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Purpose. To develop an isolated perfused rat liver (IPRL) model with
low baseline levels of tumor necrosis factor (TNF)-� in the outlet
perfusate to study the effects of immunostimulants and immunosup-
pressants on the release of TNF-� from this organ.
Methods. Isolated rat livers were perfused with a buffer containing no
albumin or three different bovine serum albumin (BSA) prepara-
tions. Using the no-albumin perfusate, the inhibitory effects of meth-
ylprednisolone (MP) on lipopolysaccharide (LPS)-stimulated release
of TNF-� were studied in livers isolated 1 or 5 h after the intravenous
administration (5 mg/kg) of MP. The concentrations of TNF-� in the
outlet perfusates were measured using enzyme-linked immunosor-
bent assay.
Results. In the absence of albumin, the perfusate levels of TNF-�
were close to zero. However, when the perfusate contained BSA, the
TNF-� levels in the perfusate reached as high as 1200 pg/ml at steady
state. An injection of LPS into IPRLs perfused with a no-albumin
perfusate resulted in mean (± SD) TNF-� steady-state concentrations
of 825 ± 125 pg/ml. The pretreatment of rats with MP before liver
harvest attenuated the LPS-induced TNF-� release in the livers.
However, the attenuation was substantial (>60%) and was statisti-
cally significant only 5 h after pretreatment with MP.
Conclusions. Perfusates containing BSA may result in nonphysiologi-
cally high levels of TNF-�. An IPRL with a no-albumin perfusate is
more suitable for studies of the stimulation and inhibition of TNF-�
production by this organ.
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INTRODUCTION

Tumor necrosis factor (TNF)-� is a cytokine that plays
an important role in host defense and immune response (1).
Additionally, the overproduction of TNF-� is involved in
many pathophysiologic conditions such as infections and in-
flammation, resulting in serious consequences, including
death (1).

The liver is one of the most important organs with regard
to the production and effects of TNF-�. First, liver Kupffer
cells or macrophages are major sources of production of
TNF-� in the body (2) in response to specific and nonspecific
immunostimulants and inflammatory mediators, such as bac-
terial lipopolysaccharide (LPS). Second, TNF-� and other cy-
tokines released because of these stimulants may alter the
liver functions, resulting in changes in the integrity of liver
vasculature (3) or the regulation of liver cytochrome P450
contents and metabolic capacity (4). Therefore, studies using
the liver, such as those with isolated perfused rat liver (IPRL),
are attractive because they can significantly improve our un-
derstanding of the effects of TNF-� on various liver functions
under physiologic and pathophysiologic conditions. However,
perfusates used for IPRL may contain ingredients, such as
human or bovine red blood cells and albumin, that may po-
tentially stimulate the release of TNF-� in the perfusate of
otherwise normal, unstimulated livers. Therefore, the devel-
opment of an IPRL model with low baseline levels of TNF-�
is a prerequisite for the use of IPRL in studies of the kinetics
and dynamics of TNF-� production and release. The first aim
of the present study was to develop such a model.

As for the role of TNF-� in immune response to trans-
planted organs, it has been suggested that TNF-� and other
proinflammatory cytokines play an important role in rejecting
allografts by a local, rather than systemic effect (5). There-
fore, local inhibition of the production of TNF-� and other
proinflammatory cytokines within the graft could reduce the
possibility of rejection. In agreement with this, the beneficial
effects of a liposomal tacrolimus formulation in a liver trans-
plant model were attributed to a more effective inhibition of
cytokine release in the liver resulting from high intragraft
concentrations of the liposomal drug (5). Therefore, experi-
mental evidence of local immunosuppression in the graft is
important. However, it is difficult, if not impossible, to deter-
mine the local effects of systemically administered immuno-
suppressants in the whole animal. Instead, a suitable IPRL
model may be used for studies of the production and release
of these cytokines, identifying the extent of local immunosup-
pression in this organ after systemic administration of drugs.
The second aim of the present study was, therefore, to apply
an IPRL model developed using the first aim to study the
effects of immunostimulants (e.g., LPS) and immunosuppres-
sants (e.g. corticosteroids) on the release of TNF-� from this
organ.

