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Human expusure to methanol is likely to increase in ihe future
due to its proposed use as an alternate automobile fuel. Since alcohols
are known to esterify the fatty acids in the body and some of those
esterilied esters are toxic, we stidied the furmation of fatty acid esters
of methanol in Long-FEvans male rais given a single oral dose of 3.5
g/kg body weight of methanol in saline. Animals given an equal
volurmne of saline served as control. Three rats were euthanized at 1,
3, 6, 12, and 24 hr following the treatment. Fally acid methy] esters,
extracted from whole blood, liver, pancrens, and brown fat were
separated by thin-tayer chromatongraphy and quantitated by gas chro-
matography (GC). Their identity was then confirmed by GC—nass
spectrometry. Average levels as high as 596, 5293, 2239, 1106, 9665,
7728, 562, and 2792 pgfe {(wet weight basis) of 14:0, 16:0, 16:1, 18:0,
18:1, 18:2, 18:3, and 20:4 fatty acid methyl esters, respectively, were
found in the pancreas of methanol-treated rats. The average concen-
fration of total fatty acid methyl esters was computed to he 4513,
29594, 22871, 18956, 17014, and 9702 g/ in (fie pancreas compared
to 1.9, 25.4, 36.8, 18,5, 189, and 14.2 plg in the liver at 0, 1, 3, 6,
12, and 24 hr, respectively, following methanaol exposure. On dry
lipid weight basis, the levels were sigoificantly higher agatn in pan-
creas followed by brown fat and liver. In whole blood, only low levels
of 16:0, 18:0, and 20:4 fatty acid methyl esters could be detected at
all time points. The highest concentration of fotal fafty acid methyl
esters in the pancreas, liver, and brown fat was detected at 1, 3, and
24 br, respectively. Most of the fatty acid wmethy] esters found in the
liver and pancreas decreased after 6 hr of methanol exposure, The
fatty acid methyl esters of higher concentrations were 16:00 in the
while blood, 18:0, 13:1, 18:2, and 20:4 in liver, 18:1, and 182 in
pancreas and 16:0, {8:1, and 18:2 in brown fat. These fatty acid
methyl esters were also detected in the tissues of control rats indicat-
ing their endogenous formation. Significant increase in wcthylation
of the fatty acids during methanol exposure, as found in this study,

may serve as a defense mechanisin for preventing available methanol
from oxidative metabolism to render toxicity. However, the biological
significance of these fatty acid methyl csiers is yet to be understood.
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Methano! is widely used as an organic solvent, i the
synthesis of several industrial chemicals, and has been pro-
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posed as luture alternative automobile fuel (Recd and Lerner,
1973, Anderson, 1984). The anticipated use of methanol for
meeling the demand of gasoline formulation and the Clean
Air Act (EPA, 1992} will increase environmental as well as
occupational human exposure to methanol.

Methanol is a natural component of hody lissues, yet it
is known to cause acute and chronic toxicity in humans and
primates (Tephly, 1991; Von Burg. 1994). Methanol abuse
as a substitute for ethyl alcohol in alcoholic beverages and
susceptibility of humans to methano} poisoning have long
heen recognized. Severe metabolic acidosis and ocular dam-
age are the major acute loxicities observed in humans and
primates as a result of oxidative metabolism of methanol
(Tephly, 1991). Gastric irritation, marked hyperesthesia in
arms and hands, and mild ptosis of eyelids are the main
symptoms of chronic methanol poisoning (NIOSH, 1976).
In view of the acute and chronie toxicity, increased exposure
of methanol could pose a risk to human health.

A munmiber of aliphatic and halogenated alcohois are known
1o form esters with fatty acids in vive as well as in vitro
(Ansari ef al., 1993). Varicus Tatty acid ethyl esters found
in parenchymal organs had a linear correlation with biood
alecoho! concentration in persons acutely intoxicated with
ethanol at the time of death (Laposata and Lange, 1980).
Formation and accumulation of these esters in the body are
also suggested to be involved in pathogenesis of myocardial
and pancreatic diseases in alcoholics (Laposata and Lange.
1986: Hamamoto ef ¢f., 1990) and in fetal alcoho!l syndrome
(Bearer er af., 1992). About 72% of the intraceffularly syn-
thesized fatty acid ethyl esters bind to mitochondria isolated
from intact tissue incubated with ethanol and reduce the
respiratory control index {Lange and Sobel, 1983). Pre-
viausly, we reported the pancreatic and hepatic toxicity of
palniitic acid ester of pentachlorophenol and linoleic acid
ester of 2-chloroethanol, respectively, in rats (Ansart er al.,
1987, Kaphalia er al, 1992a.b). A number of studies have
shown the presence of fatty acid methyl esters in the tissues
of humans and laboratory animals with no known exposure
10 methanol (Dhopeshwarkar and Mead, 1962; Leikola ¢f
al., 1965; Lough and Garton, 1968; Mueller and Kabava,
1970, However, very little is known about the biological
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significance, metabolism, or toxicity of these esters. Some
of the fatty acid methyl esters decrease microviscosity of
the synaptosomal membrane core of rat and monkey brain
cortex (Lazor and Medzihradsky, 1992), activate protein ki-
nase C in intact human platelets (Fan et al, 1990), and
can penetrate living cells of the epidermis resulting into
significant changes in lipid metabolism (Wertz and Down-
ing, 1990). Because they are lipophilic in nature, fatty acid
methy] esters could be retained in the body and cause chronic
toxic manifestations.

