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m: HEALTH EFFECTS INSTITUTE 

The Health Effects Institute, established in 1980, is an independent and unbiased source 

of information on the health effects of motor vehicle emissions. HEI studies all major 
pollutants, including regulated pollutants (such as carbon monoxide, ozone, nitrogen 
dioxide, and particulate matter), and unregulated pollutants (such as diesel engine exhaust, 

methanol, and aldehydes). To date, HEI has supported more than 150 projects at institu
tions in North America and Europe. 

Typically, HEI receives half its funds from the U.S. Environmental Protection Agency and 

half from 28 manufacturers and marketers of motor vehicles and engines in the United States. 

Occasionally, funds from other public or private organizations either support special projects 
or provide resources for a portion of an HEI study. This study was part of a larger methanol 

program that received initial support from the American Petroleum Institute. Regardless of 
funding sources, HEI exercises complete autonomy in setting its research priorities and in 
reaching its conclusions. An independent Board of Directors governs HEI. The Institute's 
Research and Review Committees serve complementary scientific purposes and draw distin
guished scientists as members. The results of HEI-funded studies are made available as 
Research Reports, which contain both the Investigators' Report and the Review Committee's 
evaluation of the work's scientific quality and regulatory relevance. 



!£(Statement 
Synopsis of Research Report Number 77 

Metabolic Studies in J\llonkeys Exposed 
to lVIethanol Vapors 

BACKGROUND 

In an effort to improve air quality and decrease dependence on petroleum, the U.S. government has encouraged the 
development of alternative fuels, one of which is methanol. Although the proposed use of methanol as an alternative 
motor vehicle fuel should decrease air pollution by reducing carbon monoxide and hydrocarbon emissions, 
expanding its use will increase emissions of other pollutants, especially formaldehyde and methanol vapors. 
Methanol is a natural constituent of plant and animal tissues and some foods, but can be highly poisonous when 
ingested (for example, as wood alcohol). The well-recognized symptoms of methanol poisoning (nervous system 
dysfunction, damage to the visual system, and even death) are thought to be due to the buildup offormate, a metabolite 
produced when methanol is broken down by the body. In small amounts, formate is essential for DNA and protein 
synthesis; however, excess blood levels are highly toxic. Converting formate to nontoxic substances requires adequate 
stores of one form of the vitamin folic acid, and proceeds efficiently as long as the body's metabolic systems are not 
overwhelmed by excess methanol. Most analysts think that inhaling low concentrations of methanol is not a risk 
factor for healthy people. However, there is concern about potentially susceptible populations, especially those who 
might be deficient in folic acid. These include pregnant women, the developing fetus, and patients with alcoholism 
and other chronically debilitating illnesses. The HEI funded this study to determine how rapidly formate is formed 
and removed in monkeys after they have been exposed to methanol vapors, and whether monkeys that are deficient 
in folic acid accumulate more formate than normal animals. Monkeys were used in this study because rodents are 
not susceptible to methanol-induced poisoning. 

APPROACH 

Dr. Medinsky and colleagues of the Chemical Industry Institute of Toxicology exposed female cynomolgus monkeys 
to environmentally relevant concentrations (10, 45, or 200 parts per million [ppm]) of methanol vapors and to one 
high dose (900 ppm) for two hours. The methanol was administered while the animals were under general anesthesia. 
They also exposed monkeys that had been fed a diet deficient in folic acid to the highest methanol concentration. In 
order to increase the sensitivity of their measurements, and to differentiate between the formate that naturally occurs 
in the body (endogenous formate) and that which results from methanol exposure, the investigators used methanol 
tagged with radiolabeled carbon. 

RESULTS AND IMPLICATIONS 

Blood levels of radiolabeled methanol increased in a dose-dependent manner in monkeys exposed for two hours to 
methanol vapors. The blood levels of formate also increased; however, the levels of formate derived from the 
radiolabeled methanol were 10 to 1000 times lower than endogenous blood formate levels reported from other 
research, and much lower than the levels known to be toxic. Even monkeys that had moderate folic acid deficiency 
and were exposed to 900 ppm methanol had peak concentrations of methanol-derived formate that were only one 
percent of the background levels. Because the exposure conditions used in this study are not the same as those 
experienced by people, the absolute blood methanol and formate levels cannot be directly extrapolated to humans. 
Nevertheless, this report provides reassuring data that single exposures to methanol vapors are unlikely to produce 
hazardous increases in blood methanol or formate concentrations in the general population or even in individuals 
with moderate folic acid deficiency. However, some workers, such as garage mechanics, tunnel workers, and 
underground parking lot attendants, who could be exposed to levels of methanol vapors higher than 200 ppm for 
longer than two hours, and fetuses, whose development can be affected by methanol exposure and folic acid 
deficiency, could still be at risk. Further research using animals with more pronounced folate deficiency and longer 
exposures is critical for any risk assessment of methanol. 

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of a research project sponsored 
by HEI from 1991 to 1993. This study was conducted by Dr. Michele A. Medinsky of the Chemical Industry Institute of Toxicology, ReseRrch 
Triangle Park, NC. The following Research Report contains both the detailed Investigators' Report and a Commentary on the study prepared 
by the Institute's Health Review Committee. 
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Michele l\. Dorman, James A. Bond, 
Owen R. Moss, Derek B. Janszen, and Jeffrey I. Everitt 

ABSTRACT 

The 1990 Clean Air Act Amendments contain mandates 
for reduced automotive emissions and add new require
ments for the use of alternative fuels such as methanol to 
reduce certain automotive pollutants. Methanol is acutely 
toxic in humans at relatively low doses, and the potential 
for exposure to methanol will be increased if it is used in 
automotive fuel. Formate is the metabolite responsible for 
neurotoxic effects of acute methanol exposure. Since for
mate metabolism is dependent on folate, potentially sensi
tive folate-deficient subpopulations, such as pregnant 
women, may accumulate formate and be at higher risk from 
low-level methanol exposure. 

Our objective was to determine the pharmacokinetics of 
14C-methanol and 14C-formate in normal and folate-defi
cient monkeys after exposure to 14C-methanol vapors at 
environmentally relevant concentrations: below the thresh
old limit value (TL V) *, at the TL V of 200 parts per million 
(ppm), and above the TLV. Four normal adult female cyno
molgus monkeys were individually anesthetized with 
isoflurane, and each was exposed by endotracheal intuba
tion to 10, 45, 200, or 900 ppm 14C-methanol for 2 hours. 
Concentrations of the inhaled and exhaled 14C-methanol, 
blood concentrations of 14C-methanol and 14C-formate, ex
haled 14C-carbon dioxide e4COz), and respiratory parame
ters were measured during exposure. After exposure, 
14C-methanol and 14C02 exhaled, 14C-methanol and 14C-

* A list of abbreviations appears at the end of the Investigators' Report. 
This investigators' Report is one part of Health Effects Institute Research 
Report Number 77, which also includes a Commentary by the HE! Health 
Review Committee, and an HEI Statement about the research project. 
Correspondence concerning the Investigators' Report may be addressed to 
Dr. Michele A. Medinsky, Chemical Industry Institute of Toxicology, 6 Davis 
Drive, P.O. Box 12137, Research Triangle Park, NC 27709-2137. 

This study was part of a larger methanol research program that received 
initial support from the American Petroleum Institute. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Award R824835 
to the Health Effects Institute, it has not been subjected to the Agency's peer 
and administrative review and therefore may not necessarily reflect the views 
of the Agency, and no official endorsement should be inferred. The contents 
of this document also have not been reviewed by private party institutions, 
including those that support the Health Effects Institute; therefore, it may not 
reflect the views or policies of these parties, and no endorsement by them 
should be inferred. 
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formate excreted in urine, and 14C-methanol and 14C-for
mate in blood were quantified. The amounts of exhaled 
14C-methanol and 14COz, blood concentrations of 14C
methanol and 14C-formate, and 14C-methanol and 14C-for
mate excreted in urine were linearly related to methanol 
exposure concentration. For all exposures, blood concen
trations of 14C-methanol-derived formate were 10 to 1000 
times lower than endogenous blood formate concentrations 
(100 to 200 mM) reported for monkeys and were several 
orders of magnitude lower than levels of formate known to 
be toxic. 

Since the metabolism of formate in primates depends on 
the availability of tetrahydrofolate, the same four monkeys 
were next placed on a folate-deficient diet until folate 
concentrations in red blood cells consistent with moderate 
folate deficiency (29 to 107 ng/mL) were achieved. Mon
keys were then reexposed to the highest exposure concen
tration, 900 ppm 14C-methanol, for a similar 2-hour period, 
and again the pharmacokinetic data described above were 
obtained. Even with a reduced folate status, monkeys ex
posed to 900 ppm methanol for 2 hours had peak concen
trations of methanol-derived formate that were well below the 
endogenous levels of formate. Although these results repre
sent only a single exposure and therefore preclude broad 
generalizations, they do suggest the body contains sufficient 
folate stores to effectively detoxify small doses of methanol
derived formate from exogenous sources, such as those that 
might occur during normal use of automotive fueL 

INTRODUCTION 

The 1990 Clean Air Act Amendments contain mandates 
for reduced automotive emissions and add new require
ments for the use of alternative fuels such as methanoL 
Thus, methanol has the potential to become an important 
automotive fuel in the United States in the next century 
(Kavet and Nauss 1990). The Clean Air Act requires that the 
implementation of new technology not degrade environ
mental quality or compromise pubic health. Substituting 
methanol for currently used fuels such as gasoline or diesel 
fuel should improve environmental quality by reducing 
ambient concentrations of criteria pollutants, which in-

1 
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elude particulate matter, oxides of nitrogen, and ozone. 
However, use of methanol may increase emissions of two 
pollutants with known toxic effects: formaldehyde and 
methanol. Emissions of methanol can arise from its release 
as uncombusted fuel in the exhaust, from its evaporation 
during refueling, and from vaporization after the engine is 
stopped. Formaldehyde emissions result from incomplete 
combustion of methanol fuels. 

TOXICITY OF METHANOL 

Methanol is acutely toxic to humans at relatively low 
doses. Evidence of its toxicity has existed since the early 
1900s, when human exposure to relatively large acute doses 
of methanol (commonly known as wood alcohol) occurred 
either through accidental or intentional ingestion, percu
taneous absorption, or inhalation. In the early part of the 
century, painters used methanol as a dilution agent for 
shellac, varnish, and paint. Methanol was also used as a 
cleaning fluid; as a solvent by hatters, dyers, shoemakers, 
brass finishers; and in manufacturing rubber tires (Ziegler 
1921). During this time, about 100 cases of vision impair
ment or death from inhalation of methanol vapors were 
reported. These cases showed that acute exposure of hu
mans to methanol can result in blindness and metabolic 
acidosis. Metabolic acidosis is due to a reduced pH in the 
blood and can eventually result in death. 

Most information on methanol toxicity in humans con
cerns the effects of acute exposures (Health Effects Institute 
1987). Acute methanol toxicity in humans follows a well
recognized pattern. Initially, exposure to a toxic methanol 
dose results in a transient central nervous system depres
sion, which is characteristic of alcohol exposure. Uneven 
gait and lack of coordination in movements are often appar
ent. A latent period of compensated metabolic acidosis 
without evident symptoms follows,, during which time 
plasma bicarbonate levels decrease. This latent period may 
last from several hours to several days; the typical latent 
period is 12 to 24 hours. When compensatory mechanisms 
become exhausted and acidity increases further, the blood 
pH begins to drop, resulting in uncompensated metabolic 
acidosis (Tephly and McMartin 1984). Symptoms include 
headache, dizziness, nausea, and vomiting, followed by 
severe abdominal pain and difficult breathing. The symp
toms may progress to coma and death, which is usually due 
to respiratory failure. 

Metabolic acidosis is the result of formic acid produc
tion. Formic acid is an intermediate in the metabolism of 
methanol. At physiological pH, formic acid dissociates 
rapidly and almost completely to formate and hydrogen 
ions. The hydrogen ions accumulate in the body if the rate 
of formate production is faster than the rate of its removal. 
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The increase in hydrogen ions entering the blood eventu
ally overwhelms the normal acid-base homeostasis. The 
time during which the acid-base imbalance develops is the 
latent period in methanol toxicity. 

Toxicity to the visual system also can occur in parallel 
with metabolic acidosis. Affected individuals experience 
visual disturbances such as blurred or indistinct vision, 
altered visual fields, and impairment of the pupillary re
sponse to light. Some individuals become blind, even if 
they recover from uncompensated metabolic acidosis. A 
local increase in blood flow to the optic disc is the earliest 
change that occurs in the retina of a methanol-poisoned 
individual. Later an excess of aqueous fluid, or edema, 
appears, as well as a blurring of the margin of the optic disc. 
The edema may persist for up to 2 months. The severity of 
the retinal edema is predictive of permanent loss of vision. 
Mild optic disc edema results in restoration of vision and 
full recovery. Severe edema invariably leads to permanent 
effects. Pallor of the optic disc, indicating loss ofthe blood 
supply to the head of the optic nerve and atrophy of the 
optic nerve, is a sign of irreversible effects to the visual 
system. 

Autopsies of victims of lethal methanol poisonings have 
revealed (among other abnormalities) damage to the pu
tamen of the basal ganglia in the brain. The putamen con
trols gross intentional motor activities that are normally 
performed unconsciously. Survivors of methanol intoxica
tion may suffer damage to the putamen and have associated 
motor disorders. 

The oral dose of methanol required to produce such acute 
toxicity in humans is relatively modest. For example, 0.3 to 
1 g methanol/kg of body weight is considered the range of 
a minimum lethal dose for untreated cases. Four ounces of 
pure methanol, approximately 95 g, is lethal to 40% of 
exposed individuals. The lowest lethal dose reported is 
about three teaspoons or 15 mL of moonshine, which is 40% 
methanol. However, individuals have been kno-wn to sur
vive after drinking approximately 500 mL of moonshine. 
Variability in the metabolism of methanol and its toxic 
metabolite formate may form the basis for this variability in 
human response. 

SPECIES DIFFERENCES IN METHANOL TOXICITY 
AND METABOLISM 

Much is known about the chemical and biological behav
ior of methanol. Formate is the metabolic product that is 
thought to be responsible for the acute toxic effects of 
methanol. The identification of formate as the toxic meta
bolite of methanol was the result of research conducted by 
Tephly and associates in the 1970s and 1980s in rodents 
and nonhuman primates (Tephly and McMartin 1984). The 
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toxic effects of methanol are due either largely or com
pletely to extreme elevations of blood formate (McMartin 
et al. 1975). These elevated levels lead to metabolic acidosis 
and ocular damage, resulting in blindness and death. 

Species differences in the accumulation of formate in 
blood correlate well with susceptibility to methanol-in
duced toxicity (McMartin 1977). Monkeys, a sensitive spe
cies, have high concentrations of formate in the blood 
following acute doses of methanol (3 g methanol/kg body 
weight). Rats, a species insensitive to the toxic effects of 
methanol, do not develop high blood concentrations of 
formate even after doses of methanol (4 g methanol/kg body 
weight) larger than those that produce toxicity in monkeys. 
This correlation between blood formate concentrations and 
toxic effects of methanol was first noted by Tephly and 
coworkers (Tephly and McMartin 1984; McMartin 1977) 

and provided the first clue as to the mechanism by which 
methanol was producing its neurotoxic effects. The work of 
these researchers pointed to the need to look at the internal 
concentrations of formate in addition to methanol when 
assessing potential toxicity. 

METHANOL UPTAKE AND DISTRIBUTION 

Methanol can be absorbed into the blood through inha
lation of vapors, ingestion of liquid methanol, or dermal 
exposure to liquid methanol. The capacity for various ani
mal species to absorb methanol is similar because simple 
diffusion is the basic mechanism underlying methanol 
transfer across epithelial membranes. The site for methanol 
uptake by inhalation is most likely the upper respiratory 
tract, based on studies conducted with inhaled ethanol, an 
alcohol with similar solubility properties (Gerde and Dahl 
1991). Their breath-by-breath analysis of ethanol uptake 
demonstrated that on inhalation, ethanol is completely 
absorbed by the upper respiratory tract tissues of dogs. 
Although a large fraction of the absorbed ethanol diffuses 
into the blood, significant ethanol concentrations remain in 
the mucosa at the end of the inspiration. On expiration this 
ethanol diffuses back into the airways and is exhaled, 
resulting in an uptake of 70%. Studies with humans have 
shown that methanol is rapidly absorbed after inhalation, 
with net absorption ranging from 60 to 85%. Like ethanol, 
ingested methanol is rapidly absorbed from the gastrointes
tinal tract with peak absorption occurring in 30 to 60 
minutes, depending on the presence or absence of food in 
the stomach. Ingestion of methanol has been the principal 
route of exposure in cases of acute poisoning. 