MATERIALS AND METHODS

Chemicals

Various preparations of bovine serum albumin (BSA)
were purchased from Sigma Chemical Co. (St. Louis, MO).
The characteristics of BSA preparations used in this study are
listed in Table I. 6�-methylprednisolone (MP), bovine
�-globulin, Escherichia coli (serotype 0111:B4) LPS, and
transaminase kits for the measurement of glutamic-
oxaloacetic transaminase and glutamic-pyrovic transaminase
were also obtained from Sigma. All other reagents were ana-
lytical grade and available through commercial sources.
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Isolated Rat Liver Perfusion

The procedures involving animals used in this study were
consistent with the guidelines set by the National Institutes of
Health (publication 85-23, revised 1985) and approved by our
Institutional Animal Care and Use Committee. Adult male
Sprague-Dawley rats (mean ± SD body weight, 233 ± 20 g)
were used as liver donors. The techniques used for isolation
and cannulation of the livers have been reported by us before
(6–9). Briefly, rats were anesthetized by an intraperitoneal
injection (2 ml/kg) of a mixture of ketamine/xylazine (60:8
mg/ml), and the bile duct, the hepatic portal vein (inlet), and
the thoracic inferior vena cava (outlet) were cannulated. The
liver was then excised and transferred to a temperature-
controlled perfusion tray.

The isolated livers were perfused using a water-jacketed
glass apparatus in a single-pass manner. To avoid contamina-
tion of the apparatus by endotoxin from bacterial growth or
other sources, the apparatus was cleaned after each day of use
with a 10% bleach solution (Clorox, The Clorox Company,
Oakland, California), followed by an extensive rinse with
deionized water.

The control perfusate, which was used in the second part
of the study for the determination of the effects of MP, was
Krebs-Henseleit bicarbonate buffer (pH 7.4) containing glu-
cose (2 g/l) and was prepared in deionized water. Other tested
perfusates contained various preparations of albumin in the
buffer solution. The perfusate was continuously oxygenated
with an O2/CO2 mixture (95:5) for at least 15 min before
entering the liver and was delivered at a flow rate of 30 ml/
min (3–4 ml/min/g liver weight).

The viability of the liver was confirmed through the over-
all macroscopic appearance of the liver, wet liver weights of
�4% of body weight at the end of perfusion, low transami-
nase levels in the outlet perfusate during the perfusion period
(0 and 120 min), and relatively stable bile flow over the entire
perfusion period (120 min).

Experimental Groups: Model Development

A total of 19 livers were used in this section of the study.
Livers were perfused using one of the four perfusates con-
taining no albumin (no BSA) or 1% (w/v) BSA with �96%
purity (BSA–96), low-endotoxin BSA (BSA-low LPS), or
�-globulin-free BSA (BSA–no globulin) (Table I). The num-
ber of livers included in each group was five except for the
BSA-low LPS group, which had four livers included.

Experimental Groups: Model Application

A total of 17 livers were used in four different groups in
this section of the study. Based on the results of the first

section (Model Development), all the livers in this section
were perfused with the no-albumin perfusate. Livers isolated
from untreated rats were divided into control (n � 5) and
LPS (n � 4) groups. The control (no LPS) livers were per-
fused with the perfusate only. The LPS group was infused
with an LPS solution (300 �g/ml) at a rate of 50 �l/min for the
first 20 min of the perfusion (a total of 300 �g LPS). The third
and fourth groups of rats (n � 4 for each group) were injected
with a single 5-mg/kg dose of MP via the tail vein at 1 h (LPS
+ MP-1 h) or 5 h (LPS + MP-5 h) before the liver isolation.
After the liver isolation, the MP-injected groups received LPS
using the same protocol described for the LPS group.

Sample Collection

After isolation, all livers were allowed to stabilize for ∼10
min before the start of the experiments. Samples (1 ml) were
taken from the outlet at 0, 15, 30, 45, 60, 80, 100, and 120 min
and stored at −80°C for further analysis of the TNF-� levels.
Additional samples were taken from the outlet at the begin-
ning (time zero) and end (120 min) of perfusion and were
stored at 4°C for the measurement of transaminase levels
within 1 week. Bile samples were also collected into pre-
weighed microcentrifuge tubes at 30-min intervals.

Sample Analysis

The concentrations of TNF-� in the outlet perfusates
were measured using a commercial enzyme-linked immuno-
sorbent assay kit (Biosource International, Camarillo, CA).
Using a 50-�l sample, the assay has a linear range of 0–1000
pg/ml, a minimum detectable concentration limit of 4 pg/ml,
and intra-assay and interassay precision coefficient of varia-
tion (CV) of <4%.