Whether exogenous exposure to methanol results in eleva-
tion of fatty acid methyl esters in the blood and in body
tissues and the persistence of those esters in the body have
not been studied. Since the concentration of methanol in the
blood or formic acid in the serum lacks a dose-dependent
response {d’ Alessandro et al., 1994), any correlation estab-
lished between the levels of fatty acid methyl esters in the
whole blood and other tissues could be useful in assessing
methanol exposure and eventually in risk assessment. This
study was undertaken to determine the formation of fatty
acid methy! esters and their persistence in various tissues of
rats following methanol exposure,

MATERIALS AND METHODS

Chemicals

Mixed standards of methyl esters of myristic (14:0), palmitic (16:0),
palmitoleic (16:1), stearic (18:0), oleic (18:1), linoleic (18:2), linolenic
(18:3), and arachidonic (20:4) acids and methyl ester of heptadecenoic
(17:0) fauty acid (internal standard) were procured from Metreva Inc. (Pleas-
ant Gap, PA). Pesticide and HPLC-grade solvents and high-purity-grade
chemicals were purchased from Fisher Scientific (Fair Lawn, NJ}).

Animals

Long—Evans {LE} male raxs YHS/Plus {~200 g) were obtained from
Charles River Laboratories (Wilmington, MA}. The animals were main-
tained in temperature- and humidity-controlled animal room set at a 12-hr
light/dark cycle and acclimatized for 7 days. Purina Rat Chow and drinking
water were provided ad libisum. On the 8th day, 15 rats were given a
single dose of 3.5 g/kg methanol in sterilized saline (30% methanol—saline
solution) via gavage. This dose was chosen because toxicity similar o that
in humans could be mimicked in LE rats (Lee et al, 1994a,b). Three rats
given an equal volume of the saline served as control. Three animals were
killed under ether anesthesia at 1, 3, 6, 12, and 24 hr following the methanol
wreatment. Control animals were killed immediately after dosing. Blood
withdrawn from inferior vena cava was stored at 4°C in tubes containing
heparin as an anticoagulant. Brown fat {found between the scapuiae, in the
ventral neck and axillary region, in the thoracic inlet, and inguinal region),
liver, and pancreas were excised and stored at —20°C until analysis.

Extraction and Analysis of Fatty Acid Methy! Esters

Whole blood. Whole blood (5 ml} from each animal was incubated
with a known concentration of internal standard at 37°C. After 15 min, the
incubation mixiure was extracted thrice with 5 vol of chloroformimethanol
(2:1, v/v). The extracts were pooled, filtered through glass fiber filter paper,
and evaporated using rotatory flash evaporator, The dry residue was redis-
solved in a minimum volume of chloroform and subjected to preparative
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thin-layer chromatography (TLC) on 500-um-thick silica gel-coated glass
plates (Analtech, Delaware, PA) using petroleum ether:diethyl ether:acetic
acid (75:10:1, v/v) as the solvent. Silica gel from the region corresponding
1o the relative flow of fatty acid methyl esters was scraped, eluted with
chloroform, filtered, and dried under nitrogen. The dried residue was redis-
solved in 200 ul pesticide grade hexane and analyzed by gas chromatogra-
phy (Hewlett Packard 5890 gas chromatograph) using a flame icnization
detector (FID) and DB 225 fused silica capillary column (I & W Scientific,
Folsom, CA; 20 m long, film thickness 0.2 pm) under sphit mode. Ultrahigh
purity grade nitrogen, used as a carrier gas (flow rate 0.5 ml/min), was
passed through molecular sieve and silica gel to remove the impurities of
oxygen and moisture, respectively. The initial column temperature was set
at 150°C with an increase of 10°C/min to a final temperature of 225°C. The
temperatures of the injector port and detector were set at 200 and 300°C,
respectively. The peaks, corresponding to the retention time of standard
fatty acid methy] esters, were quantitated using Hewlett Packard 3396A
integrator. The data were corrected using the percentage of recovery of the
internal standard.

Tissues. A known amount of liver (6.03-6.94 g), pancreas (0.43-0.76
£), or brown fat {0.15--0.54 g) was homogenized in 5 vol of 50 mm sodium
phosphate buffer (pH 7.4) and the resulting homogenate was incubated with
a known concentration of internal standard at 37°C for 15 min. The incuba-
tion mixture was extracted with chloroform:methanol (2:1, v/v) and the
fatty acid methyl esters were separated by preparative TLC and analyzed
as described above for whole blood. The total dry weight of the extracted
lipids was also determined. The lipid extracts of pancreas and brown fat
were further diluted for GC analysis.

