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ANESTHETICS AND METABOLITES
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Research Triangle Park, North Carolina 27709

Several reviews that bear on the subject of the toxicology of inhalation anesthetics
have appeared in recent years. A partial list includes biotransformation (1-4), the
biochemical basis of chemical injury (5-9), and anesthetic toxicity (10~13). The
proceedings of two symposia (14, 15) and another monograph in the series of the
Handbook of Experimental Pharmacology (16) have been published.

Patterns of exposure to inhalation anesthetics may be divided into two broad
groups: (a) acute, single or multiple exposures to relatively high levels, typical of
the clinical application of general anesthetics, and () chronic, low-level exposure
to which operating room personnel are subjected.

This review is divided into three sections: (@) biotransformation of anesthetics,
'(b) mechanism of toxic injury, and (c) toxicology of chronic exposure to anesthetic
gases. :

BIOTRANSFORMATION
Halothane

Species differences in the biotransformation of halothane (CF;CHBrCl) have been
demonstrated to be largely quantitative. No firm evidence of significant qualitative
differences has been published at this writing.

Halothane at anesthetic concentrations has been demonstrated to inhibit its own
dehalogenation (17). The rate of halothane metabolism in miniature swine has been
equated with the rate of hepatic extraction and suggested to be related inversely to
the rate of delivery of halothane to the liver (18). The implication was that the
anesthetic impaired its own metabolism. Topham & Longshaw (19) conducted
related studies but measured the biliary excretion of halothane in rats and dogs as
well as the accumulation of nonvolatile metabolites in the whole bodies and organs
of rats and mice. They concluded that a significant fraction of hepatic halothane
extraction may be accounted for by the biliary excretion of unchanged halothane,
thus calling for cautious interpretation of data equating hepatic extraction with
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metabolism. They further offered support for a postulated enterohepatic circulation
of halothane and/or metabolites that would contribute to a prolongation of the
half-time of hepatic excretion. Halothane in trace amounts was identified in venous
blood 44 hr after the induction of anesthesia in humans (17). Such persistence could
be attributable to a combination of enterohepatic circulation and redistribution of
the anesthetic. An enterohepatic cycle would not seem likely to be of great signifi-
cance for the highly lipid-soluble halothane and the putative polar conjugates of its
metabolites. Even if the conjugates were hydrolyzed in the gut, the principal non-
volatile metabolite of halothane, trifluoroacetate (20, 21), would not be likely to be
reabsorbed by the gut, since it remains mostly ionized at body pH (pK = 0.25) unless
a carrier-mediated mechanism were involved in its reabsorption.

No evidence has been presented to date that any species tested is able to defluori-
nate halothane. Fiserova-Bergerova (22) detected no increase in bone fluoride levels
following the intraperitoneal (i.p.) injection of halothane in olive oil to mice and rats.
One would hope that similar studies would be pursued using the inhalational route
of exposure. The lung represents the usual route of clinical exposure, and recogni-
tion of the potential significance of this organ as a site of xenobiotic biotransforma-
tion suggests the possibility of a role for it in the formation and disposition of
metabolites of anesthetics as well as the fate of the parent compounds themselves
(23, 24).

Creasser & Stoelting (25) detected no increase in serum fluoride levels in five
patients anesthetized with halothane-N,0.

Current concepts in the biotransformation of halothane are summarized in
Figure 1.

Dechlorination (26) and debromination (27) require NADPH, are mediated by
enzymes of the hepatic endoplasmic reticulum, and may be stimulated by the prior
administration of phenobarbital. In the presence of O,, dehalogenation is assumed
to be oxidative (1).

Trifluoroacetate has been recovered from the urine of men (20, 21, 28) and squirrel
monkeys (29) following exposure to halothane. Trifluoroacetaldehyde has been
proposed as an intermediate in the formation of trifluoroacetate during the oxidative
dehalogenation of halothane (12). Implicit in this scheme is the participation of liver
dehydrogenase systems following the model of the biotransformation of trichloro-
ethylene (30). Once the concept of the participation of these enzymes has been
invoked, the formation of trifluoroethanol from trifluoroacetaldehyde or trifluor-
oacetate reduction by liver dehydrogenases (31) becomes reasonable (1).

. NADPH  rF.c-CHCl+Br | Binding to
FsC-CHCIBr F:C—CCIBHH*‘ *Macromelecules
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Figure 1 Current concepts in the biotransformation of halothane: (a) liver alcohol dehy-
drogenase, and (b) glucuronyl transferase.
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The fact that neither trifluoroethanol nor its glucuronide has ever been identified
in any species as a metabolite of halothane weakens the force of this argument. Were
the alcohol formed in significant quantity it probably would have been detected by
now as it has been following the administration of fluroxene (32). It is unlikely that
trifluoroethanol is an endproduct of halothane metabolism in man (33), but that
trifluoroethanol is not formed cannot be excluded absolutely. Nonvolatile metabo-
lites of halothane are formed that remain to be identified.