An average of 0.192 mg/ cm2 /min of methanol is absorbed 
through direct contact of methanol with the skin of human 
volunteers. Exposure of one hand to liquid methanol for 
only 2 minutes would result in a body burden of as much 

as 170 mg, similar to that resulting from inhaling approxi
mately 40 ppm methanol for 8 hours (International Pro
gramme on Chemical Safety 1994). 

Regardless ofthe route of exposure, methanol distributes 
readily and uniformly to all organs and tissues in direct 
relation to their water content (Health Effects Institute 
1987). The largest amounts are found in muscles, blood, 
gastrointestinal tract, and liver (International Programme 
on Chemical Safety 1994). In clinical cases of methanol 
poisoning, consistently higher levels of methanol are pre
sent in the cerebrospinal fluid than in the blood. 

Following uptake and distribution, methanol is elimi
nated from the body very slowly, especially compared with 
ethanol, in all species. Clearance half-times ranging from 3 
hours to more than 1 day have been reported, depending on 
the dose of methanol administered. The primary routes for 
elimination of methanol are urinary excretion, exhalation, 
and biotransformation. Urinary elimination of methanol is 
not a quantitatively large pathway for methanol clearance 
under normal circumstances. Methanol's small size and 
nonpolar characteristics suggest it will be readily filtered 
by the kidney glomeruli and reabsorbed by the proximal 
tubules. Exhalation of methanol that has been absorbed into 
the blood also is a slow process. The large blood:air parti
tion coefficient for methanol suggests an affinity of metha
nol for blood that is several thousand times greater than for 
air at equilibrium (Horton et al. 1992). 

METABOLISM OF METHANOL 

The accumulation of formate in monkeys and humans 
(but not in rats) after methanol exposure indicates that 
either methanol oxidation to formate occurs at a faster rate 
in monkeys and humans, or that formate oxidation to carb
on dioxide proceeds at a slower rate in monkeys and hu
mans (Figure 1). Methanol is metabolized, or enzymatically 

Primates 

Alcohol dehydrogenase 

Formaldehyde dehydrogenase 

Limited 

H, Folate 

CHpH 
Methanol 

HCHO 
Formaldehyde 

HCOO 
Formate 

C0
2 

Carbon dioxide 

Rodents 

Catalase
peroxidase 

system 

Formaldehyde dehydrogenase 

Abundant 

H, Folate 

Figure 1. Metabolism of methanol and formate in rodents and primates. 
Adapted from Medinsky and Dorman (1994) with permission. 
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converted, to formaldehyde by the liver enzymes alcohol 
dehydrogenase and catalase-peroxidase (Tephly and 
McMartin 1984). Studies that used specific enzyme inhibi
tors for catalase and alcohol dehydrogenase evaluated the 
respective roles of the two systems in the metabolism of 
methanol to formaldehyde in vivo (reviewed in Tephly and 
McMartin 1984). Present evidence indicates that rodents 
metabolize methanol mainly by the catalase-peroxidase 
system while monkeys, and probably humans, utilize alco
hol dehydrogenase (McMartin 1977). While the enzymes 
responsible for conversion of methanol to formaldehyde in 
primates (including humans) and rodents (including rats 
and mice) are different, the rates of conversion are about the 
same. Thus, species differences in sensitivity to methanol 
toxicity do not seem to be due to differences in conversion 
of methanol to formaldehyde. 

Removal of formaldehyde produced from methanol oxi
dation can occur by several pathways. Formaldehyde is a 
highly reactive compound that has a very short life span 
and can combine with a variety of cellular constituents, 
forming relatively stable adducts. Formaldehyde also can 
be metabolized by a formaldehyde-specific, NAD-depend
ent formaldehyde dehydrogenase; this dehydrogenase re
quires reduced glutathione as a cofactor and is often isolated 
in association with the enzyme glutathione thiolase. For
maldehyde combines with glutathione to form S-formyl 
glutathione. In the presence of thiolase, the product hydro
lyzes to form formic acid and reduced glutathione. Formal
dehyde oxidation in liver mitochondria is mediated by 
aldehyde dehydrogenase. Formaldehyde dehydrogenase 
activity of human liver is higher than that of rat liver 
(Tephly and McMartin 1984). Thus, species differences in 
sensitivity to methanol toxicity are not due to differences 
in conversion of formaldehyde to formate. 

The formic acid that is produced by the oxidation of 
formaldehyde dissociates into formate and hydrogen ions. 
It is the rate of metabolic detoxification, or removal, of 
formate that is vastly different between rodents and pri
mates. Herein lies the basis for the dramatic differences in 
methanol toxicity between rodents and primates. Primates are 
more sensitive, and rodents are less sensitive, to methanol. 

METABOLISM OF FORMATE 

Formate is detoxified by a multistep pathway to C02 
(Eells et al. 1983). In all species studied, this is achieved 
through a tetrahydrofolate-dependent pathway. Folate, or 
folic acid, an essential vitamin found in fresh fruits and 
vegetables, is the building block of tetrahydrofolate (THF). 
The rate at which methanol-derived formate accumulates 
to toxic levels following methanol exposure is primarily 
influenced by the rate of formate metabolism. Rodents are 
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more efficient in the metabolism of formate to C02 than are 
humans and nonhuman primates, because rodents have 
higher concentrations of liver THF than do primates. The 
faster rate of formate removal means that rodents do not 
accumulate formate above endogenous levels at any metha
nol dose (Eells et al. 1983). Therefore rodents are not sus
ceptible to methanol-induced metabolic acidosis or ocular 
toxicity. 

Formate metabolism is dependent upon the activities of 
formyltetrahydrofolate synthetase, methenyltetrahydrofo
late dehydrogenase, and the cosubstrate THF (Black et al. 
1985; Johlin et al. 1987, 1989). Susceptible species appear 
to have lower liver THF concentrations, slower formate 
metabolism, and thus increased sensitivity to methanol 
when compared to resistant species such as rats. For exam
ple, liver THF concentrations in humans (6.5 ± 0.3 nmol 
THF/g liver) and monkeys (7.4 ± 0.8 nmol THF/g liver) are 
lower than those observed in rats (11.4 ± 0.8 nmol THF/g 
liver) and mice (42.9 ± 1.2 nmol THF/g liver) (Johlin et al. 
1987). The maximal observable rate of formate metabolism 
in the rat is approximately two-fold higher than in the 
monkey (McMartin et al. 1977). 

Considerable variability may be observed within indi
viduals with respect to the rate of formate metabolism. For 
example, total liver folate concentrations in young outbreed 
swine (5.1 ± 1.2 nmollg; Makar et al. 1990), micropigs (8.2 
± 0.6 nmollg of liver; Tephly et al. 1992}, and Yucatan 
minipigs (17.5 ± 2.2 nmol/g of liver; Dorman et al. 1993) 
vary considerably. This variability in totalliv ar folate con
centration also translates into variable rates of formate 
metabolism. Dorman and coworkers (1993) reported that 
minipigs given formate directly had an initial rate of for
mate elimination (h/2 = 50 min) similar to that reported for 
rats (Johlin et al. 1987). Other minipigs had much slower 
initial rates of formate elimination (t112 = 112 min}, similar 
to those reported for young female swine (t112 = 87 ± 18 min; 
Makar et al. 1990) and micropigs (h/2 = 74.1 ± 6.0 min; 
Tephly et al. 1992). This difference in the rate of formate 
metabolism has been observed in other species including 
humans, in which the elimination rate of formate is variable 
(h/2 = 60 to 120 min; McMartin et al. 1980). These results 
suggest that strain differences as well as differences in 
formate metabolism among individual animals may ac
count for individual differences in sensitivity to methanol 
toxicity. 

As noted previously, the hepatic store of folate in the 
liver is important for predicting whether or not a species is 
sensitive to methanol-induced acute toxicity. In addition to 
the differences in total liver folate concentration normally 
observed in different species, artificial manipulation of 
body stores of folate can result in altered formate elimina-



tion and heightened sensitivity to methanol. Monkeys with 
reduced hepatic folate stores develop a heightened sensi
tivity to the adverse effects of methanol (McMartin et aL 
1977; Eells et aL 1983). For example, these investigators 
noted that monkeys given an acute oral dose of methanol 
(0.5 g methanol/kg body weight) had peak formate concen
trations in blood almost five times higher when fed a 
folate-deficient diet than did animals given a normal diet. 
Supplementation of folate increases the rate of metabolism 
of formate to C02 in monkeys, but not in rats (lVIakar and 
Tephly 1976; McMartin et al. 1977). 

Increased sensitivity to methanol can be observed in 
folate-deficient rodents. Tephly and coworkers demon
strated that rats maintained on a folate-deficient diet could 
be made susceptible to the toxic effects of methanol (Makar 
and Tephly 1976). Lee and coworkers (1994) also described 
the development of a rat model made folate-deficient 
through dietary manipulation. Folate-deficient rats (total 
liver folate concentration< 5 mg/g liver) developed signifi
cant increases in blood formate concentrations (1 to 2 
mmol/L) following a single 6-hour exposure to 1200 to 2000 
ppm methanol. In contrast, no increase in blood formate 
concentration was observed in normal rats (total liver folate 
concentration> 25 mg/g liver) exposed similarly to metha
nol (Lee et al. 1994). Folate deficiency also increased the 
incidence of mortality in rats repeatedly exposed to metha
nol (3000 ppm, 20 hours/day for 14 days; Lee et al. 1994). 
These data indicate that even species that are considered 
highly resistant to formate accumulation can become sen
siiive upon folate depletion. Thus, folate-deficient humans 
might be at greater risk than normal individuals if they 
inhale even low concentrations of methanol. 

FOLATE STATUS IN HUMANS AND EFFECTS OF 
FOLATE DEFICIENCY 

As shown in Table 1, some human populations are at 
high risk of folate deficiency. These include pregnant 
women, the elderly, individuals with poor-quality diets, 
individuals on certain medications, and those with diseases 
such as alcohol dependency (MacGregor and Christensen 
1992). Folate deficiency may occur from any combination 
of inadequate ingestion, absorption, or utilization as well 
as from increased requirement, excretion, or destruction of 
folate (Herbert 1990). The highest prevalence of low serum 
folate levels ( < 3.0 ng/mL) and erythrocyte levels ( < 140 
ng/mL) occurs among women aged 20 to 44 years (Senti and 
Pilch 1984, 1985). Between 15% to 30% of pregnant women 
have megaloblastic changes in bone marrow. Megaloblastic 
anemia is a hallmark of folate deficiency. Additionally, the 
requirement for folate increases during pregnancy due to an 
increased rate of folate breakdown (McPartlin et al. 1993). 

Therefore to maintain sufficient folate stores, pregnant 
women may need to have a higher intake of folate compared 
to nonpregnant individuals. 

Along with its critical function in formate metabolism, 
folate also plays an important role in normal fetal develop
ment, nervous system function, and hematopoiesis. Hu
mans with severe depletion of folate stores (i.e., erythrocyte 
folate levels < 120 ng/mL; liver folate levels < 1.2 f.lg/g 
tissue) develop damaged folate-dependent metabolism 
(Herbert 1987). Slowed DNA synthesis resulting from this 
degree of folate deficiency may result in a granulocytic 
hypersegmentation of peripheral white blood cells (Herbert 
1987). More severe folate deficiency (i.e., erythrocyte folate 
levels< 100 ng/mL; liver folate levels< 1.0 flglg tissue) is 
characterized clinically by megaloblastic anemia. 

The relationship between the maternal dietary status 
(normal vs. folate-deficient) and developmental neuro
toxicity has been recognized since at least the 1950s. Folate 
deficiency in rodents may result in an increased incidence 
of cleft palate, syndactyly, crooked tails, hydronephrosis, 
and other defects. Dietary folate deficiency in rats (from 
gestational day 12 through lactation) results in decreased 
brain myelin and brain weight when compared with folate
supplemented rats (Hirono and Wada 1978). Folate defi
ciency in humans is associated with an increased incidence 
of organic brain syndrome, pyramidal tract damage, and 
neuropathy (Reynolds et al. 1973). 

Interest in this area has been heightened by several clini
cal studies in which dietary folate supplementation of 
women during pregnancy was associated with a decreased 
incidence of posterior neural tube defects (that is, spina 
bifida) (Milunsky et al. 1989; Smithells et al. 1989; MRC 
Vitamin Study Research Group 1991; Cziezel and Dudas 
1992) and of craniofacial clefts (Tolarova and Harris 1995). 

BACKGROUND BODY BURDENS OF METHANOL 
AND FORMATE 

Assessment of the possible adverse health effects due to 
exposure to low concentrations of methanol should include 
two other important sources of methanol and formate, diet 
and natural metabolic processes (Kavet and Nauss 1990). 
Contributions from these sources can equal those resulting 
from exposure to methanol vapors from automotive fuel. 
Methanol is ingested when eating fresh fruits and vegeta
bles which are, ironically, also important sources of folate. 
Aspartame, an artificial sweetener included in the diets of 
many people, is a source of methanol. When aspartame is 
hydrolyzed in the intestines, 10% is released as free metha
nol (Roak-Foltz and Le.veille 1984). Diet soft drinks, an 
important source of aspartame for many Americans, con
tain about 555 mg of aspartame/L (Hamler 1984). Thus 
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drinking a 12-oz diet beverage (about 200 mg aspartame) is 
roughly equivalent to a total methanol intake of 20 mg. 
Additionally, methanol is generated metabolically by nor
mal enzymatic processes. Formate, generally considered to 
be the toxic metabolite of methanol, is present in the blood 
at background, or endogenous, concentrations that range 
from 0.07 to 0.4 mM. Formate is an indispensable building 

block for many biological molecules, including nucleic 
acid components of DNA. Thus formate plays a complex 
role in human metabolism and toxicology. Although for
mate is essential for survival, too much of it, as can occur 
after intake of large doses of methanol, can cause severe 
toxicity and even death. 

Table 1. Human Subpopulations with a High Incidence of Folate Deficiency 

Subpopulation 

U.S. population (age 20 to 40) 

Canadian population (children 
and adolescents) 

U.S. population 
Low-income urban 
black, Hispanic 

Females 

Low-income elderly 

Elderly mentally ill 

U.S. population (women) 

Mexican American 

Cuban American 

Puerto Rican 

Pregnant Women 

U.S. population 

Canadian population 

Gastrointestinal disorders 

Celiac disease 

Adult gluten enteropathy 

Crohn disease 

Pernicious anemia 

Anticonvulsant therapy 

Chronic alcoholism 

Psychiatric disorders 

Estimated Incidence 
of Folate Deficiencya 

~10% Low RBC folate (140 ng/mL) 

10% Low serum folate (2.5 ng/mL) 

15% (3 ng/mL) 

11.7% to 15% (4 ng/mL), 45% to 75% 
with marginal serum folate levels 

Up to 60% with low serum folate or 
RBC folate levels 

Up to 80% ofthose admitted to 
nursing homes 

11.9% 

10.1% 

8.1% 

20% Low serum folate, 20% anemia 

16% Low serum folate (2.5 ng/mL) 

10% to 40% of Cases 

90% ofCases 

18% to 39% (Folate and/or B1z 
deficiency) 

0.1% of Scandinavian or English 
ancestry 

30% to 75% 

Up to 80% low serum folate, 40% low 
RBC folate, 20% megaloblastic anemia 

Up to 80% of cases 

Reference 

Senti and Pilch 1984, 1985 

Health and Welfare Canada 1973 

Bailey et aL 1982 

Bailey et aL 1982; Reiter et aL 1987; 
Daniel et aL 1975; Clark et aL 1987 

Rosenberg et aL 1982; Grinblat et aL 
1986; Bailey et aL 1979; Coleman 1977 

Abou-Saleh and Coppen 1986; Young 
and Ghadirian 1989 

Fanelli-Kuczmarski et aL 1990 

Wintrobe et aL 1981 

Health and Welfare Canada 1973 

Halsted 1977 

Wintrobe et aL 1981 

Wintrobe et aL 1981; Everson et aL 
1988; Mendeloff 1980 

Pedersen and Mosbeck 1969 

Klipstein 1964; Wintrobe et aL 1981 

Young and Ghadirian 1989; Wintrobe 
et aL 1981; Halsted et aL 1973; 
Hoyumpa 1986; Dansky et aL 1987; 
Lieber 1988; Sauberlich 1990 

Young and Ghadirian 1989 

a Serum folate: low: 3 ng/mL; marginal: 3.0 to 5.9 ng/mL (data taken from MacGregor and Christensen 1992). 
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LOW-LEVEL METHANOL EXPOSURE 

Although much is known about the biological behavior 
and health effects oflarge doses of methanol in animals and 
humans, information on the health effects and behavior of 
methanol and formate at lower doses has not been available 
until recently. One source of useful information on lower 
doses of methanol is research on the artificial sweetener 
aspartame. For example, methanol concentrations in the 
blood of normal adults given an abusive dose of 200 mg 
aspartame/kg of body weight (20 mg methanol/kg) have 
been examined (Stegink et al. 1981). For a 70-kg human, 
this aspartame dose is equivalent to drinking about 70 cans 
of diet soft drink at one sitting. Individuals who ingested 
this dose of aspartame had concentrations of methanol in 
blood that were higher than background levels. The peak 
concentrations of methanol occurred about 2 hours after 
aspartame ingestion. However, concentrations offormate in 
the blood were not elevated, compared with endogenous 
formate concentrations measured prior to the administra
tion of the aspartame. Thus in humans, oral doses of ap
proximately 20 mg methanol/kg body weight do not result 
in formate concentrations above endogenous levels and 
therefore would not be expected to produce the adverse 
health effects typical of acute methanol intoxication. 

