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Abstraet--Acetaminophen hepatotoxicity in male CD- 1 mice was enhanced markedly by brief anesthesia 
with dicthyl ether (ether), and particularly so if acetaminophen was given several hours after ether. The 
present study was conducted to examine the possible biochemical mechanisms behind this delayed 
toxicologic synergism. In vitro biochemical studies indicated that ether anesthesia produced a delayed 
reduction in the activities of glucuronyl transferase and glutathione (GSH) S-transferase. and in the 
hepatic content of GSH. Thc hepatic content but not activity of the cytochromes P-450 was initially 
reduced by ether but recovered by the time of maximal toxicologic enhanccment. In vitro studies showed 
that ether produced a small decrease in the plasma concentrations of glucuronidc and sulfate conjugates 
of acetaminophen, with a concomitant, minor increase in the half-life of acetaminophen, and a major 
increase in the bioactivation of acetaminophen, as determined by an earl,',', 2-fold increase in the plasma 
GSH and cysteine conjugates of acctaminophcn, and a 3-fol'd increase in the covalent binding of 
acetaminophcn to hcpatocellular protein. Decreases produced by ether in the in vivo production 
of acetaminophen glucuronide correlated with increasing plasma concentrations of unmetabolised 
acetaminophen, dccrcasing hepatic GSH content and increasing covalent binding of acetaminophen to 
hepatocellular protein when these measurements were performed in the same animals. The biochemical 
mechanisms underlying the potentiation of acetaminophen hepatoxicity as measured by plasma glutamic 
pyruvic transaminase concentrations appeared to be due to delayed, complex effects of ether upon 
multiple enzymatic pathways of acetaminophen elimination and detoxitication. 

Diethyl ether (ether) is used widely as an anesthetic 
in animal research, and it remains a convenient  
human anesthetic in some third world countries. 
Although there have been reports as early as 1958 
[1] that ether can inhibit drug-metabolising enzymes 
in liver homogenates ,  it has been only recently that 
the effects of ether on metabolism have received 
more at tention.  Umeda  and Inaba [2] found that 
ether inhibits d iphenylhydantoin el imination in v ivo,  
and Jobannessen  et al. [3] showed that brief ether 
anesthesia significantly reduces the in v ivo  elim- 
ination of acetaminophen in rats. t tempel  et al. [4] 
showed in uitro that ether inhibits the oxidative 
metabolism of p-nitroanisole.  Ether  was also shown 
in uitro to cause a marked depletion of uridine di- 
phosphoglucuronic acid ( U D P G A § ) ,  the essential 
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cofactor for glucuronidation [5, 6]. More recently, 
ether given for 1 hr has been shown to cause immedi- 
ate decreases in the in v ivo  and in vitro glu- 
curonidat ion of acetaminophen in rats [7]. and rat 
hepatocytes incubated in the presence of ether have 
reduced glucuronidation of acetaminophen [8]. 

Acetaminophen (paracetamol ,  N-acetyl-p-amino- 
phenol,  APAP,  Tylenol)  is a widely used analgesic/ 
antipyretic drug. Ace taminophen  can cause cen- 
trilobular hepatic necrosis in humans [9, 10] and 
in animals [11,12]. As shown in Fig. 1. saturable, 
enzymatically catalysed conjugations of acetamino- 
phen with glucuronic acid and sulfate prevent the 
formation of the toxic reactive metabolite and 
account, respectively, for about  60 and 30% of acet- 
aminophen metabolism, depending upon the species 
[ 12, 13]. A small fraction ( 5 - 1 0 q )  of acetaminophen 
is bioactivated by hepatic cytochromes P-450 to the 
potentially toxic reactive intermediate.  Under  nor- 
mal conditions, this reactive intermediate is evan- 
escent, being immediately detoxified by enzymatic 
conjugat ion with hepatic reduced glutathione (GSH) 
and subsequently excreted as cysteine and N-ace- 
tylcysteine conjugates [14]. t towever,  if the amount  
of acetaminophen bioactivated is increased, or if 
detoxification of the reactive intermediate is 
reduced, then the available reactive intermediate 
arylates hepatic macromolecules,  which is thought to 
initiate processes leading to hepatocellular necrosis 
[12, 151. 

Since glucuronidation constitutes the major non- 
toxic el imination pathway for acetaminophen (Fig. 
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Fig. 1. Postulated relation of acetaminophen (APAP) biotransformation to hepatotoxicity. Over Oa)% 
of APAP is eliminated via enzymatic conjugation with glucuronic acid, producing a nontoxic, water 
soluble metabolite. A small amount (5-10c~) is bioactivated by the hepatic cytochromes P-450 to a 
reactive intermediary metabolite which, it not detoxified by conjugation with glutathione, can bind 
covalently to essential hepatocellular macromolecules, thereby initiating a process leading to cellular 

necrosis (scc text). 

1), and since ether inhibits the glucuronidation of a 
number of substrates, previous murine studies in this 
laboratory examined whether ether could enhance 
the hepatotoxicity of acetaminophen, ostensibly by 
inhibiting glucuronidation and forcing more acet- 
aminophen through the toxifying pathway catalysed 
by the cytochromes P-450 [16, 17]. However, ether 
also can inhibit the activity of the toxifying cyto- 
chromes P-450, as cited above. Therefore acet- 
aminophen was given to separate groups of NIII 
general strain male mice at different times after 
ether administration to determine whether P-45() 
bioactivation might recover before glucuronidation. 
For this hypothesis, enhancement of the hepato- 
toxicity of acetaminophen by ether would occur only 
if acetaminophen was given at that time following 
ether administration when bioactivation had reco- 
vered while glucuronidation remained suppressed 
(Fig. 2, upper panel). The results of those studies 
supported the above hypothesis, in that acet- 

aminophen hepatotoxicity was enhanced markedly 
by brief anesthesia with ether, and particularly so if 
acetaminophen was given several hours after ether 
[17]. 

The present study ~as conducted to confirm this 
delayed toxicologic synergism and to examine the 
possible biochemical mechanisms. 

