from pig liver were used, have led to the finding of an oxidative
deformylation of N'°-formyl-THFA with production of CO-.*"

B. Formaldehyde Oxidation

The direct oxidation of formaldehyde to formate occurs even when the one-carbon
pathway is closed by folic acid inhibition.”> Most probably the specific NAD-dependent
formaldehyde dehydrogenase found by Strittmatter and Ball*’ plays the major rade in the
oxidation. Glutathione is a necessary cofactor. Maximal activity occurs at formaidehyde
concentration as low as 1 X 10~ mol/Q. i

Some years ago Uotila and Koivusalo*® purified this enzyme from human liver (EC
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1.2.1.1.). It was found that S-formyl-glutathione was an intermediate in the reaction
mediated by this enzyme. Moreover, a new thiol esterase was found which hydrolyzes the
S-formyl-glutathione.* :
In vitro formaldehyde is easily oxidized by the catalase-H,O; complex.® If the reaction
works in vivo it would mean an increcased defense against accumulation of free

formaldehyde in the body.

C. Formaldehyde in Condensation Reactions

Formaldehyde can condense with a number of metabolites with formation of other
physiological compounds.”” Of special interest are the reactions of formaldehyde with
sulfhydryl compounds. such as -SH enzymes, cofactors as cysteine, glutathione, and
CoA-SH. Aldehydes are generally regarded as SH reagents, and formaldehyde is a
stronger reagent than other aldehydes of the homologous series. Thus in the reaction with
the -SH group of glutathione, formaldehyde reacts about ten times as rapidly as
acetaldehyde and propionaldchyde. The binding of aldchyde substrates to enzymes
seems to involve reactions with sulfhydryl groups.*

Inseveral investigations no free formaidehyde has been detected in blood and tissues of
animals given methanol.'*”""

IV. ELIMINATION OF FORMATE

A. Oxidation of Formate in vitro

Keilin and Hartree'” described in 1945 experiments which showed that catalase can
utilize hydrogen peroxide formed by a primary oxidation system such as xanthine
oxidase and hypoxanthine. The catalase-H.O: complex catalyzed secondary oxidations
of ethanol, methanol, and some related compounds. They regarded this reactionto be a
more likely biological property of this enzyme than the decomposition of hydrogen
peroxide into oxygen and water. -

In 1947 Chance® studied the coupled reaction spectroscopically and found that the
catalase peroxide complex was formed in a reaction whose velocity was higher than that
required for catalytic activity. Ethanol, methanol, formaldehyde, and formate were the
compounds of biological interest which served as substrates.

- Formate oxidation was studied in rat liver and jejunum extracts by Oro and
Rappoport in 1959.* They concluded that formate is oxidized to carbon dioxide by the
catalase-peroxide complex, and that dehydrogenases do not participate in the oxidation.
The hydrogen peroxide is produced by the reactions between flavin-linked oxidases and
their respective substrates, viz. the xanthine oxidation:

. xanthine . i
v Xanthine+ O: + H;0 =------=2  Uricacid + O (n
oxidase
. superoxide
20:+2H ————————— - H:0:+0:; (2)
dismutase

Both the superoxide radical and hydrogen peroxide are very toxic. They are deloxicatc’_i;_
by the dismutase and the catalase. by

4, a0l

B. Oxidation of Formate In Vivo
Certain investigations scem to indicate that in rodents both formate and methanol are

oxidized by the catalasc-peroxide system. In the monkey, however, the liver alcohol

dehydrogenase possibly plays a major role in the first step of methanol oxidation.”®