Gas Chromatography—Mass Spectrometry (GC-MS)

The ester fraction obtained from the lpid extracts of whole blood and
tissues by preparative TLC was dissolved in hexane and analyzed by GC—
MS using a Varian 3400 gas chromatograph interfaced with a Fennigan
Incos-50 at the Analytical Chemistry Center {University of Texas Health
Science Center, Houston, TX). The esters were separated on a DB 23
column (30 m long, (.32 mm i.d.) at a temperature range from 100 to 250°C
with an increase of 10°C/min and the peaks corresponding to the retention
time of standard fatty acid methyl esters were subjected to electron impact
{EL) (70 eV) and chemical ionization {methane as reagent gas) mass spectro-
metry.

RESULTS

In general, 16:0, 18:0, 18:1, 18:2, and 20:4 fatty acid
methy! esters were found in all tissues while in the whole
blood only 16:0, 18:0, and 2(:4 fatty acid methyl esters
could be detected (Tables 1—4). In addition to the above-
mentioned esters, 14:0, 16:1, and 18:3 fatty acid methyl
esters were also detected in the pancreas and brown fat of
methanol-treated rats (Tables 3 and 4). Many of the fatty
acid methyl esters detected in the methanol-treated animals
were also found in the control animals, but the levels were
significantly lower than those in the respective tissues of
methanol treated rats. Gas chromatographic separation of
various fatty acid methyl esters was based upon the carbon
chain length as well as the degree of unsaturation (Fig. 1).
Significantly higher levels of the fatty acid methy] esters
were found in the pancreas followed by brown fat, liver, and
whole blood. Preference of various fatty acids to form methyl
esters, in term of their concentration, was found for 16:0 in
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TABLE 1
Fatty Acid Methyl Esters (ug/ml) in Whole Blood

Fatty acid methyl esters

Time (hr) 16:0 18:0 18:1 i8:2 18:3 20:4 Total
0 043 = 0.04 0.06 (1)* — — — — 0.49 = 0.02
(Control)
1 124 + 030 0.77 = 019 — 0.24 (1 — 0.32 + 0.20 (2F 257 + (.84
3 0.79 + 0.17 0,57 + 0.04 — — — 0.22 () 1.58 + 0.30
O 112 £ 0.14 0.62 = 0.39 — — —_ 025 = 0.12 (2 1.99 = 0.21]
12 0.87 = 047 0.42 = 0.21 — — — 0.15 (1 144 = 0.72
24 134 £ 0.05 0.73 = 0.01 — — — 0.30 = 0.13 2.37 =008

Note. Values are means = SE of three animals.
“ Number of sample(s) of three in which the esters were detected.

whole blood (Table 1), 18:0, 18:1, 18:2, and 20:4 in liver
(Table 2), 18:1 and 18:2 in pancreas (Table 3), and 16:0,
18:1, and 18:2 in brown fat (Table 4).

Fatty acid methyl esters (16:0, 18:0, and 2(:4) were de-
tected in the whole blood of methanol-treated animals at all
time points; 20:4 fatty acid methyl ester was detected only
in 9 of 15 animals. Fatty acid methyl ester (18:2) was also
detected at 1 hr in whole blood sample of one methanol-
treated animal. Only 16:0 and 18:0 fatty acid methyl esters
were detected in the whole blood of control rats. Total fatty
acid methyl esters were found to be comparable at different
time points in methanol-treated group and the mean values
were approximately three- to fivefold higher than the control
values (Table 1).

Methyl esters of the 16:0, 18:0, 18:1, and 182 fatty acids
were detected in the liver of all the methanol-treated rats;
20:4 fatty acid methyl ester was detected in 8 of 15 treated
animals (Table 2). Fatty acid methyl ester (18:3) could not
be detected in the livers of any treated or control animals at
all time points examined. The maximum concentration of all

the methy! esters was found at 3 hr following the methanol
treatment {except for 18:2 fatty acid methyl ester at 1 hr)
which declines slowly from 6 to 24 hr. At 24 hr the average
concentration was approximately one-third of the maximum
levels detected at 3 hr. However, the background levels of
different fatty acid methyl esters were either very low (16:0,
18:1, and 18:2) or undetectable (18:0, 18:3, and 20:4) in the
control livers. The mean values of all the fatty acid methyl
esters were found to be 7.5- to 19.5-fold higher (on wet
weight basis) in methanol-treated groups compared to the
controls (Table 2). This trend of fatty acid methyl esters at
different time points was comparable with the levels com-
puted on dry lipid weight basis (data is not shown).

The fatty acid methyl esters estimated in the pancreas of
both treated and control rats were found to be severalfold
higher on wet weight basis when compared to those found
in the whole blood and liver thus indicating a higher rate of
fatty acid methyl ester biosynthesis and/or accumulation in
this tissue. The mean values of 596, 2239, 9665, 7728, 562,
and 2792 ug/g for 14:0, 16:1, 18:1, 18:2, 18:3, and 20:4

TABLE 2
Fatty Acid Methyl Esters (ug/g Wet Weight) in the Liver

Fatty acid methyl esters

Time (hr) 16:0 18:0 18:1 18:2 18:3 20:4 Total
0 0.09 + 0.03 — 0.97 £ 049 0.83 (1) — — 1.89 = L.13
(Control)
i 0.58 + 0.27 5.53 + 3.03 592 + 303 10.18 £ 4.65 — 322 +0.85 2544 + 11.81
3 1.31 = 0.44 11.69 = 3,39 950 + 478 787 £ 573 — 6.47 + 3.39 (2) 36.84 + 13.93
6 0.42 = 0.06 630 = 0.53 407 = 0.74 6.07 £ 1.44 — 1.66 (1) 1852 £ 5.48
12 .55 = 0.20 543 = 1.24 431 + 124 6.99 + 413 — 1.67 (1)» 18.95 = 10.69
24 034 + 0.10 6.93 = 1.41 2.62 + 0.65 401 = 0.83 — 0.29 (1)° 1420 = l.64

Note. Values are means = SE of three animals.