The concentrations of LPS in the water and albumin
samples were analyzed using a semiquantitative assay (E-
Toxate Kit, Sigma) based on horseshoe crab lysate, which
forms a hard gel (positive test) in the presence of endotoxin.
The sensitivity of the assay is determined in each analysis by
identification of the lowest concentration of endotoxin stan-
dard that results in a positive test (usually ∼0.01 ng/ml). If the
unknown sample shows a positive response, it is further di-
luted until there is no gel formation. The concentration of
endotoxin in the sample is then estimated from the assay
sensitivity and the highest dilution of the sample found posi-
tive.

The transaminase levels were quantitated based on a col-
orimetric method using a commercial kit from Sigma (proce-
dure No. 505).

Data Analysis

The steady-state concentration (Css) values of TNF-� in
the outlet perfusate were estimated from the average values
at 80, 100, and 120 min. The area under the perfusate con-
centration time curve (AUC) of TNF from time zero to 120
min was estimated using linear trapezoidal rule. The differ-
ences among the groups in terms of Css values or AUC of
TNF-� were determined using one-factor analysis of variance,
whereas a two-factor analysis of variance was used to deter-
mine the effects of treatments and collection times on the bile
flow. In the presence of a significant result, pairwise compari-
son of means was conducted using Scheffe’s F test. A simple
regression analysis was used to test the relationship between

Table I. Characteristics of BSA Preparations (Fraction V) Used in
the Perfusate

Product
number Description Lot no. Abbreviation

A-3912 Albumin �96% 128H0649 BSA-96
A-3675 Albumin �98%;

low endotoxin
129H0973 BSA-low LPS

A-3059 Albumin �99%;
�-globulin free

129H0885 BSA-no globulin
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the AUC of TNF and the endotoxin content of the perfusate.
All tests were performed at a significance (�) level of 0.05.
The data are presented as mean ± SD.

RESULTS

Model Development

The time courses of the concentrations of TNF-� in the
outlet perfusate of different groups of livers are presented in
Fig. 1. When no albumin was added to the perfusate (no
BSA), the perfusate concentrations of TNF-� were zero or
close to zero during the entire period of perfusion. However,
when the perfusate contained 1% BSA-96, the concentrations
of TNF-� started to rise at ∼20 min after the start of perfusion
and reached a plateau at 80-120 min. A similar profile was
observed when the perfusate contained 1% of a �-globulin-
free perfusate (Fig. 1). However, the TNF-� levels using the
�-globulin-free perfusate were less than the corresponding
values using the 96% albumin perfusate at all the time points
(Fig. 1). In contrast to the significant rise in the perfusate
concentrations of TNF-� in the presence of either BSA-96 or
BSA-no globulin, the perfusate concentrations of TNF-�
were close to zero when the perfusate contained a low endo-
toxin albumin. Indeed, the TNF-� perfusate concentration-
time profiles were superimposable for the no BSA and BSA-
low LPS perfusates (Fig. 1).

The average CSS and AUC values of TNF-� using four
different perfusates used here are presented in Table II. Al-
though the CSS values were very low for the no-albumin and
low-endotoxin perfusates, the TNF concentrations were sig-
nificantly higher in the other two albumin-containing perfus-
ates. Similar trends could also be observed using the AUC
values of TNF-� (Table II).

Analysis of different preparations of BSA used in this
study revealed endotoxin concentrations of 0.01, 5, and 8 ng/
mg for the BSA-low LPS, BSA-96, and BSA-no globulin
groups, respectively. Additionally, a different lot (109H0981)
of BSA-no globulin was tested that contained 4 ng/mg endo-
toxin. This latter lot was initially used for the perfusion of two
livers (data not shown). However, because of lack of avail-

ability of this lot for completion of this group, a new lot of this
BSA (Table I) had to be used.

The relationship between the AUC of TNF-� in the per-
fusate and the endotoxin content of the perfusate albumin is
explored in Fig. 2 for all the four perfusate groups and the two
additional liver perfusions using the lot 109H0981 (endotoxin
level of 4 ng/mg) of BSA-no globulin. A regression analysis of
data revealed a statistically significant (P < 0.0001) relation-
ship between the two parameters. Additionally, the regres-
sion suggests that the endotoxin content of the perfusate may
account for ∼65% of the changes in the TNF-� concentrations
of the perfusate (r2 � 0.66).

