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Metabolism of Bis(2-methoxyethyl) Ether in the Adult Male Rat: Evaluation of the Principal 
Metabolite as a Testicular Toxicant. CHEEVER, K. L., RICHARDS, D. E., WEIGEL, W. W., LAL, 

J. B., DINSMORE, A. M., AND DANIEL, F. B. (1988). Toxicol. Appl. Pharmacol. 94, 150-I 59. 
The metabolism of the reproductive toxicant bis(2-methoxyethyl) ether was studied in male 
Sprague-Dawley rats, and the principal metabolite (2-methoxyethoxy)acetic acid and its meta- 
bolic precursor 2-(2-methoxyethoxy)hanol were evaluated separately as testicular toxicants. 
For the metabolism study, rats were given single po doses of [ l,2-ethylene-‘4C]bis(2-methoxy- 
ethyl) ether at 5.1 or 0.05 1 mmol/kg body wt. Within 96 hr, approximately 86 to 90% of the 
radioactivity was excreted in the urine. Urinary metabolites were separated by high-performance 
liquid chromatography and isolated for characterization by gas chromatography-mass spec- 
trometry. The principal urinary metabolite, accounting for 67.9 f  3.3% ofthe administered high 
dose and 70.3 f  1.3% of the low dose, was identified as (2-methoxyethoxy)acetic acid. A second 
metabolite, representing 6.2 f  0.8% of the high dose and 5.8 f  0.8% of the low dose, was identi- 
fied as methoxyacetic acid, a previously recognized testicular toxicant. In the toxicity study, (2- 
methoxyethoxy)acetic acid and 2-(2-methoxyethoxy)ethanol were administered to rats at 5.1 
mmol/kg body wt by gavage as single daily doses for as many as 20 consecutive days. The testes of 
rats killed 24 hr after the administration ofeven numbered doses showed no gross or microscopic 
abnormalities. These results are in contrast to the previously reported testicular atrophy evoked 
after as few as 8 daily doses of the parent compound, bis(2-methoxyethyl) ether, tested under 
the same experimental conditions. Thus, the testicular toxicity reported for bis(2-methoxyethyl) 
ether could be explained by the presence of a minor metabolite, methoxyacetic acid. o 1988 
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Bis(2-methoxyethyl) ether (diethylene glycol 
dimethyl ether; diglyme; CAS Reg. No. 11 l- 
96-6) is used as an industrial solvent and as a 
reaction medium for chemical synthesis. This 
solvent has recently been shown to be a repro- 
ductive toxicant in male rats (McGregor et 
al., 1983; Cheever et al., 1985) and in mice of 

’ Presented in part at the 25th Annual Meeting of the 
Society of Toxicology, March 3-7, 1985, New Orleans, 
LA. 

t Deceased. 

both sexes (Plasterer et al., 1985). McGregor 
and his co-workers noted that rats exposed to 
bis(2-methoxyethyl) ether in a subacute inha- 
lation study developed reversible sterility and 
dominant lethal effects, the timing of which 
would indicate damage to the spermatocytes. 
These researchers showed that the adverse 
effects of this aprotic solvent are remarkably 
similar to those occurring in rats after expo- 
sure to 2-methoxyethanol, a related glycol 
ether solvent. Consequently, these investiga- 
tors suggested that the toxicity of both bis(2- 
methoxyethyl) ether and 2-methoxyethanol 
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may be due to the in vivo formation of same 
metabolite, methoxyacetic acid, a testicular 
toxicant that had been shown previously to 
be a metabolic product of 2-methoxyethanol 
(Miller et al., 1983; Moss et al., 1985). Testic- 
ular damage by 2-methoxyethanol itself has 
been demonstrated, and the early pachytene 
spermatocytes appear to be the initial site of 
action of this compound in mice (Nagano et 
al., 1977, 1979) and in rats (Miller et al., 
1981; Foster et al., 1983, 1984; Doe et al., 
1984; Chapin et al., 1985a,b). However, the 
metabolite methoxyacetic acid, not the par- 
ent compound, has been shown to be the 
agent responsible for the observed testicular 
toxicity of 2-methoxyethanol (Miller et al., 
1983; Foster et al., 1983, 1984; Moss et al., 
1985). 

The objective of this study was to supple- 
ment the earlier work of McGregor et al. 
(1983) on the testicular toxicity of bis(Zme- 
thoxyethyl) ether by identifying the com- 
pound responsible for such toxicity. 