2 Number of sample(s) of three in which the esters were detected.
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TABLE 3
Fatty Acid Methyl Esters (ug/g Wet Weight) in Pancreas

Fatty acid methyl esters

Time (hr) 14:0 l6:0 16:1 18:0 18:1 18:2 18:3 204 Total
0 31+ 115 1563 + 1099 639 + 320 94 + 53 315+ 172 1301 = 935 86+ 72 ig4 = 36 4513 = 2460
{Control)
1 596 + 69 4944 = 19] 2230 = 410 1069 x 6 9665 £ 302 T728 £ 638 562 £ 46 2792 £ 258 29394 + 1380
3 500 £ 85 5203 & 934 1604 £ 255 1106 £ 128 6667 £ 1072 5325 79 199 £ (03 2177 = 1027 22871 = 3022
6 539 £ 122 4378 £ 943 (917 £373 1087 x 9 5783 & 203 4634 £ 261 219+ |12 399 = 123 18956 = 810
12 545 = 40 4822 = 246 1088 = 134 1000 = 28 5083 x 396 3926 = 348 281 = 47 269 = 80 17014 = 1290
24 421 + 47 2672 = 1196 687 + 279 627 = 313 2638 = 1360 2198 = 1142 314 = 8§82 146 £ 2 9702 £ 3340

Note. Values are means + SE of three animals.

fatty acid methyl esters, respectively, at 1 hr and 5293 and
1106 pg/g for 16:0 and 18:0 fatty acid methyl esters, respec-
tively, at 3 hr were maximum in the pancreas of methanol-
treated rats (Table 3). The decreasing pattern of different
fatty acid methyl esters with increasing exposure time after
6 hr was found to be similar to that of liver except for 20-4
fatty acid methyl ester, The average levels of 20:4 fatty acid
methyl esters were found to be 2797 and 2177 ug/g at 1 and
3 hr, respectively, and rapidly decreased to the control levels
over the remaining time points examined in the present
study. Levels as high as 3760 and 3168 ug/g of 16:0 and
18:2 fatty acid methyl fatty acid esters, respectively, were
detected in the pancreas of one control rat. The average of
the total fatty acid methyl esters at 1, 3, 6, 12, and 24 hr
following treatment was computed to be 29,594, 22 871,
18,956, 17,014, and 9702 ug/g wet weight of pancreas, re-
spectively, compared to 4513 pg/g in control rats (Table 3).
This pattern of the total fatty acid methyl esters was found
to be similar when expressed on dry lipid weight basis.
The fatty acid methyl esters estimated in brown fat are
expressed only on dry lipid weight basis (Table 4). The fatty
acid methy! esters detected in the pancreas were also found

in the brown fat of all the methanol-treated rats. However,
14:0, 16:1, 18:3, and 20:4 fatty acid methyl esters could not
be detected in the brown fat of control rats. Low levels of
other fatty acid methy! esters (16:0, 18:0, 18:1, and 18:2)
were detected in brown fat of all the control animals com-
pared to that of methanol-treated rats. Unlike liver and pan-
creas, the mean values of total fatty acid methyl esters at 1,
3,6, 12, and 24 hr following methanof treatment was found
to be 9.31, 16.46, 23.34, 12.74, and 27.77 pg/mg lipids,
respectively, compared to 1.12 pg/mg in control rats (Table
4}). On the dry lipid weight basis, these values are 2- to 13-
fold higher than those found in the liver and significantly
Jower than those in the pancreas of methanol-treated rats
{data not shown). Although 14:0, 16:0, 16:1, and 18:0 fatty
acid methyl esters were found to be highest at 6 hr, the
remaining fatty acid methyl esters peaked at 24 hr following
the methanol treatment. The total fatty acid methyl esters
computed for the brown fat again showed highest concentra-
tion at 24 hr following the methanol treatment.
Representative mass spectra of the TLC purified ester frac-
tion obtained from the lipid extracts of whole blood, liver,
pancreas, and brown fat of control and methanol-treated rats

TABLE 4
Fatty Acid Methyl Esters (zg/mg Dry Lipid Weight) in Brown Fat

Fatty acid methyl esters

Time (hr} 14:0 16:0 I6:1 18:0 18:1 18:2 18:3 20:4 Total
0 — 0.45 = 0.08 — 0,09 D05 031 =018 0,26 ~ 016 — — 1.12 = 043
(Control)
t 019005 144 =035 063020 035010 315109 300 2 20 019 006 034 (.16 931 = 36
3 031 £0.43 235101 085 %045 060 =025 569 + 2.55 529236 033 £0.19 103063 j646+ 141
6 0572066 624554 218 x169 112092 798 563 487 £ 286 009005 028009 2334 = 1508
12 030 =002 206042 092022 048 +0.13 4.69 0381 364 £ 096 023 %004 040 =015 1274 £ 301
24 0.53 2007 3420351 162013 094 +018 920040 1017+ 088 062012 127005 2777 382

Note. Valyes are means + SE of three animals.



