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Abstract
Differential, histochemical and immunohistochemical changes were observed in hepatocytes
from immediately to 7 days after isoflurane or sevoflurane exposure (at H 0 to on Day 7) to study
the process of development and recovery in anesthetic-induced hepatic injury. A total of 570
7-week-old male Sprague-Dawley rats with or without phenobarbital treatment were exposed
to isoflurane or sevoflurane in 100%, 21%, or 10% oxygen, or to 10% oxygen alone for 2h.
In phenobarbital-treated rats, hepatocytes both with and without anesthetic exposure markedly
changed in 10% oxygen at H 0. Glycogen and ribosomal ribonucleic acid (rRNA) disappeared at
H 0 and at H 6, respectively, and at H 6, AST levels in the blood rose. From H 6 to Day 1, necrosis
developed more markedly and widely in zone 3 hepatocytes exposed to anesthetics in 10% oxygen
than in those exposed to oxygen alone. All degenerated tissues had returned to normal levels by
day 7. Recovery of the hepatolobular structure may be attributed to rearrangement of remaining
hepatocytes in the portal vein area. Both the disappearance of glycogen and rRNA and the increase in blood AST levels after exposure to isoflurane or sevoflurane are considered to be factors
contributing to the induction of necrosis around the central vein. The grade of isoflurane-induced
hepatic injury was found to be significantly higher than that of sevoflurane.
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Diﬀerential, Histochemical and Immunohistochemical Changes in
Rat Hepatocytes after Isoﬂurane or Sevoﬂurane Exposure
Mayumi Honda , Teruo Yamada , Takako Nomura , Yukari Miki ,
Shigeto Kanda , Akihiko Seki , and Junzou Sasaki
Department of Cytology and Histology, and Department of Public Health,
Okayama University Graduate School of Medicine and Dentistry, Okayama 700‑8558, Japan

Diﬀerential, histochemical and immunohistochemical changes were observed in hepatocytes from
immediately to 7 days after isoﬂurane or sevoﬂurane exposure (at H 0 to on Day 7) to study the
process of development and recovery in anesthetic-induced hepatic injury. A total of 570 7-week-old
male Sprague-Dawley rats with or without phenobarbital treatment were exposed to isoﬂurane or
sevoﬂurane in 100 , 21 , or 10 oxygen, or to 10 oxygen alone for 2h. In phenobarbitaltreated rats, hepatocytes both with and without anesthetic exposure markedly changed in 10
oxygen at H 0. Glycogen and ribosomal ribonucleic acid (rRNA) disappeared at H 0 and at H 6,
respectively, and at H 6, AST levels in the blood rose. From H 6 to Day 1, necrosis developed more
markedly and widely in zone 3 hepatocytes exposed to anesthetics in 10 oxygen than in those
exposed to oxygen alone. All degenerated tissues had returned to normal levels by day 7. Recovery
of the hepatolobular structure may be attributed to rearrangement of remaining hepatocytes in the
portal vein area. Both the disappearance of glycogen and rRNA and the increase in blood AST
levels after exposure to isoﬂurane or sevoﬂurane are considered to be factors contributing to the
induction of necrosis around the central vein. The grade of isoﬂurane-induced hepatic injury was
found to be significantly higher than that of sevoﬂurane.
Key words: isoﬂ
urane, sevoﬂ
urane, histochemistry, hypoxia, hepatic injury

alothanerelated hepatic injuryhas been described
in many reports［1, 2］, and the products of
halothane biotransformation have been suggested to
induce hepatic injury［3, 4］
. Approximately 20 ,
2.0 , and 0.2 of inhaled halothane, enﬂ
urane, and
isoﬂ
urane, respectively, is metabolized, and harmful
substances are produced in vivo［5］. Sevoﬂ
uraneis also
metabolized in vivo, but it does not produce reactive
metabolites［6］. Despite these variations, sevoﬂ
urane,