The studies with aspartame involved ingestion. How do 
these results compare with inhalation of methanol vapors 
at levels expected during use as a fuel? The issue of blood 
methanol and formate concentrations following inhalation 
exposure to methanol vapors has been addressed by Horton 
and coworkers, who exposed monkeys to concentrations of 
methanol ranging from 200 ppm to 2000 ppm for 6 hours 
(Horton et al. 1 992). These levels can exceede those ex
pected during normal fuel use (Harvey et al. 1984; Health 
Effects Institute 198 7), but nonetheless provide a perspec
tive on the issue. The concentrations of methanol and 
formate in the blood of the primates were measured for up 
to 18 hours after the end of the 6-hour inhalation exposure. 
The highest blood methanol concentrations occurred at the 
end of the 6-hour inhalation exposure and declined steadily 
following the end of exposure. Paralleling results with 
humans exposed to aspartame, the concentrations of for
mate in the blood of monkeys exposed to methanol vapors 
were not elevated above the preexposure concentrations 
(Figure 2). Blood concentrations of formate varied consid
erably among the individual monkeys and at various times 
up to 18 hours after the end ofthe exposure. However, these 
formate concentrations did not show a pattern with either 
time or methanol exposure concentration, suggesting that 
the formate levels, although variable, were not elevated 
above endogenous levels by exposure to inhaled methanol. 

The highest methanol exposure concentration, 2000 ppm, 
is 10 times higher than the time-weighted-average thresh
old limit value (TWA TL V) for methanol. 

SPECIFIC AIMS 

SPECIFIC AIM 1 

The studies on humans and monkeys provided important 
information regarding the lack of effect of exposure to metha
nol vapors on formate blood concentrati0ns. As noted by 
Kavet and Nauss (1 990), however, the incremental increase 
in blood formate resulting from methanol exposure cannot 
be discriminated from background unless the methanol is 
labeled in some distinct way. Therefore we do not know the 
contribution of methanol-derived formate to the total for
mate body pool, although we suspect that blood formate 
concentrations will not be increased above endogenous 
levels following exposure to 200 ppm methanol. 

Thus, the objective of Specific Aim 1 was to determine 
the contribution of methanol-derived formate to the total 
formate body pool resulting from exposure to methanol 
vapors. Female cynomolgus monkeys were exposed to 
methanol radiolabeled with 14C over a range of concentra
tions (10 to 900 ppm) that included both workplace and 
environmental exposures. The 14C label made it possible to 
measure concentrations of methanol and formate in blood 
and excretory products, both during and after exposure to 
the methanol vapors. 

SPECIFIC AIM 2 

To address the issue of detoxification of methanol-de
rived formate by sensitive subpopulations, Specific Aim 2 

12 

0 200 1200 2000 
Methanol exposure concentration (ppm) 

Figure 2. Blood concentrations of formate in male rhesus monkeys prior to 
(pre), immediately after (end), and 1, 2, 3, 6, 12, and 18 hours after exposure 
to 0 (control), 200, 1200, or 2000 ppm methanol for 6 hours. Each bar 
represents the average formate concentration for three monkeys exposed to 
air or methanol. Data are taken from Horton and coworkers (1992) and 
adapted from Medinsky and Dorman {1994) with permission. 
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was conducted to determine if methanol metabolism was 
altered in monkeys with reduced stores of folate. The mon
keys from Specific Aim 1 were placed on a folate-devoid 
diet. After a sufficient period of time on the diet to reduce 
the folate levels in the red blood cells (RBCs) of these 
monkeys, they were exposed to 900 ppm of 14C-methanol 
for 2 hours using a study protocol that was similar to the 
previous studies. Radiocarbon was used to aid in measuring 
both methanol and formate. Methanol and formate clear
ance during reduced-folate status were compared to clear
ance during normal folate status. 

METHODS AND STUDY DESIGN 

CHEMICALS 

14C-Methanol (specific activity= 40 mCilmmol, > 98% 
pure by gas chromatography), methanol (HPLC grade), po
tassium hydroxide, sulfuric acid, acetonitrile (HPLC grade), 
and magnesium perchlorate were obtained from Sigma 
Chemical Co. (St. Louis, MO). Ecolume® (ICN Biomedical, 
Irvine, CA) was used as the scintillation cocktail. 

ANIMALS AND THEIR CARE 

All animal use was conducted in accordance with the 
recommendations listed in "Guide for the Care and Use of 
Laboratory Animals" (National Institutes of Health Publica
tion No. 86-23). Four adult, 12-year-old, 3- to 5.5-kg, female 
cynomolgus monkeys (Macaca fascicularis) were obtained 
from Hazelton Laboratories (Alice, TX). All clinical studies 
(stool bacteriological culture and antibiotic sensitivities, 
parasite direct smear and fecal float, routine serum blood 
chemistries, and whole blood cell counts) and physical 
examinations were conducted before methanol exposure; 
all were considered normal. Funduscopic examinations 
were performed under ketamine restraint by indirect 
ophthalmoscopy after inducing pharmacologic mydriasis 
with topical tropicamide, both before the start ofthe study 
and after its completion. Funduscopic findings were recov
ered on high-speed color film using a hand-held fundus 
camera (Kowa RC 2, Kowa, Japan). Animals were housed 
individually in 48- x 32- x 36-inch stainless-steel cages with 
squeezeback assemblies. Monkeys were initially provided 
with Certified Primate Chow (Purina Mills Inc., St. Louis, 
MO) supplemented with fruits and treats (ResultsTM' 
PRIMA-Treats, Bio-Serv Inc., Frenchtown, NJ). Following 
completion ofthe initial methanol exposures and pharma
cokinetic analyses, each monkey was placed on a folate-de
ficient purified diet for primates (folic acid-deficient 
Certified Primate Chow #5048, Purina Mills Inc., St. Louis, 
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MO) supplemented with 1% succinylsulfathiazole to mini
mize intestinal microbial sources of folate. Fruit-flavored 
folate-deficient treats (Jello® Gelatin Dessert, General 
Foods, Corp., White Plains, NY) were given to the monkeys 
each day. Food was withheld for 12 hours prior to methanol 
exposure and general anesthesia. Water was available at all 
times except during the 2-hour exposure to methanol. 

PRODUCTION OF FOLATE DEFICIENCY 

The objective of Specific Aim 2 was to determine the 
pharmacokinetics of methanol and formate in folate-defi
cient monkeys in order to mimic a potentially sensitive 
subpopulation, individuals with a dietary folate deficiency. 
To achieve this aim, we elected to decrease the folate pool 
through dietary manipulation, the preferred method for 
interfering with the THF cycle (Makar and Tephly 1976). 
Estimates of the time to produce folate deficiency, defined 
as serum levels of folate below 4 ng/mL, range from 4 weeks 
to 3 months in humans, depending on the prior dietary 
status of the individual (Hillman 1980). Individuals main
tained on a folate-deficient diet for longer periods eventu
ally develop megaloblastic erythroblastosis, which is 
characterized by an interruption in the maturation of cells 
in the erythrocyte series. Clinically, this manifests by a 
megaloblastic anemia, which can be measured by the 
packed cell volume, RBC count, and RBC indices. In gen
eral, the RBCs are decreased in number and larger in size. 

Monkeys were monitored weekly for serum and RBC 
levels of folate after initiation of a folate-deficient diet. Red 
blood cell folate levels also were measured because serum 
folate levels generally decrease before tissue folate levels 
and, hence, before effects on formate metabolism. The con
centration of folate in the RBC is a useful surrogate for 
hepatic folate stores (Herbert 1990). Liver folate stores have 
been reported to last approximately 4 months, the same 
duration as the life span of normal RBCs, which provides 
justification for using RBC folate levels to assess total folate 
levels (MacGregor and Christensen 1993). 

Whole blood samples were analyzed also for various 
indices of megaloblastic anemia. Our intent was to produce 
low folate levels without producing megaloblastic anemia. 
We viewed megaloblastic anemia as an extreme condition 
with less relevance to the general population of individuals 
who have low folate levels and no clinical signs of disease. 
Since it has been shown that folate levels in people increase 
when sufficient levels of folate are provided in the diet, and 
that megaloblastic anemia reverses (Herbert 1990). we felt 
confident the monkeys used in these studies would not 
suffer clinically observable adverse health effects. 
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A female cynomolgus monkey that was obtained from the 
same supplier and at the same time as the other monkeys 
in this study, but did not undergo any methanol exposures, 
was used as a control animal in assessing the effect of a 
folate-deficient diet on the production of folate deficiency 
and hematology parameters. This control monkey was 
maintained on normal monkey chow during the period that 
the other four monkeys were maintained on the folate-de
ficient diet. Blood and serum folate levels and RBC parame
ters were measured on blood taken from this monkey at the 
same time blood samples were taken from the four monkeys 
on the folate-deficient diet. 

FOLATE ANALYSIS AND HEMA TO LOGY 

Blood folate and hematologic analyses were performed 
weekly beginning 2 weeks prior to initiation of the folate
reduced diet. Hematocrit, RBC count, leukocyte count, 
mean corpuscular volume (MCV), and mean corpuscular 
hemoglobin concentration (MCHC) were determined using 
an S Plus II Coulter Counter (Coulter Electronics Inc., 
Hialeah, FL). Total folate in RBCs and serum was measured 
using a commercially available FDA-approved enzyme im
munoassay kit (Cedia®, Microgenics Corporation, Concord, 
CA) with a Roche Cobas Fara II chemical analyzer (Roche 
Diagnostics Systems, Branchburg, NJ) as described by Khanna 
and coworkers (1989). This assay system spectrophotomet
rically measures o-nitrophenol-~-D-galactopyranoside 
(ONPG) hydrolysis by active ~-galactosidase. Two ~-galac
tosidase fragments form the catalytically active enzyme 
required for ONPG hydrolysis. Folate in the sample binds 
with a specific folate-binding protein incorporated onto 
one inactive ~-galactosidase fragment. Folate binding pre
vents this receptor fragment from recombining with the 
second fragment, thus inhibiting activity. An FDA-ap
proved method, provided to us by Microgenics, was used 
to prepare RBCs for folate analysis in combination with the 
Cedia folate assay kit. The procedure and reagents are 
comercially available from Microgenics (Cedia® Red Blood 
Cell Folate Reagent Pack). It is important to note that the 
assays for both serum and RBC folate have been approved 
by the FDA for determining human serum and RBC folate 
levels. 

Radioassays for folate were first described in the early 
1970s (Rothenberg et al. 1972; Dunn and Foster 1973). 
These tests commonly use 1251-folate radiolabeled tracers 
and milk-binding proteins. The various commercial assays 
differ in their free- versus bound-folate separation tech
niques and choice of specimen pretreatment. The Cedia 
folate assay kit used in our studies has been approved by 
the Food and Drug Administration. A comparative evalu
ation of the performance of the Cedia vitamin B12/folate kit 

with a commercially available radio assay kit has been pub
lished (van der Weide et al. 1992). The results from the 
nonisotopic Cedia assay correlated closely (r = 0.97) with 
the conventional radioassay (van der Weide et al. 1992). 
This Cedia technology has received wide acceptance for the 
measurement of drugs of abuse, cortisol, digoxin, digitoxin, 
phenytoin, theophylline, and other analytes (Gonzales
Buitrago et al. 1994). 

The Cedia folate assay kit uses recombinant DNA tech
nology to obtain a nonradioactive binding assay (Khanna et 
al. 1989). The enzyme ~-galactosidase has been cleaved into 
two biologically inactive fragments. One large fragment (ap
proximately 95% of the native ~-galactosidase sequence), 
called the enzyme acceptor, can bind with the remaining 
fragment (the enzyme donor) to form the catalytically active 
enzyme. Folic acid has been covalently bound to the respec
tive enzyme donor fragment in a way that does not interfere 
with the spontaneous reassociation of enzyme fragments. 
Folic acid attached to the enzyme donor fragment can bind 
bovine milk folate-binding protein, one of the test kit re
agents. Thus bovine milk folate-binding protein regulates 
the amount of enzyme formed (Henderson et al. 1986). 
Serum, heparinized plasma, or pretreated erythrocyte sam
ples containing folic acid further regulate the reassembly of 
~-galactosidase by competing for the limited amount of 
bovine milk folate-binding protein. Sample concentrations 
of folic acid are directly proportional to the amount of 
~-galactosidase formed, as monitored by the hydrolysis of 
ONPG. During specimen preparation, the samples are diluted 
with a dithiothreitol-glycine buffer and boiled to remove any 
endogenous binding proteins and anti-intrinsic factor an
tibody. The folate levels in each sample are determined 
from a linear calibration curve using folate-containing 
standards supplied with the test kit. 

METHANOL EXPOSURES 

A randomized 4 x 4 Latin square design was used to 
schedule the exposure sequence for the exposure ofthe four 
monkeys to each ofthe four methanol concentrations (Table 
2). The exposure sequence for the primates with reduced 
folate status is presented in Table 3. Single 2-hour expo
sures of each monkey to methanol vapors were conducted 
at 10, 45, 200, and 900 ppm 14C-methanol (1 mCi 14C-metha
nol per animal per exposure). One additional2-hour expo
sure to 900 ppm 14C-methanol was performed under 
folate-deficient conditions (900-FD) induced as described 
above. All methanol exposures were separated by at least a 
2-month time period. Monkeys were exposed to vapors of 
14C-methanol by intracheal intubation while under isoflu
rane anesthesia (Figure 3). Monkeys were given 5 to 15 
mg/kg ketamine im (Ketaset®, Bristol Veterinary Products, 
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Syracuse, NY) and 0.05 to 0.075 mg/kg atropine sc (Anpro 
Pharmaceutical, Arcadia, CA) prior to anesthesia induction 
with Z% to 4% isoflurane (Aerrane®, Madison, WI) admin
istered via a face mask. Following induction of anesthesia, 
animals were intubated with a 5-mm endotracheal tube and 
maintained on 0.5 to Z% isoflurane. During anesthesia, 
animals were monitored using a Cardia Display CD-ZOO 
cardiac monitor (Elmont, NY). 

Since the exposure of the monkeys to methanol vapors 
involved intubation with an endotracheal tube, the upper 
respiratory tract of the animals, including the nasal pas
sages, was bypassed. Evidence suggests that, at least during 
exposures of short duration, uptake into the blood of water
soluble vapors such as methanol occurs in the upper respi
ratory tract (Gerde and Dahl1991). Thus, it is likely that the 
use of an intratracheal tube shifted the site for methanol 
uptake into blood towards the lower airways and alveolar 
region. As a result, the exposure system used in the present 
studies may have produced a kinetic profile for methanol 
in blood different from what might have been observed 
during oral or nasal breathing of the vapors, such as might 

Table 2. Randomized Latin Square Design for 
Determining the Sequence of Inhalation Exposures of 
the Monkeys to Methanol Vapors in Specific Aim 1 a 

Exposure 

A 

B 

c 
D 

E 

F 

G 

H 

K 

L 

M 

N 

0 

p 

Monkey Number 

1 

5 

3 

z 
1 

5 

3 

z 
1 

5 

3 

z 
1 

5 

3 

z 

Exposure Level 
(ppm) 

10 

900 

zoo 
45 

45 

zoo 
10 

900 

900 

10 

45 

zoo 
zoo 

45 

900 

10 

a Data for the individual exposures are presented in Appendices A 
through E (available on request). 
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occur with humans. Serious consideration was given to the 
choice of a lung-only exposure system during the experi
mental design phase of the study. The main purpose of the 
study was to differentiate methanol-derived formate from 
endogenous formate. Achievement ofthis purpose necessi
tated the use of significant amounts of radioactive metha
nol. Use of large amounts of radioactivity required that we 
attend to the health and safety of the personnel involved in 
the exposures. Exposure via an endotracheal tube was con
sidered to be the most effective method of containing and 
controlling the radioactive material. 