METHOI)S ANI) MA'I'ERL',,I.S 

AnimM~. Male CD-1 mice ((]]aries River Canada 
Inc.. St. Constant. Ouebcc. ( 'anada) weighing 25- 
311 g were housed in plastic cages containing ground 
corn cob bedding (Northeastern Products Corp., 
Warrensburg, NY). A 12-hr light cycle was main- 
rained automatically, and animals were provided ad 
lib. with food (Purina Rodent Chow, Woodlvn Lab- 
oratories l,td. Guelph, Ontario) and tap water. All 
animals were maintained for 1 week before receiving 
~lnv treatment. 
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Fig. 2. Upper panel: Biochemical hypothesis for the potentiation of acetaminophen (APAP) hepato- 
toxicity by general anesthetics. General anesthesia inhibits the enzymatic pathways for both the 
bioactivation (P-450 toxification) and "dctoxilication'" (elimination via the alternative, nontoxifying 
glucuronyl transferase pathway) of APAP. If bioactivation recovers first, then administration of APAP 
at this time (case 3) would cause enhanced hepatotoxicity. APAP given at other times after anesthesia, 
either when both bioactivation and detoxification were unaffected (case 1), inhibited (case 2) or 
recovered (case 4), would cause the same hepatotoxicity as APAP given alone. Lower panel: Temporal 
effect of ether pretreatment on acetaminophen (APAP) hepatotoxicity. APAP, 300 mg/kg i.p., was 
administered to separate groups of male CD-1 mice at different times following 5 min of anesthesia with 
ether. Plasma GPT concentrations were measured repetiti,,ely in each mouse, and each bar represents 
the mean _+ S.D. of the peak GPT concentration from each mouse. Asterisks indicate significant 

differences from the control group given APAP alone (P < 0.05). 

Toxicologic potentiation. Preliminary experiments  
were conducted to confirm the potentiat ion of acet- 
aminophen hepatotoxici ty by diethyl ether  (ether) in 
CD-1 male mice. Ether  ( B D H  Laboratories,  
Toronto ,  Ontar io ,  Canada)  was administered over  
5 min to groups of six mice housed in an inhalation 
chamber ,  with anesthetic efficacy moni tored  by abol- 
ition of the righting reflex. Following recovery from 
anesthesia, animals were transferred to their original 
cages. Ace taminophen  (N-acetyl-p-aminophenol, 
Sigma Chemical  Co. ,  St. Louis, MO,  U .S .A . )  was 
dissolved in normal saline and adjusted to p t l  9.5 
with N a O H ,  the drug concentrat ion being calculated 
to deliver the appropriate  dose in a vehicular volume 

of 0.{)I ml.,,'g of body weight. Ace taminophen ,  
300 mg/kg,  was injected intraperi toneally (i.p.) into 
different groups of animals at 2, 6 or 10hr after 
pre t rea tment  with ether  anesthesia. All groups 
received acetaminophen at the same time of day. 
Control  animals were injected with an equal volume 
of the vehicular solution adjusted to the cor- 
responding pH. 

Hepatocel lular  damage was assessed by measuring 
the amount  of glutamic pyruvic transaminase (GPT)  
released into the blood by injured hepatocytes.  
Plasma G P T  was quantified according to the colou- 
rimctric method of Rei tman and Frankel [18] using 
a standardised assav kit (Sigma Chemical  Co.).  Using 
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heparinised microcapillary tubes (Microcaps, Drum- 
mond Scientilic Co. .  Bloomall ,  PA,  U .S .A . ) ,  
sequential  plasma samples ',,,.ere obtained from each 
mouse via the tail vein at ~, 12, 24 and 36 hr after 
acetaminophcn injection. Repeti t ive microsampling 
from the same mouse has been shown to permit 
accurate temporal  identification and quantil ication 
of the maximal plasma G P T  concentrat ion,  which 
varies substantially it] t ime of occurrence among 
different mice treated identically [19]. Accurate  
assessment of the peak value for plasma G P T  con- 
centrations can be essential for a valid indirect assess- 
ment of hepatocel lular  dan]age. 

Pilm .study.' Temporal biochemical efl~'ct.~ o f  e#zer. 
Prior to the fully controlled study, a pilot experirnent 
was conducted in a small number  of animals to 
establish the temporal  nature of biochemical effects 
caused by ether anesthesia. Groups of four mice 
were pretreated with ether  and killed bv cervical 
dislocation at various time intervals afterwards. Con- 
trol groups werc studied at (I, 12 and 24hr  after 
treated groups reccived ether.  The liver was tlushed 
via the hepatic portal vein with isotonic KCI, excised, 
and homogenised in isotonic KCI on ice using a 
probe homogeniser  (Ultra-Turrax,  Janke & Kunkel,  
Terochem l .aboratories ,  Toronto .  Canada).  An ali- 
quot ,,,,'as used to quantify hepatic GSH content  
according to the method  of Sedlak and Lindsay [20] 
as previously described [211. The liver homogenate  
was then centr ifuged at 9.00()g for 20min at 4 °. 
The 9.000 ~ supernatant  fraction was centrifuged at 
100.0(10 ,~ for 60 rain at 4 ° to separate the microsomal 
and cytosolic fractions, which were immediately 
frozen in liquid nitrogen and stored at - 8 0  ° until 
used to measure cnzvmatic activities as described 
belov,. 

Full study: ( 'ombined treatment with ether and 
acetammophen. Based in part upon the temporal  
results from the above pilot study using ether  alone. 
a series of itt t,itro and in t'.it.?o studies were conducted 
using larger groups of eight mice to evaluate the 

combined effects of ether and acetaminophen.  Ani- 
mals ,,','ere pretreated with ether at the same time of 
day as before to minimise the potential effects of 
diurnal cycles. Since the m tfit,o toxicological poten- 
tiation studs showed a maximal effect when acet- 
aminophen was given 6 hr after ether anesthesia (Fig. 
2. lower panel),  this timing of administration was 
employed for all subsequent studies. 