H

Received March 5, 2002; accepted July 25, 2002.
Corresponding author.Phone:＋81‑86‑235‑7081;Fax:＋81‑86‑235‑7079
Email:t yamada＠cc.okayamau.ac.jp (T. Yamada)

Produced by The Berkeley Electronic Press, 2003

isoﬂ
uraneand enﬂ
uraneallreportedlycausehepaticinjury
accompanied by centrilobular necrosis［7‑13］
, though
the etiology of the hepatic injury induced by these anesthetics has not yet been clariﬁ
ed.
There have been a few reports of histochemical and
immunohistochemical observations of intrahepatocellular
changes after exposure to halothane and isoﬂ
urane［14‑
16］
. In the current study, the authors histochemically
and immunohistochemically observed hepatic changes
using the same methods as those used previously［15,
17］to study the diﬀerences in the occurrence of earlystage hepatic injury and timecourse changes (including
development of and recovery from hepatic injury)in the
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rat liver at speciﬁ
c sites from immediatelyto 7 days after
exposures to isoﬂ
urane (metabolized in vivo to produce
harmfulsubstances)and sevoﬂ
urane(metabolized, but not
producing harmful substances).

Materials and Methods
All animal experiments were performed according to
the Guidelines for Animal Experiments of the Okayama
University Medical School.
The materials and reagents used in
this study were as follows: 7weekold male SpragueDawley (SD) rats (Clea Japan Inc., Osaka, Japan);
sevoﬂ
uraneand isoﬂ
urane(Dainippon PharmaceuticalCo.,
Osaka, Japan); phenobarbital sodium and pentobarbital
sodium (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan); Mayer hemalum solution, and Schiﬀʼ
s reagent
(PAS)(Merck, Darmstadt, Germany); 4 paraformaldehyde and 1 eosin Y solution (Muto Pure Chemicals
Co., Ltd., Tokyo, Japan); antimacrophage mouse
monoclonal antibody (ED 1) (Serotec Ltd., Oxford,
England); diastase(αamylase)and ribonucleaseI(SigmaAldrich chemie gmbh, Sreinheim, Germany); 5bromo2ʼ
deoxyuridine (BrdU), antiBrdU mouse monoclonal
antibody, antisinglestranded DNA (ssDNA) rabbit
polyclonal antibody, antimouse or antirabbit immunoglobulins conjugated to peroxidaselabeled dextran polymer
(EnVision＋ ・Peroxidase), and 3,3ʼ
diaminobenzidine
(DAB) substrate kit (Dako Japan Co., Ltd., Kyoto,
Japan), and IATAROZYME TALq (RM 163K)
(Iatron Laboratories Inc., Tokyo, Japan)as areagent for
analyzing aspartate aminotransferase(AST).
Reagents of the best quality were purchased in addition to those mentioned above.
As shown in
Fig. 1, male SD rats were divided into 2 groups:
nontreated healthy rats (Ngroup) and rats given water
containing 0.1 phenobarbital solution (PB) ad libitum
for 5 days (PBgroup)before the experiment［15, 17］.
The experiment was carried out as follows: Rats from
both groups were separately exposed to 1.5 isoﬂ
urane
and 2.0 sevoﬂ
urane(approximately1 minimumalveolar
［18］and sevoﬂ
concentration［MAC］ofisoﬂ
urane
urane
［19］), respectively, in 100 , 21 , or 10 oxygen,
or 10 oxygen alone without anesthetics for 2h. Air
was used for 21 oxygen, and air and nitrogen were
mixed at a 1:1 ratio with an anesthesiaapparatus (Model
CK70, Acoma Co., Tokyo, Japan) to create gas

http://escholarship.lib.okayama-u.ac.jp/amo/vol57/iss1/1

Fig. 1 Grouping of rats and samplecollection time. The total
number ofconditions and rats examined were 114 conditions and 570
rats (5 rats each were used under each condition). PBgroup, rats
pretreated with 0.1% phenobarbital solution (PB) ad libitum for 5
days. Ngroup, rats without PB pretreated. PB alonegroup, rats
treated with PB alone. Controlgroup, nontreated healthyrats. H0‑
12andD 1‑7showthesamplecollectiontimeat 0(immediately)12h
and 1‑7 days after each anesthetic exposure.

