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halothane metabolite which in vivo induces the immune
system to develop hepatitis [5–7]. The reaction of reac-
tive intermediate metabolites (e.g., halothane radical)
produced in the process of halothane metabolism
with cytochrome P-450 in vivo may be another pathway
[8,9]. The occurrence of extreme hypoxia in the hepato-
cytes due to decrease in hepatic blood flow also causes
hepatitis [10].

In the studies on halothane-induced hepatic injury,
histological changes in the liver were observed mostly
by staining hepatic tissues with hematoxylin–eosin (H-
E) and by the development of necrosis in the hepatic
central venous area [11,12], which does not permit
observation of changes in the intra-hepatocellular
substances by H-E staining. One report observed the
nutritional state of hepatocytes stained with periodic
acid Schiff (PAS) after exposure to halothane [13].
However, intrahepatocellular changes have not been
observed histochemically and immunohistochemically.

In the current study, the authors performed his-
tochemical and immunohistochemical studies of intra-
hepatocellular changes after halothane exposure using
a rat model [14] to evaluate the development and
recovery process of halothane-induced hepatic injury,
and to contribute to the basic findings in the studies on
sevoflurane, isoflurane, enflurane, and desflurane
[11,15].

Materials and methods

All animal experiments were performed according to
the guidelines for animal experiments of the Okayama
University Medical School.

Materials

The materials and reagents used in this study were 7-
week-old male Sprague–Dawley (SD) rats (Clea Japan,
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Introduction

Halothane has been reported to induce hepatic injury
[1,2]. This injury has two types: the mild type is seen in
20% of patients (3), and the fulminant type in approxi-
mately 1 of 10,000 patients [4]. Although its mechanism
remains elusive, some evidence suggests that the pro-
tein combines with reactive trifluoroacetyl (TFA), a
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Osaka, Japan); halothane (Takeda Chemical Industries,
Osaka); phenobarbital sodium (Tokyo Chemical
Industry, Tokyo, Japan); pentobarbital sodium
(Dainippon Pharmaceutical, Osaka); Mayer hemalum
solution and Schiff’s reagent (PAS) (Merck, Darmstadt,
Germany); 4% paraformaldehyde and 1% eosin Y solu-
tion (Muto Pure Chemicals, Tokyo); anti-macrophage
mouse monoclonal antibody (ED 1) (Serotec, Oxford,
England); 5-bromo-2�-deoxyuridine (BrdU), anti-BrdU
mouse monoclonal antibody, anti-single-stranded DNA
(ssDNA) rabbit polyclonal antibody, anti-mouse or
anti-rabbit immunoglobulins conjugated to peroxidase
labeled dextran polymer (EnVision�, Peroxidase) and
3,3�-diaminobenzidine (DAB) substrate kit (Dako
Japan, Kyoto, Japan); and IATAROZYME TA-Lq
(RM163-K) (Iatron Laboratories, Tokyo) as a reagent
for analyzing aspartate aminotransferase (AST).

Methods

Animals and procedures

Male SD rats were divided into two groups: nontreated
healthy rats (N group) and rats given water containing
0.1% phenobarbital sodium (PB) ad libitum for 5 days
(PB group) before the experiment. The rats of both
groups were exposed to 1% halothane (approximately 1
minimum alveolar concentration [MAC]) [16] in 100%,
21%, or 10% oxygen, or 10% oxygen alone without
halothane for 2h. Air was used for 21% oxygen, and air
and nitrogen were mixed at the rate of 1 to 1 with an
anesthesia apparatus (Model CK-70, Acoma, Tokyo) to
make gas containing 10% oxygen. The flow volume of
oxygen gas at three different oxygen concentrations
was set at 4 l·min�1 with the anesthesia apparatus. The
halothane concentration was adjusted to 1% with a
vaporizer (FLUOTEC 3, Cyprane, England). Rats in a
polyethylene container (20 � 30 � 10cm) were exposed
to halothane through a tube connected to the halothane
vaporizer.