The bile flow rates during the four 0.5-h collection inter-
vals are depicted in Fig. 3 for the four groups of perfusates. As
expected, the bile flow rates showed a modest decline with an
increase in the perfusion time for all the groups. Generally,
bile flow rates were similar for all the groups except for the
�-globulin-free perfusate, which showed a significantly higher
flow rates compared with the other three perfusates (Fig. 3).

Fig. 1. The concentration-time courses of TNF-� in the outlet
samples from isolated rat livers perfused with a perfusate containing
no BSA (n � 5) or perfusates containing BSA-96 (n � 5), BSA-no
globulin (n � 5), or BSA-low LPS (n � 4). Symbols and bars rep-
resent the average and SD values, respectively.

Table II. The CSS and AUC of TNF-� in Rat Livers Perfused with
Different Perfusatesa

Variable n CSS AUC

Perfusate
BSA-96 5 1160 ± 215b 7.10 ± 1.18c

BSA-no globulin 5 794 ± 267b 4.94 ± 1.38c

BSA-low LPS 4 54.0 ± 21.7b 0.242 ± 0.127c

No BSA 5 16.0 ± 18.9b 0.124 ± 0.109c

Statistical comparisond

BSA-96 vs. BSA-no globulin 0.0378 0.0212
BSA-96 vs. BSA-low LPS <0.0001 <0.0001
BSA-96 vs. no. BSA <0.0001 <0.0001
BSA-no Globulin vs.

BSA-low LPS 0.0002 <0.0001
BSA-no globulin vs. no BSA <0.0001 <0.0001
BSA-low LPS vs. no BSA 0.9912 0.9982

a Values given as mean ± SD or P value.
b Values given as pg/ml.
c Values given as ng.h/ml
d Statistical comparison among different groups based on one-factor

analysis of variance and subsequent Scheffe’s F test.

Fig. 2. The relationship between the AUC of TNF-� in the perfusate
and the endotoxin content of BSA preparations used in different
perfusates. Symbols and line represent the individual experimental
data and the regression line, respectively. (�), no albumin; (�), BSA-
low LPS; (�), BSA-96; (�), BSA-no globulin lot 129H0973; ×, BSA-
no globulin lot 109H0981.
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In terms of other viability parameters, the glutamic-
oxaloacetic transaminase and glutamic-pyruvic transaminase
levels for all rats were low during the entire perfusion period
with no significant differences among the perfusate groups.
The mean ± SD values of the wet liver weight (as a percent-
age of body weight) at the end of perfusion were 3.08 ± 0.27,
3.10 ± 0.25, 3.62 ± 0.29, and 3.70 ± 0.32 for the no-BSA,
BSA-96, BSA-no globulin, and BSA-low LPS groups, respec-
tively; there was no significant differences (P > 0.05) for pair-
wise comparison of the means.

Model Application

Figure 4 demonstrates the time courses of TNF-� in the
perfusate of livers obtained from untreated rats in the ab-
sence (no LPS) or presence (LPS) of LPS stimulation of the
liver. Additionally demonstrated in this figure are LPS-
stimulated time courses of TNF-� in the livers obtained from
rats treated with MP at 1 h (LPS + MP-1 h) or 5 h (LPS +

MP-5 h) prior to liver harvest. The injection of 300 �g LPS,
over the first 20 min of perfusion, in the group without MP
pretreatment (LPS) resulted in a rise in the perfusate concen-
trations of TNF-� starting at 45 min and reaching a maximum
at 80 min. Thereafter, the concentrations of TNF-� remained
relatively constant until the end of perfusion (120 min). In
contrast, in the no-LPS group, the TNF-� concentrations re-
mained close to zero for the entire sampling period (Fig. 4).
Pretreatment of rats with MP before liver harvest resulted in
an attenuation of the LPS-induced TNF-� release in the livers
(Fig. 4). However, the attenuation was substantial (>60%)
and statistically significant only for the LPS + MP-5 h group
(Fig. 4).