containing 10 oxygen. Theﬂ
owvolumeofoxygen gas
of 3 diﬀerent concentrations (100 , 21 , and 10 )
was set at 4L/min with the anesthesia apparatus.
Concentrations were adjusted to 1.5 and 2.0 for
isoﬂ
urane (Penlon Ltd., Abingdon, UK) and for
sevoﬂ
urane (Akoma Co., Tokyo, Japan), respectively,
with vaporizers. Rats in a polyethylene container (20×
30× 10cm) were exposed to isoﬂ
urane or sevoﬂ
urane
through a tube connected to the vaporizer.
The livers of 5 rats from each exposure group were
collected at 0h (immediately), 3h, 6h, 12h, 1 day,
2 days, 3 days, and 7 days after the isoﬂ
urane or
‑
‑
sevoﬂ
urane exposure (at H 0 12, on Days 1 7). Five
rats each wereused under114 diﬀerent conditions, i.e., 8
diﬀerent collection times by 3 diﬀerent 2h exposures (in
100 , 21 , or 10 oxygen)to 2 diﬀerent anesthetics,
or in 10 oxygen alone in 2 groups, plus the group of
rats treated with PB alone, and 1 control (untreated)
group (Fig. 1).
Thecollected livers werehistochemicallyand immunohistochemically studied for general cell structure, glycogen, apoptosis, ribosomal ribonucleic acid (rRNA)gran-
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ules in the cells, cell proliferation, and inﬁ
ltrated cells.
When the livers werecollected, 5 specimens, each taken
under diﬀerent test conditions, underwent a median incision in the abdomen under the anesthesia with pentobarbital sodium. Next, 3ml of the blood was collected in a
heparinized glass syringe from the left ventricle to determine the AST measurement.