For the m ritro biochemical  stu{.hes, animals 
were killed and studied at 2 hr and 8 hr after ether  
anesthesia. The 2-hr time interval ,a.~,s chosen to 
contrast this time of minimal toxicologic enhance- 
ment with those changes observed with the g-hr 
interval,  when maximal potentiat ion occurred.  In 
addition, the g-hr interval (2 hr after acetaminophen)  
permit ted a correlat ive evaluation of biochemical 
changes with concomitant  m ~.itv? studies of acet- 
aminophen metabolism and covalent binding. In per- 
spective, the 2-hr sampling time occurred 4 hr prior 
to acetaminophen administrat ion,  while the 8-hr 
sampling time occurred 2h r  after aeetaminophen 
administration (Fig. 3). Thus. the 2-hr group was 
evaluated only for controls and ether- t reated 
animals, while the 8-hr group was evaluated for 
controls, animals receiving ether  ahme. acetamino- 
phen alone, and ether  in combinat ion with acet- 
aminophen (Fig. 3). 

Pre',.ious studies employing multiple blood sam- 
piing from the tail vein of each mouse indicated that 
acetaminophen and its metaboli tes  achieved peak 
plasma concentrat ions within (I.25 to 1.0hr after 
i.p. in.iection of ~,cetaminophen [22]. Accordingly,  
plasma samples ',','ere obtained at {I.5. 1.() and 2.(I hr 
following i.p. iniections of unlabeled acetaminophen 
combined v, i th  radiolabeled acetaminophen for 
cox alent binding studies. Trit iated ~,cetaminophen.. 
randomly labeled with a spccilic activity (~f 1.~ ('i 
mmolc (New [-ngland Nuclear.  l .achine, Quebec ,  
Canada)  was given in a dose of 2 H('i..g body weight. 
or about 50 !~Ci.."mouse. |--ollowing the 2.()-hr plasma 
sample,  animals were killed by cervical dislocation. 

TREATMENT: ETHER ACETAMINOPHEN 

TIME: ~ i I1~ 
o 

SAMPLING: 

enzymatic assay: ~ "~ 

plasma samples: { {  

w l 0 2"4 36 

urinary samples: ~' { 

Fi~. 3. "liming ol treatments and ~,amplin~ in the full stud) (',ce Fig S). Acelanumq'H~cn (AP.,kP). 
300 mg."kg ip . .  ',~.a,, admini,4ercd ~3 hr fo}lowing 5 rain of general anesthesia w, ing dicth~,l tiller IcHlcr) 
Mice ,acre killed at 2 and 8 hr following ether ancsthcsia. Plasma samples `a'cre ohtaincd at 05.  I I) and 
2.() hr tollowing APAP administration. Urinary samples were collected at 6. 12, 24 and 36 hr Icqlov,mg 

APAP administralion 
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and hepatic tissue was analysed fl)r OSH content and 
covalently bound radiolabeled acctaminophen ]21]. 
Microsomal and cytosolic fractions were prepared 
and frozen as described above for subsequent bio- 
chemical analyses. 

In a subsequent experiment, groups of eight mice 
received the ether and acetaminophen combination 
treatment but were killed 36 hr after acetaminophen 
injection. In this instance, only plasma acetamino- 
phen mctabolite concentrations, covalently bound 
radiolabelcd acctaminophcn, plasma GPT and hep- 
atic GSH content were measured. No enzymatic 
assays were performed at this time. 

Analytical methods. Covalent binding of radio- 
labeled acetaminophen to hepatocellular protein 
was determined in hepatic homogenates using 
exhaustive washing with hot methanol as previously 
described [21]. Hepatic protein concentration was 
measured [23] using a standardised assay kit (Bio- 
Rad Laboratories Canada Ltd.. Mississauga, 
Ontario) with bovine serum albumin (Sigma Chemi- 
cal Co.) as the protein standard. A 0.8-ml aliquot of 
liver homogenate was precipitated with a volume of 
5% trichloroacetic acid (TCA). The volume of TCA 
added was proportional to the amount of liver tissue 
contained in the 0.g-ml aliquot (i.e. volume of 
TCA = six times the liver weight). The mixture was 
vortexed and centrifuged at 1000g for 15 min at 4 °. 
The supernatant fraction was removed and assayed 
for hepatic GSt] content. The pellet was washed 
with 2.0ml of methanol, vortexed for 1 rain, and 
shaken in a water bath at 56 ° for 10 min. The sample 
was then centrifuged again at 1000g for 10min and 
resulting supernatant fraction was discarded. The 
washing procedure was repeated for six to eight 
times until the supernatant fraction contained only a 
background level of radioactivity. The pellet was 
then dissolved with 3.0 ml of 2 N NaOH and shaken 
in a 37 ° water bath overnight. After digestion. 0.5 ml 
was placed in a scintillation vial. diluted with 10 ml 
of scintillati(m fluid (Ready-Solv HP/'b. Beckman 
Laboratories, -l'oronto. Ontario) and neutralised 
with ().5 ml of 2 N HCI. Radioactivity was measured 
in a liquid scintillation spectrometer (model I,S 7500, 
Beckman Instruments, Inc., Toronto, Ontario). 
Results were expressed as picogram equivalents of 
radiolabeled acetaminophen bound per mg of 
protein. To obtain total binding (radiolabeled plus 
unlabeled acetaminophen), the radiolabeled binding 
data should be multiplied by 2565. 