The CSS (80–120 min) values of TNF-� and the AUC of
TNF-� during the entire perfusion period (0–120 min) are
presented in Table III for all of the four studied groups. The
infusion of LPS to untreated rats caused a significant (P <
0.0001) rise in the CSS of TNF-� from a value close to zero in
no-LPS group livers to 825 ± 125 pg/ml in the LPS group
(Table III). Pretreatment with MP at 1 h before the liver
harvest reduced the LPS-induced CSS values of TNF to 621
±257 pg/ml. However, this reduction did not reach statistical
significance. On the other hand, the pretreatment of rats with
MP at 5 h before the harvest significantly reduced the LPS-
induced CSS levels to <40% of the values in the MP-untreated
livers (Table III). Similar conclusions could also be made
based on the total AUC of TNF-� in the perfusate of the
studied livers (Table III).

The bile flow rates for the four groups of livers in the
Method Application section are demonstrated in Fig. 5. With
regard to collection time, there was a modest decline in the
bile flow rate with time, which is expected. Specifically, there
was a significant difference between the flow rates at the
0–30-min collection period and those at the 60–90-min and
90–120-min collection periods. In terms of differences among
the four groups, the MP-treated groups showed lower bile
flow rates, which were statistically significant when compared
with the no-LPS group (Fig. 5). However, the differences

Fig. 3. Bile flow rates at different collection intervals in four groups
of livers perfused with a perfusate containing no BSA (n � 5) or
perfusates containing BSA-96 (n � 5), BSA-no globulin (n � 5), or
BSA-low LPS (n � 4). *Significantly different than the correspond-
ing values for the other three groups.

Fig. 4. The concentration-time courses of TNF-� in the outlet
samples of livers obtained from control rat livers (no LPS) and LPS-
perfused livers obtained from untreated rats (LPS) or rats treated
with MP at 1 h (LPS + MP-1 h) or 5 h (LPS + MP-5 h) before the liver
harvest. LPS (300 �g) was infused during the first 20 min of perfusion
in the LPS groups. Symbols and bars represent the average and SD
values, respectively.

Table III. The LPS-Induced CSS and AUC of TNF-� in Livers Iso-
lated from Rats 1 or 5 h after the Intravenous Administration of a

Single 5-mg/kg Dose of MPa

Variables n CSS AUC

Group
No LPS 5 5.2 ± 7.49b 0.049 ± 0.062c

LPS 4 825 ± 125b 4.59 ± 0.53c

LPS + MP-1 h 4 621 ± 257b 3.08 ± 0.93c

LPS + MP-5 h 4 313 ± 215b 1.81 ± 1.29c

Statistical comparisond

No LPS vs. LPS <0.0001 <0.0001
No LPS vs. LPS + MP-1 0.0014 0.0009
No. LPS vs. LPS + MP-5 0.1170 0.0461
LPS vs. LPS + MP-1 0.4478 0.1221
LPS vs. LPS + MP-5 0.0089 0.0030
LPS + MP-1 vs.

LPS + MP-5 0.1441 0.2260

a Values given as mean ± SD or P value.
b Values given as pg/ml.
c Values given as ng.h/ml.
d Statistical comparisons among different groups based on one-factor

ANOVA and subsequent Scheffe’s F test.
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between the bile flow rates in the LPS and control livers (Fig.
5) did not reach statistical significance. This lack of statistical
significance may have been due to the fact that a substantial
(∼40%) reduction in the bile flow rate of LPS-treated livers,
compared with controls, was seen only during the 0–30-min
collection period (Fig. 5) that overlaps with the LPS injection
(0–20 min); the lower bile flow rates in the LPS-treated livers,
compared with those in control livers, at the subsequent col-
lection times were less dramatic (Fig. 5).

As for other viability indices, the wet liver weights of all
groups at the end of perfusion were <4% of the body weight
(no-LPS group livers, 3.42 ± 0.36%; LPS group livers, 3.10 ±
0.11%; LPS + MP-1 h group livers, 3.15 ± 0.32, and LPS +
MP-5 h group livers, 3.69 ± 0.16% [as percentage of body
weight]); pairwise comparison of the means revealed no sig-
nificant differences among the groups for their liver weights.
Additionally, the transaminase levels were low and relatively
stable during the perfusion period.