statistical tests described belowto comparethemwith the
values of the control group and with values collected at
diﬀerent times. The data were analyzed by a Dunnettʼ
s
test to compare with control values to get a signiﬁ
cant
diﬀerence, and by a Tukeyʼ
s honestly signiﬁ
cant
diﬀerencetest to compareamong collection times. Values
of P ＜ 0.05 were assumed to be signiﬁ
cant.
The area of the lobule negatively stained with PAS
The liver was excised after perfusion ［PAS(−)］ is expressed as a percentage of the liver
through the portal vein with 4 paraformaldehyde(4
lobule. The length of the lobule from the central vein
PFA), cut into pieces in 2‑3mmthick, and ﬁ
xed in 4
(CV)to theportalvein(PV)was measured as a, and that
icecooled PFA. After being dehydrated with alcohol ofthePAS(−)areafromtheCV to PV as b to calculate
according to routine procedures, the sections were em- the PAS(−) area as a percentage of the lobule (y) as
bedded in paraﬃn, cut into pieces 5μm thick, stained follows: y( )＝ b/a× 100. Straight lines of the
with HE, PAS, and methylgreen pyronin (MGP), and sinusoid running fromthePV to theCV wereselected to
examined bydiastase(αamylase)and ribonucleasedigest measure the lengths of a and b. At each collection time,
tests.
a and b were measured in the 25 samples that had been
Arbitrarily selected paraﬃnremoved sections were taken from 5 diﬀerent regions in the lobules of 5 rats.
immersed in 3 H O /MtOH at room temperature for The mean percentage of the PAS(−) area (Y) was
10min to dispose of the intrinsic peroxidase, then obtained from these 25 (y) samples (Y: mean± SD).
immersed in trypsin solution (1mg trypsin/ml 0.1M Each valueofY was analyzed bythesamestatisticaltests
PBS) at 37°
C for 30min to identify the inﬁ
ltrated and described aboveto compareit with theH 0 values and to
apoptotic cells. Next, ED 1 and antissDNA antibodies compare among values at diﬀerent collection times.
(rabbit) were used as the primary antibodies to identify
inﬁ
ltrated and apoptoticcells. EnVision＋ ・peroxidase
Results
(mouse or rabbit)were used as the secondary antibodies
to makethetarget cells emit colors with aDAB substrate
kit. The spleen and small intestine were used to test for
As shown in
positive reactions to macrophage (ED 1) and apoptosis Fig. 2, the AST values (mean± SD) of rats in the
(ssDNA).
control and PBpretreated alone groups were 46.0± 5.2
To study hepatocellular proliferation, BrdU (50mg/ U and 47.4± 6.9 U, respectively. The AST values in
kg) dissolved in 1ml of PBS was intraperitoneally ad- both the PB- and the Ngroups after isoﬂ
urane or
ministered 2h beforeliver resection. Therats underwent sevoﬂ
urane exposure under 100 and 21 oxygen, or
median abdominal incision under pentobarbital anesthesia. exposure to 10 oxygen alone, diﬀered littlefrom those
The liver was then excised, immersed in 70 icecooled of the control group (data not shown).
ethanol, dehydrated, and embedded in paraﬃn. After the
In thePBgroup, theAST values diﬀered fromthose
liver was cut into 5μm sections, the slide glasses were ofthe control group after each anestheticexposureunder
immersed in 3
H O /MtOH. AntiBrdU mouse 10 oxygen. From H 3 after each anesthetic exposure
monoclonal antibody was used for the primary antibody, under 10 oxygen, the AST values began to increase
and EnVision＋ ・peroxidase (mouse) were used for and at H 6 signiﬁ
cantlyincreased(isoﬂ
urane: 91.6± 13.5
the secondaryantibodies. The remaining onethird ofthe U and sevoﬂ
urane; 84.4± 8.3U) when compared with
liver was used for the BrdUintake test (proliferation)by those of the control group (P ＜ 0.01), reaching the
the methods of Higgins and Anderson［20］
.
highest value at H 12 (isoﬂ
urane; 98.6± 10.0U and
±
sevoﬂ
urane; 91.2 11.0U)(P ＜ 0.01). On Day 1, the
AST values began to decrease, returning to normallevels
AST values fromH byDay3. In theNgroup, theAST values wereslightly
0 to Day 7 after exposure to isoﬂ
urane or sevoﬂ
urane higher than those of the control group from H 3 to Day
were analyzed in the serum collected from 5 rats by the 1, reached a peak (isoﬂurane: 68.0± 12.6 U,
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Fig.2 Timecourse changes in serumaspartate aminotransferase(AST)afteranestheticexposure under10% oxygen. Each collecting value
was the mean± SD of5 ratsʼvalues. ◎, Control group(Control); ◇, PB alone group(PBalone); ●, Isoﬂ
urane exposure in the PBgroup;
■, Sevoﬂ
urane exposure in the PBgroup; ○, Isoﬂ
uraneexposureintheNgroup; □, Sevoﬂ
uraneexposureintheNgroup; ★, signiﬁ
cantly
higher than that ofthe control(P＜ 0.01); ＊, signiﬁ
cant diﬀerences among the values after isoﬂ
urane and sevoﬂ
urane exposures (P＜ 0.05);
☆, signiﬁ
cant diﬀerences among the values in the PB-and Ngroups after exposure to each anesthetic(P＜ 0.01); at H0-H12 and on Day
1 -Day7, see Fig. 1.

