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SUMMARY

WARTELL, S. A, R. CHRISTOPHERSON, C. A. WATKINS, AND D. E. RANNELS.
Inhibition of synthesis of lung proteins by halothane. Mol. Pharmacol. 19:520-524
(1981).

The effect of halothane exposure on synthesis of lung proteins was investigated. In rat
lungs perfused in situ with Krebs-Henseleit bicarbonate buffer containing plasma levels
of 19 amino acids, 690 uM ["“C]phenylalanine, 5.6 mM glucose, and 4.5% bovine serum
albumin, protein synthesis was linear for at least 4 hr. Halothane (1-4% equilibrated with
02/N2/COg, 4:15:1) rapidly inhibited protein synthesis in a dose-dependent manner, with
about a 10% depression of the rate for each 1% increment in halothane. The inhibition
was rapidly and completely reversed when halothane delivery was stopped; it was not
associated with depletion of tissue ATP or with nonspecific changes in cellular permea-
bility. A similar reversible and dose-dependent inhibition of protein synthesis was ob-
served in primary cultures of mixed lung cells incubated in Dulbecco’s minimal essential
medium containing 10% donor calf serum. These results suggested a significant but
reversible inhibition of protein synthesis, exerted at the cellular level, in lungs exposed to

halothane.

Halothane, a frequently used volatile anesthetic, is
known to affect liver metabolism at the microsomal (1),
mitochondrial (2), and glycogenolytic (3) levels. Although
the lungs are the primary site of exposure to halothane
during surgical anesthesia, little information is available
regarding the effects of volatile anesthetics on lung me-
tabolism. Similarly, the effects of anesthetics on protein
metabolism have received little attention. Schmidt and
Rosenkranz (4) linked the antimicrobial activities of li-
docaine and procaine to inhibition of protein, RNA, and
DNA synthesis. Preliminary studies on skin slices from
newborn rats indicated that lidocaine inhibited incorpo-
ration of ["*C]proline into collagen and noncollagen pro-
tein (5). Finally, Bruce (6) reported that overnight ex-
posure of cultured human lymphocytes to 2% halothane
inhibited the PHA*-induced increase in ["“C]leucine in-
corporation. The effect of halothane exposure was ob-
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served 16 hr following PHA treatment; halothane effects
in nontreated cells (without PHA) were not reported.

In the present studies, the effect of halothane exposure
on protein synthesis in lung was investigated. Rates of
protein synthesis were estimated in perfused lungs and
in cultured lung cells under conditions which minimized
uncertainty as to the specific radioactivity of precursor
amino acids. These studies showed that exposure of
intact lung tissue or isolated lung cells to halothane led
to a rapid and dose-dependent inhibition of protein syn-
thesis which did not result from nonspecific cell damage.

Male Sprague-Dawley rats (175-200 g) obtained from
Charles River Breeding Laboratories, Wilmington,
Mass., were provided Agway RMH 3000 chow and water
ad libitum. Following i.p. injection of sodium pentobar-
bital (50 mg/kg body weight), the animals were weighed
and surgically prepared for lung perfusion as detailed
earlier (7). The first 30 ml of perfusate to pass through
the lungs were discarded; as recirculation of the perfusate
(100 ml) was begun, radioactive phenylalanine was added
to the buffer reservoir. Previous studies have shown that
this preparation is stable for at least 240 min of perfusion
7).

The perfusate was a modified Krebs-Henseleit bicar-
bonate buffer containing 4.5% (w:v) bovine serum albu-
min (Pentex, Fraction V; Miles Laboratories, Elkhart,
Ind.), 5.6 mM glucose, and 19 amino acids at levels
measured in rat plasma (8, 9). Perfusate phenylalanine
was 690 uM, 10 times the plasma level (specific radioac-
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tivity, 320 dpm/nmole). Previous studies (9) have shown
that, at this concentration of extracellular phenylalanine,
the specific radioactivity of phenylalanyl-tRNA is equal
to that of phenylalanine in the perfusate. Thus, rates of
protein synthesis could be calculated accurately on the
basis of the specific radioactivity of extracellular phen-
ylalanine. The perfusate was equilibrated with warmed
(37°), humidified O:/N:/CO. (4:15:1); halothane (2-
bromo-2-chloro-1,1,1-trifluoroethane; Fluothane, Ayerst
Laboratories, Inc., New York, N. Y.) was mixed with this
gas mixture as indicated, using a Fluotec 3 vaporizer
(Fraser Sweatman, Inc., Lancaster, N. Y.). The concen-
tration of anesthetic in the perfusate and in cell media
(below) was measured using a Hewlett-Packard 5840-A
gas chromatograph standarized against halothane solu-
tions of known concentration (10). Incorporation of ra-
dioactive phenylalanine into lung protein, tissue levels of
ATP, and amino acid spaces were determined as de-
scribed earlier (7, 9).