The livers of five rats from each exposure group were
collected immediately and at 3 h, 6 h, 12 h, 1 day, 2 days,
3 days, and 7 days after exposure (at 0–12 h, on days
1–7). Five rats each were used under 66 different con-
ditions, i.e., eight different collecting times after 2-h
exposures to halothane under three different oxygen
conditions or in 10% oxygen alone in two groups, plus
the group of rats treated with PB alone, and one control
(untreated) group (330 rats in total). The collected liv-
ers were studied histochemically and immunohistoche-
mically for general cell structure, glycogen in the cells,
apoptosis, ribosomal ribonucleic acid (rRNA) granules,
cell infiltration, and proliferation of hepatocytes. When
the liver was collected, 3 ml of the blood was collected

in a heparinized glass syringe from the left ventricle to
determine the AST concentration in the blood with the
reagent (IATAROZYME TA-Lq kit). The five speci-
mens taken under each test condition were used to de-
termine the AST values.

Morphological and immunohistochemical studies

The liver was excised after perfusion through the portal
vein (PV) with 4% paraformaldehyde (4% PFA), cut
into pieces 2–3mm thick, and fixed in 4% ice-cooled
PFA. The sections were dehydrated according to rou-
tine procedures, embedded in paraffin, and cut into
pieces in 5 µm thick and stained with H-E, PAS, and
methylgreen pyronin (MGP).

Arbitrarily selected paraffin-removed sections were
immersed in 3% H2O2/MtOH at room temperature
for 10 min to dispose the intrinsic peroxidase, and
immersed in trypsin solution (1mg trypsin·ml�1 0.1M
PBS) at 37°C for 30 min to identify the infiltrated and
apoptotic cells. Then, ED 1 and anti ssDNA antibodies
(rabbit) were used as the primary antibodies to identify
infiltrated and apoptotic cells, respectively. EnVision�
and peroxidase (mouse or rabbit) were used as the sec-
ondary antibodies to make the target cells emit colors
with a DAB substrate kit.

To study hepatocellular proliferation, BrdU
50 mg·kg�1 dissolved in 1 ml of PBS was administered
intraperitoneally 2 h before liver resection. The rats
underwent median abdominal incision under pentobar-
bital anesthesia. Then, the liver was excised, immersed
in 70% ice-cooled ethanol, dehydrated, and embedded
in paraffin. After the liver was cut into 5-µm sections,
the slide glasses were immersed in 3% H2O2/MtOH.
Anti BrdU mouse monoclonal antibody was used for
the primary antibody, and EnVision� and peroxidase
(mouse) were used for the secondary antibodies.

Numerical analysis of serum AST values and the area
negatively stained with PAS after halothane exposure

From 0h to 7 days after exposure to halothane, AST
values in the serum collected from five rats were ana-
lyzed by the statistical tests mentioned below to com-
pare them with values of the control group and to
compare values collected at different times.

First, as the interaction was found between halothane
exposure and time, the data were analyzed by one-way
analysis of variance (ANOVA). There was a significant
difference in the values according to ANOVA (P �
0.001). The data were further analyzed by an equal
variance test, and the analyzed data showed various
distributions by this test. Then the data were analyzed
again by a Kruskal-Wallis test to get a significant differ-
ence (P � 0.001). Last, each value thus obtained was
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compared by a multiple-comparison test. The value of
P � 0.01 was assumed significant.

The area of the lobule negatively stained with PAS
was expressed as a percentage of the liver lobule. The
length of the lobule from the central vein (CV) to the
portal vein (PV) was measured as a, and the length of
the PAS-negative area from the CV to PV as b, to
calculate the PAS-negative area as a percentage of the
lobule (y) as follows: y(%) � b/a � 100. Straight lines
of the sinusoid running from the PV to the CV were
selected to measure the length of a and b.

At each collecting time, a and b were measured in the
25 samples that had been taken from five different re-
gions in the lobules of five rats. The mean percentage
of the PAS-negative area (Y) was obtained from these
25 (y) samples (Y: mean � SD). Each value of Y was
analyzed by the same statistical tests as mentioned
above, to compare them with values of the control
group and to compare values from different collecting
times.

Results

Time course changes in serum AST after exposure

The AST values (mean � SD) of rats in the control and
PB-pretreated alone groups were 48.6 � 4.0 and 51.4 �
5.5U, respectively. The AST values in both the PB and
the N groups after halothane exposure under 100% and
21% oxygen, or exposure to 10% oxygen alone, differed
little from those of the control group (Fig. 1).