In order to deliver methanol vapors using an endotra
cheal tube, it was necessary to expose the monkeys while 
under general anesthesia. We evaluated a number of possi
ble agents including injectable and inhalable anesthetics. 
Control of the level of anesthesia and potential interference 
with methanol biotransformation were our chief considera
tions. Control of anesthesia was essential from an animal 

Table 3. Sequence of Inhalation Exposures of the 
Monkeys with Reduced-Folate Status to Methanol 
Vapors in Specific Aim za 

Exposure Level 
Exposure Monkey Number (ppm) 

F1 1 900 

FZ 5 900 

F3 3 900 

F4 z 900 

a Data for the individual exposures are presented in Appendices A 
through E (available on request). 

Methanol 

Pressure transducer 

Respiratory! parameters 

~ 
Figure 3. Simplified schematic diagram of the experimental system for 
exposing primates to methanol vapors, collecting respiratory parameter 
data, monitoring inhaled concentrations, and capturing exhaled methanol 
and COz. 
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care and use standpoint. We viewed as unacceptable the 
potential loss of a monkey due to an overdose of anesthetic. 
Thus, isoflurane was the anesthetic of choice since its 
volatile nature permitted fine control over anesthetic level. 
In addition, since the objective was to measure methanol 
metabolism to formate, an anesthetic that was also a sub
strate for alcohol dehydrogenase or catalase would be un
suitable. Isoflurane is not a substrate for alcohol 
dehydrogenase since it does not possess a functional hy
droxyl group. Biotransformation of isoflurane only occurs 
to a minimal extent through dehalogenation, a reaction 
mediated by cytochrome P-450 2E1. In contrast, methanol 
is metabolized by alcohol dehydrogenase in primates. 
Tephly and McMartin (1984) cite two reports that suggest 
the mixed-function oxidase system as a possible pathway 
by which methanol is oxidized to formaldehyde in rats. 
However the effectiveness of ethanol in competitively in
hibiting methanol metabolism in primates (Tephly and 
McMartin 1984) suggests the mixed-function oxidase path
way is not quantitatively significant. Thus, isoflurane 
would not be expected to interfere with the metabolism of 
methanol in our studies. It is most likely that the two sub
strates, methanol and isoflurane, were metabolized by two 
independent enzyme systems, with no interactive effects. 

METHANOL EXPOSURE SYSTEM DESIGN 

Methanol exposures were performed using an endotra
cheal tube and a nonrebreathing valve to separate airflow 
during inspiration and exhalation (Figure 3). All system 
components were purchased from Hans Rudolph, Inc. 
(Kansas City, MO) with the exception of the ball valves 
(Carolina Fluid Products, Inc., Charlotte, NC). The exposure 
system consisted of two systems working in unison: a total 
flow system from which the animal drew exposure air 
containing methanol and isoflurane, and an exhaled flow 
system. The exposure atmosphere in the total flow system 
consisted of methanol vapor, isoflurane, and a mixture of 
95% Oz and 5% COz. The methanol vapor was generated 
by injecting 14C-methanol and nonradiolabeled HPLC
grade methanol into a 60-L Tedlar® bag (SKC, Inc., Eighty
Four, PA) filled with 55 L of air. A mixture of 95% Oz and 
5% C02 was passed through an isoflurane vaporizer (Vapo
matic®, A.M. Bickford, Inc., Wales Center, NY) at a flow rate 
of 4.05 Llmin. The methanol vapor flow was pulled from 
the bag at a flow rate of 0.45 Llmin via a peristaltic pump 
(Cole-Parmer Instrument Co., Chicago, IL), and then joined 
with the flow from the isoflurane vaporizer for a total 
system air flow of 4.50 L!min. A vacuum was pulled at a 
flow rate equal to the total air flow rate (approximately 4.50 
Llmin) to obtain a total static pressure of 0.0 inHzO at the 

point where the animal sampled the exposure air. After 
balancing these flow rates, the total system was opened to 
high-efficiency particulate air (HEPA)-filtered room air on 

the backside of the monkey's exposure port, to allow make
up room air to replace the air lost during each inspiration 
(not shown in Figure 3). A gas chromatograph sampled the 
total flow rate prior to the monkey's exposure port. The 
system allowed the monkey to breathe the exposure atmos
phere as needed without altering the total flow rates or the 
concentration of methanol in the exposure atmosphere. The 
exposure generation system was tested prior to initiation of 
monkey exposures using a Harvard Intermediate Animal 
Ventilator (Harvard Apparatus, South Natick, MA) as an 
artificial monkey. 

The exhaled flow system operated similarly to the total 
flow system. A vacuum was drawn from the exhaled flow 
system that consisted of a sample flow rate (0.2 Llmin) and 
an excess flow rate (1.8 Llmin) (not shown in Figure 3). 
Positive make-up air (approximately 2.0 Llmin) was intro
duced into the exhaled flow system to obtain a total static 
pressure of 0.0 inHzO at the exhaust of the nome breathing 
valve. After balancing these inward and outward total flow 
rates, the exhaled system was opened to room air (exiting 
through a HEPA filter) to vent excess positive make-up air 
during the monkey's exhalations. 

GAS CHROMATOGRAPHIC ANALYSIS OF 
TEST ATMOSPHERE 

Methanol concentrations in the test atmosphere were 
determined every 5 minutes using a Shimadzu GC 8A gas 
chromatograph equipped with a DB-1 column (15 meter x 
0.53 mm, 5-[lm film thickness, J&W Scientific, Folsom, CA) 
with a nitrogen-carrier flow rate of 13 mL!min. Tempera
tures were as follows: injector, 120°C; detector, 120°C; and 
oven-column, 25°C. Under these conditions, retention 
times were 0.62 minutes and 0.91 minutes for methanol and 
isoflurane, respectively. The gas chromatograph was cali
brated before each exposure using appropriate (8.0, 45, 195, 
and 959 ppm) methanol certified gas standards in nitrogen 
(Matheson Gas Products). 

Analysis of an exposure atmosphere at 5-minute inter
vals is more frequent than is typical for inhalation expo
sures. Due to logistical constraints, the usual protocol 
requires six measurements to be obtained. For example, a 
6-hour inhalation exposure might have measurements 
made on an hourly basis. The fact that a single exposure 
atmosphere was generated for each experiment in our stud
ies permitted a more detailed characterization of each ex
posure. The detailed characterization identified each 
exposure as unique. In some experiments the exposure 
concentration remained steady during the entire 2 hours. 
In others the exposure concentration was below the target 
concentration for a period of time at the beginning of the 
exposure. Occasionally there were unexpected excursions 
in methanol vapor concentration during the 2-hour period. 
Assessment of the methanol vapor concentration at fre-
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quent intervals allowed for the opportunity to adjust the 
methanol flow rates as necessary to achieve average vapor 
concentrations approximating the target exposure concen
trations. All of the individual measurements for methanol 
vapor concentration were used in calculating the average 
concentration for each exposure. Thus, while the Latin 
square study design describes 4 methanol exposure groups 
with 4 animals per group, our exposure analysis indicates 
that 16 unique vapor exposures were conducted, with the 
individual exposures clustering around 4 target values. 

MEASUREMENT OF RESPIRATORY FUNCTION 

Respiratory frequency, tidal volumes, and respiratory 
(inspiratory and expiratory) flow rates were continuously 
monitored using a pressure transducer connected to a pneu
motachograph (Model 8300D, Hans Rudolph, Inc., Kansas 
City, MO). An AID converter (MacADIOS 8ain, GW Instru
ments, Inc., Somerville, MA) was used to digitize output 
voltage generated during 1-minute intervals by the pressure 
transducer. Flow rates were recorded on a Macintosh PC 
using commercially available software (Superscope, GW 
Instruments, Inc., Somerville, MA). The area under the 
curve (AUC) during each inspiratory and expiratory cycle 
was used to determine tidal volume. The product of the 
tidal volume (mL!breath) and the breathing frequency 
(breaths/min) was the calculated minute ventilation 
(mL/min). The results were reported as the mean for every 
5-minute interval. 

Despite the fact that the monkeys were under general 
anesthesia, ventilatory patterns throughout the exposure 
period were variable and, to a large extent, unique to each 
animal and exposure. Thus, the total volume of the expo
sure atmosphere inhaled was different for each ofthe mon
keys at each concentration level and for each of the four 
concentration levels for each individual monkey. The fact 
that individuals have different respiratory patterns is not 
unknown to inhalation toxicologists, but is a potential 
confounder that is seldom taken into account when con
ducting inhalation toxicity studies. The exposure system 
used in these studies permitted detailed measurement of 
respiratory parameters. Coupled with detailed information 
on the exposure concentration, the respiratory data were 
used to estimate the total methanol dose inhaled by each 
animal. Each of the 16 exposures resulted in a unique dose 
with the individual doses clustering around the 4 target 
exposure values. 

QUANTIFICATION OF EXHALED 14C-METHANOL 
AND 14C-CARBON DIOXIDE 

Exhaled 14C-methanol and 14COz were continuously col
lected over 3D-minute intervals during the exposure. The 
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sampled air was passed through a 14C-methanol trap (mag
nesium perchlorate) and then through two 14C0 2 traps, 
each containing 20 mL of 1.0 N potassium hydroxide. After 
the end of the exposure, the monkey was placed in a 
custom-designed primate cage (28.25- x 30- x 20-inch, Lab 
Products, Maywood, NJ) contained within a Lab Products 
H-1000 inhalation chamber that was placed within a 15-m3 

Hinners-style inhalation chamber. Representative exhaled 
air samples containing 14C-methanol and 14C02 were col
lected at the following hours after the start of the exposure: 
2.5 to 3, 3.5 to 4.5, 5 to 6, 6.5 to 7.5, 8 to 10.5, 11 to 24, and 
24.5 to 48 hours. The sampled air was passed at 1.5 Llmin 
through a 14C-methanol trap (approximately 20 g magne
sium perchlorate) and then through two 14C0 2 traps (a 
series of two impingers containing 250 mL of 1.0 N potas
sium hydroxide) to trap 14COz. The activity in aliquots from 
all impingers and perchlorate traps was measured by liquid 
scintillation spectrometry. 

BLOOD AND URINE SAMPLING 

Heparinized (heparin, Elkins-Sinn, Inc., Cherry Hill, NJ) 
blood samples (0.5 to 1.0 mL) were collected during the 
exposure (at 0, 0.25, 0.5, 1, 1.5, and 2 hours) through 
indwelling saphenous or tarsal vein catheters (Jelco'", Cri
tikon, Tampa, FL). Venous catheter patency was main
tained by flushing with 1 to 3 mL of sterile heparinized 
saline. Catheters were removed after the exposure and prior 
to recovery from anesthesia. Blood samples were then col
lected at 3, 4.5, 6, and 7.5 hours after exposure from 
ketamine-restrained (5 to 10 mg, im) monkeys. Direct 
venipuncture of the femoral vein was used to collect blood 
after the end of exposure. The samples for blood methanol 
and formate concentration measurements were placed in 
heparinized vials with Teflon-silica septa (Tuf-Bond'", 
Pierce, Rockford, IL). Blood samples were immediately 
frozen using a mixture of acetone and dry ice to minimize 
methanol loss. All spontaneously voided urine was col
lected until 48 hours after exposure using an iced liquid trap 
at the base of the H-1000 inhalation chamber (nominal times 
were 0 to 3, 3 to 4.5, 4.5 to 6, 6 to 7.5, 7.5 to 10.5, 10.5 to 12, 
12 to 24, 24 to 36, and 36 to 48 hours after start of exposure). 

DETERMINATION OF BLOOD AND URINE 
METHANOL AND FORMATE CONCENTRATIONS 

Methods for 14C-methanol and 14C-formate analysis were 
modified from Horton and coworkers (1992). Heparinized 
blood samples were flash-frozen in acetone and dry ice 
within sealed air-tight vials and then thawed (in warm 
water) twice to lyse the cells prior to analysis. Following 
hemolysis, up to 25-J.!L aliquots were analyzed by high
pressure liquid chromatography (HPLC). Urine was centri-
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fuged to remove debris and then aliquots of up to 50 J..!L were 
injected directly onto the HPLC column. An aliquot con
taining approximately 5000 dpm of 14C radioactivity was 
injected onto the HPLC column at each time point. Concen
trations of 14C-methaiwl and 14C-formate in blood and urine 
were determined using HPLC and liquid scintillation spec
troscopy. The HPLC (Kratos Inc.) was equipped with a 
Rezex'M ROA-orga..11ic acid column (300 mm x 7.8 mm i.d.; 
Phenomenex, Rancho Palos Verdes, CA), a similarly packed 
precolumn (50 mm x 4.6 mm i.d.), and a Brownlee Crs 
(Applied Biosystems) guard column. The mobile phase (1 
mL/min) was 0.043 N sulfuric acid with 10% acetonitrile. 
The eluant was collected at fractions of 0.5 minute. The 
recovery of 14C-methanol- and 14C-formate-spiked blood 
standards was greater than 95%. With this chromatographic 
system, 14C-methanol and 14C-formate have 10-minute and 
13-minute retention times, respectively. The limit of detec
tion for these analyses was considered to be a twofold 
increase above the baseline radioactivity immediately pre
ceding the peak of interest. 

LIQUID SCINTILLATION SPECTROSCOPY METHODS 

Radiocarbon (14C) was measured using a Packard Tri
carb 1900CA liquid scintillation counter (Packard Instru
ments, Downers Grove, IL). Scintillation fluid (6 mL) was 
added to each sample assayed for radioactivity. Each sam
ple was counted until sufficient counts were accumulated 
to give ± 5% standard deviation of the total counts. 
Quench correction was performed by the automatic ex
ternal standard method. 

STATISTICAL METHODS AND DATA ANALYSIS 

The study as performed was a series of 4 independent 
experiments, each of which was administered to 4 monkeys 
for a total of 16 experiments. The order of administration 
was randomized according to a 4 x 4 Latin square so as to 
minimize any potential effect due to treament order (Table 
2). No effect was expected, due to the approximately 2-
month-long period between exposures for a given animal. 
This design permitted the accumulation of a large quantity 
of data while minimizing the number of experimental units. 

A regression analysis approach was used for analysis of 
pharmacokinetic data (AUC for blood 14C-methanol or 14C
formate concentration vs. time; exhaled 14COz; exhaled 14C
methanol; end-of-exposure blood 14C-methanol concentra
tion) because data were available at four concentration expo
sure levels for each animal. The pseudo-independent variable 
for these analyses was the methanol dose, defined as the 
amount of methanol inhaled by each animal. The methanol 
dose was estimated as the product of the mean methanol 
exposure concentration (ppm) and the total volume (L) of 

exposure atmosphere inhaled during the 2-hour exposure. 
The dependent and independent variables both were log
transformed. 

Data are reported as means± SD (unless otherwise noted). 
Peak plasrHa concentration (Cmaxl and time to peak plasma 
concentration Ctmaxl were determined by visual inspection 
of plots of the methanol or formate plasma concentration 
vs. time curves. Area under the curve for blood 14C-metha
nol or 14C-formate concentration vs. time was calculated 
between 0 and 7.5 hours using the linear trapezoidal rule 
(Sigma Plot, Jandel Scientific, San Rafael, CA). The elimi
nation rate constant (kell was estimated by fitting the blood 
14C-methanol concentration to an open one-compartment 
intravenous infusion model. The half-time for 14C-metha
nol elimination was calculated from 0.693/ kel· The paired 
t test was used to compare mean values for the 900 ppm 
methanol exposures conducted under normal and folate
deficient conditions at the p < 0.05 level of significance. 
The kel estimations and analyses for 14C-methanol kinetics 
were performed on a per-animal basis, kel was further 
subjected to analysis of variance to assess if there was a 
difference between exposure concentrations. For this analysis, 
animals were treated as blocks. 

RESULTS 

METHANOL ATMOSPHERE GENERATION 

The generation system used in these experiments al
lowed for a generally stable methanol concentration to be 
maintained during the exposure period although there were 
instances in which marked excursions were noted. Detailed 
exposure data for the individual exposures are reported 
graphically in Appendix A (available on request from 
Health Effects Institute). Average methanol concentrations 
during the 10, 45, 200,900, and 900-FD ppm protocols were 
10.5, 42.8, 208, 917, and 890 ppm, respectively (Table 4). 
No significant difference between exposure concentrations 
was found between the 900 and 900-FD ppm exposures. 