The preparation of mixed lung cells was based on
modifications of the approaches of Kikkawa and Yoneda
(11) and of Douglas and Teel (12). Following thoracot-
omy, inflated rat lungs were perfused in situ with 0.15 m
NaCl solution (25°). The lungs were removed, minced
thoroughly, and washed with 100 ml of Joklik’s MEM
(Grand Island Biological Company, Grand Island, N. Y.).
The suspended mince was filtered on HC-160 nylon
bolting cloth and combined with digestion medium con-
taining (final concentration) collagenase (0.1%; Worth-
ington Biochemical Corporation, Freehold, N. J.), bac-
terial neutral protease (dispase, 0.05%; Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.), DNAse (0.0067%;
Sigma, BaSO, (0.033%), and chick serum (1.0%; Grand
Island Biological Company or Flow Laboratories, Rock-
ville, Md.). Digestion at 37° resulted in a high yield of
cells (~2 X 10%/rat), of which >95% were viable, as judged
by exclusion of erythrocin B (13). Cells were plated
(~10/60-mm plate) in MEM-D containing 10% (v:v)
donor bovine serum (Flow Laboratories). After overnight
incubation (37°) in humidified CO./air (1:9), nonadhered
cells were removed and fresh experimental medium was
added. About 40% of the protein and DNA applied to the
plates remained attached. The adhered cell population
contained about 13% macrophages, 15% fibroblastic cells,
8% Type II granular pneumocytes, 33% other epithelial
cells, and 31% cell types unidentified in hematoxylin/
LiCOs-stained preparations.

For determinations of [**CJamino acid incorporation
into protein, the incubation medium was removed and
cellular protein was precipitated with cold 10% TCA. Hot
TCA-insoluble material was collected on Millipore filters
(HAWP; pore size 0.45 um), and washed with 5% TCA.
The filters were incubated in 0.8 ml of 88% formic acid at
room temperature (4 hr) and radioactivity was deter-
mined in 10 ml of Formula 947 (New England Nuclear
Corporation, Boston, Mass.). The value for disentegra-
tions per minute incorporated per milligram of protein
was calculated on the basis of efficiency corrections using
an external standard and on protein determinations run
on separate plates (0.178 + 0.019 mg of protein/plate), as
described by Lowry et al. (14).

Freshly isolated mixed lung cells were prepared and
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placed in culture as described above. After overnight
incubation and removal of nonadhered cells, 5.0 ml of
fresh MEM-D containing 10% donor calf serum was
added and the plates were transferred to temperature-
controlled chambers (37°). Halothane was delivered with
the use of a Fluotec 3 vaporizer in a gas mixture contain-
ing 02/N2/CO. (4:15:1). Equilibration of the medium with
the vapor phase was complete within 10 min.

Data were compared using Student’s ¢-test. A p value
<0.05 was considered significant.

Protein synthesis in rat lungs perfused in situ under
control conditions was linear during at least 120 min in
vitro (Fig. 1). Phenylalanine was incorporated into lung
protein at a rate of 1.74 + 0.10 nmoles/mg of protein per
hour, in good agreement with earlier studies (9, 15, 16).
Exposure of the lungs to 4% halothane did not modify
the linearity of the time course, but inhibited protein
synthesis by 43%, to 0.99 + 0.09 nmole of phenylalanine
incorporated/mg of protein per hour. With 2% halothane,
intermediate rates of synthesis were observed (Fig. 1).
Extrapolation of the time course of protein synthesis to
the initiation of halothane exposure suggested that the
effect of the anesthetic was rapid in onset, since no lag in
the development of the inhibition was evident. The mag-
nitude of the effect of halothane was linearly related to
the amount of the anesthetic presented (Fig. 2). For each
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F16. 1. Effect of halothane on protein synthesis in perfused lungs

Lungs were perfused 15 to 120 min as described in text. In control
experiments, the perfusate was equilibrated with O,/N2/CO. (4:15:1);
halothane was added to this gas mixture as indicated. Under these
conditions, halothane concentrations measured in the perfusate leaving
the pulmonary circulation were 1.44 + 0.15, 0.88 + 0.12, and 0.46 + 0.07
mM (three observations each) at vaporizer settings of 4, 2, and 1%,
respectively. At the 4% setting, direct sampling of the perfusate reser-
voir showed a halothane concentration of 2.77 + 0.03 mM (seven
observations). Each point represents the mean + standard error of the
mean of six to eight observations.
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F1G. 2. Dose-response relationship of the inhibition of protein syn-
thesis by halothane in perfused lungs

Lungs were perfused for 60 min and halothane was presented as
described in text. The line in the figure was drawn by least-squares
linear regression. Each point represents the mean * standard error of
the mean of six to eight observations.