METHODS 

Chemicals and solutions. The test compound, bis(2- 
methoxyethyl) ether having a chemical purity of 
>99.5%, was purchased from Fluka Chemical Corp. 
(Hauppauge, NY)? [ 1 ,2-ethylene-‘4C]Bis(2-methoxy- 
ethyl) ether, with a specific activity of 0.88 mCi/mmol 
and a radiochemical purity of greater than 99% by 
gas-liquid chromatography (GC), was synthesized by 
Pathfinder Laboratories, Inc. (St. Louis, MO). The radio- 
chemical purity of this radioisotope was verified by high- 
performance liquid chromatography (HPLC) with radio- 
activity detection. Commercially available reference 
compounds corresponding to possible metabolites were 
obtained at the highest purity. Diglycolic acid (>97%) 
was purchased from Fluka Chemical Corp. Methoxyace- 
tic acid (99%), 2-(2-methoxyethoxy)anol (99%), and 
2-methoxyethanol (99%) were purchased from Aldrich 
Chemical Co., Inc. (Milwaukee, WI). (2-Methoxyeth- 
oxy)acetic acid was synthesized by reaction of the so- 
dium salt of 2-methoxyethanol with monochloroacetic 
acid using the method of Palomaa and Siitonen (1930). 

’ Mention of company or product names is not to be 
considered an endorsement by the National Institute for 
Occupational Safety and Health. 

The resulting thick oil was dissolved in distilled water, 
and the pH ofthe solution was adjusted to pH 14 by addi- 
tion of 50% (w/w) NaOH solution. The solution was sub- 
sequently extracted with methylene chloride to remove 
any unreacted 2-methoxyethanol. The aqueous solution 
was then adjusted to pH 1 with concentrated HCl and 
reextracted with methylene chloride. This extract was 
concentrated under vacuum using a rotary evaporator 
(Heidolph, GmbH, West Germany). The chemical pu- 
rity of the (2-methoxyethoxy)acetic acid (b.p. 121- 
122”C/4 mm uncorr.; lit., 121-122”C/4 mm, Palomaa 
and Siitonen (1930)) was found to be 98.2% by gas chro- 
matographic analysis. N-Methoxyacetyl glycine methyl 
ester (b.p. 147.5”C/O.7 mm, uncorr.) was synthesized by 
reaction of methoxyacetyl chloride with glycine methyl 
ester using the method of Wolfand Niemann (1963). 

A dosing solution was prepared for the metabolism 
study by dissolving appropriate amounts of [1,2-ethy- 
lene-‘4C]bis(2-methoxyethyl) ether and bis(2-methoxy- 
ethyl) ether in distilled water to give a final concentration 
of 1.02 mmol/ml (sp act 29 pCi/mmol). A second dosing 
solution was prepared by diluting sufficient [1,2-ethy- 
/ene-‘4C]bis(2-methoxyethyl) ether in distilled water to 
give a final concentration of 0.0 102 mmol/ml (sp act 980 
pCi/mmol). Radioactivity was quantified by scintillation 
spectrometry. 

For the toxicity studies, separate dosing solutions of 2- 
(2-methoxyethoxy)ethanol and (2-methoxyethoxy)a- 
cetic acid were prepared in distilled water to give each a 
final concentration of 1.02 mmol/ml. 

