
Microsomal Cytochrome P450 Levels
and Activities of Isolated Rat Livers
Perfused with Albumin

Ragini Vuppugalla,1 Rakhi B. Shah,1

Anjaneya P. Chimalakonda,1 Charles W. Fisher,1,2 and
Reza Mehvar1,3

Received August 29, 2002; accepted September 20, 2002

Purpose. We recently showed that the perfusion of isolated rat livers
with perfusates containing bovine serum albumin (BSA) would sig-
nificantly stimulate the release of tumor necrosis factor (TNF)-�.
Here, we hypothesize that BSA-induced increase in the release of
TNF-�, and possibly other cytokines, would affect cytochrome P450
(CYP)-mediated drug metabolism.
Methods. Rat livers were perfused ex vivo for 1, 2, or 3 h with a
physiologic buffer containing or lacking 1% BSA (n � 4–5/group).
At the end of perfusion, liver microsomes were prepared and ana-
lyzed for their total CYP, CYP2E1, CYP3A2, and CYP2C11 protein
contents and the activities of cytochrome c reductase, CYP2E1,
CYP3A2, CYP2C11, CYP2E1, CYP2D1, CYP1A1, and CYP2B1/2.
In addition, the concentrations of various cytokines and nitric oxide
were quantified in the outlet perfusate.
Results. In the absence of BSA, the perfusate levels of all measured
cytokines and nitric oxide were low. However, when the perfusate
contained BSA, the levels of TNF-�, interleukin-6, and nitric oxide
increased significantly (p < 0.005). Perfusion of the livers for 3 h with
the BSA-containing perfusate resulted in significant (p < 0.05) de-
creases in the total CYP (41%), CYP2E1 (59%), CYP3A2 (68%),
and CYP2C11 (50%) protein contents and activities of cytochrome c
reductase (31%), CYP2E1 (66%), CYP3A2 (54%), and CYP2C11
(51%). In contrast, perfusion of livers for 1 or 2 h with the BSA
perfusate did not have any significant effect on CYP-mediated me-
tabolism. The CYP1A2, CYP2D1, and CYP2B1/2 activities were not
affected by BSA, regardless of perfusion time.
Conclusion. Addition of BSA to perfusates, which is a routine prac-
tice in isolated rat liver studies, can reduce CYP-mediated drug me-
tabolism by a mechanism independent of protein-binding effect.
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INTRODUCTION

Endotoxins or lipopolysaccharides (LPS), components of
the outer portion of the cell wall of gram-negative bacteria,
suppress hepatic microsomal cytochrome P450 (CYP) en-
zymes (1). The effect of LPS on CYP levels is indirect and
involves activation of Kupffer cells and subsequent release of
various cytokines (2). Among the released cytokines, tumor
necrosis factor (TNF)-� has been implicated (3,4) as an im-
portant mediator of the physiologic effects of LPS. The ad-
ministration of TNF-� has been shown to decrease total CYP

as well as CYP1A, CYP2B, CYP2C, CYP2E, and CYP3A
subfamilies (3,4). Furthermore, TNF-� stimulates the produc-
tion and secretion of other cytokines, including interleukin
(IL)-1, IL-6, and interferon-� (IFN-�), which have also been
shown to down-regulate the same CYP subfamilies (5).

The isolated perfused rat liver (IPRL) model has been
used by many investigators to study the metabolism of various
drugs (6). The perfusate routinely used by many investigators
for drug metabolism studies contains bovine serum albumin
(BSA) in a physiologic buffer (6). Bovine serum albumin
preparations are added to perfusates either as oncotic agents
or for studying the effects of protein binding on drug metabo-
lism and uptake by the liver. Because only the unbound drug
can enter hepatocytes, the addition of BSA to perfusates is
generally expected to result in a decrease in the hepatic ex-
traction ratio of drugs that are substantially bound to BSA
(7,8).