Glucuronyl transferase activity was assayed by 
high performance liquid chromatograph,v (itPl,(_") 
using both 1-naphthol 124] and acetaminophen ('Fo 
and Wells, submitted) as subs(rates. For measure- 
ment of gh.curonyl transferase activity, l-naphthol 
(Sigma Chemical ( 'o.) to a linal concentration of 
5.11 mM was dissolved in a 50 mM "I'ris buffer, pH 7.4, 
with 10mM magnesium chloride and 3.1)(; (v.,,v) 
dimcthyl sulfoxide (DMS()). After addition of urid- 
ine diphosphoglucuronic acid (I,;I)PGA) (Sigma 
('heroical ( 'o.) to a linal concentration of 4.0 raM, 
the mixture was incubated at 37 ° fl)r 5 min, and 
microsonla] protein was added at a concentration 
of 1.0rng.,ml. The suspension was incubated in a 
shaking water bath at 37 ° for 10 min. The reaction 
was stopped by the addition of ice-cold methanol 

containing 0.04 mg/ml of 2-naphthol (Sigma Chemi- 
cal Co.) as the internal standard. The suspension 
was centrifuged at 1000g for 20min at 4 ° and the 
supernatant fraction was saved. The pellet was re- 
washed with methanol and centrifuged, and this 
second supernatant fraction was added to the first. 
The supernatant was dried under nitrogen, redis- 
solved in methanol and injected into the HPLC. All 
samples were analysed using a 15 cm x 4.6 mm i.d. 
reverse phase C-18 column with a particle size of 
5 !,m (Beckman Instruments, Toronto. Ontario). For 
analysis of the 1-naphthol glucuronide, the optimal 
solvent system consisted of 0.1 M acetic acid and 
methanol (55:45, v/v) with a flow rate of 1.5 ml./ 
rain. Absorbance was monitored at 24()nm using a 
spectrophotometric detector (model LC 85, Perkin- 
Elmer Canada Ltd.). 

Glucuronyl transferase activity ills() was assayed 
using acetaminophen as the substrate. Acetamino- 
phen was dissolved to a final concentration of 5.0 mM 
in a 50mM Tris buffer, ptI 7.4. with 10 mM mag- 
nesium chloride and ().05~- (v/v) Triton X-II)(). After 
the addition of UDPGA to a final concentration of 
4.0 mM. the mixture was incubated at 37 ° for 5 min. 
Microsomal protein, 1 mg/ml, was added and the 
suspension was incubated at 37 ° for 10 min. The 
reaction was stopped by the addition of ice-cold 
methanol containing 0.04mg/ml of p-hydroxy- 
benzoic acid (Eastman Kodak Co., Rochester. 
NY) as the internal standard. The suspension was 
centrifuged at 1000g for 20 min at 4 ° and the super- 
natant fraction was saved. The pellet was rewashed 
with methanol and centrifuged, and this second 
supernatant was added to the first. The supcrnatant 
was dried under nitrogen, redissolved in methanol, 
and injected in the HPI,C. The optimal solvent sys- 
tem consisted of 0.1M acetic acid and methanol 
(92:8, v,:~) with a flow rate of 1.5 ml/min. Absorb- 
ance was measured at 248 nm. 

Sulfotransfcrasc activity was assayed using 2-naph- 
thol as the subs(rate [24]. The reaction mixture con- 
tained 0. 125 mM 2-naphthol (Sigma Chemical Co. ), 
6.() mM 2-mercaptoethanol and 0.2 mM adenosine 
Y-phosphate-5'-phosphosulfate (PAPS) (Sigma 
Chemical C o . ) i n  5.{)% (v/v) acetone in 0.25M 
sodium phosphate, pH 6.5. This mixture was pre- 
incubated at 37 ° for 5 min before the reaction was 
initiated bv the addition of cytosolic protein from 
the 10(I,00i)g fraction to give a final concentration 
of 2.0 rng:ml. This suspension was incubated in a 
shaking water bath at 37: for 10 min. ]he  reaction 
was stopped by the addition of ice-cold methanol 
containing 0.05, reg.nil of acetaminophen as the 
internal standard. Thc suspension was centrifuged at 
10()0,~ for 20 rain and the supernatant fraction was 
saved. The pellet was re~ashed with methanol. 
centrifuged, and this second supernatant added to 
the first. The supernatant was dried under nitrogen 
and redissolved in water. The unconjugated 2-naph- 
thol was extracted out with chloroform to prexent it 
from interfering with subsequent assa~ due to its 
long retention time (30 mm). The aqueous laver was 
injected into the HPI,C. For vnalvsis, of the ~.-naph- 
thol sulfate, the optimal solvent svstem consisted 
of 0.1 M acetic acid and acetonitriie (g5: !5. v v). 
Absorbance was monitored at 235 nm. 
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The hepatic content  of cvtochromes P-450 in 
microsomal preparat ions was dc te rmmed according 
to the nlethod of Omura  and Sate [25]. The activit~ 
of the cvtochronles P-450 v,as quantil ied according 
to a rood|l ied nlcthod of hnai e t a / .  [26]. which 
determines  the rate of hvdroxvlat ion of aniline b \  
the cvtochronles  P-450. (~}SH .L,'-transferase act | r iD 
,,','as measured using both 3,4-dichloroni trobcnzene 
(DCNB)  ( Signla (,'heroical ( o . )  according to a modi- 
lied method of Booth et al. [27]. and I-chloro-2.4- 
dini t robenzenc (CDNB)  (Sigma Chemical  Co.)  
according to a nlodiffed method  of | Iabig eta/ .  [281. 
| tepatie (}SI I v, as quantified as the soluble sulfhvdrvl 
content according to tile rnethod of Sedlak and Lind- 
say [20]. 

Plasma seraph' collection und preparation. Blood 
samples ,,,,ere obtained in order  to measure the con- 
centration of ace tammophen  and its metaboli tes  in 
the plasma at various tinle intervals after an i.p. 
injection [22]. Plasma samples were obtained as 
described above for plasma GPT measurenlents .  For 
anah'sis of acetanl inophen and metaboli tes,  a lS0-!d 
aliquot of methanol  containing (I.01 mg.."ml acet- 
anilide as the internal standard was added to 75 !d 
of plasma to precipitatc the proteins. The rnixture 
was vor texed and then centrifuged for 15rain tit 
1000g. The supernatant  fraction ,,,,'as removed and 
the pellet was ' l a shed  ,aith ll)l)!d of methanol.  1he  
supernatant  fractions were pooled and e, ,aporated 
to dryness at room tempera ture  under a stream of 
nitrogen. The residue was dissolved in 75 !fl of meth- 
anol and centr ifuged again if ch)udv. 