sevoﬂ
urane: 62.2± 12.2U)at H 12, and then returned
to normal levels on Day2 after each anestheticexposure.
From H 6 to Day 1, AST levels were signiﬁ
cantly
higher in isoﬂ
uraneexposed cells than in thoseexposed to
sevoﬂ
urane (P ＜ 0.05), and there were signiﬁ
cant
diﬀerences among the values between the BP-and the
Ngroups after exposure to each anesthetic(P ＜ 0.01).
Figs. 3, 4, and 5
show the changes caused by PAS, MGP, and HE
stainings from the control to Day 1. Fig. 6 shows the
statistical analyses ofchanges in the PAS(−)areaunder
10 oxygen concentration from H 0 to Day 7.
An image of the liver tissues in control rats is shown
in Figs. 3a, 4a, and 5a. PASpositive substances (Fig.
3a)and MGPpositivegranules in thecells(Fig. 4a)were
observed evenlyin theareafromtheCV to thePV. The
photos in the right lower portions of Figs. 3a and 4a
show the results of the diastase or ribonuclease digest
test, and that thepositivelystained granulewith PAS and
MGP is that ofglycogen or rRNA. Figure 5a shows an
image ofthe liver tissues stained with HE that is almost
identical to that ofrats pretreated with PB alone, as seen
in the control rats (Figs. 3e, 4e, and 5e).

http://escholarship.lib.okayama-u.ac.jp/amo/vol57/iss1/1

In the Ngroup, no histological changes were seen in
anyof the hepatocytes exposed to the anesthetics for 2h
under 100 or 21 oxygen compared with the control
images. However, after 2h exposure to isoﬂ
urane or
sevoﬂ
urane in 10 oxygen, PAS staining slightly decreased to approximately35 oftheareafromtheCV to
thePV in responseto both oftheseanestheticexposures,
respectively, decreasing signiﬁ
cantly from H 0 to H 6,
then returning to the control level at H 12 (Fig. 6).
In the PBgroup, there were no changes in PAS
staining under 100 oxygen as compared with the
control group. However, PAS staining decreased to
approximately 30‑35 of the area from the CV to the
PV after 2h of exposure to isoﬂ
urane or sevoﬂ
urane in
21 oxygen at H 0, but then increased again in amanner
similar to that of the Ngroup in 10 oxygen alone.
Changes in cell structure could not be identiﬁ
ed by HE
or MGP staining in the area where the PAS staining
decreased.
Marked changes wereobserved in thecells exposed to
isoﬂ
urane or sevoﬂ
urane for 2h in 10 oxygen. By
PAS staining, after isoﬂ
urane exposure, approximately
36.5 of the area from the CV to the PV was revealed
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Fig.6 Timecourse changes in the area from the CVto the PVwhere the liver cells have become PAS(−)after isoﬂ
urane or sevoﬂ
urane
exposure in the PB-and Ngroups under10% oxygen. Each value was obtained fromthemean± SD of25values ofeachsample. Eachsample
value(y)is thepercentageofthePAS(−)(b)tothelengthfromtheCVtothePV(a): y＝ b/a× 100. ●, isoﬂ
uraneexposureintheBPgroup;
■, sevoﬂ
urane exposure in the PBgroup; ◯, isoﬂ
urane exposure in the Ngroup; □, sevoﬂ
urane exposure in the Ngroup; ★, signiﬁ
cantly
larger or smaller than that at H0(P＜ 0.01); ☆, signiﬁ
cant diﬀerences among the values in the PB-and Ngroups(P＜ 0.01); ＊, signiﬁ
cant
diﬀerences among the values after isoﬂ
urane and sevoﬂ
urane exposures (P＜ 0.01); at H 0 -H12 and on Day1‑Day7. In the Ngroup, PAS
staining area signiﬁ
cantlydecreased until H 6 after sevoﬂ
urane (□)or isoﬂ
urane (◯)exposure under 10% oxygen, and recovered to the
normal level at H 12. H 0‑12 and D 1‑7, see Fig.1; PB-and Ngroup, see Fig.1; PAS(−), see Fig.4.