Recently (9), we showed that the addition of some com-
mercially available preparations of BSA to the perfusate
would substantially accelerate TNF-� production. Whereas in
the absence of BSA, the TNF-� levels remained close to zero,
the steady-state levels of TNF-� reached as high as 1200 pg/
mL in the presence of BSA (9). The BSA-induced increase in
the TNF-� levels of the liver perfusates was attributed to the
endotoxin content of the BSA preparations; addition of a
very low-endotoxin BSA to the perfusate did not substantially
increase the TNF-� levels (9). Because cytokines and other
proinflammatory mediators may alter drug metabolism, it is
possible that BSA-containing perfusates affect drug metabo-
lism in IPRL by a mechanism independent of protein binding.
Therefore, the studies reported here were designed to test the
hypothesis that proinflammatory mediators released during
the perfusion of livers with the BSA-containing perfusates
would affect CYP-mediated drug metabolism.

MATERIALS AND METHODS

Chemicals and Buffers

Bovine serum albumin (BSA, Fraction V, Catalog
A-3912), benzyloxyresorufin, testosterone, 6�-hydroxy-
testosterone, p-nitrophenol, p-nitrocatechol, dextromethor-
phan, cytochrome c, NADP+, NADPH, isocitrate dehydroge-
nase, antigoat rabbit alkaline phosphate conjugate, and anti-
rabbit goat alkaline phosphate conjugates were purchased
from Sigma Chemical Co. (St. Louis, MO). Ethoxyresorufin
and 16�-hydroxytestosterone were obtained from Molecular
Probes, Inc. (Eugene, OR) and Steraloids Inc. (Wilton, NH),
respectively. Goat antirat primary antibody for CYP2E1 was
from Gentest (Woburn, MA). Rabbit antirat primary anti-
bodies for CYP3A2 and CYP2C11 were purchased from
Chemicon International (Temecula, CA) and Affinity Biore-
agents Inc. (Golden, CO), respectively. All other reagents
were analytical grade and obtained from various commercial
sources.

The following buffers were used in our experiments: 100
mM phosphate buffer (PB) with a pH of 7.4; phosphate-
buffered (100 mM, pH 7.4) saline (138 mM NaCl plus 2.7 mM
KCl) (PBS); TGE buffer containing 50 mM Tris (pH 8), 20%
glycerol, and 0.1 mM EDTA; sucrose buffer containing 250
mM sucrose and 50 mM Tris HCl (pH 7.4); 50 mM carbonate–
bicarbonate buffer (pH 9.6); and 50 mM Tris-buffered saline
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with 0.1% Tween 20 (TBS). All the buffers or their compo-
nents were purchased from Sigma.

Animals

All the procedures involving animals used in this study
were consistent with the guidelines set by the National Insti-
tute of Health (NIH publication 85-23, revised 1985) and ap-
proved by our institutional animal committees. Adult male
Sprague–Dawley rats (mean ± SD of body weight: 269 ± 14 g)
were purchased from a commercial source and housed in a
light- and humidity-controlled animal facility at least 2 days
before the experiments. The animals had free access to water
and food.

Isolation and Perfusion of Livers

The liver isolation and portal vein, hepatic vein, and bile
duct cannulation methods were similar to those reported by
us before (8,9). The perfusate was a Krebs–Henseleit bicar-
bonate buffer (pH 7.4) containing 1.2 g/L glucose and 75 mg/L
sodium taurocholate with (Albumin) or without (Control)
1% (w/v) BSA. The perfusate was oxygenated with an
O2:CO2 (95:5) mixture for at least 15 min before it entered
the liver. Livers were perfused, in a single-pass manner, with
a flow rate of 30 mL/min. To avoid contamination of the
apparatus by endotoxin from bacterial growth or other
sources, the apparatus was cleaned after each day of use with
10% Clorox solution (The Clorox Company, Oakland, CA),
followed by an extensive rinse with deionized water.