DISCUSSION

Despite numerous reports on the levels of TNF-� in
whole animals and isolated Kupffer cells, studies measuring
TNF-� levels in IPRLs (10–12) are scarce. We became inter-
ested in using IPRL to investigate the local immunosup-
pressant activities of drugs, such as corticosteroids, in the
liver after their systemic administration. Our initial perfusate,
routinely used by us and many other investigators for drug
metabolism studies, contained bovine red blood cells and al-
bumin in a Krebs-Henseleit bicarbonate buffer. This perfus-
ate resulted in very high outlet concentrations of TNF-� (data
not shown). This was unexpected because under physiologic
conditions and in the absence of Kupffer cell activation the
release of cytokines, such as TNF-�, from the liver Kupffer
cells is expected to be minimal. The omission of red blood
cells from this perfusate, which contained BSA-96 (Table I),
did not reduce the high levels of TNF-� (Fig. 1). How-
ever, when albumin was eliminated from the perfusate (no-
BSA perfusate; Fig. 1), the perfusate TNF-� levels were
close to zero for all the sampling points, indicating that the

BSA preparation was responsible for the excessive TNF-�
release.

Subsequent studies were then carried out to determine
the role of different components of BSA preparations on the
TNF-� release. Previous works (10–13) using isolated Kupffer
cells have clearly shown that LPS would stimulate the release
of TNF-� from these cells. Additionally, a study (14) using
resident peritoneal macrophages of mice showed that both
LPS and immunoglobulin (Ig) G, which are present in most
commercially available BSA preparations, could induce the
release of TNF-� in the cell culture. Therefore, in our subse-
quent studies we concentrated on the effects of IgG and LPS
contents of albumin preparations on the TNF-� levels.

Because the main impurity in the commercial sources of
BSA-96 is globulins, a �-globulin-free albumin with �99%
purity (BSA-no globulin; Table I) was tested. As demon-
strated in Fig. 1 and listed in Table II, the perfusate contain-
ing BSA-no globulin resulted in significantly lower CSS and
AUC values for TNF-�, compared with the BSA-96 contain-
ing perfusate. Nevertheless, the steady-state outlet concentra-
tions of TNF-� were still very high, suggesting a major role for
other impurities in the albumin preparations.

Because LPS is a known stimulator of Kupffer cells, a
low endotoxin preparation of BSA (BSA-low LPS; Table I),
which contained 0.01 ng/mg LPS, was tested. The TNF-� lev-
els in the outlet perfusate of these IPRLs were not signifi-
cantly different from the low values for IPRLs with no BSA
(Table II and Fig. 1), suggesting that the LPS content of BSA
is mostly responsible for the induction of TNF-� release. This
is in agreement with the positive correlation between the LPS
content of albumin and the AUC of TNF-� in the perfusate
(Fig. 2).

The relationship shown in Fig. 2, although statistically
significant, indicates that the endotoxin content of albumin
cannot completely explain the rises in the TNF-� AUC, sug-
gesting that other factors may also be involved. For example,
although the endotoxin level of BSA-no globulin with lot
129H0973 (8 ng/mg) was higher than that of BSA-96 (5 ng/
mg), the TNF-� concentrations were higher for BSA-96
(Fig. 2), indicating that the �-globulin content of BSA-96 can
also contribute to the observed higher levels of TNF-�. In-
deed, a different lot of BSA-no globulin (109H0981) with a
lower (4 ng/mg) endotoxin levels showed lower TNF-�
AUCs, compared with BSA-96 with similar endotoxin levels
(Fig. 2), confirming the role of IgG in stimulation of TNF-�
release.

Searching the literature for studies measuring cytokines
in IPRL perfusates, three reports (10–12) were identified.
Tran-Thi et al. (10) used a single-pass IPRL model to study
the effects of LPS on the release of TNF-�, IL-1, and IL-6
from the rat liver. These investigators used an RPMI medium
containing 1% newborn-calf serum as a perfusate and showed
relatively low levels of cytokines in the outlet perfusate of
control (untreated) livers. The low cytokine levels in this
study (10) may be due to the use of 1% newborn calf serum
instead of BSA preparations that are normally used in IPRLs.
However, in agreement with our results, these authors dem-
onstrated that the injection of LPS into the liver significantly
increased the levels of TNF-� in the outlet perfusate.