Animals, doses, and collections. Male Sprague-Daw- 
ley (Crl:CD (SD)BR outbred), cesarean-derived rats, 
weighing 51 to 75 g, were obtained from Charles River 
Breeding Laboratories, Inc. (Wilmington, MA). Immedi- 
ately upon receipt, these animals were placed in quaran- 
tine and maintained on NIH-07 rat and mouse diet 
(Ziegler Brothers, Inc., Gardners, PA) and tap water ad 
libitum. During this period, a 12-hr light-dark schedule 
was maintained, with the light cycle beginning at 7:00 
AM. Laboratory temperatures ranged from 22 to 24°C 
and the relative humidity ranged from 45 to 5 1%. After 
2 weeks, 10 rats, weighing 190-220 g, were transferred 
to separate Roth-type glass metabolism cages where they 
had free access to food (hard sticks of NIH-07 diet baked 
with raw egg binder) except for the 18-hr period immedi- 
ately prior to treatment, when food was withheld. Dis- 
tilled water was available at all times. Laboratory air, 
from which moisture, carbon dioxide, and organic va- 
pors had been removed, was drawn by vacuum through 
the metabolism chambers at a rate of 500 ml/min. The 
rats were allowed 3 days to acclimate to the chambers 
prior to the administration of the test compound be- 
tween 9 and 10 AM on the fourth day. To each rat, a single 
po dose of [ 1 ,2-ethylene-‘4C]bis(2-methoxyethyl) ether at 
either 5.1 or 0.05 1 mmol/kg body wt was administered 
in a constant 5-ml volume of dosing solution/kg body wt. 
The radioactivity in the high and low doses amounted to 
148 and 50 pCi/kg body wt, respectively. 
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Immediately following the administration of the indi- 
vidual doses, the rats were returned to their cleaned indi- 
vidual metabolism chambers for the collection of ex- 
haled compounds, urine, and feces. The emergent air 
from each chamber was drawn by vacuum first through 
a sorbent air-sampling tube containing an 800-mg front 
section and a 200-mg back section of coconut-based 
charcoal (SKC, Inc., Eighty-Four, PA) to trap exhaled 
organic compounds and subsequently through an ab- 
sorption tower filled with 500 ml of ethanolamine to trap 
expired carbon dioxide. The air-sampling tubes and the 
ethanolamine solutions were changed periodically as re- 
quired to avoid loss of radioactivity. Urine was collected 
at 6, 12, 24, 48, 72, and 96 hr. Each urine sample was 
diluted to 10 or 25 ml and immediately passed through 
an Acrodisc filter having a 0.45~/rrn pore size (Gelman 
Sciences, Ann Arbor, MI). Feces were collected at 24,48, 
72, and 96 hr. The air-sampling tubes, urine, and feces 
were stored at -2o’C until analyzed. The rats were killed 
by asphyxiation with carbon dioxide 96 hr after dosing. 
The cages were washed successively with water and 
methanol, and the washes from each cage were collected 
separately for 14C analysis. 

For use in the toxicity study, rats weighing 190-240 
g, were randomly assigned to one of three groups of 50 
animals each and were housed 5 per cage. All animals 
within a given group were administered by gavage a daily 
dose (5 ml/kg body wt) for up to 20 days of 2-(2-methoxy- 
ethoxy)ethanol or (2-methoxyethoxy)acetic acid at 5. I 
mmolfkg body wt, a molar dose equivalent to that of 
bis(2-methoxyethyl) ether previously shown to produce 
testicular atrophy. During this period, no overt signs of 
toxicity or early deaths were noted. Animals in each 
treatment group were killed in groups of five at 2-day 
intervals on Days 3 through 2 1 for evaluation of any his- 
topathological changes in the testes. At necropsy, ani- 
mals were anesthetized with secobarbital sodium and 
killed by exsanguination. The testes were excised, 
weighed separately, and fixed in Bouin’s solution for 24 
hr. The testes were then rinsed with 70% ethanol and em- 
bedded in paraffin wax. The tissues were sectioned at 5 
pm and stained with periodic acid-Schiff stain for dem- 
onstration of the spermatid acrosome or hematoxylin 
and eosin for general morphological examination by 
light microscopy. 

Determination qfradioactivity. Aliquots ( 100 gi) ofthe 
diluted urine samples were added to liquid scintillation 
vials containing 3 ml of methanol and 10 ml of scintilla- 
tion medium (Scinti-Verse II, Fisher Scientific Co.. Fair- 
lawn, NJ) for the determination of 14C. Aliquots (1 ml) 
of the cage washes were dissolved in 10 ml of the same 
scintillation medium. Front and back sections of char- 
coal from each air-sampling tube were desorbed in sepa- 
rate 5-ml quantities of bis(2-methoxyethyl) ether, a 
solvent found to desorb greater than 98% of [ 1,2-ezhy- 
lene-‘4C]bis(2-methoxyethyl) ether adsorbed in amounts 
typical of those collected from the emergent chamber air. 

A L-ml aliquot ofeach solution was transferred to a liquid 
scintillation vial containing 10 ml ofthe scintillation me- 
dium. The carcass digests were homogenized separately 
with a Polytron Model PCU-1 homogenizer equipped 
with a PC-10 probe (Kinematica GmbH, Luzem, Swit- 
zerland), and l-ml aliquots were analyzed in the scintilla- 
tion medium. Aliquots ( l-ml) of ethanolamine were pre- 
pared for scintillation counting in Permafluor V (Pack- 
ard Instrument Co., Downers Grove, IL). Feces, while 
still frozen, were ground with an equal weight of micro- 
crystalline cellulose (E. Merck, Darmstadt, West Ger- 
many) in a Model A10 microanalytical mill (Janke & 
Kunkel GmbH, West Germany) until a homogenous 
mixture was obtained. Weighed portions (OS-I.0 g) of 
feces-cellulose mixtures were burned in a sample oxi- 
dizer (Tri-Carb Model B306, Packard Instrument Co.). 
The 14C02 from the combustion was absorbed in 6 ml of 
Carbo-Sorb (Packard Instrument Co.) and analyzed in 
12 ml of Permafluor V. 