“SPOIB puk S[BUEIN JOpUN Paquiosap are sisAfeue srydeiSoiewonys sed 10 suontpuos Junelado PaIlTIaq Ul £'ZT I PRAND Sem ‘G A9 UMOYS ‘PIRPUE]S [RLIdWE ] JO
yead ayy, 'siex () jonuos pue (A | 18 x9) Palean-[OUBYISUI JO SINSSH Al Wl PIIDILP %0y} PUR (1S) Sprepuels 1oj ‘Keansadsar ‘sionss (A proe Aiey $:07 pue ‘€91 ‘781 ‘T:81 "0°81 ‘191 ‘0:91

KAPHALIA, CARR, AND ANSARI

268

‘Ol Jesardal g pue Yy ‘9 ‘g b g 7 1 seag (3q) 18 uamo1q pue ‘(d) searoued ‘() 12A1] “(gm) PO0Iq J[oym woly pAceny? spidif jo uonserj 191s2 3y) JO SISA[RUER owydesSoewond sen - ‘D14
(it} ey oSV (") 2w vopuaRy "ty aunm uonuRy (“UTm) 3um sonuaky (g vonuay
o.m £ H c.ﬁ m a Q.N m.~ E m. o ew m.~ o._ w o cw m.u o1 g 174 EEE un._..E § 0
I m ,
g8 LIy z St I 9| Vm_ ﬁ‘-\"\’dﬁ
i s
£ v § € S| L
2 g £ 8
9 L Pe
€
4
Z v )
g z £ i
9 g
S
18 &
X9-)q -iq xo—d o-d
9 z
§ ¢
i III...|.|||1_‘|\_\\\I|;|I\J_.II
Sl 14 z
£
:
S| v
s i
xo-| 29—} Xo—-qQm 29-QMm




METHANOL-EXPOSED FATTY ACID METHYL ESTERS

by GC--MS analysis are shown in Fig. 2. The mass spectra
of different peaks eluted at the retention time corresponding
to the standard fatty acid methyl esters showed respective
molecular ion (M*) with characteristic fragmentation pattern
{M-31 and McLafferty ion, m/z 74) (Murphy, 1993} of the
fatty acid methyl esters detected in different tissues (Fig. 2).
The presence of these esters in the extracts of tissues of
control and methanol-treated rats was also confirmed by the
chemical ionization mass spectrometric analysis using meth-
ane as a reagent gas. M + 1, M + 16, M + 29 ions and
the fragmentation pattern (data not shown) (Murphy, 1993)
confirm the formation and presence of the fatty acid methyl
esters in methanol-treated and control rats, respectively.

DISCUSSION

Formation of xenobiotic esters of lipids, particularly of
fatty acids, and characterization of the enzymes catalyzing
such reactions have been of much interest in view of their
lipophilic nature and toxicity {Ansari et al., 1995). Oxidative
metabolism of methanol is known to be associated with ocu-
lar toxicity and metabolic acidosis (Tephly, 1991; Von Burg,
1994). On the other hand, formation of fatty acid esters of
several other aliphatic and halogenated alcohols via nonoxi-
dative metabolism and their toxicity are well documented
(Kaphalia and Ansari, 1987, 1989; Hungund et al., 1988;
Bhat and Ansari, 1990; Hamamoto et al., 1990; Manautou
and Carlson, 1991; Manautou ef al., 1992; Carlson, 1993,
1994; Ansari et al., 1995). Based on the concentration of the
fatty acid methyl esters found in human pancreas {Leikola ez
al., 1965; Lough and Garton, 1968} in the tissues of guinea
pigs (Dhopeshwarkar and Mead, 1962), mouse liver
(Mueller and Kabara, 1970), and rat gastric mucosa {Yur-
kowski and Walker, 1969), nonoxidative metabolism ap-
pears to be a major pathway for endogenous methanol dispo-
sition. The paitern of fatty acid methyl esters formation in
various tissues, observed in the present study, was found
similar to that reported in vive and/or in vitro for fatty acid
ethyl esters by us and others (Laposata and Lange, 1986,
Hungund et al., 1988; Kaphalia et al., 1994}. Our results in
this study also indicate that pancreas is the major organ
responsible for the biosynthesis of fatty acid methyl esters
via nonoxidative metabolism. As mentioned earlier, the oc-
currence of farty acid methyl esters in human pancreas and
tissues of laboratory animals with no known exposure to
methanol supports our findings on the presence of fatty acid
methyl esters in the tissues of control rats. Tissues of human
subjects used as control with alcoholic subjects also con-
tained fatty acid ethyl esters (Laposata and Lange, 1986).
Therefore occurrence of fatty acid methyl esters in the con-
trol animals appears to be a natural phenomenon.