The possibility that halothane undergoes reductive dehalogenation is being inves-
tigated by Van Dyke (34). He is following the lead of Stier (35) who suggested a
pathway involving formation of a radical that is converted directly to trifluoroace-
tate. The possibility that enzymes of the hepatic endoplasmic reticulum mediate
reductive dehalogenation in the absence of O, is being investigated (34).

Cohen & Trudell (29) have presumptive evidence in the squirrel monkey exposed
to halothane of the urinary excretion of trifluoroacetate and glucuronic acid, al-
though not necessarily as a single molecule. Blake et al (28) have provided evidence
that in man trifluoroacetate is excreted in the free form rather than conjugated with
glucuronic acid. Other glucuronides, possibly that of trifluoroethanol, could be
involved. The significance of the inhibition of UDP glucuronyl transferase that has
been shown to occur in the presence of not only halothane, but also of methoxyflu-
rane, chloroform, and diethyl ether (36) is uncertain.

Trifluoroacetyl ethanolamide has been reported in the urine of men exposed to
halothane (3). The implications of this observation as well as the binding of halo-
thane metabolites to macromolecules are discussed later.

Methoxyflurane

A scheme for the biotransformation of methoxyflurane (H;C-O-CF,CHC1,) that
includes the known metabolites identified by both in vitro and in vivo studies of
mammalian systems is presented in Figure 2.

Holaday et al (37) identified products of the biotransformation of methoxyflurane
in man as CO,, inorganic fluoride, dichloroacetic acid, and methoxyfluoroacetic
acid. Formaldehyde that is rapidly oxidized to CO, has been shown to be formed
by human and rat hepatic microsomes in the presence of methoxyflurane (38).

The bones of rats and mice accumulated fluoride following the intraperitoneal
injection of methoxyflurane in olive o0il (22). The apparent defluorination of methoxy-
flurane in this series of experiments was enhanced by the prior administration of
phenobarbital. Blood serum levels of inorganic fluoride have been demonstrated to

H4C-0-CF, CHCI,

HCHO + HOOC-CHCI, + F - H,C-0-CF,-COOH+C |-
CO; Ci-+ HOOC-COOH +HCHO + F-
o,

Figure 2 Proposed pathways for the metabolism of methoxyflurane.
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become elevated during and after surgical anesthesia in man (25, 39, 40). Mice, rats,
guinea pigs, rabbits, dogs, and monkeys also defluorinate methoxyflurane (41).

Blood oxalate levels increased (42), calcium oxalate crystals were detected in renal
biopsy specimens (43), and urinary oxalate excretion was increased significantly (43,
44) after methoxyflurane anesthesia in man.

Fluroxene

The principal metabolites of fluroxene (F;CCH,~O-CH=CH,) in mice, dogs, and
man are CO, (derived exclusively from the vinyl moiety), trifluoroethanol (largely
as the glucuronide), and trifluoroacetic acid (32, 45). No inorganic fluoride is
liberated from the trifluoromethyl group (25, 32, 45). The principal urinary metabo-
lite in the mouse and dog is trifluoroacetate (32).

The probable scheme for the biotransformation of fluroxene is illustrated in
Figure 3.

Enflurane and Isoflurane

Enflurane (F;,HC-O-CF,CHCIF) and isoflurane (F,HC-O-CHCICF;) are struc-
tural isomers and will be considered together.

Of the nonflammable halogenated agents isoflurane represents the clinically useful
general anesthetic that has most nearly approached the ‘“ideal” with respect to
biotransformation in man. Isoflurane has been reported to be only minimally
defluorinated (46, 47) or not defluorinated (48; D. A. Holaday et al, personal
communication) in man, minimally defluorinated in the Fischer 344 rat (47, 49, 50),
and not defluorinated in the miniature pig (51), C-57 and white Swiss mice, and
Wistar rat (22).

Enflurane, on the other hand, is apparently defluorinated to a somewhat greater
extent than isoflurane. Elevated serum fluoride levels have been reported in man (48,
52), the Fischer 344 rat (53), and in an unidentified species (4). Halsey et al (51)
inferred from hepatic extraction studies in the miniature pig that enflurane was not
metabolized.

Nonionic fluoride has been detected in the urine of man (46, 47) and the Fischer
344 rat (47) following exposure to isoflurane, and in the Fischer 344 rat (53)
following exposure to enflurane.