A total of 25 IPRLs were used in this study that consisted
of six experimental groups. Livers were perfused with either
Control or Albumin perfusates for 1, 2, or 3 h. Each experi-
mental group consisted of four livers except for the 3-h Con-
trol group, which contained five livers. After isolation, the
livers were allowed to stabilize for ∼10 min before the start of
the experiment. Samples were collected from the outlet at 0,
10, 20, 30, 40, 50, and 60 min for the 1-h groups, at 0, 15, 30,
45, 60, 80, 100, and 120 min for the 2-h groups, and at 0, 30, 60,
90, 120, 150, and 180 min for the 3-h groups. Collected
samples were stored at −80°C for further analysis of the cy-
tokine levels. Additional samples were collected from the
outlet at the beginning (time zero) and end of perfusion and
stored at 4°C for the measurement of transaminase levels
within 1 week. Bile samples were also collected in preweighed
microcentrifuge tubes at 30-min intervals.

Sample Analysis

The concentrations of TNF-�, IL-6, IL-1�, and IFN-� in
the outlet perfusates were measured using commercial en-
zyme-linked immunosorbent assay (ELISA) kits (Biosource
International, Camarillo, CA). The concentration of LPS in
BSA was analyzed using a semiquantitative assay based on
horseshoe crab lysate (9). The transaminase levels were quan-
tified based on a colorimetric method using a commercial kit
from Sigma (Procedure No. 505).

The concentrations of nitric oxide (NO) in the last outlet
perfusate samples (1, 2, or 3 h) were measured based on
nitrate/nitrite determination using a commercially available
kit (Active Motif, Carlsbad, CA) that uses Griess reagent.

Microsomes, Total CYP Content, and Cytochrome c
Reductase Activity

Microsomes were prepared according to the established
ultracentrifugation methods (10). The final pellet was sus-
pended in 5 mL of TGE buffer and stored at −80°C. Total
protein content was measured by Bradford assay (11) using
bovine serum albumin as standard. Spectral analysis of total
CYP content was performed using the method of Omura and
Sato (12). Cytochrome c reductase activity was measured ac-
cording to minor modifications of a kinetic method reported
before (13). Our total reaction volume was 1 mL, consisting of
10 �L of 20 times diluted microsomes, oxidized cytochrome c
(5 �M), and NADPH (100 �M) in PB.

Analysis of CYP Isoform Activity

Testosterone Hydroxylation

The activities of CYP3A2 and CYP2C11 were assessed
by formation of 6�- and 16�-hydroxytestosterone, respec-
tively, from testosterone based on a modification of a previ-
ously published (14) method. Briefly, testosterone (210 �M)
was incubated for 30 min at 37°C in a 500 �L total volume
incubation mixture containing NADP+ (1 mM), microsomal
protein (1 mg/mL), isocitrate dehydrogenase (0.1 U/mL), and
isocitrate (10 mM) in PB. The reaction was terminated by the
addition of 0.5 mL of 0.6 M perchloric acid. Samples were
centrifuged at 7,500 × g for 15 min, and the supernatant was
directly injected into the HPLC for analysis of the metabo-
lites.

Para-Nitrophenol Hydroxylation

The activity of CYP2E1 was assessed by p-nitrophenol
assay (15). Briefly, a 2-mL reaction volume (PB) contained
microsomal protein (0.75 mg/mL), p-nitrophenol (0.1 mM),
isocitrate (20 mM), and isocitrate dehydrogenase (0.2 U/mL).
The reaction was initiated at 37°C with the addition of
NADP+ (2 mM).

Dextromethorphan Demethylation

The activity of CYP2D1 dependent monooxygenase in
rat liver microsomes was assessed by employing [O-methyl-
14C]dextromethorphan as a substrate (16). Briefly, a stock
solution was prepared from labeled (1 �Ci/�L) and unlabeled
(200 �M) dextromethorphan to give a final concentration of
10 �M (0.2 �Ci/mL). The reaction mixture (1 mL in PB)
contained microsomal protein (0.5 mg/mL), isocitrate (10
mM), isocitrate dehydrogenase (0.1 U/mL), and 10 �l of the
stock solution of dextromethorphan. After the addition of
NADP+ (1 mM), the reaction mixture was incubated for 10
min at 37°C. Following extraction of the samples with dichlo-
romethane, a 0.5-mL aliquot of the aqueous portion was di-
luted with 5 mL of scintillation cocktail and read using a
scintillation counter.