The radioactivity in the samples was measured in a 
model IS8100 liquid scintillation spectrometer (Beck- 
man Instruments Co., Fullerton, CA). Counting effi- 
ciencies were determined by the external standard 
method of Horrocks (1977). 

Separation, quantification, and isolation of urinary 
metabolites. Prior to analyzing the urine samples by 
HPLC, suitable conditions for the separation of com- 
pounds representing possible metabolites of bis(2-me- 
thoxyethyl) ether were established. The HPLC system 
consisted of a Model ALC/GPC 201 liquid chromato- 
graph equipped with two Model 6000A pumps con- 
trolled by a Model 720 system controller (Waters Associ- 
ates, Inc.. Milford, MA). Samples were introduced by a 
Waters WISP 7 1OA automatic sample injector module, 
and eluted compounds were detected by a Model 1040A 
spectrophotometric detector (Hewlett-Packard Co., 
Palo Alto, CA) set at 2 10 nm or by a Tri-Carb RAM 7500 
radioactivity monitor equipped with a 50-~1 RAM 754 
heterogeneous flow cell (Packard Instrument Co.). Better 
than base-line resolution for all compounds was achieved 
using a SO-cm-long X 9-mm-id. stainless-steel column 
packed with lo-pm Partisil-10 OD-2 (Whatman. Inc., 
Clifton, NJ) in series with a 15-cm-long x 3.9-mm-id. 
stainless-steel column packed with 5-pm spherical NO- 
VA-PAK Cl8 (Waters Associates, Inc.). The column 
temperature was maintained at 30°C using a column 
heater module and an associated temperature control 
module (Waters Associates, Inc.). Radioactive urinary 
components were chromatographed with 1% acetic acid 
in water isocratically for 20 min, then with a methanol: 
1% acetic acid solvent system programmed from 15 to 
80% methanol using a linear gradient over a 40-min pe- 
riod, and finally with methanol:l% acetic acid (80~20) for 
15 min. The flow rate was maintained at 1 ml/min. 

Each urine sample was thawed, and a 3-ml portion was 
acidified to pH 2 with HzSO,. Aliquots ( 1 ml) ofthe acid- 
ified urine samples were injected into the HPLC, and ra- 
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FIG. 1. Cumulative 96-hr urinary 14C excretion after oral administration of radiolabeled bis(Z-methoxy- 
ethyl) ether at 5.1 or 0.05 1 mmol/kg body wt in the adult male rat. 

dioactive components were detected and quantified by 
the radioactivity monitor. The retention time of each ra- 
dioactive component was recorded, and the radioactive 
fractions were collected separately using a Model 2103 
fraction collector (ISCO, Lincoln, NE) for further char- 
acterization of the radioactive compounds. 

Mass spectral identijication of urinary metabolites. 
Each radioactive fraction of urine, collected from the 
HPLC column, was lyophilized using a Model 75035 
freeze-dryer (Labconco Corp., Kansas City, MO), and 
the residue was redissolved in a small amount of metha- 
nol for analysis by gas chromatography-mass spectrome- 
try (W-MS). The methyl esters of organic acids were 
prepared by reaction with NJ-dimethylformamide di- 
methyl acetal (Methyl-8 concentrate, Pierce Chemical 
Co., Rockford, IL) in accordance with the general 
method of Thenot et al. ( 1972). A Model 5890A gas chro- 
matograph (Hewlett-Packard Co., Avondale, PA), fitted 
with a 50-m X 0.2-mm-i.d. Ultra-l (d,= 0.33 pm) fused 
silica capillary column (Hewlett-Packard Co., Avondale, 
PA), was coupled by direct capillary interface with a 
Model 5970B quadrupole mass spectrometer (Hewlett- 
Packard Co., Palo Alto, CA). Helium was used as the car- 
rier gas at a linear velocity of 38 cm/set at 2Oo’C. Splitless 
injections were made with the column at 1o’C. This tem- 
perature was then programmed to 200°C at 8’C/min. 
Electron impact mass spectra were acquired at an elec- 
tron energy of 70 eV and a source temperature of 200°C 

and were stored and processed with a Model 59970 MS 
ChemStation (Hewlett-Packard Co., Palo Alto, CA). 
Mass spectrometric identifications were made by com- 
parison of the mass spectra of the metabolites with those 
of authentic compounds. 