PULMONARY FUNCTION 

As noted in the Methods section, methanol exposures 
were performed using an endotracheal tube while the mon
keys were under general anesthesia. Even under anesthesia, 
however, exposure-to-exposure variation was observed in 
both tidal volume (VT) and the respiratory rate (!J for each 
monkey, resulting in a respiratory pattern unique to each 
exposure. For example, monkey #1 displayed a pattern of 
slow, deep breathing during exposure to 45 ppm methanol, 
resulting in a low breathing frequency and a large tidal 
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Table 4. Methanol Exposure Concentrations, Respiratory Parameters, and Total Methanol Inhaled for Four Adult 
Female Cynomolgus Monkeys While Exposed to Methanol Under Normal or Folate-Deficienta Conditionsb 

Monkey Number 

Target Methanol 
Parameter Concentration (ppm) 1 2 3 5 

Mean methanol 10 10.2 11.4 12.8 7.42 
concentration (ppm) 45 41.3 39.8 45.7 44.3 

200 193 219 204 214 
900 913 918 925 914 

900-FD 835 903 914 908 

Mean frequency 10 36 50 32 37 
(f, breaths per minute) 45 10 31 31 24 

200 24 30 30 67 
900 39 32 28 34 

900-FD 48 27 35 43 

Mean tidal volume (Vr, mL) 10 13.9 15.0 22.8 17.1 
45 40.8 22.0 12.0 17.8 

200 21.1 25.2 21.2 5.43 
900 14.7 15.1 18.4 19.4 

900-FD 13.8 22.2 16.0 15.0 

Mean minute volume (mL!min) 10 500 750 730 633 
45 408 682 372 427 

200 506 756 636 364 
900 573 483 515 650 

900-FD 662 599 560 645 

Total volume of exposure 20 58.9 87.3 86.5 72.0 
atmosphere inhaled (L) 45 46.5 79.2 44.7 68.5 

200 59.7 90.8 73.3 42.6 
900 67.5 56.7 60.6 77.6 

900-FD 75.2 72.3 73.3 65.0 

Total methanol inhaled (!Jmol) 10 25.1 42.0 45.9 23.1 
45 82.7 133 83.5 92.9 

200 480 813 637 382 
900 2570 2178 2340 2961 

900-FD 2716 2658 2514 2876 

a Data from a single two-hour exposure to 900 ppm methanol under folate-deficient (FD) conditions. 

h Individual data for methanol concentration, respiratory rate, tidal volume, and minute volume are in Appendices A and B. The total volume of the exposure 
atmosphere inhaled was determined by integrating the minute ventilation versus time curve (Appendix B). Total methanol inhaled was calculated as follows: 
iJ.L methanol 752.8 mmHg 273'K mol L 106 ).!mol 

L 
(ppm) x H x 

296
,K x -

22 
L x -

6
- x --

1 
- x L inhaled= )J.IDOl of methanol inhaled. 

760 mm g .4 10 iJ.L mo 
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volume (Table 4). In contrast, monkey #5's breathing pat
tern during exposure to 200 ppm methanol was charac
terized by rapid, shallow breaths with a mean frequency of 
67 breaths/min and a mean tidal volume of 5.43 mL!breath. 
Both of these breathing patterns resulted in smaller minute 
volumes for these animals during these two exposures 
compared with other exposures ofthese monkeys. 

Tidal volume, respiratory rate, and minute ventilation 
measured during each of the individual exposures are 
reported in tabular form in Appendix B (available on 
request). The changing minute volume as a function oftime 
is displayed graphically in Appendix B for each monkey at 
each exposure. The average minute ventilation of the mon
keys ranged from 364 to 756 mL!min, and the total volume 
of exposure atmosphere inhaled by the monkeys during the 
2-hour exposure ranged from 42.6 to 90.8 L (Table 4). The 
total volume of methanol inhaled was determined by inte
grating the curve for minute ventilation as a function oftime 
into exposure. There were no significant differences in 
either tidal volume or respiratory rate in monkeys in the 
900 and 900-FD ppm exposures. 

FOLATE ANALYSIS, HEMATOLOGY, 
AND CLINICAL SIGNS 

Serum folate concentrations were reduced to below nor
mal levels within 6 weeks of initiation of the folate-defi
cient diet (Figure 4A). Final serum ( < 3 ng/mL) and RBC 
( < 120 ng/mL) folate levels developed within 6 to 9 weeks 
in all four monkeys maintained on the folate-reduced diet 
(Figure 4B). These folate levels were consistent with stage 
III or greater folate deficiency as defined for humans by 
Herbert (1990). Although the Herbert scale for folate defi
ciency was developed for humans, Blocker and Thenen 
(1987) found that the sequence of appearance of indicators 
of folic acid deficiency for female cynomolgus monkeys 
was consistent with the human sequence. 

Serum folate concentrations at the time of exposure to 
methanol were 2.4, 2.2, 1.4, and 0.5 ng/mL for monkeys 1, 
2, 3, and 5, respectively. Red blood cell folate levels are a 
good indicator of hepatic folate stores (Herbert 1990). At the 
time of methanol exposure, RBC folate concentrations were 
50, 107, 78, and 29 ng/mL for monkeys 1, 2, 3, and 5, 
respectively. The one control monkey (#4) maintained on a 
folate-sufficient diet did not develop serum or RBC folate 
deficiency (Figure 4). 

Although folate levels were reduced, the monkeys on the 
folate-deficient diet did not develop megaloblastic anemia. 
As noted previously, producing megaloblastic anemia was 
contrary to our study design, which was to model the 
significant human population with reduced folate stores 
but without clinical signs of anemia. Serum folate levels in 

our study were consistent with stage III folate deficiency in 
this human population. There were no significant changes 
in hematocrit, RBC count, MCV, or MCHC in folate-defi
cient monkeys, compared with their individual values be
fore dietary manipulation. Funduscopic examination ofthe 
monkeys' optic discs and retinas did not reveal any evi
dence of methanol-induced ocular toxicity. 

METHANOL KINETICS 

As expected, 14C-methanol blood concentration in
creased during exposure, reaching its peak at the end ofthe 
2-hour exposure in most cases. Blood concentrations of 
14C-methanol during and after each ofthe individual expo
sures are shown for each monkey in Figure 5, and the 
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Figure 4. Serum (panel A) and RBC (panel B) folate concentrations for 
individual animals given a folate-deficient purified die!. Control animal was 
a single monkey simultaneously maintained on a folate-sufficient diet. Taken 
from Dorman (1994) with permission. 
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tabular data are reported in Appendix C (available on re
quest). It should be emphasized that the HPLC!liquid scin
tillation spectroscopy analysis method employed in these 
studies was specifically designed to measure 14C-methanol. 
Our objective was to differentiate the exogenously admin
istered methanol (in the form of 14C-methanol vapors) from 
both endogenously produced methanol and methanol taken 
up by the monkeys from other sources such as diet. By 
tracking only 14C-methanol we could determine the metha
nol burden due to inhalation of methanol vapors. Unless 
otherwise noted, all discussion of methanol concentrations 
in this report refer to 14C-methanol derived from the inha-
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lation of methanol vapors radiolabeled with 14C. The blood 
14C-methanol concentration declined rapidly at comple
tion of the exposure, and was no longer detectable between 
8 and 10.5 hours after exposure. The end-of-exposure blood 
14C-methanol concentration was linearly related to the 
methanol dose with p values for the individual regressions 
ranging from 0.051 to 0.002 (Figure 6). The slopes, inter
cepts, and 95% intervals for those parameters are shown in 
Figure 7. Regression analysis suggested that the slopes and 
intercepts for the four monkeys were similar. The methanol 
dose was calculated as the product of the mean methanol 
exposure concentration (ppm) and the total volume (L) of 
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Figure 5. Blood 14C-melhanol concentration (11Ml in individual monkeys during and following a 2-hour inhalation exposure to 10, 45, 200, or 900 ppm 
methanol. Data from a 2-hour 900-ppm exposure under folate-deficient status (900-FD) have also been included. 
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Table 5. Pharmacokinetic Parameters Measured for Four Adult Female Cynomolgus Monkeys During and After 
Exposure to Methanol Under Normal or Folate-Deficienta Conditions 

Inhalation Exposure AUC Methanol Methanol kelb 
Concentration (ppm) (J.!M ~hour) (hour-1

) 

10 2.2 ± 0.8 1.22 ± 0.51 
45 7.5 ± 2.4 0.79 ± 0.25 
200 53.3 ± 32 1.11±0.69 
900 270 ± 191 0.73 ± 0.16 
900-FD 549 ± 158 0.53 ± 0.07 

"Data from a single two-hour exposure to 900 ppm methanol under folate-deficient conditions. 

Methanol h!zc 
(hour) 

0.56 (0.40-Q.98) 
0.88 (0.67-1.28) 
0.62 (0.39-1.65) 
0.95 (0.78-1.22) 
1.31 (1.16-1.51) 

AUC Formate 
(~tM hour) 

0.18 ± 0.08 
0.52 ± 0.24 

5.2 ± 6.6 
8.5 ± 6.1 

NDd 

b The elimination rate constant was estimated by fitting each animal's data to an open one-compartment. intravenous-infusion model. 

c Half-time for methanol elimination was calculated from 0.693/ kei· Values are means with 66o/o confidence intervals. 

d ND =not done. 

Table 6. Pathways for Elimination of Methanol-Derived Radioactivity for Four Adult Female Cynomolgus Monkeys 
During and After Exposure to Methanol Under Normal or Folate-Deficienta Conditions 

Monkey Number 

Target Methanol 
Pathway Concentration (ppm) 1 2 3 5 

Total 14C-methanol 10 15.4 12.0 16.4 11.5 
exhaled (J.!mol) 45 16.6 55.6 48.5 47.8 

200 202 246 438 342 
900 564 1030 676 1766 

900-FD 1894 853 1132 1466 

Total 14COz 10 8.9 7.2 6.4 4.1 
exhaled (J.!mol) 45 6.4 30.2 14.0 23.3 

200 70.4 143 255 14.8 
900 452 390 308 632 

900-FD 1493 251 261 668 

Total urinary 10 0.0092 0.0039 0.0029 0.001 
14C-methanol excreted 45 0.0328 0.005 0.0031 0.001 
(J.!mol) 200 0.0262 0.299 0.0252 0.125 

900 0.760 0.665 0.0425 0.154 
900-FD 0.187 0.281 0.271 0.281 

Total urinary 14C-formate 10 0.0099 0.0124 0.0204 0.0097 
excreted (JJ.mol) 45 0.0262 0.0081 0.0531 0.0309 

200 0.111 0.620 0.228 0.116 
900 0.842 2.314 1.131 0.318 

900-FD 1.454 1.976 1.069 1.147 

Total 14C-derived 10 24.3 19.2 22.8 5.6 
radioactivity eliminated b 45 23.1 85.8 62.6 71.1 
(J.!mol) 200 273 390 693 357 

900 1018 1423 985 2398 
900-FD 3389 1106 1394 2135 

a Data from a single two-hour exposure to 900 ppm methanol under folate-deficient (FD) conditions. 

b Determined from the sum of the micromoles of 14C-derived material eliminated in expired air as methanol and C02 or in urine as methanol and formate. 
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for each animal under the different exposure regimens with 
the 90% confidence interval for kel. The mean value for 
each animal under normal folate conditions is also shown 
with the 90% confidence interval for kel· A one-way analy
sis of variance determined that there was no difference in 
mean kel among the animals. Likewise there was no differ
ence in kel between normal and folate-deficient monkeys. 
Thus, folate deficiency did not appear to alter the rate of 
methanol elimination. The half-life (fl/2) for elimination of 
methanol calculated as 0.693/kel was unaffected by the 
methanol exposure concentration (Table 5). 

Exhalation was the primary route of 14C-methanol excre
tion (43.8% to 71.7% absorbed 14C-methanol) during the 
methanol exposure (Table 6). Rates of exhalation of 14C
methanol and 14COz after each individual exposure are 
reported in Appendix D (available on request). The total 
amounts of 14C-methanol and 14COz exhaled ().lmol) were 
linearly related to the methanol dose, 0.033 < p < 0.006 and 
0.083 < p < 0.003, respectively (Figures 7, 10, and 11). 
Regression analysis suggested that the slopes and intercepts 
for the four monkeys were similar. Metabolism of 14C
methanol to 14COz occurred both during (1.9% to 18.2% 
absorbed 14C-methanol) and after (4. 9% to 34.1% absorbed 
14C-methanol) exposure. Excretion of 14C-methanol by ex
halation decreased following the end of exposure (0% to 
12.2% absorbed 14C-methanol). 

Urinary excretion of methanol was minimal and ac
counted for less than 0.01% of absorbed dose (Table 6). No 
significant differences in total urinary 14C-methanol elimi
nation, 14C-methanol exhalation, or 14COz exhalation were 
found between the 900 and 900-FD ppm exposures. 

KINETICS OF METHANOL-DERIVED FORMATE 

The low blood 14C-formate concentrations that were ob
tained in this study were near the limit of our analytical 
sensitivity using HPLC and liquid scintillation spectros
copy (Figure 12). This important observation of very low 
14C-formate concentrations in blood after exposure to 
methanol vapors indicates that formate derived from inhal
ing methanol does not contribute substantially to endo
genous formate stores. Blood 14C-formate concentrations 
were not determined beyond 7 hours after exposure due to 
detection limits. Numerical values for blood concentrations 
of 14C-formate during and after each of the individual 
exposures are reported in Appendix E (available on re
quest). Average blood 14C-formate concentrations during 
exposure were approximately 10- to 40-fold lower than 
14C-methanol concentrations. Exposure of normal monkeys 
resulted in blood 14C-formate concentrations that generally 
increased during the 2-hour exposure and rapidly declined 
after cessation of methanol exposure (Figure 13). 

The peak blood 14C-formate concentration following a 
2-hour, 900-ppm methanol exposure was significantly 
higher in folate-deficient monkeys when compared with 
the same exposures conducted with monkeys that had 
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Figure 10. Relationship of total amount of exhaled 14C-methanol to methanol 
dose calculated as a product of the mean minute ventilation (mL!min) and 
the methanol exP.osure concentration (ppm). The range of the coefficient of 
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normal folate levels. These peak levels of 14C eluting with 
the same retention time as formate represented levels of 
formate that were, however, still at least an order of mag
nitude lower than endogenous levels of formate and several 
orders of magnitude lower than formate blood levels asso
ciated with toxicity. In addition, HPLC profiles of various 
14C-methanol-derived rr;etabolites in the blood of mon~zeys 
with reduced folate levels were at times very different from 
HPLC profiles of metabolites in the blood of monkeys with 
normal folate levels (Figure 12). This difference was espe
cially apparent for blood samples taken at later times during 
the experiments. For example, the HPLC chromatograms in 
Figure 12 for blood samples taken from normal and folate
deficient monkeys at 2 hours after the start of the methanol 
exposure are very similar (top panels). The methanol and 
formate peaks are distinct and well resolved. In contrast, 
HPLC profiles of blood samples taken 7.5 hours after the 
start of the methanol exposure are very different for the 
normal monkey compared with the folate-deficient mon
keys (bottom panels). In particular, the HPLC chromato
grams for blood from folate-deficient monkeys contained 
large peaks of radioactivity that eluted earlier than those 
coeluting with methanol and formate standards. These 
earlier peaks contributed to a higher baseline in the chro
matograms of blood from monkeys with reduced folate 
levels, resulting in an inability to resolve the formate peak 
\>vith sufficient accuracy. This difficulty can be seen most 
readily by comparing the chromatogram for a 2-hour sam-
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Figu~e 12. Representative HPLC chromatograms of heparinized blood sam
ples collected from an individual monkey 2 hours or 7.5 hours after the start 
of a 2-hour inhalation exposure to 900 ppm methanol. Blood samples were 
taken under normal or folate-deficient conditions. With the chromatographic 
system used, 14C-formate and 14C-methanol had 10-minute and 12- to 13-min
ute retention times, respectively. The formate and methanol peaks are 
indicated by shaded and hatched areas, respectively. The limit of detection 
for h'1ese analyses was considered to be a 1.5-fold increase above Lhe baseline 
radioacti 1Iity immediately preceding the peak of interest. 
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ple with that for a 7.5-hour sample from a folate-deficient 
monkey (right side, Figure 12). Although it is readily pos
sible to detect a peak due to 14C-formate for the 2-hour 
sample (top right panel, shaded area), the chromatogram for 
the 7.5-hour sample has no peak in this area (bottom 
panel, shaded area). In contrast, the peak coeluting vvith 
14C-formate was well resolved in blood taken from the 
normal monkey at both 2 and 7.5 hours after the start of the 
exposure (Figure 12, left panels), and thus quantifying 
formate at all time points was possible. In any event, even 
though formate could not be precisely quantified in sam
ples from folate-deficient monkeys, the low counts associ
ated with the area of the chromatogram in which the 
formate peak was located suggests that the 14C-formate 
concentrations had to be low. 