Ethoxyresorufin and Benzyloxyresorufin Dealkylation

The dealkylations of ethoxyresorufin and benzylox-
yresorufin were used as measures of the activity of CYP1A1
and CYP2B1/2, respectively (17). Briefly, microsomal pro-
teins (0.3 mg/mL) were added to 2 mL of a reaction mixture
in a cuvette containing ethoxyresorufin (2.5 �M) or benzy-
loxyresorufin (2.5 �M) in phosphate-buffered saline. After
incubation for 5 min at 37°C, the reaction was started by the
addition of NADPH (0.4 M).
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Analysis of CYP2E1, CYP3A2, and CYP2C11
Protein Contents

Liver CYP2E1, CYP3A2, and CYP2C11 protein con-
tents were quantified according to an ELISA method re-
ported previously by Snawder and Lipscomb (18). Micro-
somal proteins used were 0.15 �g for CYP2E1 and CYP2C11
and 1 �g for CYP3A2 analysis. Standards ranged from 25 to
250 fmol per well for the analysis of CYP2E1 and CYP2C11
and from 10 to 50 fmol per well for the analysis of CYP3A2.
Isoform protein values were expressed as picomoles per mil-
ligram of protein.

Data Analysis

The area under the perfusate concentration–time curve
(AUC) of cytokines from time zero to the last sampling time
(1, 2, or 3 h) was estimated using a linear trapezoidal rule. The
statistical differences among the groups perfused for 1, 2, or 3
h were tested using two-way ANOVA with subsequent Schef-
fe’s F test. Within each perfusion time group, comparisons of
the two perfusates (Control versus Albumin) were carried out
using unpaired, two-tailed t test. Statistical significance was
defined as a p value < 0.05. Data are reported as mean ± SD.

RESULTS

Cytokine Concentration–Time Profiles

The time courses of the concentrations of TNF-� in the
outlet perfusates of different groups of livers perfused for 1, 2,
or 3 h are presented in Fig. 1. When the perfusate did not
contain BSA (Control), the concentrations of TNF-� in the
outlet perfusate were low during the entire period of perfu-
sion, irrespective of the perfusion time. However, when the
perfusate contained 1% BSA (Albumin), the concentrations
of TNF-� started to rise at ∼20 min after the start of the
perfusion and reached a plateau at ∼1 h (Fig. 1). The AUC
values (ng·h/mL) of TNF-� were 0.0252 ± 0.0054 (1-h Con-
trol), 0.296 ± 0.009 (1-h Albumin), 0.264 ± 0.126 (2-h Con-
trol), 1.50 ± 0.14 (2-h Albumin), 0.0372 ± 0.0459 (3-h Con-
trol), and 2.68 ± 0.56 (3-h Albumin). Within each perfusion
time group, the TNF-� AUC values for Control livers were
significantly (p < 0.0001) lower than those for the livers per-
fused for the same length of time with BSA (Albumin).

The time courses of the concentrations of IL-6 in the
outlet perfusates of rats perfused for 3 h are presented in Fig.
2 for both Control and Albumin perfusates. In the absence of
BSA in the perfusate, concentrations of IL-6 in the outlet
samples were low during the entire period of perfusion. How-
ever with BSA, the perfusate concentrations of IL-6 started to
rise at ∼1.5 h after the start of the perfusion and continued to
rise until the last sampling time at 3 h (Fig. 2). The AUC
(ng·h/mL) of IL-6 in Albumin group (0.274 ± 0.039) was sig-
nificantly (p < 0.005, unpaired t test) higher than that for
Control livers (0.143 ± 0.053).