Methanol is generated metabolically from demethylation
reaction involving chemotaxis receptor protein by methyl
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esterase (Alberts et al, 1989). Vegetables, fresh fruits,
juices, and aspartame (artificial sweetener for carbonated
beverages) could be the major source of methanol in human
body (Kavet and Nauss, 1990; HEI 1993). Another potential
source of methanol could be S-adenosylmethionine (Ado-
Met), an endogenous substrate and methyl group donor (Us-
din er al., 1979), also known to be present in the mammalian
cells (Stramentinoli and Pezzoli, 1979). The artifactual for-
mation of fatty acid methyl esters due to methanol in ex-
tracting solvent has been ruled out by using propanol instead
of methanol and also by extracting the tissues with ethyl
ether (Dhopeshwarkar and Mead, 1962). Although the possi-
bility of ingestion of such fatty acid methyl esters via feed
in control animals cannot be ruled out, the enzyme-catalyzed
methylation of free fatty acids by methanol available from
the diet and/or endogenous sources could contribute to the
background levels of faity acid methyl esters found in the
tissues of control rats. We propose the fatty acid methyl
ester formation in control rats by two mechanisms as shown
in Fig. 3. One mechanism is related to methylation and de-
methylation of macromolecules catalyzed by methyl trans-
ferases and methyl esterase, respectively. The former reac-
tion uses AdoMet as a methyl group donor and the methanol
generated in the later reaction from methylated macromole-
cules may esterify free fatty acids via an enzyme (fatty acid
methyl ester synthase)-catalyzed reaction (unpublished re-
sults). On the other hand, the methyl group donor AdoMet
may direcily esterify the free fatty acid moieties (Zatz et al.,
1981).

Methylation of phospholipids and several proteins, nucleic
acids, peptides, hormones, and carbohydrates (Akamatsu and
Law, 1970: Usdin er af.,, 1979; Hirata and Axelrod, 1980)
with AdoMet is well documented. Fatty acid methyl esters
have been found to be the major lipid preducts following
incubation of rat lung membranes (Zatz et af., 1981) or
soluble enzyme fraction from Mycobacterium phlei (Aka-
matsu and Law, 1970) with AdoMet. Many cell types meth-
ylate phospholipids by two types of methyltransferases that
are asymmetrically distributed in the cell membranes. Meth-
ylation of phospholipid is coupled with Ca** influx and re-
lease of arachidonic acid, lysophosphatidylcholine, and pros-
taglandins. This process is closely associated with transduc-
tion of cell signaling, regulation of F-adrenergic receptors,
release of histamine in mast cells, and chemotaxis in micro-
phages (Hirata and Axelrod, 1980). In contrast to the biologi-
cal functions associated with methylation of phospholipids
mentioned above, some fatty acid methy! esters decrease the
microviscosity of the synaptosomal membrane core in rat
and monkey brain cortex (Lazor and Medzihradsky, 1992)
and cause changes in lipid metabolism in epidermal cells
(Wertz and Downing, 1990). In the case of ethanol, organs
other than liver which lack or possess minimal oxidative
metabolic capacity for ethanol (leading to formation of acet-
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cule, and R, alkyl fatty acid chain.

aldehyde), especially pancreas, heart, and brain, develop al-
cohol-induced damage (Lieber and DcCarli, 1968; Lochner
et al., 1969; Raskin and Sokoloff, 1972; Laposata and Lange,
1986). Alcohol-induced toxicity to the pancreas could be
correlated with its fatty acid ester-synthesizing activity.
Therefore, determining the biological functions associated
with methylation of biomolecules including fatty acids and
toxicity of corresponding esters is of great importance in
understanding the mechanism(s) of endobiotic methylation
and demethylation reactions.

The absorption of methanol and the formation of fatty
acid methyl esters appears to be rapid in the pancreas and
liver because a maximum concentration of different esters
was detected at 1 and 3 hr, respectively, following the metha-
nof exposure. On the other hand, the highest concentration
of the methyl esters in brown fat found at 24 hr suggests
their accumulation in tissues rich in lipid, indicating that
brown fat is a potential candidate for determining the metha-
nol exposure. However, comparable levels of different fatty
acid methyl esters detected at various time points in the
whole blood need further studies exploring their persistence
and the relationship with those present in other tissues for
a better evaluation of methanol exposure. A significant
depletion of these esters at 12 and 24 hr in liver and pancreas
could be related to their distribution from the site of synthesis
to other organs or their elimination via enzyme-catalyzed
hydrolysis. In fact, presence of a long chain fatty acid methyl
ester hydrolase which hydrolyzes these esters has been dem-
onstrated previously in rat liver and heart, with the maximum
activity being in the microsomal fraction (Spector and Sobor-
off, 1972). The role of fatty acid methyl ester hydrolase, in
preserving the homeostasis of long chain fatty acid methyl
esters, as well as other esters in the body, is of further re-
search interest. The greater preference of unsaturated fatty
acids for methylation over saturated fatty acids observed in
this study and in vitro (unpublished data) is comparable to
our previous results on ethanol and haloethanols (Bhat and
Ansari, 1990). Once formed, these fatty acid methyl esters
can be incorporated into cell membranes and/or affect their
fluidity and structural and functional integrity and alter the

CH,OH

H,0

KAPHALIA, CARR, AND ANSARI

CH,OH

Fatty acid
metnyl ester
synthase

AdoMet

Schematic presentation of fatty acid methyl ester formation. AdoMet, S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine; Y, macromole-

lipid metabolism. The fatty acid methy] esters, particularly
arachidonic acid methyl ester, can also serve as an alternative
source for the eicosanoids, once hydrolyzed by methyl ester-
ase (Fan et al., 1990). It is possible that methyl ester forma-
tion may represent a defense mechanism and methanol thus
trapped could not be oxidatively metabolized to render toxic-
ity. The biological role of fatty acid methyl esters is purely
speculative at this point. Further studies are needed to estab-
lish the significance of the endobiotic synthesis of the fatty
acid methyl esters.