to be PAS(−)at H 0 (Figs. 3b and 6). The PAS(−)
areaincreased beginning at H 3, reached apeak at H 12,
covering approximately51.4 oftheareafromtheCV to
thePV (Figs. 3d and 6), which was asigniﬁ
cant increase
compared with that at H 0, and decreased from Day 1,
returning to normal by Day 7 (Fig. 6). After a 2h
sevoﬂ
urane exposure in 10 oxygen, the PAS(−)area
was observed to cover approximately 33.8 of the area
fromtheCV to thePV at H 0(Figs. 3fand 6). Slightly
increasing beginning at H 3, thePAS(−)areareached a
peak at H 12, covering approximately36.8 ofthearea
from the CV to thePV (Figs. 3h and 6), but it did not
change signiﬁ
cantly compared with that of H 0 and
decreased from Day1, then returning to normal byDay
3(Fig. 6). In thePAS(−)areaat H 6 after exposureto
isoﬂ
uraneorsevoﬂ
urane, signs ofcellswelling, pyknosis,
and fusion began to appear with these degenerative
changes reaching apeak at H 12. FromH 6 to H 12 after
the sevoﬂ
urane exposure, the size of the PAS(−)area
was signiﬁ
cantly smaller than that after isoﬂ
urane exposure(P ＜ 0.01)(Figs. 3c, d, g, h, and Fig. 6).

http://escholarship.lib.okayama-u.ac.jp/amo/vol57/iss1/1

By MGPstaining it was found that distribution of
rRNA granules began to disappear from2‑3 layers in the
PAS(−)cells around the CV at H 3. During theperiod
from H 6 to Day 3 (isoﬂ
urane), and from H6 to Day 2
(sevoﬂ
urane), rRNA granules completely disappeared in
the PAS(−)cells (Figs. 4c, d and Figs. 4g, h), then
returned to normal levels by Day 7 (isoﬂ
urane)and Day
3 (sevoﬂ
urane)(Fig. 6).
By HE staining, the image was not morphologically
diﬀerent from that of the control group in the PAS(＋)
area; cells in the PAS(−) area, however, were
homogeneously stained with eosin from H 6 to Day 3
(isoﬂ
urane)and from H 6 to Day 2 (sevoﬂ
urane)(Figs.
5c, d, g, and h), then returned to normal by Day 7
(isoﬂ
urane)and Day3(sevoﬂ
urane). FromH 6 to Day1,
cells in the PAS(−) area were swollen with signs of
fusion, vacuoles, pyknosis, and denucleation (Figs. 5d
and h). At H 6, the inﬁ
ltrated cells began to disperse in
the PAS(−) area, and at H 12 many inﬁ
ltration cells
were visible(Figs. 5c, d, g, and h).
In the Ngroup, no changes were seen in the liver