Radioactive constituent of breath. Volatile organic 
compounds expired by two rats during the 24-hr period 
immediately following the administration of bis(2- 
methoxyethyl) ether at 5.1 mmol/kg body wt were col- 
lected using a single, charcoal air-sampling tube for each 
rat. The charcoal sections from these sampling tubes 
were combined and subsequently desorbed for 24 hr with 
10 ml of methanol. Aliquots of the methanol solutions 
were analyzed by HPLC and GC-MS to characterize any 
radioactive component eliminated in the breath. 

Statistical analysis. Statistical differences between 
group means were determined using one-way analysis of 
variance. The level of significance chosen wasp < 0.05. 

RESULTS 

Excretion of Radioactivity 

In rats given a single po dose of [ 1,2-ethyl- 
ene-‘4C]bis(2-methoxyethyl) ether, the elimi- 
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nation of the administered radioactivity oc- 
curred principally through the kidneys. The 
recovery of the administered 14C directly 
from this route over 96 hr was 85.7 4 1.7% 
for rats treated with the high dose (5.1 mmol/ 
kg) and 88.8 f 1.4% for the low dose (0.05 1 
mmol/kg). When the amounts of 14C in the 
cage washes-radioactivity considered to be 
from residual urine-were included, the total 
recoveries from the urinary route were 86.5 
f 1.6% for the high dose and 90.0 +- 1.2% for 
the low dose. The elimination of radioactivity 
in the urine was rapid with 77.5 f 3.1% ofthe 
high dose and 83.1 +- 2.7% of the low dose 
excreted over the first 24 hr. Only an addi- 
tional 9.0% of the high-dose 14C and 6.9% of 
the low-dose 14C were excreted during the en- 
suing 72 hr (Fig. 1). Respired 14C02 collected 
from rats receiving either 5.1 or 0.05 1 mmol/ 
kg body wt doses of bis(2-methoxyethyl) 
ether was negligible, amounting to only 1.4 
+- 0.1 and 3.6 -t 0.3% of the administered 
dose, respectively. Only trace amounts of 14C 
were found in the breath as volatile organics, 
totaling 1.2 + 0.1% of the administered high 
dose and 0.4 + 0.1% of the low dose. Less 
than 5% of the administered 14C was excreted 
in the feces. At 96 hr, the elimination of 14C 
was nearly complete with less than 2.5% of 
the dose remaining in the carcasses. These re- 
sults are summarized in Table 1. 

Identification of Urinary Metabolites 

Radioactive compounds present in each 
urine sample collected over the 96-hr period 
immediately following the administration of 
a single po dose of [ 1 ,2-ethylene-‘4C]bis(2- 
methoxyethyl) ether at 5.1 or 0.05 1 mmol/kg 
were separated by HPLC and quantified by 
liquid scintillation spectrometry. An HPLC 
composite profile of radioactive components 
in the urine was constructed for each dose 
level. These qualitatively identical profiles 
contained 10 compounds, which were desig- 
nated by their order of elution from the 
HPLC column as I through X. Each radioac- 

TABLE 1 

TOTAL 96-ht RECOVERYOF% 

% of administered bis(2- 
methoxyethyl) ether 

Sample Low dosea High dose’ 

Total urinary 90.0 * 1.2 86.5 rt 1.6 
Urine 88.8 * 1.4 85.7 + 1.7 
Cage wash 1.220.3 0.8 f  0.1 

Carbon dioxide 3.6 zk 0.3 1.4*0.1’ 
Volatile organic 0.4 f  0.1 1.2~0.1’ 
FeCeS 2.9 k 0.6 4.6 f  1.0’ 
Carcass 1.7 -c 0.2 2.2 + 0.4 

Total recovery 98.6 + 0.8 95.9 + 1.3 

a Male Sprague-Dawley rats (190-220 g) received 
0.05 1 mmol/kg body wt doses of [ 1 ,2-ethylene-‘4C]bis(2- 
methoxyethyl) ether (sp act 980 &i/mmol) (mean + SE, 
n = 5). 

b Male Sprague-Dawley rats (190-220 g) received 5.1 
mmol/kg body wt doses of [ 1 ,2-ethy/ene-‘4C]bis(2-me- 
thoxyethyl) ether (sp act 29 &i/mmol) (mean -C SE, 
n= 5). 