ACKNOWLEDGMENT

This work was supported by Grant ES 04815 from National Institute of
Environmental Health Sciences, NTH.

REFERENCES

Akamatsu, Y., and Law, J. H. (1970). The enzymatic synthesis of fatty acid
methyl esters by carbexyl group alkylation. J. Biol. Chem. 245, 709—
713.

Alberts, B_, Bray, D., Lewis, J., Roff, M., Roberts, K., and Watson, J. D.
{1989). Cell signalling. In Molecular Biology of the Cell 2nd ed., p. 681,
Garland, New York/London.

Anderson, E. (1984). Methanol touted as best alternate fuel for gasoline.
Chem. Eng. News 11, (June) 1618,

Ansari, G. A. 8., Kaphalia, B. S., and Boor, P. J. (1987}. Selective pancreatic
toxicity of palmitoylpentachlorophencl. Toxicology 46, 57—63.

Ansari, G. A. S., Kaphalia, B. S., and Khan, M. F. (1995). Fatty acid
conjugates of xenobiotics. Toxicol. Lett. 75, 1-17.

Bearer, C. F., Gould, 5., Emerson, R., Kinnunen, P., and Cook, C. 8. (1992).
Fetal alcohol syndrome and fatty acid ethyl esters. Pediarr. Res. 31, 492-
495.

Bhat, H. K., and Ansari, G. A. S. (1990). Cholesterol ester hydrolase medi-
ated conjugation of haloethanols with fatty acids. Chem. Res. Toxicol. 3,
311-317.

Carlson, G. P. (1993). Formation of fatty acid propyl esters in liver, lung and
pancreas of rats administered 1-propanol. Res. Commun, Chem. Pathol.
Pharmacol. 81, 121-124,

Carlson, G. P. (1994). In vitro esterification of fatty acids by various alco-
hols in rats and rabbits. Toxicol. Lert. 70, 57-61.

d’Alessandro, A., Osterloh, J. D., Chuwers, P., Quinlan, P. I, Kelly, T. J.,
and Becker, C. E. (1994). Formate in serum and urine after controlled



METHANOL-EXPOSED FATTY ACID METHYL ESTERS

methanol exposure at the threshold limit value. Environ. Health Perspect.
102, 178-181.

Dhopeshwarkar, G. A., and Mead, J. F. (1962). Evidence for occurrence
of methyl esters in body and blood lipids. Proc. Soc. Exp. Biol. Med.
109, 425-429.

EPA (1992). California demand for methancl seen reaching 1.5 billion gal
in 2000. Calif. Rep. 3, 7-8.

Fan, X., Huang, X., Da Silva, C., and Castagna, M. (1990). Arachidonic
acid and related methy! ester mediate protein kinase C activation in intact
platelets through arachidonate metabolism pathways. Biochem. Biophys.
Res. Commun. 169, 933-940.

Hamamoto, T., Yamada, S., and Hirayama, C. {1990). Nonoxidative metab-
olism of ethanol in the pancreas: Implication in alcoholic pancreatic
damage. Biochem. Pharmacol. 39, 241-245.

HEI (Health Effects Institute) (1993). Communications: Research Priorities
for Mobile Air Toxics, p. 67.

Hirata, F., and Axelrod, I. (1980). Phospholipid methylation and biclogical
signal transmission. Science 209, 1082-1090,

Hungund, B. L., Goldstein, D. B., Villegas, F., and Cooper, T. B. (1988).
Formation of fatty acid ethyl esters during chronic ethanol treatment in
mice. Biochem. Pharmacol. 37, 3001-3004,

Kaphalia, B. S., and Ansar, G. A. S. (1987). 2-Chloroethylstearate: An in
vive fatty acid conjugate of 2-chloroethanol. Bull. Environ. Contam. Tox-
icol. 39, 835-842.

Kaphatia, B. S., and Ansari, G. A. 8. (1989). Hepatic fatty acid conjugation
of 2-chloroethanol and 2-bromoethanol in rats. J. Biochem. Toxicol. 4,
183-188.

Kaphalia, B. S, Bhat, H. X, and Ansan, G. A. S. (19%4). Subeellutar
distribution and purification of enzyme responsible for fatty acid haloethyl
ester synthase activity. Toxicologist 16, 371.

Kaphalia, B. S., Khan, M. F., and Ansari, G. A. 5. (1992a). Reduced
activities of serum lactate debydrogenase and aminotransferases due to
an oral administration of 2-chloroethyl linoleate in rats. Bull, Environ.
Contam. Toxicol. 48, 308-312.