8

Honda et al.: Differential, histochemical and immunohistochemical changes

February 2003

Hepatic Injury by Inhalation Anesthesia

9

tissues after a2h exposureto 10 oxygen alone. In the time was adopted because more than 1.5h is needed to
PBgroup, however, PAS(−)cells appeared inzone3at obtain a constant anesthetic concentration according to a
H 0 after such exposure. In this PAS(−)area, thecells report by Hirai［21］.
were slightly swollen, rRNA granules appeared in the
Glycogen and rRNA granules, in the PAS(−)area
cells at H 6, and vacuolated cells appeared at H 12, while intracellularlydisappearat H 0andH 6, respectively, and
rRNA granules had completelydisappeared at H 12, but at H 6, AST levels in the blood rose after exposure to
the tissue recovered to its normal hepatolobular structure each anesthetic. Therewere2 patterns ofdevelopment of
on Day 2. Signiﬁ
cant diﬀerences were found in the size the PAS(−) area after anesthetic exposure as follows:
of the PAS(−)area at each collection time between the the size of the PAS(−) area exposed to isoﬂ
urane
PB-and the Ngroups from H 3 to Day 2 after each continued to increase signiﬁ
cantly until H 12, while the
anesthetic exposure(Fig. 6).
area exposed to sevoﬂ
urane remained almost the same
−
To summarize Figs. 2 and 6, the PAS( ) area size as that at H 0 until H 12. At H 12, the PAS(−)
covered approximately 36.5
and 33.8
of the area had spread the most in cells exposed to the anesisoﬂ
urane-and sevoﬂ
uraneexposed livers, respectively, thetics in theorder ofisoﬂ
urane＞ sevoﬂ
urane, which is a
from the CV to the PV at H 0. At H 6, the PAS(−) new ﬁ
nding in the study of isoﬂ
urane-and sevoﬂ
uranearea increased to approximately 47.6 (isoﬂ
urane) and associated hepatic injury.
35.3 (sevoﬂ
urane)ofthelivers fromtheCV to thePV,
In the Ngroup, the PAS staining temporarily derespectively, and rRNA in thecells disappeared fromthe creased after anesthetic exposure, but the cells in the
PAS(−) area. From this time forward, AST levels, PASdecreased area did not become necrotic. In the
which had been 46U in thecontrol, began to signiﬁ
cantly PBgroup, however, PB administration increased the
increase to approximately 91.6U (isoﬂ
urane) and 84.4 metabolic activity and oxygen demand in the hepatocytes
U(sevoﬂ
urane), respectively. AfterthePAS(−)areaand ［22］
. Only under this accelerated metabolic state, the
AST levels in theblood continued to increaseuntil H 12, hepatocytes in thePAS(−)areadegenerated to anecrotic
both began to decreased and recovered to the control state in response to anesthetic exposure in hypoxia. The
levels on Day 3.
cells negatively reacted to PAS from the early stage,
rRNA disappeared in the PAS(−) area, and inﬁ
ltrated
Inﬁ
ltrated cells began to appearin thePAS(−)areainthe cells were mostly macrophages. A decrease in systemic
PBgroup from H 6 after both anesthetic exposures and as wellas hepaticcirculationwas alsopreviouslydescribed
were crossreacted with ED 1, which indicated that they to have occurred in animals exposed to anesthetics in
were macrophages. The reaction of the BrdU- or hypoxia［14, 21‑23］
. It is thought that the decreased
ssDNAintake was not observed until Day 7, indicating supply of oxygen to the liver was further induced by
that neither hepatocellular proliferation nor apoptosis oxygen concentrations reaching levels less than 10 in
appeared in response to either isoﬂ
urane or sevoﬂ
urane the current study. From these results, it is suggested
exposure(Figs. 7aj).
that severe hypoxia is one ofthe factors causing necrotic
degeneration in hepatocytes.
The appearance ofaPAS(−)areaand thedisappearDiscussion
ance of rRNA granules in the PAS(−) area after
Allinhalation anesthetics havebeen reported to induce isoﬂ
urane or sevoﬂ
urane exposure under 10 oxygen
［
‑
］
hepaticinjuryafter anesthesiain rarecases 1, 2, 7 13 , maybeattributed to theinhibition ofsynthesis fromDNA
but a clear understanding of the process of anesthetic- to mRNA preventing various syntheses, causing apart of
induced hepatic injury(necrosis) remains elusive. There the PAS(−)area to become necrotic. It is not yet clear
have been some reports describing histochemical and whether the hepatic injury observed in this model is
immunohistochemical studies of the process of hepatic related to not only hypoxia but also to some active
injury after halothane exposure to rats［14‑16］.
intermediates of anesthetics (which have not yet been