Animal pretreatment with phenobarbital has been shown to stimulate the
defluorination in vitro of both isoflurane and methoxyflurane by Fischer 344 rat liver
microsomes, but only of methoxyflurane when tested in vivo (50). This apparent

F5CCH,0-CH=CH,

/ N
F,CCH,OH o
+
EECCHOJM\H‘

+
F,CCOOH

2

glucurgnide

Figure 3 Proposed pathway for the biotransforination of fluroxene.
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inconsistency was suggested to be a consequence of the difference in lipid solubilities
of the respective compounds. Ostwald solubility coefficients for methoxyflurane in
blood at 37°C have been reported to be 8-14, depending on the species, and 1.0-1.4
for isofturane in human blood (54). The implication was that the relatively lower
lipid solubility of isoflurane limited its delivery to the site(s) of biotransformation.

In this connection it is appropriate to point out an often overlooked physiological
adaptation to the metabolic demands placed on the liver by the stimulation of
drug-metabolizing enzyme systems. Liver blood flow was shown to increase within
24 hr in rats treated with phenobarbital, antipyrine, but not benzpyrene, and to
remain elevated for 2-8 days after treatment (55). Increases amounted to 33-175%
of control rates. Increases in liver perfusion would have the effect of increasing the
rates of delivery of all blood-borne substances to the liver and should therefore be
expected to influence the processes of xenobiotic biotransformation as well as their
measurement in vivo. The potential effects of hepatic hypoperfusion, on the other
hand, have been considered by Van Dyke & Wood (34).

Unidentified fluoro-organic metabolites of enflurane and isoflurane are known to
be produced in man and the rat (46, 47). In an interesting theoretical study Loew
et al (56) have proposed pathways of biodegradation for the respective compounds
(Figures 4 and 5) within the context of their structural relationship to methoxyflu-
rane (Figure 2).

Loew et al (56) concluded that the susceptibility of the three anesthetics to
O-dealkylation or dechlorination was methoxyflurane > enflurane > isoflurane.
This agreed with observed behavior. The rank order correlation was based on the
insertion of active oxygen into C-H bonds, which is more likely to occur the more
electron-rich each atom is.

THE MECHANISM OF TOXIC INJURY

The results of the national halothane study (57) did not rule out the possibility that
massive, postoperative hepatic necrosis might, in rare instances, be attributable to
halothane anesthesia. The study did reveal, however, that the highest incidence of

F2HC-0-CRCHCIF
/ “\
CFRCO3rHOOC -CHCIF+F - F HC-O-CF,.COOH+Cl-+ F-
-“"'\-\.\\‘
Cl-+F-+HOOC-CO0H+F - + CCHF, O]
Figure 4 Proposed pathway for the biotransformation of enflurane (56).

F,HC-0-CHCICF,
-“"“'-_

[CFRO1+ F,C-CHO +CI-  [CF,01+ RC-COOHHCI-
F,C-COOH

Figure 5 Proposed pathway for the biotransformation of isoflurane (56).
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postoperative liver complications not otherwise explicable, occurred following the
use of cyclopropane.

“Halothane hepatitis” remains an enigma. Various etiologic factors contributing
to, and theories explaining the occurrence of hepatic failure attributable to halo-
thane have been proposed (10, 58). Among these are liver hypoxia, liver disease,
impaired liver nutrition, sepsis, viral hepatitis, multiple exposures, obesity, factors
affecting biotransformation, direct hepatotoxicity, immunosuppression, toxic
metabolites, and hypersensitivity. In spite of massive efforts to solve this problem,
the diagnosis of halothane hepatitis still cannot be made with certainty and remains
“a diagnosis of exclusion” (58).

Dykes et al (11) found little support for the hypothesis that an immunologic
mechanism is important in the development of halothane hepatitis. Some animal
studies fail to support the notion that a toxic mechanism is involved (59, 60); indeed,
the failure to detect any dose-response relationship in man further undermines the
argument for a toxic mechanism.

Whether or not halothane hepatitis is a genuine clinical entity remains to be
determined. That halothane is metabolized, though, is beyond doubt. Nonvolatile
metabolites, presumably bound to macromolecules, are known to remain in animal
bodies for weeks following exposure (29).

The tissue binding of drugs and their products of biotransformation is presumed
to be a necessary prerequisite for not only drug-receptor interactions, but also for
the metabolism and potential manifestations of toxicity (8, 9). The multiplicity of
physicochemical properties of the wide variety of macromolecules that occur in the
body confers a highly variable specificity on the potential drug-metabolite-receptor
interactions. This leads to the requirement of considering interactive schemes such
as the one represented in Figure 6.

Radioautographic and fractionation studies in mice (29) have shown that several
halothane metabolites are accumulated in the liver and that these seem to be
preferentially distributed to the mitochondria. Possible halothane metabolites have
been demonstrated to decrease hepatic ATP/ADP ratios in mice (61). Reduced
ATP/ADP, AMP ratios could interfere with protein synthesis (62), which would
be accompanied by the disaggregation of polyribosomes. This has been observed in
rat liver cells following exposure to halothane (63). A

The inhibition of protein synthesis could lead to a failure of the synthesis of
lipoproteins (64) and result in the inability of the liver to transport triglycerides.
Such a mechanism has been proposed for the development of fatty livers following
ethionine and CCl, (65), and has not been ruled out for halogenated anesthetics.
The connection, if any, between fatty livers and necrosis is uncertain. Fatty infiltra-
tion is often a prelude to necrosis but the degree of insult sufficient to cause cellular
death remains unknown (5).