‘Statistically significant at p i 0.05 by comparison 
with corresponding low-dose value. 

tive HPLC fraction was collected separately, 
lyophylized, and redissolved in methanol for 
further characterization by GC-MS. Metabo- 
lites tentatively identified as organic acids by 
their characteristic GC peak shape and by 
their mass spectra were rechromatographed 
as their methyl ester derivatives. The chro- 
matographic retention times of the radioac- 
tive urinary components and those of certain 
corresponding authentic compounds are 
shown in Table 2. The identities of com- 
pounds II, III, V through VII, IX, and X were 
established by matching their GC retention 
times and mass spectra with those of authen- 
tic compounds. The electron impact mass 
spectra of the principal metabolite, (2- 
methoxyethoxy)acetic acid (Fig. 2), and 
methoxyacetic acid (Fig. 3) are shown along 
with spectra of corresponding reference com- 
pounds. The three remaining metabolites (I, 
IV, and VIII), representing a total of less than 
3% of the administered dose, were not identi- 
fied. 
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TABLE 2 

HPLC AND GC COMPARISON OF BIS(ZMETHOXY- 
ETHYL)ETHERURINARYMETABOLITESANDCERTAIN 

REFERENCECOMPOUNDS 

Compound 

HPLC Gc 
RT” RTb 

(min) (min) 

I 

II 
N-(Methoxyacetyljglycine 

III 
Diglycolic acid 

IV 

V 
Methoxyacetic acid 

VI 
2-Methoxyethanol 

VII 
(2-Methoxyethoxy)acetic acid 

VIII 

IX 
2-(2-Methoxyethoxyjethanol 

X 
Bis(2-methoxyethyl) ether 

30.6 f  0.1 

32.2 k 0.1 
32.2 +_ 0.1 

46.5 + 0.1 
46.1 kO.1 

47.4 f  0.1 

48.5 + 0.1 
48.2 AC 0.1 

50.1 -t 0.1 
50.4 AI 0.1 

54.2 + 0.1 
54.3 t 0.1 

57.3 _+ 0.1 

61.7 +O.l 
61.7 + 0.2 

66.3 + 0.0 
66.2 + 0.0 

Identification of the Radioactive Component 
- in Expired Air 

28.4 
28.4 

25.1 
25.1 

- 

15.5 
15.5 

12.4 
12.4 

22.9 
22.9 

Volatile organic compounds collected 
from the breath were desorbed from the char- 
coal sampling tubes with methanol and ana- 
lyzed by HPLC. The single radioactive com- 
ponent gave a retention time identical to that 
of authentic bis(2-methoxyethyl) ether. The 
identity of this compound was confirmed by 
matching the GC retention time and mass 
spectrum with those of bis(2-methoxyethyl) 
ether. 

- Histopathology 
20.2 
20.2 

20.6 
20.6 

Examination of the testes of rats given 
as many as 20 consecutive daily doses of 
either the primary metabolite, (2-methoxy- 
ethoxy)acetic acid, or its metabolic precursor, 
2-(2-methoxyethoxy)ethanol, at 5.1 mmol/ 
kg body wt, indicated that no degenerative 
changes had occurred. 

’ HPLC retention time was obtained using a 50-cm- 
long X 9.0-mm-i.d. stainless-steel column packed with 
lo-pm particle size Partisil OD-2 in series with a 15-cm- 
long X 3.9-mm-i.d. stainless-steel column packed with 
5-pm spherical NOVA-PAK C18. Column temperature 
was maintained at 30°C. Elution was effected using 1% 
acetic acid for 20 min and was followed by a 40-min lin- 
ear solvent gradient program from I5 to 80% methanol: 
1% acetic acid (mean + SE, n = 5). 

b GC retention time was obtained using a 50-m-long 
X 0.20-mm-id, Ultra-l (d, = 0.33 pm) fused silica col- 
umn. Oven temperature was programmed from 10 to 
200°C at 8’C/min with 38.5 cm/set helium linear veloc- 
ity at 200°C. Carboxylic acids were analyzed as the corre- 
sponding methyl esters. 

Although the HPLC composite profiles of 
urinary components from rats given the high 
and low doses were qualitatively identical, 
the percentages of certain components were 
related to the dose. Based on these percent- 
ages, the amounts of metabolites I and VIII 

and unchanged bis(2-methoxyethyl) ether ex- 
creted in the urine were significantly greater 
for the rats given the high dose, whereas the 
amount of compound IV was significantly 
lower as shown in Table 3. 