Kaphalia, B. §., Khan, M. F,, Boor, P. 1, and Ansari, G. A. 5. (1992b).
Toxic response to repeated oral administration of 2-chloroethyl linoleate
in rats. Res. Commun. Chem. Pathol. Pharmacol. 76, 209-222.

Kavet, R., and Nauss, K. M. (1990). The toxicity of inhaled methanol
vapors. CRC Crit. Rev. Toxicel. 21, 21-50.

Lange, L. G., and Sobel, B, E. {1983). Mitochondrial dysfunctions induced
by fatty acid ethyl esters, myocardial metabolites of ethanol. J. Clin.
Invest. 72, 124-731.

Laposata, E. A., and Lange, L. G. (1986). Presence of nonoxidative ethanol
metabolism in human organs commonly damaged by ethancl abuse. Sci-
ence 231, 497-499.

Lazar, D, F., and Medzihradsky, F. (1992). Altered microviscosity at brain
membrane surface induces distinct and reversible inhibition of opioid
receptor binding. J. Neurochem. 59, 1233-1240.

Lee, E. W,, Garner, C. D., and Terzo, T. S. (1994a). Animal model for the
study of methanol toxicity: Comparison of folate-reduced rat responses
with published monkey data. J. Toxicol. Environ. Health 41, 71-82.

Lee, B. W, Gamer, C. D., and Terzo, T. 8. (1994b). A rat model manifesting

273

methanol-induced visual dysfunction suitable for both acute and long-
term exposure studies. Toxicol. Appl, Pharmacol, 128, 199-206.

Lieber, C. 8., and DcCarli, L. M. (1968). Ethanol oxidation by hepatic
microsomes: Adaptive increases after ethanol feeding. Science 162, 917—
918.

Leikola, R., Nieminen, E., and Salomaa, E. {1965). Occurrence of methy!
esters in the pancreas. J. Lipid Res. 6, 490-493,

Lockner, A., Cowley, R., and Brink, A. ! (1969). Effect of ethanol on
metabolism and function of perfused rat heart. Am. Hearr J. 70, 770-
780.

Lough, A. K., and Garton, G. A. (1968). The lipids of human pancreas
with special reference to the presence of fatty acid methyl esters. Lipids
3, 321-323,

Manautou, J. E., Buss, N. 1, and Carlson, G. P. (1992). Oxidative and non-
oxidative metabolism of ethanol by rabbit lung. Toxicol. Lett. 62, 93—
99.

Manautou, J. E., and Carlson, G. P. (1991). Ethanol-induced fatty acid ethyl
ester formation in vive and in vitre in rat lung, Toxicology 70, 303-312,

Mueller, E. Sr., and Kabara, J, J. (1970). The effect of temperature on the
in vitro formation of methyl esters in mouse liver. Lipids 5, 180—183.

Murphy, R. C. (1993). Mass spectrometry of lipids. In Handbook of Lipid
Research (Snyder, F., Ed.), p 290, Plenum Press, New York/London.

NIOSH (National Institute of Occupational Safety and Health) (1976). Cri-
teria for a recommended standard: Occupational exposure to methyl alco-
hol. NIOSH Publication No. 76-147. PB-273-806. National Institute of
Occupational Safety and Heaith, U.S. Depariment of Health, Education
and Welfare, Cincinnati, OH.

Raskin, H. J., and Sokoloff, L. I. (1972). Enzyme catalyzing ethanol metab-
olism in neural and somatic tissues of the rat. J. Neuwrochem. 19, 273~
282.

Reed, T. B., and Lerner, R. M. (1973). Methanol: A versatile fuel for
immediate use. Science 182, 1299-1306.

Spector, A. A., and Soboroff, J. M. (1972). Long chain fatty acid methyl
ester hydrolase activity in mammalian cells. Lipids 7, 186—190.

Stramentinoli, G., and Pezzoli, C. (1979). §-Adenosyl-L-methionine uptake
in mammalian cells. In Transmethylation, Proceedings of the Conference
on Transmethylation (E. Usdin, R. T. Borchardt, and C. R. Creveling,
Eds.), Bethesda, MD, October 16—19, p 37. Elsevier/North Holland, New
York/Amsterdam/Oxford.

Tephly, T. R. {1991). The toxicity of methanol, Life Sci. 48, 1031-1041,

Usdin, E., Borchardt, R. T., and Creveling, C. R. (Eds.) (1979). Transmeth-
ylation, Proceedings of the Conference on Transmeihylation, Bethesda,
MD, October 16-19. Elsevier/North Holland, New York/Amsterdam/
Oxford.

Von Burg, R. (1994). Toxicology update, methanol. J. Appl. Toxicol. 14,
309-313.

Wertz, P. W., and Downing, D. T. (1990). Metabolism of topically applied
fatty acid methyl esters in BALB/C mouse epidermis. J. Dermatol. Sci.
1, 33-38.

Yurkowski, M., and Walker, B. L. (1969). Formation of methyl esters by
rat mucosa in methanol. FEBS Lew. 2, 265-266.

Zatz, M., Dudley, P, A., Kloog, Y., and Markey, 3. P. (1981), Nonpolar
lipid methylation, biosynthesis of fatty acid methyl esters by rat lung
metnbranes using S-adenosylmethionine. J. Biol Chem. 256, 10028
10032.