If a nonvolatile metabolite of an anesthetic is able to accumulate in the mito-
chondria to concentrations sufficient to interfere with respiration and/or phosphory-
lation (66-68), this process might, under certain circumstances, result in the
disruption of the mitochondrial membranes with the release of serologically active
phospholipids (69, 70) or lipoproteins (71). Furthermore, anesthetic metabolites
could be bound to liberated fragments of subcellular membranes, whether of mito-
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Binding of metabolites to macromolecules
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Figure 6 Possible mechanisms of the toxic action of the metabolites of inhalation anesthetics.

chondrial or endoplasmic reticular origin (34) and acting as haptens give rise to
other immunologically active species (72-74). Thus, the trifluoroacetyl ethanol-
amide excreted by man following halothane anesthesia (3) would be expected to be
of a subcellular membrane origin.

Recent work suggests that the condition of the liver determines its response to
the presence of anesthetics (59). Centrolobular necrosis has been observed in rats
pretreated with phenobarbital followed by exposure to halothane (75). Another
model of liver injury has been investigated in which rats were pretreated with
polychlorinated biphenyls prior to exposure to halothane (E. S. Reynolds, personal
communication).

Possible interactions among halothane metabolite free radical formation, gluta-
thione, and lipoperoxidation are illustrated in Figure 7.

Hepatic NADPH and reduced glutathione (GSH) levels decreased following i.p.
injection of very large doses of halothane (2000 mg/kg) and proposed halothane
metabolites (76, 77). The decrease in tissue levels of NADPH and GSH could have
been attributable to the formation of glutathione-metabolite conjugates with GSH
in the role of a free-radical scavenger (77). A proposed inhibition of glutathione
reductase (77) would not account for the NADPH depletion, but the profound
respiratory insufficiency that undoubtedly accompanied the injection of 2000 mg/kg
of liquid halothane could.

Excess free radical formation from halothane, accelerated by pretreatment with
phenobarbital (75), could result in the covalent binding of metabolites to mac-
romolecules (Figure 6) and the triggering of peroxidation of phospholipids of subcel-
lular membranes (78). This would explain the detection of diene conjugates in the
urine of animals exposed to halothane (59, 75, 78).
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Figure 7 Possible interactions of halothane metabolites with glutathione and their relation-
ships to lipoperoxidation.

Not only has a methoxyflurane-induced nephropathy been identified as a clinical
entity, but the etiology also has been defined with a reasonable degree of certainty
(79). Of the principal metabolites, inorganic fluoride has been incriminated as the
probable cause of the usually reversible, vasopressin-resistant polyuria associated
with methoxyflurane anesthesia (79-81). Oxalate probably is not formed in sufficient
quantity to be of clinical significance in the pathogenesis of clinical methoxyflurane
nephropathy (79, 82, 83). A persistent renal insufficiency has been reported follow-
ing methoxyflurane, but the pathogenesis is not well understood (84).

The impairment of the ability of the kidney to concentrate urine is thought to be
the consequence of a reduction of the corticomedullary concentration gradient (80).

TOXICOLOGY OF CHRONIC EXPOSURE

TO ANESTHETIC GASES

Overview

The report by Vaisman (85) in 1967 of an increased incidence of reproductive failure
in women working in the operating room (OR) has sparked a growing interest in
the potential consequences of occupational exposure to anesthetic gases. Linde &
Bruce (86) measured an average of 1.8 ppm of halothane in the end-expired air of
24 anesthetists within 1 hr of leaving the OR following exposures of 1-2 hr. In
another series involving eight subjects they detected end-expired mean levels of
halothane of 3.7 ppm after an average exposure to 5.3 ppm for 2 hr. A significant
correlation (7 = 0.79) existed between the end-expired levels of the anesthetic and
the room air concentration times the duration of exposure. Corbett & Ball (87) made
similar observations on personnel exposed to methoxyflurane and further detected
significant elevations in urinary fluoride excretion within 5 hr after exposure. They
also were able to reduce OR air levels of 1.3-9.8 ppm of methoxyflurane to
0.015-0.095 ppm through the use of a waste anesthetic gas scavenging system.
Halothane was detected in the expired air of anesthesiologists for 7-64 hr after
exposure to 1-10 ppm for 20-390 min (88).
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Table 1 Methoxyflurane-induced nephrotoxicity; dose-response relationships

Serum inorganic F~

umol/liter MAC-Hr2 Toxic response Reference
<40 — 0/11, none 83
<40 <2.0 0/7, none 81
50-80 2.5-3.0 3/4, subclinical 81
1/4, mild clinical
80-175 > 5.0 3/7, mild clinical 81

3/7, clinical

AMinimum (alveolar) anesthetic concentration (end-expiratory) times duration of
anesthesia.