Two other reports, by Liao et al. (11,12), used a perfusate
containing 1% albumin in Krebs-Henseleit buffer, which is
similar to the perfusates used here. However, the species or

Fig. 5. Bile flow rates at different collection intervals in control rat
livers (no LPS) and LPS-perfused livers obtained from untreated rats
(LPS) or rats treated with MP at 1 h (LPS + MP-1 h) or 5 h (LPS +
MP-5 h) before the liver harvest. LPS (300 �g) was infused during the
first 20 min of perfusion in the LPS groups. Error bars represent SD
values.
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other information about the albumin preparation was not re-
ported. These authors (11,12) reported mean outlet concen-
trations of � 250 pg/ml for TNF-� in the outlet perfusate of
control livers during a 0–80-min perfusion period. This appar-
ently lower value of TNF-�, compared with the concentra-
tions observed in our study (Fig. 1), may be due to several
factors. First, our studies demonstrate that the concentrations
of TNF-� in the perfusate gradually increase, starting at ∼20
min after the perfusion, and then rise to a maximum at ∼100
min (Fig. 1). Therefore, an average concentration during the
0–80-min period used by Liao et al. (11,12) may be an under-
estimation of the CSS values for TNF-�. Second, it is possible
that the albumin preparation that these authors used may
have contained lesser LPS content than the BSA-96 or BSA-
no globulin used in our studies. Nevertheless, the studies pre-
sented here clearly show that, depending on the type of al-
bumin preparations, different time courses of TNF-� release
may be expected.

We selected the IPRL model with no albumin in the
perfusate for our next studies because of its low levels of
TNF-� (Fig. 1). The use of an alternative model with BSA-
low LPS perfusate was prohibitive because of the very high
cost of such a preparation. In the application studies, it was
demonstrated that the selected model may be used for the
determination of the effects of systemically administered MP
on the LPS-induced stimulation of TNF-� release (Fig. 4).
Based on our data, the maximum effect of LPS on the release
of TNF-� appeared at ∼80 min after the start of perfusion (or
∼60 min after the end of LPS infusion) (Fig. 4). This is con-
sistent with the literature data showing that the maximum
TNF-� concentrations are achieved at ∼1 h after the injection
of LPS in isolated perfused livers (10,11), isolated Kupffer
cells (10), or in vivo (15).

Corticosteroids are known to inhibit the production of
cytokines such as TNF-� in vivo (16). Similar observations
were made in our IPRL model after the in vivo administration
of MP. Additionally, our data showed that the time of admin-
istration of MP affects the degree of inhibition of TNF-�
release (Fig. 4), a phenomenon that is in agreement with the
literature data on dexamethasone (15). Waage (15) demon-
strated that dexamethasone dose-dependently decreased the
LPS-induced TNF-� serum concentrations in rats with a
maximum of 70–90% reduction at a dose of 2 mg/kg. Inter-
estingly, the maximum inhibitory effect of dexamethasone
was also observed when the steroid was administered �5 h
before the in vivo injection of LPS (15).

Although not studied here, our data may have some im-
plications for drug metabolism investigations using IPRLs.
This is because the proinflammatory cytokines, such as TNF-
�, can significantly impact the metabolism of various drugs
(4). Additionally, BSA preparations have been used routinely
in IPRL studies either as oncotic agents (17) and/or for stud-
ies of the effects of protein binding on drug metabolism or
uptake by the liver (8). Our results indicate that the livers
producing high TNF-� levels were otherwise normal in terms
of usual viability parameters (e.g., macroscopic appearance,
bile flow rate, liver enzyme levels, and wet liver weight at the
end of perfusion). Normal viability parameters were also re-
ported (18) by others after the injection of TNF-� into IPRLs.
Therefore, high and variable levels of TNF-� in the perfusates
containing various concentrations and preparations of BSA
could potentially alter the metabolism of drugs. This postu-

late, however, remains to be proven in further studies con-
centrating on the levels of different cytochrome P450s and the
rate of metabolism of model drugs.

In conclusion, our data demonstrate that some BSA
preparations used in the perfusates of IPRLs may stimulate
the release of TNF-� from the liver. This stimulating effect is
mostly related to the endotoxin content of the albumin prepa-
ration. An IPRL model with a Krebs-Henseleit perfusate
without albumin, however, results in low baseline levels of
TNF-�. The model was successfully used for detection of the
inhibitory effect of systemically administered MP on the re-
lease of TNF-� from LPS-stimulated isolated livers.
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