In contrast to the TNF-� and IL-6 data, studies on se-
lected samples indicated no substantial increase in the levels
of IFN-� or IL-1� during the time frame of this study (data
not shown).

Nitrate/Nitrite Release

Nitrate and nitrite are oxidation products of NO. When
the perfusate did not contain BSA (Control), the levels of

nitrate/nitrite in the perfusate were close to zero after 1 or 2
h of perfusion. Additionally, the levels were low for the 3-h
perfused Control group, resulting in a release rate of 1.81
nmol/g liver/min at 3 h. However, when the perfusate con-
tained BSA (Albumin), the concentrations of nitrate/nitrite in
the perfusate were relatively high, resulting in the release
rates of 3.39 ± 2.82, 6.56 ± 3.97, and 7.45 ± 1.47 nmol/g liver/
min at the end of perfusion for the 1-, 2-, and 3-h perfused
Albumin groups, respectively. The release rates in the livers
perfused for 3 h with BSA (Albumin) were significantly (p <
0.005, unpaired t test) higher than that for the 3-h Control livers.

Bile Flow Rates, Transaminase Levels, and Liver Weights

The bile flow rates for different collection intervals are
reported in Fig. 3 for the 3-h perfusion groups. Overall, the

Fig. 1. The concentration–time courses of TNF-� in the outlet
samples from isolated rat livers perfused with a perfusate containing
1% BSA (Albumin) or no BSA (Control) for 1, 2, or 3 h. Symbols
and bars represent the average and SD values, respectively.
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bile flow rates of Albumin groups were significantly
(ANOVA, p < 0.0001) lower than those of Control groups
(Fig. 3). Additionally, the time of bile collection had a signifi-
cant (p < 0.01) impact on the bile flow rates. However, the
effect of time seemed to be mostly within the Albumin group,
as the flow rates substantially decreased with time for livers
perfused with BSA. On the other hand, the bile flow rates for
the livers perfused in the absence of BSA (Control) remained
relatively constant over the 3-h collection time (Fig. 3). The
bile flow rates for the 1- and 2-h groups (data not shown)
were similar to those observed for the 3-h group during the
0–1 and 0–2 h time intervals, respectively (Fig. 3).

The glutamic–oxaloacetic transaminase and glutamic–
pyruvic transaminase levels were low during the entire period
of perfusion with no significant difference between the per-
fusate groups. The mean (± SD) values of the wet liver weight
(as a percentage of the body weight) at the end of liver per-
fusion were 3.52 ± 0.31, 3.07 ± 0.12, 3.74 ± 0.17, 3.54 ± 0.39,
3.56 ± 0.42, and 3.47 ± 0.4 for the 1-h Albumin, 1-h Control,
2-h Albumin, 2-h Control, 3-h Albumin, and 3-h Control,

respectively, with all the values for individual livers being less
than 4% of the body weight.

Total CYP Levels and Cytochrome c Reductase Activities

The total CYP contents and cytochrome c reductase ac-
tivities of microsomes prepared from different groups of liv-
ers are depicted in Fig. 4. For the 3-h perfusion group, livers
perfused in the presence of BSA (Albumin) showed a 41%
decrease (p < 0.0001) in total CYP levels when compared with
the livers perfused with no BSA perfusate (Control) (Fig. 4,
top). However, no significant differences were observed (p >
0.05) in CYP levels between Control and Albumin groups
perfused for 1 or 2 h (Fig. 3, top).

Profiles obtained for cytochrome c reductase activities
(Fig. 4, bottom) were similar to those obtained for total CYP
levels (Fig. 4, top); compared with their respective Controls,
livers perfused for 3 h with BSA (Albumin) showed a 31%
decline (p � 0.010) in the levels of cytochrome c reductase
activity. Additionally, similar to the CYP data, no significant
differences were observed (p > 0.05) in cytochrome c reduc-
tase levels between Albumin and Control groups when the
livers were perfused for 1 or 2 h (Fig. 4, bottom).