Bruce et al (89) in a retrospective study of mortality among anesthesiologists over
a period of 20 yr found significantly higher death rates from malignancies of lym-
phoid-reticuloendothelial origin, but no difference in death rates from leukemia
when compared to rates among US males in general. Corbett et al (90) reported a
higher than expected incidence of malignancies among Michigan nurse-anesthetists
during 1971.

Reproductive histories of operating-room personnel have been surveyed (91, 92),
and the results of two such studies are summarized in Table 2. In addition to higher
incidences of spontaneous miscarriage among the OR personnel, both studies re-
vealed that the miscarriages occurred earlier in pregnancy in the exposed versus the
control groups. The conclusion by one group (92) that the increased rate of abortion
among the exposed women was probably attributable to stress rather than to some
other variable such as exposure to traces of anesthetic gases was not well supported
by their evidence, particularly in view of the fact that they took reasonable care to
match their controls on the basis of occupational stress.

Corbett et al (93) have suggested the possibility of a teratogenic hazard associated
with occupational exposure to anesthetic gases. A significantly higher than expected
incidence of cavernous skin hemangiomas and musculoskeletal anomalies appeared
in the offspring of 641 female nurse-anesthetists surveyed.

Pregnant hamsters (94) and pregnant rats (95) have been exposed repeatedly late
in the first third of gestation to anesthetic concentrations of N;O-halothane. Results
from both studies suggested that exposure to halothane early in pregnancy may have

Table 2 Incidence of spontaneous abortion among operating-room personnel

Occupationally exposed Controls Reference
29.7%2 (6T)P 8.8% (92) 91
37.8%2 (50)® 10.3% (81) 92
19.5%2 (182)P 11.4% (118) 92

4Incidence among total number of pregnancies occurring during periods of employment
in OR.
bNumber of individuals surveyed.
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increased the incidence of reproductive failure. These results cannot be extrapolated
directly to man, but along with the foregoing discussion they should serve to alert
the medical community to the possible harmful effects of inhalation anesthetics on
human reproductive biology.

Report of the American Society of Anesthesiologists Ad Hoc
Committee on Effects of Trace Anesthetic Agents on Health
of Operating Room Personnel

This retrospective study (96) was based on the responses to 73,496 mailed question-
naires. Of these, 49,585 represented exposed operating room personnel and 23,911
represented the control group. The survey provided statistically significant evidence
that the risk of spontaneous abortion was increased by exposure to the operating-
room environment during the first trimester of pregnancy. The liveborn offspring
of both the women directly exposed and the wives of men exposed to the OR
environment had an increased incidence of congenital abnormalities. Higher rates
of cancer and hepatic and renal diseases were found in exposed females but not in
exposed males. The committee concluded that the hypothesis that exposure to the
OR atmosphere posed a significant health hazard to operating room personnel be
weighed carefully.

Central Nervous System Correlates of Chronic Exposure
to Inhalation Anesthetics

An interesting and thus far totally inexplicable finding in the study by Bruce et al
(89) was that anesthesiologists had a higher than expected death rate from suicide
during the period of 1947-1966. Whether or not any connection exists between this
observation and their occupational exposure to waste anesthetic gases is a matter
of conjecture. Exposure of volunteers to trace levels of N,O-halothane for 4 hr
caused six of twenty to fall asleep during psychological testing and significantly
increased psychomotor reaction time (97).

Chronic exposure of young rats to 90 ppm of halothane resulted in deficits in
responses to negatively and positively reinforced operant training (98). Exposure as
adults was without a similar effect. Acute exposure of volunteers to higher, but
subanesthetic, levels of methoxyflurane, enflurane, or isoflurane suggested that the
anesthetics as a group caused impairment of memory functions (99). The evidence
supports the idea that the possibility of behavioral modification in the presence of .
very low levels of anesthetic gases is a matter deserving critical examination.

Furthermore, it is possible that a connection between structure and function
ultimately will be found. Ultrastructural changes in the rat central nervous system
were detected after exposure for 8 wk to 10 ppm halothane (100), and differentiation
in cultured mouse neuroblastoma cells exposed for 72 hr to 0.3-2.1% halothane was
impaired (101).

On Cleaning Up the Environment

Evidence has been presented suggesting that chronic exposure to traces of anesthetic
gases may constitute a significant occupational hazard to operating-room personnel.
It would, therefore, seem prudent to take steps to reduce such pollution in the
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operating room pending further investigation. Escape of significant quantities of
anesthetic gases from both closed and open systems is inevitable. This may be
controlled by active scavenging systems (102, 103) that capture waste gases to be
disposed of through venting systems or by the incorporation of activated charcoal
adsorbent cannisters to the expiratory circuit (104). Such measures are easily in-
stituted, and the hardware is relatively cheap to install. The potential benefit would
certainly seem to be worth the investment while we are waiting for the results of
further studies of the problem.