The biochemical mechanism underlying the change in 
the pattern of metabolites observed after administration of 
methanol to normal and folate-deficient monkeys is not 
known. The presence of numerous peaks representing dif
ferent methanol metabolites in the HPLC chromatograms is 
not surprising given that formate enters the one-carbon 
pool. Thus, 14C-formate-derived radioactivity can be incor
porated into numerous metabolites in various metabolic 
pathways. Many of these metabolites can enter the blood. 
It is reasonable to expect that folate deficiency would alter 
intermediary metabolism of formate and formate metabo
lites resulting in a different HPLC profile in blood from 
normal monkeys compared with that from folate-deficient 
monkeys. 

Some 14C-formate was eliminated in urine. However, 
urine was not a major route for removal of 14C-methanol
derived formate (Figure 14). Urinary elimination is not 
considered an important route of elimination of formate in 
general (Karet and Nauss 1990). 

DISCUSSION AND CONCLUSIONS 

METHANOL EXPOSURE DURING NORMAL FUEL USE 

The U.S. Environmental Protection Agency (EPA) has 
modeled methanol exposure levels that might occur under 
specific conditions of use (Kavet and Nauss 1990). For 
example, if 100% of all automobiles were powered by 
methanol-based fuels, models predict a range of methanol 
concentrations in street canyons, expressways, railroad 
tunnels, or parking garages from a low of 1 mg/m3 (0.77 
ppm) to a high of 60 mg/m3

. Methanol concentrations in a 
personal garage during engine idle or hot-soak conditions 
are predicted to range from 2.9 mg/m3 to 50 mg/m3

. Those 
predicted during refueling of vehicles range from 30 to 
50 mg/m3

. For reference purposes, the TLV of the American 
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Conference of Governmental Industrial Hygienists (ACGIH) for 
exposure to methanol over an 8-hour workday is 260 mg/m3 

(200 ppm). This value is for worker populations and not the 
general public. 

The data presented in this study suggest that short-term 
inhalation of low levels (i.e., at or near the current TLV) of 
methanol will not result in elevation of blood formate 
concentrations above those present endogenously. The con
centrations of methanol used in this study bracket estimates 
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of likely exposure scenarios to methanol vapors to 
its use as an automotive fuel (Health Effects Institute 1987). 
The highest methanol concentration (900 and expo-
sure duration (2 hours) used in this study exceed conditions 
that are anticipated to occur under methanol automotive 
fuel use. For example, the estimated upper hurnan exposure 
limit occurs with hot-soak conditions (evaporative emis
sions from a malfunctioning vehicle turned off within a 
poorly ventilated, closed garage). Under this scenario, am-
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Figure 13. Blood 14C-formate concentration (fiM) for individual animals during and following a 2-hmn inhalation exposure lo 10, 45, 200, or 900 ppm 
methanol. Data from a 2-hour 900 ppm exposure under folate-deficient status (900-FD) have also been included. Some data have been truncated beyond 3 
hours because the higher baseline in the HPLC chromatograms at these later times resulted in an inability to resolve the formate peak with sufficient accuracy. 
Endogenous blood formate concentrations are reported to be between 100 and 200 flM (McMartin and coworkers 1979; Horton and coworkers 1992). Taken 
from Dorman and coworkers 1994 with permission. 
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bient air methanol concentrations may reach 240 mg/m3 

(185 ppm); but only short-term human exposures (< 15 
minutes) will occur under these conditions. Similarly, a 
typical open-air automobile refueling with methanol will 
result in an approximately 3- to 4-minute exposure to 33 to 
50 mg/m3 (25 to 38 ppm) of methanol (Harvey et al. 1984). 

Other individuals who could be exposed to methanol 
vapors include tunnel workers, garage mechanics, and un
derground parking lot attendants. The exposure duration 
for these workers could be significantly longer than 2 hours, 
potentially approaching the 8-hour working day. Results of 
methanol-derived formate concentrations reported here 
could be extrapolated to this longer exposure duration. For 
example, the highest concentration used in the present 
study, 900 ppm, and the exposure duration, 2 hours, gives 
a concentration-time product of 1800 ppm-hours. Because 
the 8-hour TLV for the workplace is 200 ppm, the maximum 
concentration-time product that a worker could be exposed 
to is 1600 ppm-hours, a value approximately equal to the 
highest concentration-time product used in the present 
study. This calculation has an additional element of con
servatism in that the methanol dose rate to the worker is 
four-fold slower than the dose rate used in our studies, since 
the total human dose is delivered over an 8-hour rather than 
a 2-hour period. This slower dose rate gives more time for 
detoxification of any formate that is produced. Thus, even 
for workers in garages and tunnels, methanol-derived for
mate will constitute a small fraction of the total formate 
pool. 
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Figure 1'1. Cumulative mean (± SEM) urine formate concentration (nmol) 
following a 2-hour inhalation exposure to 10, 45, 200, or 900 ppm methanol. 
Data from a 2-hour 900 ppm exposure under folate-deficient status (900-FD) 
have also been included (n = 4 monkeys per dose). 
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METHANOL UPTAKE, DISTRIBUTION, 
AND ELIMINATION 

Methanol is an endogenous chemical with body bmdens 
arising from dietary somces and metabolic processes. Metha
nol is available in the ingestion of dietary fruits, fruit juices, 
alcoholic beverages, and certain vegetables, as well as from 
the gastrointestinal hydrolysis of the artificial sweetener 
aspartame. Metabolic sources for methanol production 
arise from the action of the methyltransferase enzyme sys
tem (Stegink et al. 1983). 

Exposure of primates to 14C-methanol vapors resulted in 
only a small contribution to the reported endogenous blood 
methanol level. For example, the mean blood 14C-methanol 
concentrations (± SD) at the end of the 2-hour methanol 
exposure of 10, 45, 200, or 900 ppm were 0.65 ± 0.3, 3.0 ± 
0.8, 21 ± 16, and 106 ± 84 ~M. respectively. Blood methanol 
concentrations obtained in our studies are equivalent to or 
below the endogenous blood methanol concentrations re
ported for healthy adult male humans (10 to 110 ~M; 
Sedivec et al. 1981; Lee et al. 1992). Similar background 
levels have also been observed in monkeys (Horton et al. 
1992). Blood methanol concentrations determined at the 
end of our 200-ppm exposure also compare favorably with 
those reported by Horton and coworkers (1992), who used 
rhesus monkeys. In their study, a threefold longer inhala
tion exposure (6 hours) to 50 ppm methanol did not result 
in any increase in blood methanol above background levels. 
Similarly, a blood methanol concentration of 121 ~M was 
observed at the end of a 6-hour inhalation exposure to 200 
ppm methanol (Horton et al. 1992). Likewise, exposure of 
humans to 190 ppm for 75 minutes (Cook et al. 1991) or to 
200 ppm methanol for 6 hours (Lee et al. 1992) resulted in 
an average blood methanol concentration at the end of 
exposure of 58 ~M and 220 ~M, respectively. These results 
suggest that exposure of healthy humans to methanol at 200 
ppm for 8 hours (the current permissible exposure limit set 
by the Occupational Safety and Health Administration) 
should not result in a toxicologically significant increase in 
the total blood methanol concentration. 

Not unexpectedly, exhalation was the primary route of 
methanol excretion during exposure (44% to 72% absorbed 
methanol) and in the time immediately thereafter. The total 
amount of methanol exhaled was directly proportional to 
the methanol dose. As with other studies (Dutkiewicz et al. 
1980; Kawai et al. 1991; Horton et al. 1992), urinary excre
tion of methanol was minimal and accounted for less than 
0.01% of the absorbed dose. The elimination half-life of 
methanol observed in our study ( < 1 hour) is also similar to 
that reported for humans (1 to 3 hours) exposed by inhala
tion to 78 to 230 ppm for 8 hours (Sedivec et al. 1981). In 
our study, the half-life of methanol elimination was unaf-
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fected by the methanol dose. In addition, the blood metha
nol AUC was linearly related to the methanol dose, indicat
ing that methanol metabolism and pharmacokinetics were 
independent of dose under the exposure conditions used in 
these studies. These results suggest that the pharmacokinet
ics of methanol is first-order at the very low levels of 
methanol exposure used in our studies. The methanol doses 
resulting from the lowest levels of exposure in our studies 
(10 and 45 ppm, 2 hours) are less than that arising from the 
ingestion of a single 355-mL diet beverage containing the 
artificial sweetener aspartame (Kavet and Nauss 1990). In 
comparison, Horton and coworkers (1992) observed non
linear kinetics in rhesus monkeys that inhaled methanol 
vapors at 200, 1200, or 2000 ppm for a 6-hour exposure. 
Horton and coworkers observed a linear relationship be
tween end-of-exposure blood concentrations and inhaled 
methanol vapor concentrations at 1200 and 2000 ppm, but 
the 200-ppm exposure concentration resulted in blood 
methanol levels less than those proportional to the two 
higher doses. This nonlinearity suggested to these investi
gators that methanol elimination proceeds by a saturable 
pathway and that monkeys demonstrate dose-dependent 
kinetics between 200 and 2000 ppm. Whether longer expo
sures to the lower levels of methanol used in our study 
would also have resulted in nonlinear methanol kinetics is 
unknown. 

DIETARY, ENDOGENOUS, AND METHANOL-DERIVED 
FORMATE 

Along with methanol, formate is also present in blood at 
low endogenous concentrations. Formate is naturally found 
in some foods (including honey, fruit syrups, and roasted 
coffee) and also has been used as a food preservative (Health 
Effects Institute 1987). Formate is also produced as a by
product of several metabolic pathways, including histidine 
and tryptophan degradation (Health Effects Institute 1987). 
Formate's toxicologic significance, however, is related to 
its role as the toxic metabolite of methanol. Increased blood 
and tissue formate concentrations following high-dose 
methanol administration can account for the development 
of both metabolic acidosis and blindness in humans and 
nonhuman primates (McMartin et al. 1977, 1980; Roe 1982). 
Blood formate levels in excess of 10 mM are reported to 
occur in humans with neuro-ocular toxicosis following the 
ingestion of methanol (McMartin et al. 1980; Sejersted et al. 
1983). Similarly, nonhuman primates given intravenous 
formate (approximately 3.1 mEq/kg/hr) for up to 50 hours 
developed maximal blood formate concentrations of 12 to 
34 mM (Martin-Amat et al. 1978) with comparable cerebro
spinal fluid formate concentrations (Martin-Amat et al. 
1977). These monkeys subsequently developed metabolic 

acidosis and optic nerve edema, characteristics of methanol 
poisoning. Permanent visual damage in methanol- and for
mate-poisoned monkeys (Hayreh et al. 1977) and in metha
nol-poisoned humans (Jacobsen and McMartin 1986) is 
reportedly associated with prolonged elevations (often 
greater than 24 hours) in blood formate concentration (> 7 to 
10mM). 

After inhalation of lower methanol concentrations, how
ever, it appears unlikely that formate will accumulate to 
these toxicologically significant levels. Numerous studies 
support this conclusion. Exposure of nonhuman primates 
to 200 to 2000 ppm methanol for 6 hours likewise did not 
result in any increase in blood formate concentrations 
above endogenous levels (Horton et al. 1992). Studies con
ducted with the artificial sweetener aspartame, which is 
hydrolyzed to methanol in the gastrointestinal tract, further 
support these findings (Stegink et al. 1983, 1989). Our study 
has extended these previous findings by clearly identifying 
the direct contribution of 14C-methanol-derived 14C-for
mate to the endogenous blood formate pool following low
dose exposure to methanol. In our study, no significant 
accumulation of 14C-methanol-derived formate occurred in 
any of the 14C-methanol-exposed monkeys. Exposure of 
normal monkeys to 900 ppm for 2 hours resulted in a peak 
blood 14C-formate concentration of only 2.81 ± 1. 7 11M. This 
peak formate level represents only a small fraction of the 
endogenous formate blood concentration. For example, 
Buttery and Chamberlain (1988) reported plasma formate 
values ranging from 0.12 to 0.28 mM for 30 normal human 
subjects. Similar endogenous blood formate concentrations 
(0.1 to 0.2 mM) have also been reported for monkeys 
(McMartin et al. 1979; Horton et al. 1992), including our 
own (0.28 to 0.56 mM). 

The studies described in this report were conducted 
using nonhuman primates, an acceptable experimental sur
rogate for humans. The question that always arises when 
using animal models is, can the results obtained in animals 
be extrapolated to humans? Recent experimental studies in 
humans are consistent with experiments in monkeys. Ele
vation of blood formate levels following 75-minute to 6-
hour inhalation exposure to methanol at the TL V (200 ppm) 
did not occur in normal male human volunteers (Sedevic 
et al. 1981; Cook et al. 1991; Lee et al. 1992). For example, 
Lee and coworkers (1992) exposed healthy volunteers to 
methanol concentrations of 200 ppm for 6 hours. The sub
jects were either at rest or engaged in mild exercise. These 
investigators were able to observe a 3.5- to 4-fold increase 
in the peak methanol concentration in blood of the exposed 
volunteers compared to their preexposure levels, indicating 
that they had absorbed some of the methanol vapor. How
ever, the investigators detected no change in the blood 
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formate concentration compared with the preexposure 
value. Similar results were observed when humans rested 
or exercised while exposed to methanol. Most 
d' Alessandro and coworkers ( 1994) measured fonnate lev
els in urine and serum after controlled methanol exposures 
of volunteers at the TLV (200 ppm). These investi-
gators could not detect any increase in formate in urine or 
serum due to methanol exposure compared to the control 
values. Taken together, results of studies in humans or 
monkeys exposed to concentrations of methanol ranging 
from 10 to 2000 ppm suggest that exposure to methanol 
vapors during the normal use of methanol fuel will not pose 
an unacceptable rise in formate levels in healthy adults. 

THE FOLATE PATHI!VAY AND SENSITIVE 
POPULATIONS 

ll'1 both rats and monkeys, the major route of formate oxida
tion is through a folate-dependent pathway (McMartin et al. 

1977). Formate oxidation by this pathway is dependent 
upon the activities of formyl THF synthetase and formalde
hyde THF dehydrogenase and its co substrate THF (Black et 
al. 1985). Treatments that alter the level of hepatic THF 
(e.g., dietary manipulation, nitrous oxide, or methotrexate) 
can modify methanol toxicity in monkeys and rats (Makar 
and Tephly 1976; McMartin et al. 1977, 1979; Noker and 
Tephly 1980; Eells et al. 1983). The degree of folate defi
ciency achieved in our study has been associated with 
increased formate accumulation and enhanced acute 
methanol neuro-ocular toxicity (McMartin et al. 1977). De

crease in the folate metabolic pool prolongs formate blood 
levels by decreasing the rate at which formate combines 
with THF, the first step in the metabolism of formate to COz 
(McMartin et al. 1977). Our studies with moderately folate
deficient monkeys were conducted in order to determine 
whether metabolism of low doses of methanol-derived for
mate could be altered in a potentially sensitive folate-defi
cient subpopulation. The serum and RBC folate levels 
observed in our monkeys are consistent with a degree of 
folate deficiency associated with damaged folate-depend

ent metabolism (stage III offolate deficiency, Herbert scale, 
Herbert 1990). The sequence of biochemical changes that 
occurred in a normal human adult male continuously con
surning a nearly folate-free diet has been described by 
Herbert (1962). Changes that occur in a folate-deficient 
human include reduced serum folate (3 weeks after start of 

the folate-reduced diet), markedly elevated serum urinary 
forminoglutamic acid (FIGLU) at 18 weeks, and severely 
reduced RBC folate at 18 weeks. Male cynomologus mon
keys fed a similar diet demonstrated comparable reductions 
in folate at 5 weeks, elevated FIGLU at 12 weeks, 

and decreased RBC folate at 13 weeks (Blocker and Thenen 
1987). Based on their work, the Herbert scale is appropriate 
for the cynomolgus monkey. This monkey is a particularly 
relevant animal model for human folic acid deficiency. 
When folate-deficient, these nonhuman primates show 
temporal development of the biochemical, hematological, 
and cytological changes characteristic of human mega
loblastic anemia quite similarly to folate-deficient humans. 

Folic acid deficiency is a common finding in subjects 
with chronic alcoholism, pregnant women, and patients 
with chronic debilitation (Herbert 1990). The average(± SD) 
peak blood 14C-methanol-derived formate concentrations 
were significantly higher in folate-deficient monkeys (9.54 

± 4.65 11M) when compared with those obtained under 
folate-normal conditions (2.81 ± 1.7 ~tM). However, these 
blood 14C-formate concentrations were considerably lower 
than endogenous blood formate levels (100 to 200 !lM) 
observed in normal monkeys (Horton et al. 1992). Further, 
no significant differences in total urinary 14C-methanol 
elimination, 14C-methanol exhalation, or total metabolism 
of 14C-methanol to 14COz were observed between the 900 

ppm exposures under either folate-deficient or normal con
ditions. These observations suggest that moderate folate 
deficiency should not result in significant formate accumu
lation following a single low-dose exposure to methanol. 