CYP Isoform Activities and Protein Levels

The effects of perfusate composition and duration of per-
fusion on ELISA-detectable protein levels and activities of
CYP3A2, CYP2C11, and CYP2E1 are demonstrated in Figs.
5–7, respectively. Perfusion of livers for 3 h with the BSA-

Fig. 2. The concentration–time course of IL-6 in the outlet samples
from isolated rat livers perfused for 3 h with a perfusate containing
1% BSA (Albumin) or no BSA (Control). Symbols and bars repre-
sent the average and SD values, respectively.

Fig. 3. Bile flow rates at different collection intervals in rat livers
perfused for 3 h with a perfusate containing 1% BSA (Albumin) or
no BSA (Control). The bile flow rates of Albumin groups were sig-
nificantly lower than those of the control groups (ANOVA, p <
0.0001). Columns and bars represent the average and SD values,
respectively.

Fig. 4. Cytochrome P450 (CYP) contents (top) and cytochrome c
reductase (CYC) activities (bottom) in rat livers perfused for 1, 2, or
3 h in the absence (Control) or presence (Albumin) of BSA in the
perfusate. *Significant difference (p < 0.05) between Albumin and
Control livers. Columns and bars represent the average and SD val-
ues, respectively.
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containing perfusate significantly (p < 0.02) decreased both
the activities and protein contents of these three CYP iso-
forms. However, BSA had no significant effect (p > 0.05) on
either the activity or the protein contents of the isoforms in
livers perfused for 1 or 2 h (Figs. 5–7). The changes in the
activities of these isoforms as a result of BSA were similar to
changes in their protein levels. The degrees of reduction in
the activities and protein levels after perfusion of the livers
for 3 h with Albumin were, respectively, 54% and 68%
(CYP3A2, Fig. 5), 51% and 50% (CYP2C11, Fig. 6), and 66%
and 59% (CYP2E1, Fig. 7).

In contrast to the testosterone and p-nitrophenol hydrox-
ylations, dextromethorphan demethylation, which is an indi-
cation of CYP2D1 activity in rats, was not affected (p > 0.05)
by the perfusate composition (Table I). Additionally, dextro-
methorphan demethylation remained relatively constant over
the 3-h perfusion time in both Control and Albumin groups
(Table I). Likewise, the dealkylation activities of both
ethoxyresorufin and benzyloxyresorufin were similar (p >
0.05) in Albumin and Control livers (Table I). However, for
ethoxyresorufin, a time-dependent decrease in the dealkyla-
tion activity was observed (p < 0.0001), regardless of the per-
fusion composition (Table I); compared with the data for 1-h
perfusion, the activity decreased by 34% and 72% for Control
livers and by 48% and 77% for Albumin livers after 2 and 3
h of perfusion, respectively (Table I). Additionally, although
the benzyloxyresorufin dealkylation activity remained con-

stant between 1 and 2 h of perfusion, a significant decrease (p
< 0.01) was observed in the activities of the 3-h perfused livers
when compared with the 1- or 2-h groups (Table I).

DISCUSSION

The isolated perfused rat liver (IPRL) model is a pow-
erful ex vivo tool for delineating the metabolism of drugs in
the intact organ while avoiding confounding factors that may
be present in vivo. In this model, the liver is perfused ex vivo
with a physiologic buffer often containing albumin. In addi-
tion to being an oncotic agent (6), preventing liver swelling
during perfusion, albumin may have drastic effects on the
kinetics of metabolism of drugs that are bound to this protein.
For drugs bound to albumin, various models of hepatic elimi-
nation (19) predict a significant decrease in the hepatic ex-
traction ratio and clearance for low-extraction-ratio drugs and
a significant increase in the hepatic availability of high-
extraction-ratio drugs in the presence of this protein in the
perfusate. Therefore, it is not surprising to see that various
investigators (7,8) have used albumin to delineate the effects
of protein binding on the kinetics of hepatic metabolism and/
or uptake of different drugs. However, during the develop-
ment of an IPRL model to study the kinetics of release of
cytokines, we recently (9) noticed that most commercial
preparations of albumin, which have been used by us or other
investigators in the past, contain LPS and would significantly
stimulate the release of the proinflammatory cytokine,