CONCLUSION K

A large fraction of the halothane absorbed by the liver is strongly bound to subcellu-
lar fractions. The halothane is presumably in the form of metabolites and probably
covalently bound. Furthermore, liver injury sustained in the presence of halothane
may be dependent on the prior condition of the liver, that is, macromolecular
constitution as an expression of genotype and the effects of chemical agents other
than halothane. The identification of metabolites and their interaction with subcellu-
lar constituents may provide the basis for the future resolution of the problem of
“halothane hepatitis.”

The search continues for a better general anesthetic. All tested so far are biotrans-
formed to a measurable extent. Isoflurane is apparently metabolized to a lesser
extent than the others and in this respect may represent a step forward in the search
for the ‘““ideal” inhalation anesthetic.

Presumptive evidence has been presented that exposure to trace levels of anes-
thetic gases may adversely affect human reproductive and behavioral processes. The
further investigation of these potential problems is of paramount importance. Mean-
time the prudent course of action would seem to be to institute measures to reduce
the contamination of the operating-room atmosphere by waste anesthetic gases.

ACKNOWLEDGMENTS

The author wishes to thank Drs. J. R. Fouts and M. B. Chenoweth for wise counsel
and thoughtful criticism during the preparation of this review.

Literature Cited

1.

Van Dyke, R. A., Chenoweth, M. B.
1965. Anesthesiology 26:348-57

. Slater, T. F. 1972. Free Radical Mecha-

nisms in Tissue Injury. London: Pion.
283 pp.

2. Brown, B. R., Vandam, L. D. 1971. 8. Gillette, J. R. 1974. Biochem. Phar-
Ann. NY Acad. Sci. 179:235-43 macol. 23:2785-94
3. Cohen, E. N. 1971. Anesthesiology 9. Gillette, J. R. 1974. Biochem. Phar-
35:193-202 macol. 23:2927-38
4. Van Dyke, R. A. 1973. Can. Anaesth. 10. Carney, F. M. T., Van Dyke, R. A.
Soc. J. 20:21-33 1972. Anesth. Analg. Cleveland 48:
S. Farber, E. 1971. Ann. Rev. Pharmacol. 135-60
11:71-96 11. Dykes, M. H. M,, Gilbert, J. P., Schur,
6. Orlandi, F., Jezequel, A. M., eds. 1972. P. H., Cohen, E. N. 1972. Can. J. Surg.
Liver and Drugs. New York: Academic. 15:1-22
267 pp. 12. Rosenberg, P. H., Airaksinen, M. M.

1973. Fluoride 6:4148



Annu. Rev. Pharmacol. Toxicol. 1976.16:67-91. Downloaded from www.annualreviews.org

by Central College on 12/14/11. For personal use only.

78

13

14.
15.

16.

17.

19.
20.
21.

22
23.
24.

25.
26.
27.
28.
29.
30.
31

32

33.
34.
35.
36.
37.

38.

VAN STEE

Gottlieb, L. S., Trey, C. 1974. Ann, Rev.
Med. 25:411-29

Lofstrom, J. B., ed. 1971. Acta Anaes-
thesiol. Scand. Suppl. 49:1-43

Fink, B. R,, ed. 1972. Cellular Biology
and Toxicity of Anestherics. Baltimore:
Williams & Wilkins. 328 pp.
Chenoweth, M. B., ed. 1972. Modern
Inhalation Anesthetics. Handbook of
Experimental Pharmacology, Vol. 30.
New York: Springer. 591 pp.

Atallah, M. M., Geddes, 1. C. 1973. Br.
J. Anaesth. 45:464-70

. Sawyer, D. C., Eger, E. 1., Bahlman,

S. H., Cullen, B. F., Impelman, D. 1971.
Anesthesiology 34:230-35

Topham, J. C., Longshaw, S. 1972.
Anesthesiology 37:311-23

Stier, A. 1964. Biochem. Pharmacol.
13:1544

Rehder, K., Forbes, J., Alter, H,
Hessler, O., Stier, A. 1967. Anesthesi-
ology 28:711-15

Fiserova-Bergerova, V. 1973. Anesthesi-
ology 38:345-51

Brown, E. A. B. 1974. Drug Metab. Rev.
3:33-87

Orton, T. C., Anderson, M. W, Pickett,
R. D., Eling, T. E., Fouts, J. R. 1973.
J. Pharmacol. Exp. Ther. 186:482-97
Creasser, C., Stoelting, R. K. 1973.
Anesthesiology 39:537-40