Ace taminophen  and metaboli tes  in biological 
samples were separated bv |IPI..C (model Series 4. 
Perk |n -E lmer  (_'anada I,td.. Toronto ,  Ontar io)  using 
a 15cm × 4 .6h im i.d. reverse phase (,,'-18 column 
with a particle size of 5 ym (Beckman Instruments),  
preceded by a reverse phase C-18 guard column 
with the same particle size (Supelco Canada lad . .  
Oakvil le.  Ontar io)  [221. The solvent system consisted 
of a linear gradient which was started 3.0 min after 
rejection, increasing from 5q: methanol  and 9 5 q  
0.1 M acetic acid to 15r; . methanol  and S5% acetic 
acid. o \ c r  tl period ot 4.(l 111111. The final solvent 
condit ions ~e re  then kcpt constant until the end of 
the run. HPL(," peak metaboli te  concentrat ions were 
detected spectrophotonletr ical ly at 248 nnl and quan- 
tiffed bv the chromatographic  peak area-under- the-  
c u r v e .  

Urinary sumple collection and Freparation. Acet-  
aminophen and its nletatx+lites in the mouse are 
excreted predominant ly  by the kidneys [22]: there- 
fore, tlrinc wa~, collected m c r  24 hr to measure the 
amount  of acetant inophen metaholi tes  produccd in 
t:it'o. Metabolic  cages with non-wetting,  pc, ly- 
mcthylpcrlteilC collecting surfaces (Nalgene.  Svhron 
Corp. ,  Rcxdalc .  Ontario} were used to house the 
micc o ' ,cr  a 24-hr period for separate collection of 
urinc and feces, l,:rmc collected at the end of 6, 12, 
and 24 hr was r u m m c d ,  and the cage and collection 
receptacles v, crc rinsed ~.~.Jth methanol  at the end of 
each colleetum tilllC. The tnethanol rin',cs were 
added It) the urinc samplc. I o  an aliquot (d urine. 
4vol .  ot nlethanol containing II.I nlg/nll of acet- 
anilide as the internal standard were added It) pre- 
cipitate the protein,,, l h e  sample ~',t', ccntr ihleed 

for 201nin tit 1000,~. An aliquot of the supernatant  
fraction was renlOved and blown down to dryness 
under a stream of nitrogen. The sample was red|s- 
solved in sufficient methanol  to \'ield the original 
concentrat ion butore illcthano] precipitation. This 
~,oluthnl ~as  centrifuged tit I()0[)£, for 15 rain fol- 
lov.ed by filtration through a 5 um teflon lilter (t.,,pe 
l : l t .  N.liilipore. N.lississauga, Ontario) .  ,.\ l{I-ul ali- 
quot of the filtered sample ~as  injected into the 
t lPI.(" and :.ulalvscd as descril~ed abo',c.  

.Statistical anuh.~i~. The plasma area-under-the-  
curve ( A [ : ( ' t  for acetanainophen and mctaholi tes 
wa~, calculatcd hv the trapezoidal rule I291, and the 
cleara l lce , i ,  o f  a c e t a l l l J l l o p h e n  was  calculated as the 
dosc. AL!( ' .  

Statistical comparisons ol differences and cor- 
relations I~etween groups werc determined ushlg a 
standard, computer ised statistical program (SPSS 
Inc., Chicago. II., LI.S.A.) rnodilied for micro- 
computers  (SPSS-P( ' ) .  Multiple comparisons among 
groups x~ete deternlJned b~.. analvsis of variance fol- 
lox~ed by a range test. 'ahereas paired data were 
analysed b,, Student 's  t-test. A probability of 
P . :  i1.()5 was chosen ;is the mmirnal level of 
signiffcancc. 

RESt l T,'; 

Toxicology. [:.ther pre t rea tment  produced a 
significant increase in the peak plasma G P T  con- 
centration induced by acctaminophen (Fig. 2, lower 
panel). A maximal,  20-fold toxicologic enhancement  
was observed if acetanl inophen was administered 
6h r  lifter ether.  This enhancement  was evident 
whether  the timing of ei ther ether  or acetaminophen 
administrat ion was held constant. Ether  alone did 
not produce an elevation in plasma GPT con- 
centrations lit tin', t ime (Figs. 2 and 41. 

Biochemical and phurmucological interrelation- 
ships. The hiochemical effects of ether  ovcr  tinlc as 
determined in the pilot stud\: occurred prinlarily 
between 6 and l{Ihr v, ith regard to decreases in 
enzvnlatic activities and GSI!  (Fig. 41. Results from 
control groups sampled tit [I. 12 and 24 hr were not 
significantl.,, different:  therefore+ these data ~ere  
pooled.  

Based upon the ahove pilot results (Fig. 4) and 
the toxicological data (Fig. 2}. the full stud'~ with 
combinat ion t reatment  groups and respective con- 
trols ~as  sampled at X hr to study the maximal tox- 
icologic enhancement ,  and at 2 tlr to provide com- 
parative d a t a  ;.it a t i m e  o f  m i n i n l a l  enhancement  (Fig. 
5). In the full studx, brief ether pre t reatment  was 
fo l lo~ed X hr later bx signil}cant decreases in the 
activities of glucuron~,l transferase using acetarllinu- 
phen ;is the substrate (reduced 2H'i ). GSI!  S-trans- 
terasc act | \  it} using D ( ' N B  (reduced 24"; ) and hep- 
atic (;Y, tl content (reduced 15'~ ). willie a 
concomitant ,  significant 3-ft)ld increase was observed 
in the covalent b ind |he  e l  acctanmlopllen (Fig. 5). 
The ,,ignilicant 3-Iold increase m covalent hindmg 
after uther remained c\ Jdellt 111 anilllals studied 3f+ hr 
alter acetanlintq~hen adnlhaistration. 