DISCUSSION 

The results of this study indicate that the 
metabolism of bis(2-methoxyethyl) ether in 
the rat proceeds primarily through O-de- 
methylation with subsequent oxidation to 
form (2-methoxyethoxy)acetic acid. Such re- 
sults are consistent with the metabolism 
shown to occur in the rat with certain related 
glycol ether solvents. Miller and his co-work- 
ers (1983) reported that 0-demethylation of 
two such compounds, 1 -methoxy-Zpropa- 
no1 and 2-methoxyethanol, accounted for 63 
and 12%, respectively, of their metabolism in 
the rat. A secondary metabolic pathway for 
bis(2-methoxyethyl) ether involves the enzy- 
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FIG. 2. Comparison of mass spectra of metabolite VII (top) and (2-methoxyethoxy)acetic acid (bottom) 
isolated from rat urine after administration of radiolabeled bis(Zmethoxyethy1) ether at 5.1 or 0.05 1 
mmoI/kg body wt. 
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FIG. 3. Comparison of mass spectra of metabolite V (top) and methoxyacetic acid (bottom) isolated from 
rat urine after administration of radiolabeled bis(2-methoxyethyl) ether at 5.1 or 0.05 1 mmol/kg body wt. 
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TABLE 3 

BIS(~-METHOXYETHYL)ETHER~~-~~URINARY 
METABOLICPROFILE 

Compound Low dose“ High dose* 

Metabolite I 
N-(MethoxyacetyBglycine 
Diglycolic acid 
Metabolite IV 
Methoxyacetic acid 
2-Methoxyethanol 
(2-Methoxyethoxy)acetic acid 
Metabolite VIII 
2-(2-Methoxyethoxyksthanol 
Bis(Z-methoxyethyl) ether 

Total urinary recovery 

t0.1’ 0.3 + 0. Id 
0.1 + 0.1 0.3 f 0.2 
6.1? 1.0 3.9 + 1.0 
2.5 * 0.4 1.0 + 0.3,+ 
5.8 k 0.8 6.2 + 0.8 
2.22 1.1 0.8 + 0.3 

70.3 + 1.3 61.9 3~ 3.3 
0.4fO.l I.2 f0.3d 
0.3 f 0.2 <o. I 
0.4*0.1 1.8 + 0.3d 

88.7 + 1.6 83.4 k 3.3 

a Male Sprague-Dawley rats (190-220 g) received 0.05 1 
mmol/kg body wt doses of [ 1,2-ethylene-“Clbis(2-methoxyethyl) 
ether (sp act 980 &i/mmol) (mean + SE, n = 5). 

’ Male Sprague-Dawley rats (190-220 g) received 5. I mmol/ 
kg body wt doses of [ 1,2-ethylene-‘%]bis(2-methoxyethyl) ether 
(sp act 29 pCi/mmol) (mean + SE, n = 5). 

‘Urinary 96-hr excretion of metabolites calculated as a per- 
centage of dose. 

*Statistically significant at p < 0.05 by comparison with corre- 
sponding low-dose metabolite value. 

matic hydrolysis of the central ether bond to 
form 2-methoxyethanol which, in part, un- 
dergoes oxidation to yield methoxyacetic 
acid. Subsequent glycine conjugation of 
methoxyacetic acid is shown, a reaction sug- 
gested by Miller and his co-workers (1983). 
The possibility of such enzymatic hydrolysis 
of the central ether bond was suggested by 
McGregor et al. ( 1983), who evaluated the re- 
productive toxicity of this compound. That 
research group noted that the effects of bis(2- 
methoxyethyl) ether, an aprotic solvent, and 
those of 2-methoxyethanol, a primary alco- 
hol, were remarkably similar and stated that 
methoxyacetic acid, a known testicular toxi- 
cant, may be a common metabolite of these 
two glycol ethers. 