1% increment in halothane concentration, protein syn-
thesis was inhibited about 10%.

Halothane exposure did not result in over-all energy
depletion in the preparation. No significant difference
was observed in the ATP content of lungs perfused for
120 min in the presence or absence of halothane [control,
6.9 £ 0.7 umoles/g of dry weight (n = 12); plus halothane,
6.2 £ 0.4 umoles/g of dry weight (n = 12)]. Exposure of
the lung to the anesthetic did not lead to general changes
in cellular permeability. When transport of extracellular
phenylalanine or proline into the tissues was examined,
neither the half-time of equilibration nor the equilibrium
spaces of these amino acids were affected by halothane.
After 60 min of perfusion, ['“C]phenylalanine spaces were
0.71 £ 0.05 (n = 6) and 0.74 + 0.03 (n = 5) ml/g in control
and halothane-exposed lungs, respectively. In similar ex-
periments, [°*H]proline spaces were 0.90 + 0.06 (n = 6)
and 0.90 + 0.04 (n = 5) ml/g. Taken together, these
results indicated that exposure of the lungs to halothane
did not result in extensive cell damage.

Furthermore, the inhibition of protein synthesis by
halothane was rapidly reversed on removal of the anes-
thetic. Synthetic rates during and after halothane expo-
sure were measured directly in the same lungs using a
double-isotope approach (Fig. 3). Incorporation of
[*Hlphenylalanine was measured after 60 min of perfu-
sion (+ halothane) by tying off and removing the single
lobe of the left lung for analysis. Control experiments
showed that this procedure did not alter the rate of
protein synthesis in the remaining lobes of the right lung.
In these tissues, the inhibitory effect of halothane was
similar to that discussed above (Fig. 3, left bars). After
delivery of the anesthetic was stopped (at 60 min), recir-
culation of buffer containing [*’H]phenylalanine was con-
tinued and, at 90 min, ["“C]phenylalanine was added to
the perfusate. Measurements of ['*C]phenylalanine in-
corparation over the final 30 min of perfusion (90-120
min) revealed similar rates of protein synthesis in control

tissues and in lungs previously exposed to halothane (Fig.
3, right bars). Calculations of the synthetic rate during
the interval from 60 to 90 min of perfusion (based on
total *H incorporation), suggested that reversal of the
halothane effect was rapid.

Halothane is known to alter vascular resistance in
some tissues (17). Over-all vascular resistance in the
perfused lungs was not altered by the anesthetic, since at
20 cm HO pulmonary arterial pressure, the rate of
perfusate flow was unchanged by halothane (control, 36
+ 2; halothane-exposed, 38 + 1 ml/min). However, a
redistribution of perfusate flow could not be ruled out by
these observations. The effect of halothane exposure on
a primary culture of mixed lung cells was therefore in-
vestigated. This preparation was chosen to approximate
the cellular composition of the intact lung and to preclude
selection of an insensitive cell type. Initial experiments,
similar to those detailed for perfused lungs (9), suggested
that, when extracellular ["*C]phenylalanine was at or
above 400 puM, dilution of the radioactive precursor with
phenylalanine derived from proteolysis was minimal.
Thus, subsequent studies were performed using 400 uM
phenylalanine, the concentration found in commercially
prepared Dulbecco’s MEM; apparent rates of protein
synthesis were calculated on the basis of the specific
radioactivity of phenylalanine in the medium (9).