The glucuronidation of I-naphthol.  the sullation 
of 2-naphthol, the content al ld activity, of tile cvto- 
chnmlc,, P-45II. and the coniugalion of ( I ) N H  were 
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unaffected at 8 hr by treatment with ether alone (Fig. 
5). At 2 hr after ether alone, there was a small but 
significant 1674 decrease in P-450 content and a 
249( increase in the GSH S-transferase activity using 
CDNB: other activities were unchanged. Animals 
treated with acetaminophen alone had. 2 hr later 
(8 hr after ether would have been given), a 297~,, 
decrease in P-450 activity (P < 0.05). a 42% decrease 
in GSH-transferase activity using CDNB (P < 0.05), 
and a 32q'~ decrease in hepatic GSH content 
( P <  0.05). Animals treated with ether plus acet- 
aminophen had a further, significant 31c; decrease 
in glucuronyl transferase activity using acetamino- 
phen as the substratc, and a 36% decrease using l- 
naphthol, compared with animals receiving acet- 
aminophen ahme. The group receiving ether plus 
acetaminophen also had a significant 43(:~: decrease 
in hepatic GSH content compared with animals 
receiving acetaminophen alone (or a 61q4 decrease 
compared with controls), as well as a small (13%) 
but significant decrease in hepatic P-450 content. 

Ether pretreatment in the full study produced a 
small decrease in the mean plasma concentrations of 
the sulfate and glucuronide conjugates of acet- 
aminophen, with a concomitant, small increase in 
the concentrations of acetaminophen and significant, 
up to 2-fold increases in the concentrations of GSH- 
derived metabolites (GSH and cysteine conjugates) 
within the first hour following acetaminophen 
administration (Fig. 6). The plasma half-life of acet- 
aminophen was increased 29~,; by ether pretreat- 
ment, from 0.31 *-- 0.10 to 0.40 ± 0.14hr (mean ± 
S.D.) (P=0 .31) :  the plasma clearance was 

decreased I0%, from 70 -'- 22 to 63 -- 12 ml/min 
(P = 0.24). 

In pooled urinary samples, ether pretreatment 
decreased the cumulative 6-hr recovery of the sul- 
fate conjugate by 22%, while increasing the recovery 
of unmetabolised acetaminophen bv 100% and the 
cysteine conjugate by 13% (Fig. 7). ;I'he 6-hr urinary 
recovery of the glucuronide and GSH conjugates of 
acetaminophen appeared to be unchanged by ether 
pretreatment. In the 6- to 12-hr urinary sample, ether 
pretreatment appeared to reduce the recovery of 
sulfate, glucuronide and cvsteine conjugates, 
although the amount of drug and metabolites reco- 
vered in this sampling period represented only 1.7% 
of the total urinary chemical recovery. Less than 3% 
of acctaminophen and metabolites was recovered in 
the feces. 

Since the biochemical and pharmacological meas- 
urements were carried out simultaneously in the 
same animals, their interrelationship was examined 
(Fig. 8). For plasma area-under-the-curve data 
among individual mice, the decreasing glucuronide 
production correlated significantly with increasing 
parent acetaminophen concentrations, which cor- 
related with decreasing hepatic GSH content, which 
correlated with increasing covalent binding of acet- 
aminophen at 2 hr. 

DISCUSSION 

Brief general anesthesia using ether significantly 
potentiated the hepatotoxicity of acetaminophen 
administered hours later, as evidenced by the 20-fold 
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Fig. (~. Disposition of acetaminophen (APAP) and mctabolites in plasma. Ether and APAP ~cre 
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perlorm~,ncc liquid chromatography at 0.5. 1.0 and 2.0 hr following APAP administration. Data points 
represent the mean .*_ S.D. for eight animals. Asterisks indicate significant differences between the tv, o 

groups (P < 0.05}. 
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Fig. :. Urinar) protile ol acetaminophcn (APAPI and metabolitcs. Ether and APAP sserc administered 
as described in Fig. 3. Urine wa.,, collected from two groups of mice from (I to 6 hr. 6 to 12 hr, and 12 
to 24 hr billowing APAP admini~,tration. Bars represent the pooled urinary data from three animals 

hou.',ed together in a metabolic cage. 

enhancement in peak plasma GPT concentrations. 
These results with acetaminophen always given at 
the same time of day concur with those from previous 
studies demonstrating a similar potentiation of acet- 
aminophen hepatotoxicity by ether or halothane. 
where the anesthetic ahvays was given at the same 
time of day [19]. In the present study, in order to 
elucidate the mechanism of this potentiation, bio- 
chemical changes measured in Ht ro  were studied 
concurrently with pathologic and metabolic changes 
measured in the same animals in ~:it,o. This study 
was designed to permit a stud~, of the correlation 
of data obtained from in Ht ro  assays of enzymatic 
activity, in uic'o analyses of plasma and urinary con- 
ccntrations of acetaminophen and mctabolites, and 
m c, it ,o assessment ot hepatic damage. Whenever 
possible, each mou~,e wa~ assessed for enzymatic 
activities, hepatic GSII content, plasma and urinary 
concentrations ()t acetaminophen and metabolites. 
plasma GPT concentration, and covalent binding 
of the reactive intermediate of acetaminophen to 
hepatoccllular proteins. ]herefore. any dependence 

of the severity in hepatic damage upon quantitative 
biochemical changes could be studied without the 
confounding influence of large interanimal 
variability. 

The potentiation of acetaminophen hepatotoxicity 
bv ether pretrcatment required a delay between 
treatments, with maximal potentiation occurring 
when acetaminophen was administered 6hr after 
ether anesthesia. Under normal circumstances, a 
nontoxic dose of acetaminophen produces little hep- 
atic damage because bioactivation is bahmced by: 
( 1 ) competing pathways of elimination, namely con- 
jugation with sulfate and glucuronic acid: and (2) 
a major detoxifying pathway involving enzymatic 
conjugation of the reactive intermediate with hepatic 
GSH. The ability of ether to potentiate acet- 
aminophen hepatotoxicity could result from an effect 
on acetaminophen metabolism via changes in enzy- 
matic activities, or from an effect on hepatocyte 
vulnerability due to depletion of hepatic GSH 
content. Ether anesthesia has been reported to alter 
the metabolism of acetaminophen [3, 7.8, 16] and 
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derived from the studies prescntcd in Figs. 5 and 6. 

other drugs such as antipyrine [30], iopanoic acid [31] 
and diphenylhydantoin [2] by modifying activities of 
different metabolising enzymes. 