The AST values differed from those of the control
group in the PB group after halothane exposure under
10% oxygen. The AST values were significantly higher
than those of the control group (P � 0.01) from 6h to
day 2, reached the peak level (222.2 � 18.9U) on day 1,
and then returned to the normal level on day 7. In the N
group, the AST values were slightly higher than those
of the control group from hour 3 to day 1, reached the
peak level (83.0 � 12.5U) at hour 12, and then returned
to the normal level on day 2. The AST values at hour 12
on days 1 and 2 were significantly different (P � 0.01).

Histochemical changes

The images of the liver tissues in control rats are shown
in Figs. 2a, 3a, and 4a. The images of rats pretreated
with PB alone appeared to be almost the same as those
of control rats.

In the N group, no histochemical changes were seen
in cells exposed to halothane for 2h under 100% or 21%
oxygen compared with control images. However, after
2h of halothane exposure under 10% oxygen, PAS
staining decreased to approximately 38.2 � 4.6% (zone

2) at hour 0, 25.0 � 3.7% at hour 3, and 10.1 � 3.3%
(zone 3) at hour 6 from the CV to the PV, and returned
to the level of the control group at hour 12 (Fig. 5).

In the PB group, there were no changes in PAS stain-
ing under 100% oxygen as compared with the control
group. However, PAS staining decreased after 2 h of
halothane exposure under 21% oxygen and recovered
in the same manner as in the N group. Marked changes
were observed in the cells when exposed to halothane
for 2 h under 10% oxygen. By PAS staining, approxi-
mately 56.3 � 7.0% of the area (zones 3 to 2) from the
CV to the PV was PAS-negative from hour 0 to day 1.
The PAS-negative area decreased from day 2 to day 3
and returned to normal by day 7 (Figs. 2 and 5). By
MGP staining, rRNA granules disappeared in one or
two layers in the PAS-negative cells around the CV at
hour 0. From hour 3 to day 3, rRNA granules com-
pletely disappeared in the PAS-negative cells (Fig. 3).
By H-E staining, the cells in the PAS-negative area
were homogeneously stained with eosin. From hour 12
to day 1, large vacuoles formed in the boundary be-
tween the part of the PAS-negative area in the CV and
the part of the PAS-positive area in the PV. These lage
vacuoles were not visible on day 2 (Fig. 4).

In the N group, no changes were seen in the liver
tissues in 10% oxygen alone for 2h. In the PB group,
however, PAS-negative cells appeared in zone 3 at hour
0 after 2h exposure to 10% oxygen alone. In this PAS-

Fig. 1. Changes in serum aspartate aminotransferase (AST)
values (mean � SD) of control rats, rats pretreated with
phenobarbital (PB) alone, and rats exposed to halothane
under 10% oxygen during the period from hour 0 to day 7 in
the group pretreated with PB and the normal (N) group not
pretreated with PB. (�) AST values of the control (48.6 �
4.0U); (�) AST values of the PB group before exposure (51.4
� 5.5U); (�) AST values of the N group exposed to halothane
in 10% oxygen; (�) AST values of rats in the PB group
exposed to halothane in 10% oxygen; (✩ ) significantly differ-
ent from the control group (P � 0.01); (★ ) significantly differ-
ent at each collecting time (at hour 0–hour 12, on days 1–7)
between PB and N groups (P � 0.01). Not different between
PB and N groups, data from rats exposed to 100% and 21%
oxygen were omitted. (H) Hour; (D) day



Fig. 2. Changes in hepatocytes stained with
periodic acid Schiff (PAS) after halothane
exposure under 10% oxygen in the PB group.
a In this image from the control group, PAS-
positive reaction is evenly distributed from
the portal vein (PV) to the central vein (CV)
(�480). b At hour 0, the PAS-negative area is
observed in zones 3 to 2 (�480). c At hour 6,
the PAS-negative area is almost identical to
the image at hour 0, but in this area cell swell-
ing and fusion have begun to appear (�480).
d At hour 12, the PAS-negative area is almost
identical to the image at hour 6, but large
vacuoles shown with arrows have appeared in
the boundary between the PAS-negative area
around the CV and the PAS-positive area
around the PV (�480). e On day 1, the image
is almost identical to that at hour 12. (�480).
f On day 3, the PAS-negative area is much
smaller that on day 1 (�480)