Van Dyke, R. A. 1966. J. Pharmacol.
Exp. Ther. 154:364—69

Clauberg, G. 1970. Anaesthesist 19:
387-92

Blake, D. A., Barry, J. Q., Cascorbi,
H. F. 1972. Anesthesiology 36:152-54
Cohen, E. N., Trudell, J. R. 1972. See
Ref. 15, pp. 205-14

Smith, G. F. 1966. Bri. J. Ind. Med.
23:249-62

Goldstein, A., Aronow, L., Kalman,
S. M. 1974. Principles of Drug Action.
New York: Wiley. 854 pp. 2nd ed.
Blake, D. A., Rozman, R. S., Cascorbi,
H. F., Krantz, J. C. Jr. 1967. Biochem.
Pharmacol. 16:1237-48

Cascorbi, H. F., Blake, D. A. 1971.

_ Anesthesiology 35:493-95

Van Dyke, R. A., Wood, C. L. 1975.
Drug Metab. Dispos. 3:51-57

§tier, A. 1968. Anesthesiology 29:
Brown, B. R. Jr. 1972. Anesthesiology
37:483-88

Holaday, D. A., Rudofsky, S., Treu-
haft, P. S. 1970. Anesthesiology 33:
579-93

Van Dyke, R. A.,, Wood, C. L. 1973.
Anesthesiology 39:613-18

46.
47.
48,

49.

50.

51

52.
53.

54.

3.

56.

57.

S8.
59.

61.

. Dobkin, A. B., Levy, A. A. 1973. Can,

Anaesth. Soc. J. 20:81-93

. Fry, B. W,, Taves, D. R., Merin, R. G.

1973. Anesthesiology 38:38-44

. Murray, W. J,, Fleming, P. J. 1972.

Anesthesiology 37:620-25

. McIntyre, J. W. R., Russell, J. C,

Chambers, M. 1973. Anesth. Analg.
Cleveland 52:946-50

. Franscino, J. A., Vanamee, P., Rosen,

P. P. 1970. New Engl. J. Med. 283:
676-79

. Silverberg, D. S. et al 1971. Can.
45.

Anaesth. Soc. J. 18:496-504 '
Gion, H., Yoshimura, N., Holaday,
D. A., Fiserova-Bergerova, V., Chase,
R. E. 1974. Anesthesiology 40:553-62
Mazze, R. I, Cousins, M. J., Barr,
G. A. 1974. Anesthesiology 40:536-42
Hitt, B. A. et al 1974. Anesthesiology
40:62-67

Dobkin, A. B., Kim, D., Choi, J. K,,
Levy, A. A. 1973. Can. Anaesth. Soc. J.
20:494-98

Cousins, M. J., Mazze, R. I, Barr,
G. A.,Kosek, J. C. 1973. Anesthesiology
38:557-63

Mazze, R. 1., Hitt, B. A., Cousins, M. J.
1974. J. Pharmacol. Exp. Ther. 190:
523-29

Halsey, M. J., Sawyer, D. C., Eger,
E. L. II, Bahlman, S. H., Impelman, D.
1971. Anesthesiology 35:43-47
Maduska, A. L. 1974. Anesth. Analg.
Cleveland 53:351-53

Barr, G. A., Cousins, M. J., Mazze,
R. I, Hitt, B. A., Kosek, J. C. 1974. J.
Pharmacol. Exp. Ther. 188:257-64
Steward, A., Allott, P. R., Cowles,
A. L., Mapleson, W. W. 1973. Br. J.
Anaesth. 45:282-93

Ohnhaus, E. E., Thorgeirsson, S. S.,
Davies, D. S., Breckenridge, A. 1971.
Biochem. Pharmacol. 20:2561-70
Loew, G., Motulsky, H., Trudell, J.,
Cohen, E. N., Hjelmeland, L. 1974.
Mol. Pharmacol, 10:406-18

Bunker, J. P., Forrest, W. H. Jr., Mos-
teller, F., Vandam, L. D, ed. 1969. The
National Halothane Study. Bethesda,
Md.: NIH

Reves, J. G. 1974. Postgrad. Med.
56:65-70

Brown, B. R., Sipes, I. G., Sagalyn,
A. M. 1974. Anesthesiology 41:554-61

. Rosenberg, P., Wahilstrom, T. 1971.

Acta Pharmacol. Toxicol. 29:9-19
Rosenberg, P. H., Airaksinen, M. M.,
Tammisto, T. 1970. Acta Pharmacol.
Toxicol. 28:327-33



Annu. Rev. Pharmacol. Toxicol. 1976.16:67-91. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

62.
63.

67.
68.
69.
70.
71.
72.

73.

74.

75.
76.

7.
78.
79.

80.
81.
82.
83.

Freudenberg, H., Mager, J. 1971. Bio-
chim. Biophys. Acta 232:537-54

Ross, W. T. Jr., Cardell, R. R. Jr. 1972.
Am. J. Anat. 135:5-22

. Glaser, G., Mager, J. 1972. Biochim.
65.
66.