Exposure of cell cultures to 4% halothane inhibited
protein synthesis to 65 + 3% of the control rate (p <
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F16. 3. Reversibility of the effect of halothane on the synthesis of
lung proteins
Lungs were perfused as described in legend to Fig. 1. Incorporation
of [ring 2,6-°’H( N)]phenylalanine into protein during the first 60 min in
vitro was estimated in control (open bars) and 4% halothane-exposed
(dark bars) lungs by removal and analysis of the entire left lung. Tidal
volume was decreased by 40% and, in some lungs, the delivery of
halothane was stopped. At 90 min, [U-'“C]phenylalanine was added to
the perfusate to determine the rate of protein synthesis over the final
30-min interval of perfusion. Data from lungs which were exposed to
halothane during only the first 60 min are shown by the shaded bar.
Values represent the mean + standard error of the mean of 7-21
observations. Similar results were obtained when the order of addition
of the isotopes was reversed. * p < 0.001 versus control; ** p < 0.001
versus halothane.
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0.001). The extent of inhibition was dose-dependent (Fig.
4) and of a magnitude similar to.that described above.
Thus, the halothane effects observed in perfused tissues
appeared to be exerted directly at the cellular level and
were not secondary to alterations in perfusion param-
eters. Additional experiments showed that, as observed
in perfused lungs, the inhibition was fully reversible when
halothane delivery to the cell cultures was stopped; the
rate from 40 to 160 min after removal of halothane was
103 + 12% of control (17 observations).

Although halothane is a commonly used volatile an-
esthetic, its effects on metabolic function of the lung
have received little attention. The present experiments
demonstrate that, at clinical doses, halothane exposure
inhibits the incorporation of [**C)phenylalanine into lung
proteins. Rates of protein synthesis were estimated in
the presence of high extracellular levels of the precursor
amino acid, [**C]phenylalanine. In perfused lungs (9), as
in other tissues (for review, see ref. 18), provision of high
levels of precursor minimized the dilution of the specific
radioactivity of intracellular phenylalanine and amino-
acyl-tRNA by amino acids derived from protein break-
down and allowed rates of protein synthesis to be calcu-
lated accurately according to the specific radioactivity of
extracellular amino acid. This approach was applied to
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Fi1G. 4. Effect of halothane on protein synthesis in cultured lung
cells

Primary cultures of mixed lung cells were incubated + halothane as
outlined in text. After 15 min, [“C]phenylalanine was added to the
incubation medium and protein synthesis was estimated over the next
30-60 min. Halothane concentration was measured in medium removed
from each plate at the end of the incorporation period. Halothane
exposure (+H) did not alter the number of cells per plate (control, 9.06
+ 0.18 X 10% +H, 8.81 + 0.14 X 10°% eight observations each) or cell
viability, as judged from exclusion of erythrocin-B (control, 100%; +H,
99.3% viable). The line was determined by least-squares linear regres-
sion; the equation is y = —0.39 x +1.20 (+* = —0.998), where y is protein
synthesis (nanomoles of phenylalanine per milligram of protein per
hour) and x is halothane concentration (millimolar). Values are from
one cell preparation and represent the mean + standard error of the
mean of eight observations. While the apparent rate of protein synthesis
varied among cell preparations, the percentage inhibition of protein
synthesis by halothane was independent of the control rate of synthesis
(three experiments). Where the standard error of the mean is not
shown, it did not extend beyond the symbol.
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lung cells in the present experiments, although specific
radioactivities of extracellular and tRNA-bound phenyl-
alanine were not compared directly.

The present preliminary experiments provided some
indirect evidence as to the mechanism by which halo-
thane reduces protein synthesis. Inhibition of protein
synthesis in primary cultures of mixed lung cells elimi-
nated redistribution of pulmonary circulation as a cause
of the inhibition. The rapid changes in protein synthesis
observed suggested that the efficiency of messenger RNA
translation was altered, in contrast with the previously
reported longer-term effects of starvation or unilateral
pneumonectomy, which involved changes in tissue levels
of RNA (15, 16). Rapid and complete reversibility of the
halothane effect as well as direct measurements of cell
viability suggested that the inhibition did not involve cell
death. Although tissue levels of ATP were unchanged by
halothane administration in perfused lungs, local altera-
tions in high-energy phosphates could not be eliminated
on the basis of these observations. More extensive mea-
surements of the effects of the anesthetic on energy levels
in specific isolated lung cell types is required before
localized energy depletion can be fully eliminated as a
cause of the inhibition.

Anesthetic agents may act upon the cell, either directly
or indirectly, through alterations of energy metabolism
(2, 19), by affecting physiochemical changes in membrane
volume (20), fluidity (21), or protein content (22), or by
direct effects on protein conformation (23). Halothane is
known to modify specific membrane-linked events asso-
ciated with the vascular endothelium in intact lungs (24-
26); potential links between the membrane effects of the
anesthetic and the mechanism of the present observa-
tions remain to be investigated.
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