Fig. 3. Changes in hepatocytes stained with
methylgreen pyronin (MGP) after halothane
exposure under 10% oxygen in the PB group.
a In this image from the control group, rRNA
granules positively stained with MGP are
evenly distributed from the PV to the CV
(�480). b At hour 0, rRNA has begun to
disappear in one or two layers of the cells
around the CV. The arrows indicate the cells
where rRNA disappeared (�480). The upper
right photo is the magnified part of the CV
(�800). c At hour 6, rRNA completely disap-
peared in the PAS-negative area (�480). d At
hour 12, the image is almost identical to that
at hour 6, and large vacuoles are observed in
the boundary between PAS-negative and
-positive areas (�480). e On day 1, the image
is almost identical to that at hour 12 (�480).
f On day 3, rRNA disappearance in the
PAS-negative cells is observed in three to
four layers of cells around the CV (�480)



Fig. 4. Changes in hepatocytes stained with
hematoxylin-eosin (HE) after halothane ex-
posure under 10% oxygen in the PB-group.
a The image of the control (�480). b At hour
0, the image of the exposed liver section is
almost identical to that of the control (�480).
c At hour 6, cells in the PAS-negative area are
swollen, and vacuoles, pyknosis, and cell fu-
sion have appeared. The cells are homo-
geneously stained with eosin. The infiltrated
cells shown with arrows have begun to dis-
perse in the PAS-negative area (�480). d At
hour 12, cells in the PAS-negative area are
swollen, and pyknosis, cell fusion, and
denucleation are visible. Large vacuoles have
appeared in the boundary between PAS-
negative and -positive areas. Many infiltrated
cells are visible in the PAS-negative area (ar-
rows) (�480). e On day 1, the image is almost
identical to that at hour 12 (�480). f On day 3,
cells in the PAS-negative area are fused, al-
though vacuoles have disappeared, and the
cells are homogeneously stained with eosin.
Numerous infiltrated cells are observed
around the CV (arrows) (�480)

Fig. 5. Numerical analysis of changes in the PAS-negative area
in the liver at each collecting time after halothane exposure.
Each collecting time value was calculated as described in the
Methods. (�) PB group. Unchanged until day 1, when Y values
(56.3 � 7.0% at hour 0) began to decrease from day 2 until they
disappeared on day 7. (�) N group. Y values (38.2 � 4.0% at
hour 0) disappeared at hour 12. (✩ ) (PB-group): significantly
different compared with those from hour 0 to day 1 (P � 0.01).
( ) (N-group): significantly different compared with that at
hour 0 (P � 0.01). (★ ) Significantly different at each collecting
time (at hour 0–hour 12, on days 1–7) between PB and N groups
(P � 0.01). (H) Hour; (D) day

Fig. 6. Images of infiltrated cells in the PB
group at hour 12 after 2 h of halothane expo-
sure under 10% oxygen. a The image of the
infiltrated cells (arrows) stained with HE at
hour 12 after halothane exposure (�520). b
The image of the infiltrated cells (arrows) re-
acting to antimacrophage mouse monoclonal
antibody (ED 1) (�870). c The image of the
negative control of b (�870)
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is severe and if the inspired oxygen tension is less than
10%. The changes in serum AST levels and the necrosis
in the CV until day 1 in the current study were consis-
tent with the reports by Ross et al. [23] and Knights
et al. [13].

The disappearance of rRNA granules in the PAS-
negative area after halothane exposure under 10% oxy-
gen may be attributed to the inhibition of synthesis from
DNA to rRNA, although it is not clear yet whether the
synthesis is inhibited by halothane itself, anoxia, or
reductive halothane metabolites. The cells in the PAS-
negative area may have exhausted substances necessary
for energy transfer after halothane exposure, and
transcription from DNA to rRNA has been inhibited to
prevent various protein syntheses. In a previous study
by the authors [24], cytochrome P-450 decomposed and
free heme with cytotoxicity increased causing hepato-
cellular injury after halothane exposure under hypoxia
for 2h. Cellular injury with decomposition of cyto-
chrome P-450 by halothane exposure is attributed to the
lack of heme oxygenase-1 synthesis and cytotoxic heme
in the cells when intracellular energy is lost and rRNA
disappears, as seen in the current study.