In the present study, 1.5 isoﬂ
urane or 2.0
speciﬁ
ed). This theory is consistent with the reports of
sevoﬂ
urane (approximately 1 MAC) was used for the Shingu et al.［24, 25］, who observed an induction of
exposure so that rats could inhale the greatest amount of liver injury in rats exposed to halothane or isoﬂ
urane in
anesthetics whilestillbreathing naturally. A 2h exposure less than 10 oxygen and in less than 10 oxygen
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alone.
Knights et al.［26］have reported the occurrence of
mitosis in theliver at H 48 after halothaneexposure, but
in the study of BrdUintake until Day 7 showed no
hepatocellular regeneration after isoﬂ
urane or sevoﬂ
urane
exposure. The reason whyKnights et al. noted mitosis
may be because they used a milder oxygen condition
(14 oxygen concentration) for halothane exposure
compared with ourseverecondition(10 oxygen concentration, with and without anesthetics).
According to Kerr［27］, necrosis occurs when
hypoxiais severe, whereas apoptosis occurs when hypoxia is mild. In the current study, apoptosis was not
observed from H 0 to Day 7 after isoﬂ
urane or
sevoﬂ
uraneexposurewhen westained liver sections using
antissDNA rabbit polyclonal antibody. Our conditions,
however, mayhave been too severe to permit apoptosis.
Thecurrent studywas carried out bythesamemethod
to compare that of the halothane. In rats exposed to
halothane in the PBgroup, the PAS(−) area covered
approximately56.3 oftheareafrom theCV to thePV
in thelobuleat H 0, remaining almost thesamesizeuntil
Day1, then decreasing. After halothaneexposure, large
vacuoles appeared in the boundarybetween the PAS(−)
area in the CV area where the cells had become necrotic
and the PAS(＋) area in the PV area. At H12, AST
values in theseraexposed to halothanewereapproximately 230U.
Based on these results, the area where hepatocytes
turned to PAS(−)in response to anesthetic exposure is
considered to show the grade of hepatic injury. The
grades ofboth isoﬂ
urane-and sevoﬂ
uraneinduced hepatic
injuries were found to be much lower than that ofhalothane, and that of isoﬂ
urane was greater than that of
sevoﬂ
urane, which is consistent with the data of
Yamasakiet al.［16］. Iftheresults ofthestudies ofthe
hepaticcirculation in dogs madebyFrink et al.［14］and
［
Hira
i 21］may be applied to the studies on rats, the
PAS(−)areas in rat hepatocytes in thecurrent studyare
likely related to the oxygen supply to the liver. In our
results, however, it remains unclear whether appearance
of the PAS(−)area and the disappearance ofthe rRNA
are caused by the exposure to these anesthetics or by
some other factors. In the Ngroup, hepatocyte changes
are considered to be reversible after each anesthetic
exposure in 10 oxygen.
As Rozga et al.［28］have described, the recovery
from inhalation anestheticrelated necrosis in theCV area
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might be due to the necrosis being compressed by and
ﬁ
lled with hepatocytes located more peripherally in the
lobulethan in thenecroticarea. As hepatocytes approach
the central zone of the liver lobule, neighboring hepatic
cell cords move closer to each other, becoming densely
packed and compressed, and ﬁ
nally occluded the interposed sinusoidal lumen. Theliver reconstruction process
observed in the current study appears to be the same as
that reported in their study. Theauthors speculatethat in
thenecroticarea, macrophages appearedfromH 6toDay
2, although neither apoptosis nor proliferation was
observed in hepatocytes after isoﬂ
urane or sevoﬂ
urane
exposure, and that the hepatolobular structure was
recovered due to the rearrangement of the remaining
hepatocytes in the PV area along the hepatic cell cords.
In conclusion, glycogen at H 0 and rRNA at H 6
disappeared from zone 3, and AST levels in the blood
roseat H 6 after isoﬂ
uraneor sevoﬂ
uraneexposureunder
10 oxygen in the PBgroup, causing an inhibition of
mRNA synthesis and a development of necrosis in the
hepatocytes around the CV. There were two patterns of
development of the PAS(−) area after isoﬂ
urane or
sevoﬂ
urane exposure: the size of the PAS(−) area
exposed to isoﬂ
urane kept increasing until Day 1, while
that exposed to sevoﬂ
uraneremained almost thesamesize
untilH 12 after theexposure. Thegradeofhepaticinjury
induced by isoﬂ
urane exposure was higher than that
induced by sevoﬂ
urane.
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