DEVELOPMENTAL NEUROTOXICITY 

The potential for exposure to methanol vapors generated 
during normal fuel use raises toxicological issues beyond 
those related to the occular toxicity and metabolic acidosis 
following acute methanol exposure. For example, terato
genicity studies conducted in rodents (Bolon et al. 1993, 

1994; Rogers et al. 1993) have demonstrated that inhalation 
of methanol on the appropriate gestation day impairs neural 
tube closure. The concentrations of methanol used in the 
teratogenicity studies greatly exceed estimates of likely 
exposure scenarios to methanol vapors related to its use as 
an automotive fu.el. Extrapolation to humans is further 
confounded by the dramatic differences in the way rodents 

and primates metabolize methanol and formate. Is the bio
chemical basis for the observed teratogenic effects in ro

dents relevant for humans? The answer to this question 
depends upon whether formate or methanol is involved in 
the teratogenic response. 

Formate seems to play no apparent role in the develop
ment of methanol-induced exencephaly in mice (Dorman 
et al. 1995). Studies reported by Dorman and coworkers 
(1995) provide strong evidence that methanol, and not 
formate, is the proximate developmental toxicant and tera
togen in pregnant CD-1 mice exposed to high concentra-
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tions of methanol vapor. Mouse embryos display failure of 
the anterior neuropore to close (exencephaly) when dams 
inhale methanol concentrations of at least 10,000 ppm on 
gestation day 8 (copulation plug= gestation day O). Phar
macokinetic analyses in pregnant mice suggest that 
exencephaly is directly related to the high concentrations 
ofthe parent compound, methanol, in maternal blood and 
embryos rather than the accumulation offormate. Addition
ally, mice given a large single oral dose of sodium formate (750 
mg/kg) on gestation day 8 did not develop exencephaly. In 
these animals, peak formate concentrations were also meas
ured in the maternal plasma and the decidual complex (a 
group oftissues within the uterus, composed ofthe embryo 
and placental and embryonic fluids surrounded by the 
decidual membrane). Peak formate concentrations in 
plasma and decidual tissue of mice injected with sodium 
formate were similar to formate concentrations found in the 
same tissues of mice exposed to 15,000 ppm methanol. 
While the formate injections did not result in exencephaly, 
the 15,000-ppm methanol exposure did result in an in
creased incidence of exencephaly. Inhalation exposure to 
15,000 ppm methanol over 6 hours also resulted in high 
concentrations of methanol (223 ± 23 mM) in maternal 
plasma of mice, suggesting that methanol itself may be the 
ultimate teratogen. 

Finally, the relationship between folate status and devel
opmental neurotoxicity is well recognized. Sakanashi and 
coworkers (1994) reported an increase in methanol-in
duced exencephaly and other terata in CD-1 mice placed on 
a folate-deficient diet and also reported that folate supple
mentation ameliorated those adverse developmental ef
fects. Research on this important but unresolved aspect of 
methanol toxicity should help answer questions about the 
risk of exposure of the developing human fetus to low concen
trations of methanol if it is used as an alternative fuel. 

IMPLICATIONS OF FINDINGS 

The objective of Specific Aim 1 of our study was to 
determine the contribution of methanol-derived formate 
(
14C-labeled formate in these studies) to the total formate 

body pool. The results of these experiments indicated that 
a 2-hour exposure to methanol concentrations up to 900 
ppm produced a maximum, methanol-derived formate 
level that was only a fraction of the endogenous formate 
level and several orders of magnitude lower than levels of 
formate known to be toxic. These studies suggest that the 
maximum blood concentration of formate resulting from 
exposure to low concentrations of methanol, such as those 
that might be the result of methanol being used as an 
alternative fuel is insignificant compared with the endo-

genous formate levels. Our studies are consistent with 
results from recent studies conducted in humans in which 
increases in formate in urine or serum due to methanol 
exposure at the TL V could not be detected. Taken together, 
results of studies in people or monkeys suggest that brief 
exposure to methanol vapors during norm.al use of metha
nol fuel will not pose an rislc to healthy adults. 

A significant fraction of the human population may be 
folate-deficient, and folate is pivotal in detoxifying formate, 
the toxic metabolite of methanol. Therefore, are folate-de
ficient individuals exposed to methanol at special risk? Our 
results in Specific Aim 2 indicate that even with a reduced
folate status, monkeys exposed to 900 ppm methanol for 2 
hours still had peak concentrations of methanol-derived 
formate that were well below the endogenous levels of 
formate and orders of magnitude lower than levels that 
produce acute methanol toxicity. Although these results 
only represent a single exposure and therefore preclude 
broad generalizations, they do suggest that even the folate
deficient body contains sufficient folate stores to effectively 
detoxify small doses of methanol-derived formate from 
exogenous sources, such as those that might occur during 
average use of automotive fuel. 

In summary, qualitative similarities in methanol metabo
lism between monkeys and humans (Roe 1982) suggest that 
the findings reported here for monkeys could be extrapo
lated to low-dose inhalation of methanol vapors by humans. 
Our data suggest that acute inhalation of methanol at con
centrations relevant to human occupational and environ
mental exposures by healthy or moderately folate-deficient 
humans would not result in formate accumulation above 
endogenous levels. Whether methanol or formate may ac
cumulate in target tissue (e.g., retina, optic nerve, or brain) 
or in blood following more prolonged methanol exposure 
is unknown, and these issues warrant further study. 
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INTRODUCTION 

In an effort to improve air quality and decrease depend
ence on petroleum, the U.S. government has encouraged the 
development of alternative fuels such as methanol by pass
ing the Alternative Motor Fuels Act of 1988, the Clean Air 
Act Amendments of 1990, and the Energy Policy Act of 
1992. As a result of these incentives, the petroleum industry 
has developed high-octane methanol fuels. Originally, pro
ponents of methanol fuels envisioned their use as neat (or 
straight) methanol fuel. However, for technological, envi
ronmental, and safety reasons, most of today's methanol 
fuels are mixtures of 15% gasoline with 85% methanol, a 
blend known as M85. Methanol is also one of the fuel 
sources used to power fuel cells, an innovative electro
chemical device that converts fuel combustion energy into 
electricity. 

Although substituting methanol for petroleum-based fu
els is predicted to lower the emissions of hydrocarbons 
(ozone precursors) and carbon monoxide from motor vehi
cles, expanding methanol use also will increase emissions 
of formaldehyde and methanol vapors. Because of the 
known toxicity of ingested methanol, concerns have arisen 
about the possible health effects of prolonged exposure to 
low concentrations of methanol vapors, especially for po
tentially susceptible populations. Such populations in
clude the developing fetus and individuals who have low 
levels of tetrahydrofolate, a derivative of the vitamin folic 
acid and a necessary cofactor in the metabolic reactions that 
detoxify methanol. Because of concerns about its potential 
toxicity, the Clean Air Act Amendments of 1990, which 
established new procedures for regulating hazardous air 
pollutants, listed methanol as one of the 189 air pollutants 
that are assumed to be hazardous and that must be regulated 
by the U.S. Environmental Protection Agency (EPA)*. 

In the late 1980s, the Health Effects Institute evaluated 
the potential health effects for the general public who might 
be exposed to methanol vapors as a result of introducing 
methanol-powered vehicles into the motor vehicle fleet 
(Health Effects Institute 1987). On the basis of available 
evidence, the HEI Special Report concluded that inhaling 
methanol vapors (at the exposure levels predicted to occur) 
would be unlikely to cause adverse health effects in healthy 

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

This document has not been reviewed by public or private party institutions, 
including those that support the Health Effects Institute; therefore, it may not 
reflect the views of these parties, and no endorsements by them should be 
inferred. 

Health Effects Institute Research Report Number 77 © 1997 

individuals. The report also identified a number ofresearch 
questions that needed to be addressed in order to reduce 
the uncertainties about the potential health effects associ
ated with using methanol fuels. Following that assessment, 
the HEI Research Committee issued RFA 89-1, "Health 
Effects of Methanol Exposure: Metabolism and Pharmacok
inetics, Fetal and Perinatal Neurotoxicity, Reproductive 
Toxicity." The RFA requested proposals on the metabolism 
of methanol following low-level exposures, especially in 
potentially susceptible populations, and its effects on 
neurologic and reproductive functions. 

In response to RFA 89-1, Dr. Michele Medinsky and 
colleagues of the Chemical Industry Institute of Toxicology 
submitted an application entitled "Pharmacokinetics of 
Methanol and Formate in Female Cynomolgus Monkeys 
Exposed to Methanol Vapors."t In addition to studying the 
metabolism of methanol at environmentally relevant con
centrations in a species closely related to humans, the 
investigators also proposed to evaluate the effects of folate 
deficiency on the accumulation offormate, a toxic metabo
lite of methanol. This study was part of a larger program of 
research that included studies on the uptake and disposi
tion of methanol and its effects on fetal development in 
rodents and primates (Pollack and Brouwer 1996; Weiss et 
al. 1996; Burbacher et al. 1997). 

METHANOL TOXICITY AND FOLATE
DEPENDENT DETOXIFICATION 

The adverse effects of acute methanol poisoning usually 
result from either accidental or intentional ingestion (Hunter 
1975; Hayreh et al. 1980; LeWitt and Martin 1988). In those 
individuals who do not die from such exposures, the most 
severe effects are metabolic acidosis, blindness due to optic 
nerve damage (Hayreh et al. 1980), and motor dysfunction 
that results from basal ganglia damage (LeWitt and Martin 
1988). The biochemical mechanisms responsible for metha
nol toxicity following short-term exposures by either inha
lation or ingestion are well understood. In all mammalian 
species, the metabolic sequence leading from methanol 

t The HE! Health Research Committee funded this two-year project, which 
began in January 1991 and had total expenditures of $432,300. The inves
tigators submitted their draft final report in August 1995, and the HE! Health 
Review Committee accepted a revised report in April 1996. During the 
review process, the Review Committee and the investigators had an oppor
tunity to exchange comments and to clarify issues in the Investigators' 
Report and in the Review Committee's Commentary. This Commentary is 
intended to aid the sponsors of HE! and the public by highlighting both the 
strengths and limitations of the study and by placing the investigators' 
findings into scientific perspective. 
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through intermediate metabolites to the end products is the 
same. Methanol is first converted to formaldehyde, which 
has a very short half-life, and then to formic acid, which 
under normal physiological conditions is converted to for
mate and a hydrogen ion (reviewed by Tephly and 
McMartin 1984; Health Effects Institute 1987; Kavet and 
Nauss 1990; Tephly 1991): 

1 2 3 

Met.c':lanol--'? Formaldehyde--'> Formate--'>--'> Carbon Dioxide+ HzO 

(+H+) 

In small quantities, formate is a normal physiological 
product that participates in a variety of one-carbon reac
tions. However, excess formate and its associated hydrogen 
ion are toxic and are generally considered to be responsible 
for the clinical signs observed in cases of acute methanol 
poisoning in humans and primates. 

The toxicity of methanol and the basis of species suscep
tibility derive from the relative rates with which formate is 
generated (steps 1 and 2) and oxidized (step 3) carbon 
dioxide and water. In short, when formate is generated 
faster than it can be metabolized, excess formate sets off the 
toxic syndrome. The efficiency with which formate is oxi
dized depends on the metabolic rates of the folate-depend
ent enzymatic reactions that participate in step 3 and the 
availability of tetrahydrofolate, a reduced form of the vita
min folic acid. Rodents have relatively high levels of liver 
tetrahydrofolate, dispose of formate efficiently, and thus, 
escape toxicity. Therefore, normal rodents are generally 
considered not to be good models for studying acute metha
nol toxicity. However, humans and nonhuman primates 
have lower levels of liver tetrahydrofolate and metabolize 
formate more slowly. As a result, formate can accumulate 
and these species are at risk of methanol poisoning. 

Most analysts predict that the levels of human exposure 
resulting from inhaling methanol vapors from motor vehi
cles would be orders of magnitude lower than those associ
ated with acute methanol poisoning by ingestion. For 
examule, on the basis of limited emissions data, the pro
jected exposure concentrations for methanol vapors from 
evaporative and exhaust motor vehicle emissions are esti
mated to be 1 to 10 parts per million (ppm) in typical traffic 
situations, and as high as 200 ppm in a worst-case scenario 
S'~ch as evaporative emissions from a malfunctioning vehi
cle in fu"1 enclosed garage (Health Effects Institute 1987; 

Kavet and Nauss 1990). On the basis of what is known about 
the rate at which methanol is metabolized to carbon dioxide 
and water, formate should not accumulate in the blood of 
normal individuals, even at the highest estimated levels of 
exposure from auto emissions. 
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Although these projections suggest little risk of 
for healthy humans who inhale methanol vapors from mo
tor vehicles, concern is still warranted about 
susceptible populations such as the developing fetLlS or 
individuals with folate deficiency. Folate is a vitamin that 
is essential for the one-carbon transfer reactions that syn
thesize amino acids and nucleotides; therefore it is needed 
for DNA, Rl'\TA, and protein synthesis. Populations at risk 
of folate deficiency are pregnant and lactating women and 
patients with chronic alcoholism. The suggestion that fo
late status is an important factor in determining the toxic 
response to ingested or inhaled methanol is supported by 
studies that show that reducing the liver stores of folate 
makes monkeys and rats more susceptible to the classic 
toxic syndrome that follows ingestion of high concentra
tions of methanol (Makar and Tephly 1976; McMartin et al. 
1977; Eels et al. 1983; Lee et al. 1994). It is also well 
documented that inadequate folate intake is associated 
with an increased risk of neural tube defects (Scott et al. 
1995) and that poor folate status may also be a risk factor 
for coronary disease (Stampfer et al. 1992). 

Some animal studies suggest that at high concentrations, 
methanol itself may be a reproductive toxin. Exposing 
rodents to extremely high concentrations of methanol va
pors (5 ,000 to 20,000 ppm) produces disturbances in fetal 
development, including exencephaly, neural tube defects, 
skeletal and limb abnormalities, and cleft palate (Nelson et 
al. 1985; Bolon et al. 1993, 1994; Rogers et al. 1993). These 
methanol-induced effects are dependent upon the species 
being studied and the stage of fetal development when 
exposure occurs. According to Dorman and coworkers 
(1995), some of these teratogenic effects of methanol re
ported in rodents may be related to high concentrations of 
the parent compound, methanol, rather than to the accumu
lation offormate. In their study, CD-1 mouse fetuses devel
oped exencephaly after pregnant dams inhaled 15,000 ppm 
methanol on the eighth day of gestation; but exencephaly 
did not develop in pregnant dams given sodium formate 
orally at levels similar to those observed after the maternal 
inhalation of 15,000 ppm methanol. Although these data 
suggest that formate was not the primary teratogen, they do 
not distinguish among a direct effect of methanol, a metha
nol metabolite, or methanol and its metabolites. This unre
solved feature of methanol toxicity is an important 
consideration for evaluating the risks associated with acute 
exposures to methanol. 

In contrast, visual system toxicity in animals intoxicated 
with methanol, whether produced by short-term, long
term, or prolonged methanol poisoning, seems to share the 
common mechanism, described earlier, based on formate 
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production and lack of adequate formate metabolism (Eells 
et al. 1996). Consistent with this conclusion are the results 
of clinical cases and the limited number of epidemiologic 
studies of visual system toxicity induced by exposure to 
methanol. Further studies are warranted to provide addi
tional information on the possible differences between tera
togenic and visual system toxicity from methanol exposure. 

As part of its methanol research program, the HEI Health 
Research Committee thought it important to study the me
tabolism of methanol following low-level exposures in non
human primates, which, like humans, are sensitive to the 
effects of ingested methanol, and to evaluate the effects of 
folate deficiency on the production of formate. 

OBJECTIVES AND STUDY DESIGN 

The primary objective of Dr. Medinsky's study was to 
determine the kinetics of uptake and clearance of methanol 
in monkeys exposed for two hours to methanol vapors at 
concentrations of 10, 45, 200, and 900 ppm. In order to 
investigate the detoxification of methanol-derived formate 
by sensitive subpopulations, the researchers also deter
mined the kinetics of uptake and clearance of methanol in 
the same monkeys after they had been made folate-deficient 
and then exposed to methanol vapors for two hours at a 
concentration of 900 ppm. 