This study was designed to test the hypothesis that 
ether would inhibit both bioactivating and detoxi- 
fying enzymes, with an earlier recovery of bioac- 
tivating activity accounting for the delayed tox- 
icologic enhancement (Fig. 2, upper panel). We were 
particularly interested in the toxicological relevance 
of early reports of the reduction by ether of UDPGA 
[5,61, which since has been associated with a 
decrease in acetaminophen glucuronidation [7, 8]. 
Glucuronidation not only is the major (> 5(1%) elim- 
ination pathway for acetaminophen (Fig. 7), but also 
diverts aeetaminophen away from the quantitatively 
minor but toxicologically critical P-450 bioactivating 
pathway (Fig. 1). Since sulfation is a minor, saturable 

pathway, a relatively small decrease in the major 
glucuronidating pathway for acctaminophen could 
result in a relatively substantial increase in the per- 
centage of hcpatotoxic reactive intermediate 
produced. This concept is somewhat analogous to 
the in l#~o anticoagulant activity of warfarin, where 
a quantitatively minor decrease of as little as 2C'~ in 
the binding of warfarin to plasma proteins results in 
a substantial increase in anticoaguhmt activity. This 
apparently disproportionate response arises because 
activity is related only to the unbound fraction of 
warfarin in plasma, which is only about 2%. Thus, 
a small, 2ci decrease in protein binding doubles 
the concentration of the quantitatively minor hut 
pharmacodynamically critical free drug 
concentration. 

The signilicant 20% decrease in in i,itro glucuronyl 
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transferase activity in the group studied 8 hr after 
receiving ether alone (Fig. 5). together with the small 
m vivo reductions by ether in the mean plasma 
concentrations of acetaminophen glucuronide and 
sulfate conjugates (Fig. 6), were consistent with the 
small, albeit nonsignificant increase in the plasma 
concentration of acetaminophen (Fig. 6). the 
decrease in acetaminophen clearance, and the 
increased urinary recovery of unmetabolised acet- 
aminophen after ether pretreatment (Fig. 7). Glu- 
curonidation and sulfation were the major pathways 
of acetaminophen elimination, together accounting 
for over 6(V:;- of acetaminophen elimination (Fig. 7). 
The 2-fold increase in in vivo plasma concentrations 
of GSH-derivcd metabolites (Fig. 6). together with 
the 3-fold increase in the amount of acetaminophen 
covalently bound to hepatocellular protein (Fig. 5), 
support the hypothcsis that minor reductions in the 
major elimination pathways of glucuronidation and 
to a lesser extent sulfation can result in a major 
percentage increase m the production of the aeet- 
aminophen reactive intermediate. The plasma obser- 
vations were consistent with the urinary data from (1 
to 6 hr (Fig. 7), during which time the percentage 
recovery of sulfate conjugate was decreased, while 
recovery of unchanged acetaminophen and its cys- 
teine conjugate was increased. It is interesting to 
note the relative insensitivity of cumulative, poole:l 
urinary samples in discriminating potentially impor- 
tant but short-lived changes. Up to a 2-fold increase 
in the plasma concentrations of the GSH conjugate 
of acctaminophen was produced by ether pre- 
treatment (Fig. 6), reflecting a major increase in 
acctaminophen bioactivation. !Iowcver. these 
changes observed in plasma occurred entirely within 
1 hr. and were completely obscured even in the first 
6-hr cumulative urinary sample (Fig. 7). 

The above trends derived from mean data were 
supported by the correlations observed among the 
above parameters, all of which were studied in each 
mouse. The correlations of decreasing plasma aeet- 
aminophen glucuronide production with increasing 
unmetabolised acetaminophen, decreasing hepatic 
GSH content, and increasing acetaminophcn co- 
valent binding 2 hr following acetaminophen 
administration (Fig. 8) were compatible with a causal 
interrelationship. Furthermore, in other in vivo stud- 
ies. the individual peak plasma GPT concentrations, 
which accurately reflect the maximal hepatotoxicity 
in each mouse, correlated with the amount of acet- 
aminophen covalently bound to hepatocellular pro- 
tein in the same animals 36 hr after acetaminophen 
administration (r = 0.83, N = 2(1, P < 0.05) [19]. 

The reductions 8 hr after ether in the in vitro 
activity of GSH S-transferase using DCNB, and in 
the hepatic content of GSII (Fig. 5). suggest that 
additional mechanisms could be contributing to the 
potentiation of acetaminophen hepatotoxicity by 
ether. The possibilities would include additive deple- 
tion of intraceltular fiSH pools leading to der- 
angement in calcium homeostasis [32] or rcduccd 
protection ¢)f protein thiols [33]. and."or an impair- 
ment in the detoxification of the acetaminophcn 
reactive intermediate by enzymatic conjugation with 
(iSII [14,34.35]. tlowever, one cannot be certain 
that D('NB is rellective of the substrate activitx for 

the reactive intern~ediate of aeetammophen, since 
the GSH S-transferase enzyme svstem is composed 
of a multitude of isocnzvmes [2g, 361. The decrease 
in (}Stt 3,'-transferasc activity for ( 'DNB at S hr fol- 
lowing treatment with acetaminophen either alone 
or m combination with ether is interesting, smcc 
a similar decrease was not ohserved for I ) (NB.  
suggesting differential effects of acetaminophen 
covalent binding or eatIv events in hepatocellular 
necrosis upon isoenzymatic activities. Interestmgl?,. 
substantial covalent binding of acetammophun to 
(}SH S-transferase has been observed without affect- 
ing enzymatic activity as measured by the substrate 
CDNB [37], ahhough isocnzymatic d(fferences ~x.ere 
not evaluated. The increased transferase activit~ 
observed for CDNB lit 2 hr could have contributed 
to the lack of potentiation of acetaminophen Ilepato- 
toxicity by ether at that time. 