Rorie et al. [25] and Rose et al. [26] reported that
epinephrine and norepinphrine were neuronally re-
leased by halothane exposure under hypoxia, causing
hepatic vascular contraction. Cooperman [27], Frink et
al. [28], and Nishizaki [21] reported that hepatic arterial
vascular resistance (HAVR) increased during and after
halothane exposure in dogs. In the current study, it
appears that hepatic vascular contraction occurred,
HAVR increased during halothane exposure under
10% oxygen, and severe hypoxia in the liver continued
until day 1. If this interpretation is correct, the cells
suffered from severe hypoxia from hour 0 to day 1,
causing a decrease in the oxygen supply/demand ratio in
the area from zones 3 to 2, and the cells around the CV
had exhausted glycogen immediately after halothane
exposure. Necrotic degeneration followed in a wide
area. From day 2, the necrotic area began to shrink.

Although Ross et al. [23] and Knights et al. [13] re-
ported that mitosis occurred in the liver at hour 48, in
this study BrdU intake was not observed until day 7,
which showed no hepatocellular regeneration after the
exposure. Knights et al. [13] observed mitosis, but they
used a milder oxygen condition (14% oxygen con-
centration) for halothane exposure than we did (10%
oxygen concentration, with and without halothane).
Apoptosis was not observed from hour 0 to day 7, when
we stained liver sections using anti-ssDNA rabbit
polyclonal antibody. According to Kerr et al. [29],
necrosis occurred when hypoxia was severe, whereas
apoptosis occurred when hypoxia was mild, which might
explain why we could not find apoptosis under 10%
oxygen. As Rozga et al. [30] described, halothane-

negative area, the cells were slightly swollen, rRNA
granules appeared in the cells at hour 6, and vacuolated
cells appeared at hour 12, while rRNA granules had
completely disappeared, but the tissue recovered to the
normal hepatolobular structure on day 2.

Immunohistochemical observation

Infiltrated cells began to appear from hour 3 in the
PAS-negative area in the PB group. Many infiltrated
cells in the PAS-negative area cross-reacted with ED 1,
which indicated that they were macrophages (Fig. 6).
The reaction of the BrdU intake or ssDNA was not
observed until day 7, which showed that neither hepato-
cellular proliferation nor apoptosis appeared after
halothane exposure.

PAS-negative area of the hepatic lobule after exposure

Figure 5 shows changes over time in the PAS-negative
area after halothane exposure under 10% oxygen in the
PB and N groups.

In the PB group, the mean percentage of the area of
the lobule that was PAS-negative was approximately
56.3 � 7.0% (zones 3 to 2) from hour 0 until day 1,
decreased to approximately 23.3 � 6.5% on day 2 (P �
0.01), and became zero on day 7. The differences be-
tween 0 and day 1 and between day 2 and day 3 were
significant (P � 0.01).

In the N group, the PAS-negative area was signifi-
cantly smaller at hour 0 than at hour 3 and hour 6 (P �
0.01). In the PB group, the PAS-negative area was ap-
proximately 1.5 times larger than that of the N group at
hour 0 (P � 0.01). Significant differences were found at
each collecting time between the PB and the N groups
from hour 0 to day 3 (P � 0.01).

Discussion

Glycogen (at hour 0) and rRNA (at hour 6) disappeared
in the early stage from the hepatocytes in zones 3 to 2 of
the liver after halothane exposure under 10% oxygen.
This is a new finding in the study of halothane-induced
hepatic injury.

In many studies on halothane-induced hepatic injury,
necrosis has been observed around the CV [11,12], but
its etiology has not been clarified yet [17–20].

One percent halothane (approximately 1 MAC) [16]
was used. A 2-h exposure was adopted, because more
than 1.5 h was needed to obtain a constant halothane
concentration in the blood according to the report by
Nishizaki [21].

MacDonald et al. [22] reported that liver dysfunction
may be caused by hypoxia per se if the level of hypoxia
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related necrosis may recover due to the compression of
necrotic cells by densely packed hepatocytes after the
hepatocytes migrate from the periphery to the necrotic
area in the central lobule, eventually occluding the in-
terposed sinusoidal lumen. In the current study also, the
hepatolobular structure is considered to have recovered
due to the rearrangement of the remaining hepatocytes
in the PV area along the hepatic cell cords.

In conclusion, glycogen at hour 0 and rRNA at hour
6 disappeared from zones 3 to 2 after halothane expo-
sure under 10% oxygen among rats in the PB group.
Glycogen and rRNA disappeared in the hepatocytes,
causing inhibition of rRNA synthesis and development
of necrosis in the hepatocytes around the CV. In the
necrotic area, macrophages appeared from hour 12 to
day 2, but neither apoptosis nor proliferation was ob-
served in hepatocytes after halothane exposure.
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