Previous studies on humans and monkeys exposed to 
methanol have indicated that, unless ingested or inhaled 
methanol is labeled in some distinct way, it is difficult to 
distinguish the incremental increase in blood formate pro
duced by low-level methanol exposures from endogenous 
or background levels. Therefore, to increase the analytical 
sensitivity of their measurements, the investigators used 14C
methanol. They measured concentrations of 14C-methanol 
and 14COz in exhaled air and concentrations of 14C-methanol 
and 14C-formate in blood and urine both during and after 
the exposures. 

In order to administer more precise doses of methanol 
and to decrease the potential for contaminating skin and 
leaking radioactivity into the environment, the investiga
tors exposed the animals to methanol vapors by endotra
cheal intubation under general anesthesia. The exposure 
system consisted of an endotracheal tube and a nonre
breathing valve to separate airflow during inhalation and 
exhalation. It allowed the monkeys to inhale the exposure 
atmosphere as needed without altering the total flow rates 
or the concentration of methanol in the exposure atmos
phere. 

TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECTIVES 

The investigators conducted a valuable study of metha
nol vapor exposure that evaluated the disposition of metha
nol and the contribution of methanol-derived formate to 
total body formate in a methanol-sensitive primate under 
normal and folate-deficienct conditions. The investigators 
met the goals stated in their objectives and specific aims. 

METHODS AND STUDY DESIGN 

In general, Dr. Medinsky and colleagues performed well
designed experiments using appropriate methods. Specifi
cally, constructing the methanol exposure system, 
measuring respiratory function parameters (tidal volume, 
respiratory rate, and minute ventilation). quantifying ex
haled and excreted radiolabeled methanol, and measuring 
methanol metabolites were all accomplished with state-of
the-art procedures. However, there are three technical is
sues that need to be considered when interpreting the 
results of this study. 

First, the monkeys were exposed to methanol vapors via 
an endotracheal tube, thus bypassing the nose, and the 
exposures were conducted while the animals were under 
general anesthesia. Because the upper respiratory tract con
tains important sites for absorption and metabolism of 
methanol (Pollack and Brouwer 1996), one would expect to 
find differences in delivered dose between inhalation ex
posure via the lungs only versus the lungs and nose. In 
addition, methanol uptake patterns and consequent meta
bolism might have been different if the animals had been 
exposed while breathing normally rather than under anes
thesia. The degree of difference in delivered dose and the 
toxicologic impact of this difference is unknown. As dis
cussed further in the following section, it appears that the 
delivered dose of methanol to the monkeys in this study 
was less than other investigators have reported for unanes
thetized primates that inhaled methanol vapors via oro
nasal routes. Therefore, care must be taken when 
extrapolating the absolute levels of delivered methanol 
reported here to fully conscious animals breathing through 
the nose and mouth. 

Second, serum folate and red blood cell folate levels were 
measured using a commercial folate assay kit (Cedia® Fo
late assay from Boehringer Mannheim) designed to quantify 
folate derivatives in human serum and plasma and later 
adapted for red blood cell folate determinations. (Folate is 
a generic term used to describe a family of coenzymes that 
includes folic acid and related compounds that exhibit folic 
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acid activity. The polyglutamate forms are the natural co
enzymes and are the most abundant forms in tissues, except 
plasma, where all ofthe folate is present as the monogluta-
mate.) l\'Ieasuring both serum and red blood cell folate 
generally provides a more accurate estimate of folate status 
than can be obtained from serum levels alone because red 
blood cell folate levels correlate with liver folate levels 
(Wagner 1984). The Cedia Folate assay depends on the 
folate derivatives in the samples competing with the folate 
conjugated to a diagnostic enzyme for a limited amount of 
the folate-binding protein available in the assay. This assay 
is complicated, and in this study, its results were not 
validated against any other assay. However, other folate 
assays are time-consuming and require high-performance 
liquid chromatography combined with microbiological assays 
of the chromatographically separated folate derivatives. 

There is no reason to doubt the validity of the relative 
folate values reported in this study. However, because the 
folate-binding protein used in the assay has a greater affin
ity for some folate derivatives than others, and the ratios of 
these derivatives differ among tissues and species, the 
absolute serum and red blood cell folate values may not be 
comparable to those reported in humans. Although estimat
ing serum folate levels by radioassay is generally accepted, 
measuring red blood cell folate using this assay kit has not 
been validated against the standard microbiologic assay for 
either human or monkey samples. 

Third, for statistical analysis, the investigators used a 
Latin square design, a method for blocking treatment groups 
that generally provides more opportunity than randomized 
blocks for reducing errors. In this study, treatments were 
equal to methanol exposures and block effects were equal 
to subjects (individual monkeys) and the sequence oftreat
ments. Statistically significant differences were assessed by 
regression analysis for each individual monkey, using the 
methanol exposure concentration as an independent vari
able. Although the Latin square design was an excellent 
approach, the investigators did not take full advantage ofit. 
Their data analysis suffers from having used regression 
analysis on the data from each individual monkey. These 
individual regressions address the variability only within 
each monkey and do not quantify the between-subject vari
ability; this gives the impression of more precision than 
actually exists. A review ofthe data clearly shows substan
tial variation among monkeys, none of which is quantified 
by the regressions on individual monkey data. In addition, 
the regression analysis supplies little information about the 
effect of methanol dose. At a minimum, it appears that the 
regressions should have been performed by using the loga
rithms of the dose as the independent variable. 

A more informative regression analysis would have com
bined the data across monkeys, and incorporated variables 
in the analysis for the individual monkeys, or considered 
these variables as random effects, and used dose on the log 
scale. Furthermore, because the data show that 
variability increases as the dose increases, the preferred 
analysis would have included a transformation to stabilize 
the variance. Such an analysis would have not only been 
able to demonstrate the differences due to dose, but also 
would have quantified the dose-response relation and the 
variation across monkeys. 

RESULTS AND INTERPRETATION 

The investigators studied methanol and formate metabo
lism in normal and folate-deficient monkeys (Dorman et al. 
1994). In animals given a folate-deficient diet for six weeks 
before they were exposed to methanol, serum folate levels 
ranged from 0.5 to 2.4 ng/mL. (In humans, values for serum 
folate less than 3 ng/mL are generally considered indicative 
of deficiency [Wagner 1984]). The reported red blood cell 
folate concentrations in monkeys fed the deficient diet for 
six or more weeks were less than 120 ng/mL, compared with 
250 to 325 ng/mL before the diet began. Using a scale 
developed for human folate deficiency (Herbert 1990), the 
investigators note that these levels are consistent with early 
stage III or greater folate deficiency. However, given the 
uncertainty about the absolute red blood cell folate values, 
such interspecies comparisons should be made cautiously. 
As intended, the folate-deficient monkeys did not develop 
megaloblastic anemia, a clinical sign of folate deficiency in 
humans, nor did they show any additional clinically sig
nificant indications of blood abnormalities. Funduscopic 
examination of the optic nerves and retinas of the folate-de
ficient monkeys did not reveal any evidence of methanol
induced ocular toxicity. 

Blood methanol concentrations in the normal and folate
deficient monkeys increased in a dose-dependent manner 
during exposure to methanol vapors and reached maximal 
levels by the end of the two-hour exposure period. In 
animals fed the complete diet, blood 14C-methanol concen
trations ranged from approximately 0.2 to 0.8 [.!M following 
exposure to 10 ppm methanol vapors; 10 to 30 ~J.M following 
exposure to 200 ppm methanol; and 30 to 200 !J.M following 
exposure to 900 ppm methanol. In folate-deficient animals 
exposed to 900 ppm methanol vapors, the blood 14C-metha
nol concentrations were approximately 100 to 300 [.!M. 

The investigators reported their blood methanol levels as 
micromolar methanol based on the specific radioactivity of 
administered 14C-methanol. These values represent the in
cremental increase in blood methanol derived from the 
14C-labeled methanol vapors above background levels. The 
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investigators did not report total blood methanol levels; 
concentrations of endogenous blood methanol (from diet 
and metabolism) in humans and nonhuman primates are 
generally in the range of 1 to 3 11g/mL (Sedivec et al. 1981; 
Cook et al. 1991; Burbacher et al. 1997). 

In this study, the increases in blood methanol observed 
following inhalation of methanol were smaller than those 
reported by other investigators. For example, the blood 
methanol levels in healthy human subjects increased from 
0.6 to 1.9 11g/mL following inhalation of 200 ppm methanol 
vapors for two hours, or an average increase of 1.3 11g/mL 
(Cook et al. 1991). In another study, a six-hour exposure of 
human subjects to 200 ppm methanol resulted in a 5-11g/mL 
increase in blood methanol concentrations (Lee et al. 1992). 
Horton and colleagues (1992) reported that the blood 
methanol concentrations in male rhesus monkeys at the end 
of a six-hour exposure to 200 ppm methanol were 3.9 
11g/mL; background levels were not reported. Burbacher 
and coworkers (1997) recently reported that blood metha
nol levels increased from 2.5 11g/mL to 5 11g/mL in female 
cynomolgus monkeys exposed to 200 ppm methanol for 
two hours. If the peak blood 14C-methanollevels reported 
in the present study (approximately 21 11M or 0.64 11g/mL) 
following a two-hour exposure to 200 ppm methanol are 
added to the estimated endogenous levels (1 to 3 11g/mL), 
the total blood methanol would be 1.64 to 3.64 11g/mL, 
which is lower than those reported by other investigators. 
Similar differences exist for the blood methanol levels 
reported in this study and those found in other studies of 
primates (Horton et al. 1992; Burbacher et al. 1997) follow
ing exposure to higher concentrations of methanol vapors. 
Thus, the anesthetized animals exposed to methanol vapors 
via an endotracheal tube may not have received the same 
delivered dose of methanol as humans and nonhuman 
primates who were awake and breathing normally. 

Medinsky and coworkers reported that exhalation was 
the primary route of methanol elimination during methanol 
exposure. The total amounts of exhaled 14C-methanol and 
14COz were linearly related to the exposure concentration. 
Urinary excretion of methanol and formate were minimal 
(less than 0.01% of the exposure dose). No significant 
differences were found in total urinary 14C-methanol elimi
nation, 14C-methanol exhalation, or 14COz exhalation be
tween the normal and folate-deficient animals exposed to 
900 ppm methanol vapors. Similarly, no differences in 
pulmonary function were seen in normal and folate-defi
cient animals after exposure to 900 ppm methanol. In 
addition, the kinetic rate constants for elimination of 14C
methanol and 14COz were identical for all methanol expo
sures in both normal and folate-deficient animals. 

By using 14C-methanol vapors in their exposure studies, 
the investigators were able to determine the percentage of 
total formate derived from inhaled methanol. In animals fed 
a folate-sufficient diet, 14C-formate concentrations in the 
blood ranged from approximately 0.03 to 0.08 11M in ani
mals exposed to 10 ppm methanol vapors to approximately 
1 to 5 11M in those exposed to 900 ppm. In folate-deficient 
animals exposed to 900 ppm methanol vapors, the 14C-for
mate concentrations were approximately 4 to 10 11M. Endo
genous blood formate levels in unexposed nonhuman 
primates are reported in the literature to be between 100 and 
200 11M (McMartin et al. 1979; Horton et al. 1992). Thus, 
although 14C-formate concentrations in the blood of folate
deficient monkeys exposed to 900 ppm methanol were 
approximately threefold higher than those in unexposed 
monkeys, these concentrations were approximately 10- to 
1000-fold lower than previously reported endogenous blood 
formate levels. 

The information provided by these studies contributes 
greatly to our understanding of methanol metabolism and 
pharmacokinetics at environmentally relevant concentra
tions in an appropriate methanol-sensitive primate animal 
model. The qualitative similarities in methanol metabolism 
in monkeys and humans (McMartin et al. 1977; Roe 1982) 
and the results seen in recent experimental studies of hu
mans exposed to methanol (Sedivic et al. 1981; Cook et al. 
1991; Lee et al. 1992) suggest that monkeys are an accept
able experimental surrogate for humans. Given the small 
increases in blood formate levels relative to background 
levels observed in this study, it appears unlikely that the 
formate levels in humans exposed briefly to methanol va
pors would be high enough to overwhelm detoxification 
mechanisms. This conclusion is based on a worst-case 
scenario predicted for evaporative emissions from the hot 
engine of a vehicle with neat methanol fuel parked in an 
enclosed garage (200 ppm for 15 minutes [Health Effects 
Institute 1987]). However, it applies to single exposures and 
should not be generalized to prolonged exposures. Some 
individuals (e.g., garage mechanics, tunnel workers, and 
underground parking lot attendants) could be exposed to 
levels of methanol vapors higher than 200 ppm for longer 
than the two-hour exposure period used in this study. 
Medinsky and coworkers estimated that even the latter 
exposure scenario would result in only minimally elevated 
blood formate levels. These models, however, need to be 
validated. Also, given the uncertainty about the actual dose 
of methanol delivered to the lungs in this study compared 
with that delivered to an animal breathing normally, one 
needs to be cautious in applying the absolute blood metha
nollevels reported here to humans. 
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IMPLICATIONS FOR FUTURE RESEARCH 

As indicated by the lack of clinically significacrtt effects 
seen during the induction of folate deficiency and as ac
lmowledged by the investigators, they were able to induce 
only moderate folate deficiency in the test animals. Some 
susceptible human populations could have a more pro
nounced folate deficiency. Therefore, experiments in 
which the folate deficiency induced vvas greater than that 
achieved in this study would be useful in evaluating the 
limits of the effects of folate deficiency on methanol-in
duced toxicity. Also, notwithstanding the exposure equiva
lency calculations performed by the investigators, some 
individuals can be exposed to methanol vapors for periods 
of time longer than two hours. Therefore, further studies 
using monkeys made more folate-deficient and exposed for 
periods longer than two hours would be useful in assessing 
the possible effects of worst-case exposure scenarios in 
normal and folate-deficient human populations. Finally, as 
the investigators point out, the relationship between folate 
status and developmental toxicity is well recognized 
(Sakanashi et al. 1994). Research on the combined effects 
of methanol exposure and folate deficiency could help to 
determine the aggregate risk for the developing fetus due to 
the complex interactions among diet, environmental expo
sure to methanol, and pregnancy. Given the activities sup
ported by the Energy Policy Act, methanol and other 
alcohol fuels are expected to contribute to the mix of fuels 
that will be used by the year 2000. Therefore, continued 
research to understand the consequences of human expo
sure to methanol vapors would be prudent for public health 
reasons. 

CONCLUSIONS 

The investigators determined the pharmacokinetics of 
methanol and formate in normal and folate-deficient mon
keys following short-term exposure to environmentally 
relevant (10 to 200 ppm) and relatively high (900 ppm) 
concentrations of methanol vapors. In this study, the ani
mals were exposed to methanol vapors by endotracheal 
intubation under anesthesia. Blood methanol concentra
tions in normal monkeys increased following exposure to 
methanol vapors in a dose-dependent manner. Exhalation 
was the primary route of methanol elimination during 
methanol exposure. No significant differences were found 
in pharmacokinetic parameters or pulmonary function in 
normal and folate-deficient animals. 
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Commentary 

The report provides reassuring data indicating that single 
exposures to methanol vapors would be unlikely to produce 
hazardous increases in blood methanol or formate concen
trations in people. This conclusion was expected based on 
previous data, but the labeled methanol studies provide 
further support for it. By using 14C-methanol in their expo
sure studies, the investigators were able to determine the 
amount of formate that was derived from the methanol 
deposited in the lungs relative to that derived from normal 
metabolism. Although 14C-formate levels in blood were 
elevated approximately three-fold in folate-deficient mon
keys, these concentrations were approximately 10 to 1000 
times lower than the endogenous blood formate concentra
tions reported in the literature. 

Because the exposure conditions used in this study were 
not the same as those experienced by people, the absolute 
blood methanol and formate levels cannot be directly ex
trapolated to the human situation. Nevertheless, the small 
increases seen in methanol-derived blood formate concen
trations observed in normal and folate-deficient monkeys 
following a two-hour exposure to methanol vapors as high 
as 900 ppm, especially when compared with background 
or endogenous levels, make it unlikely that healthy indi
viduals exposed to methanol vapors resulting from the 
normal use of methanol as a vehicle fuel would be adversely 
affected. Even populations with moderate folate deficiency 
do not appear to be at greater risk from short-term exposures 
to methanol vapors. However, some workers, such as garage 
mechanics, tunnel workers, and underground parking lot 
attendants, who could be exposed to levels of methanol 
vapors greater than 200 ppm for longer than the two-hour 
exposure period used in these studies, and fetuses, whose 
development may be affected by both methanol exposure 
and folate deficiency, could still be at risk. Further research 
needs to be done using animals with more pronounced 
folate deficiency undergoing longer exposures. This infor
mation is critical for any risk assessment of methanol. 
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