At both dosing levels used in this study, the 
major portion of the administered radioactiv- 
ity was excreted in the urine. After the admin- 
istration of these doses 0.4 to 1.8% of the uri- 
nary radioactivity was present as unchanged 
bis(2-methoxyethyl) ether. The metabolism 

of [ 1,2-ethylene- 14C] bis( 2-methoxyethyl) 
ether in the rat is complex, as evidenced by 
the number of radiolabeled urinary compo- 
nents detected by HPLC. The urinary metab- 
olites, (2-methoxyethoxy)acetic acid and 
methoxyacetic acid, together accounted for 
76.1 to 74.1% of the radiolabel. Minor metab- 
olites present in the urine represent other 
products of 0-demethylation or hydrolysis 
of the central ether bond of bis(2-methoxy- 
ethyl) ether. These compounds were iden- 
tified as diglycolic acid, 2 - ( 2 - methoxy- 
ethoxy)ethanol, 2-methoxyethanol, and N- 
(methoxyacetyl)glycine. N-(Methoxyacetyl)- 
glycine has previously been identified as a 
product of 2-methoxyethanol metabolism in 
the rat (Moss et al., 1985). The precursor of 
diglycolic acid has not been established for 
mammals; however, Prochazka et al. (1966) 
noted that certain glycol ethers were utilized 
as the sole carbon source by TEG-5 bacteria, 
and suggested that 0-demethylation of 2-(2- 
methoxyethoxy)ethanol by these bacteria in 
the formation of diethylene glycol is a possi- 
bility. Hrotmatka and Polesofsky ( 1962), us- 
ing Acetobacter suboxydans, identified fi- 
hydroxyethoxyacetic acid and diglycolic acid 
as products of diethylene glycol oxidation. 
Although these intermediates have not been 
identified for the rat, the presence of digly- 
colic acid in the urine strongly suggests that 
the same route of metabolism occurs. The 
central ether linkage of bis(2-methoxyethyl) 
ether is cleaved in vivo in the rat to the extent 
of at least 7.3% after administration at 5.1 
mmol/kg body wt and 8.1% after administra- 
tion at 0.051 mmol/kg body wt. Of the re- 
spective high and low doses, 0.8 and 2.2% are 
excreted as methoxyethanol and 6.2 and 
5.8% are oxidized to methoxyacetic acid. 
Conjugation of methoxyacetic acid from the 
high dose proceeds to the extent of 0.3%. A 
small but statistically significant dose depen- 
dence in the metabolism of bis(2-methoxy- 
ethyl) ether is indicated by examination of 
the high- and low-dose metabolite profiles. At 
the high-dose level, a significantly greater per- 
centage of the administered radioactivity was 
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FIG. 4. Postulated pathway for the metabolism of bis(2-methoxyethyl) ether in the adult male rat. 

excreted in the urine as metabolites I and VIII 
and unchanged b&(2-methoxyethyl) ether, 
whereas a lower percentage was excreted as 
metabolite IV. Based on the compounds 
identified in this study, a general scheme of 
metabolism is proposed for bis(2-methoxy- 
ethyl) ether (Fig. 4). 

The principal metabolite, (2-methoxy- 
ethoxy)acetic acid, and its precursor, 2-(2- 
methoxyethoxy)ethanol, were shown not to 
cause changes in the testes of rats. These ob- 
servations are in marked contrast with the de- 
generative changes which occurred in the tes- 
tes of rats after treatment with as few as 8 
daily doses of bis(2-methoxyethyl) ether at 
the same molar dose (Cheever et al., 1985). 
However, the cumulative formation of 
methoxyacetic acid after dosing with 5.1 
mmol/kg of bis(2-methoxyethyl) ether is 
consistent with the amount of that com- 
pound reported to cause testicular atrophy 
(Miller et al., 1982). Although (2-methoxy- 
ethoxy)acetic acid has not been evaluated 
previously as a testicular toxicant, 2-(2- 
methoxyethoxy)ethanol given in the drinking 

water of mice (Nagano et al., 1984) and by 
inhalation in the rat (Miller et al., 1985) re- 
sulted in negative toxicity. This absence of 
testicular toxicity noted for both 2-(2-meth- 
oxyethoxy)ethanol and (2-methoxyethoxy)- 
acetic acid indicates that the toxicant is not 
derived from the primary 0-demethylation 
pathway of metabolism and provides support 
for the proposed metabolism scheme. 

Of the metabolites of bis(2-methoxy- 
ethyl) ether identified in the present study, 
only two, 2-methoxyethanol and methoxy- 
acetic acid, have been reported to be potent 
testicular toxicants in rats (Miller et al., 
198 1, 1982; Foster et al., 1983). However, 
inhibition of the alcohol dehydrogenase- 
mediated metabolism of 2-methoxyethanol 
in rats by pretreatment with pyrazole, 
which blocked the formation of methoxy- 
acetic acid, has been shown to eliminate the 
testicular toxicity of 2-methoxyethanol 
(Foster et al., 1984). Thus, the reproductive 
toxicity reported for bis(2-methoxyethyl) 
ether can be accounted for by effects of the 
methoxyacetic acid formed. 
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