Brief ether anesthesia has been shown to cause 
acute inhibition of glucuronidation via immediate 
depletion of the essential cofactor, urMine diphos- 
phoglucuronic acid (UDP(iA)  [5.6.38]: hov.+cver. 
this cofactor was repleted within lh r  after ether 
anesthesia. Thus. it is unlikely that the potentiation 
by ether of acetaminophen hepatotoxicit~, which was 
maximal when acetaminophen was given b hr lifter 
ether, was due to this mechanism. Nevertheless, 
there still is the question of whether inhibition of 
glucuronidation would significantly tilter hepato- 
toxicity. Moldeus et al. [39] found that inhibition of 
sulfation or glucuronidation using restricted exlta- 
cellular sulfate or gt, lactosamine in isolated hepa- 
tocvtes did not tilter the production of GS1 l-derived 
meiabolites rellecting bioactivation oi acetamino- 
phen to the retictive intermediate. This would suggest 
that inhibit ion of the major el imination pathv, a.\s 
shoukt not alter the rate of cvtochromc P-450-cata- 
lvscd bioactivation of acetaminophcn, and therefore 
should not affect hepatotoxicit.,,, which ~as not asscs- 
sed by MoMeus. t|owe,,er, depending upon under- 
lying tnechanisms, the inhibitors and in t,itr, con- 
ditions employed bv Moldeus rna,, nc, t be 
cxtrapolatable generaliy to all transferase inhibitors, 
particularly with regard to in vivo cffects and their 
toxicological implications. This would appear to be 
supported bv the work of Smith and Jollow [40], vdlo 
demonstrated an ill UiI'O e n h a n c e n l e n t  o f  ilccl- 
aminophen-induccd hepatic centrilobular necrosis b~ 
galactosamine in hamsters. In the case of the in vtvo 
potentiation of acctaminophen-mduccd hepatotoxic- 
it', bx ether, which has complex hiochen]ical effects. 
thc ultimate toxicological consequences appcar tt) 
depend upon the altered balance ,.)f bioactivati(m and 
dctoxilication, together ',~ ith the tenlporal rchttion ot 
treatment times. It is interesting that ether inhibited 
the activit,, of both soluble and menlbrane-bound 
cnzvmes. ()ur results arc qualitatively c()n~dstcnt with 
a recent report that cther can inhibit the glu- 
curonidation and sulfation of acetanmlophen, a,, v~cll 
as the conjugation of its reactive intermediate ~ith 
GSI! 17], although that study involved nontoxic dose,, 
ol :~cetaminophen in rats prctreated x~ith a m(~)c 
prohmgcd. 1 hr exposure t() ether. 

While the initial reduction in the hepatic c()ntcnt 
of the c+t<)chromcs P-45() at 2 hr after ether, t¢)llt)~ ctl 
bv recmcrx t(> ctmtr()l levels b', s hr ([:ig. 5). \,,.()uM 
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fit with our hypothesis (Fig. 2, upper  panel),  this was 
not accompanied by a congruent  change in enzymatic 
activity, at least as measured by aniline hydroxy- 
lation. Conversely ,  there was no evidence at 8 hr of 
enzymatic  induction of cytochromes P-450 with a 5- 
rain exposure to ether ,  as has been reported for 
prolonged exposure over  7 to 28 hr [41,42]. In light 
of the early decrease in P-450 content ,  it is possible 
that the P-450 isoenzyme responsible for acet- 
aminophen bioactivation was similarly decreased at 
2 hr, although this was not indicated by the aniline 
hydroxylat ion assay. However ,  the isoenzymatic 
multiplicity of the cytochromes P-450 system [43, 44] 
must be considered.  Anil ine hydroxylase predo- 
minantly reflects activity of the P-450 rather than the 
P-448 isoenzymatic group [45], and since acet- 
aminophen was not used as the substrate,  the pos- 
sible involvement  of a different P-450 isoenzyme 
cannot be excluded. Steele et al. [46] examining the 
metabol ic  activation of  ace taminophen by purified 
forms of cy tochrome P-448 and cytochrome P-450 
found that the bioactivation of ace taminophen in 
their in vitro system primarily was due to cytochrome 
P-448. These results are difficult to rationalise with 
the repor ted  in v i vo  potent iat ion of acetaminophen 
hepatotoxicity by the P-450 isoenzyme inducer 
phenobarbi ta l  in animals [12] and humans [47]; 
nevertheless,  any effect of e ther  on the isoenzyme 
P-448 may not be detected ei ther by the aniline 
hydroxylat ion assay or by the determinat ion of over- 
all content  of cytochromes  P-450. The significant 
decrease in cy tochrome P-450 content  observed at 
8 hr after e ther  anesthesia in the group receiving 
both ether  and ace taminophen  may have been due 
to enhanced destruction of hepatocytes by acet- 
aminophen,  since similar decreases in cytochrome P- 
450 activity and content  have been observed after 
hepatotoxic  doses of ace taminophen [48, 49]. There-  
fore, this decrease likely was secondary to early 
events in ace taminophen- induced  hepatic necrosis, 
rather than to a biochemical  potentiat ion by ether.  

In summary,  our  working hypothesis (Fig. 2, upper 
panel) for designing this study involved early inhi- 
bition by e ther  of P-450-dependent  bioactivation and 
glucuronyl t ransferase-dependent  " 'detoxification", 
with an earl ier  recovery of bioactivation. While other  
mechanisms cannot be excluded,  the combined in 
v ivo  and in vi tro results indicate that the increased 
susceptibility to ace taminophen  hepatotoxicity may 
have been due to a combinat ion of delayed decreases 
induced by ether  in the activities of glucuronyl trans- 
ferase, sulfotransferase and GSH S-transferase, 
along with a deplet ion of hepatic GSH.  The small 
decrease in hepatic content  of cytochromes P-450 at 
2 hr when toxicologic enhancement  was minimal,  
together  with replet ion at 8 hr when enhancement  
was maximal and the above " 'detoxification" path- 
ways were inhibited, is compatible  with our hypoth- 
esis (Fig. 2, upper  panel).  However .  the lack of an 
accompanying change in the activity of P-450 sug- 
gests ei ther  that a different P-45f) isoenzyme is 
involved,  or that P-450 activity was not toxi- 
cologically limiting. The toxicological imbalance in 
the bioactivation and detoxitication of acetamino- 
phen observed after ether  pre t rea tment  was evi- 
denced by significant increases both in the plasma 

concentrat ions of GSH and cysteine conjugates,  and 
in the covalent  binding of ace taminophen to hepa- 
tocellular protein.  
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