Biophys. Acta 261:487-99

Glaser, G., Mager, J. 1972. Biochim.
Biophys. Acta 261:500-7

Miller, R. N., Smith, E. E, Hunter,
F. E. Jr. 1972. See Ref. 15, pp. 93-108
Cohen, P. J., McIntyre, R. 1972. See
Ref. 15, pp. 109-16

Taylor, C. A. et al 1972. See Ref. 15,
pp. 117-27

Schiefer, H. G. 1973. Z. Physiol. Chem.
354:722-24

Schiefer, H. G. 1973. Z. Physiol. Chem.
354:725-28

Doniach, D., Walker, G. 1974. Gut
15:664-68

Rodriguez, M., Paronetto, F,
Schaffner, F., Popper, H. 1969. J. Am.
Med. Assoc. 208:148~50

Cohen, A. B., Rosenthal, W. S,
Stenger, R. J. 1973. Proc. Soc. Exp. Biol.
Med. 142:817-19

Mathieu, A., DiPadua, D., Mills, J.,
Kahan, B. 1974. Anesthesiology 40:
385-90

Reynolds, E. S., Moslen, M. T. 1974.
Biochem. Pharmacol. 23:189-95
Airaksinen, M. M., Rosenberg, P. H,,
Tammisto, T. 1970. Acta Pharmacol.
Toxicol. 28:299-304

Rosenberg, P. H. 1971. Ann. Med. Exp.
Biol. Fenn. 49:84-88

Brown, B. R. Jr. 1972. Anesthesiology
36:458-65

Cousins, M. J., Mazze, R. 1., Kosek,
J. C, Hitt, B. A,, Love, F. V. 1974. J.
Pharmacol. Exp. Ther. 190:530-41
Whitford, G. M., Taves, D. R. 1973,
Anesthesiology 39:416-27

Cousins, M. J., Mazze, R. 1. 1973. J.
Am. Med. Assoc. 225:1611-16
Dryden, G. E. 1974. Anesth Analg.
Cleveland 53:383-85

Tobey, R. E., Clubb, R. J. 1973. J. Am.
Med. Assoc. 223:649-52

ANESTHETIC TOXICOLOGY 79

84.
85.
86.
87.
88.
89.

90.

9l.

92.
93.

94.

95.

96.
97.
98.

99.
100.

101.
102.
103.
104.

Churchill, D. et al 1974. Am. J. Med.
56:575-82

Vaisman, A. 1. 1967. Eksp. Khir. Anes-
teziol. 3:4449

Linde, H. W., Bruce, D. L. 1969. Anes-
thesiology 30:363-68

Corbett, T. H,, Ball, G. L. 1971. Anes-
thesiology 34:532-37

Corbett, T. H. 1973. Anesth. Analg.
Cleveland 52:614-18

Bruce, D. L., Eide, K. A,, Linde, H. W,
Eckenhoff, J. E. 1968. Anesthesiology
29:565-69 )
Corbett, T. H., Cornell, R. G., Lieding,
K., Endres, J. L. 1973. Anesthesiology
38:260-63

Cohen, E. N., Bellville, J. W., Brown,
B. W. Jr. 1971. Anesthesiology 35:
343-47

Rosenberg, P., Kirves, A. 1973. Acta
Anaesthesiol. Scand. Suppl. 53:37-42
Corbett, T. H., Cornell, R. G., Endres,
J. L., Lieding, K. 1974. Anesthesiology
41:34144

Bussard, D. A., Stoelting, R. K., Peter-
son, C., Ishaq, M. 1974. Anesthesiology
41:275-78

Wittman, R., Doenicke, A., Heinrich,
H., Pausch, H. 1974. Anaesthesist 23:
30-35

Am. Soc. Anesthesiol. 1974. Anesthesi-
ology 410:32140

Bruce, D. L., Bach, M. J., Arbit, J.
1974. Anesthesiology 40:453-58
Quimby, K. L., Aschkenase, L. J., Bow-
man, R. E., Katz, J,, Chang, L. W.
1974. Science 185:625-27

Adam, N. 1973. J. Comp. Physiol. Psy-
chol. 83:294-305

Chang, L. W., Dudley, A. W. Jr. Lee,
Y. K., Katz, J. W. 1974. Exp. Neurol.
45:209-19

Hinkley, R. E., Telser, A. G. 1974. J.
Cell Biol. 63:531-40

Whitcher, C. E., Cohen, E. N,, Trudell,
J. R. 1971. Anesthesiology 35:348-53
Lane, J. R. 1974. Proc. R. Soc. Med.
67:34-36

Vaughan, R. S., Mapleson, W. W., Mu-
shin, W. W. 1973, Br Med. J.
220:727-29



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