Fig. 5. The activities (top) and protein levels (bottom) of CYP3A2 in
livers perfused for 1, 2, or 3 h in the absence (Control) or presence
(Albumin) of BSA in the perfusate. The activities are based on tes-
tosterone 6�−hydroxylation. *Significant difference (p < 0.05, un-
paired t test) between Albumin and Control livers. Additionally,
there were significant differences (p < 0.05, ANOVA) between the 1-
and 2-h and 1- and 3-h perfusion groups for the activity and between
1- and 3-h perfusion groups for the protein content. Columns and bars
represent the average and SD values, respectively.

Fig. 6. The activities (top) and protein levels (bottom) of CYP2C11
in livers perfused for 1, 2, or 3 h in the absence (Control) or presence
(Albumin) of BSA in the perfusate. The activities are based on tes-
tosterone 16�-hydroxylation. *Significant difference (p < 0.05, un-
paired t test) between Albumin and Control livers. Additionally,
there were significant differences (p < 0.05, ANOVA) between the 1-
and 2-h and 1- and 3-h perfusion groups for the activity. Columns and
bars represent the average and SD values, respectively.
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TNF-�. Because proinflammatory cytokines are known to in-
hibit hepatic drug metabolism (reviewed in Ref. 5), we spec-
ulated that IPRLs perfused with an albumin-containing per-
fusate might cause a reduction in hepatic drug metabolism
through cytokine stimulation. Indeed, the results presented
here are in agreement with this postulate.

Because LPS is known to affect CYP drug metabolism
(5), the BSA-induced reduction in CYP-mediated metabo-
lism observed here is likely caused by the endotoxin content
of BSA. The BSA preparation used in our studies contained
5 ng/mg endotoxin. For a flow rate of 30 mL/min, perfusion of
livers for 1, 2, or 3 h with the perfusate containing 1% (w/v)
BSA would result in an infusion of 90, 180, or 270 �g LPS,
respectively, into the livers. Previous studies by others (20)
and us (9) have shown that infusion of comparable amounts
of LPS into IPRLs would result in substantial changes in the
liver functions including an increase in the cytokine levels in
the perfusate. In agreement with these reports (9,20), livers
perfused with BSA showed substantially higher levels of
TNF-� (Fig. 1) and to a lesser degree high levels of IL-6 (Fig.
2), compared with those perfused in the absence of BSA.

A majority of studies demonstrating an effect of inflam-
mation- or infection-induced increases in the cytokine levels
on drug metabolism have been conducted �12 h after the
intervention (21,22). Therefore, an important question for
our studies was whether the BSA-induced increases in the
levels of TNF-�, observed in our previous studies (9), could
induce substantial changes in drug metabolism during the
relatively short course of liver perfusion studies. Although

some IPRL studies may use longer perfusion times, most
studies are concluded within 3 h of perfusion. Therefore, our
drug metabolism studies were conducted after 1, 2, or 3 h of
perfusion. Whereas BSA did not have any effect in livers
perfused for 1 or 2 h, it resulted in significant decreases in
total CYP content, the activities of cytochrome c reductase,
and the activities and protein contents of CYP3A2,
CYP2C11, and CYP2E1 after 3 h of perfusion (Figs. 4–7).

The relatively short time course of the effects of LPS-
containing BSA on the CYP drug metabolism observed in our
studies is not totally without precedent. For instance, Roe et
al. (23) demonstrated that although the maximum effect of
LPS injection on CYP2E1 activity in rats was observed after
48 h, significant reductions in the activity were measurable as
early as 4 h after the LPS injection. The reduction in CYP2E1
activity followed an even earlier (1 h after LPS injection)
reduction in nuclear protein binding of hepatocyte nuclear
factor 1, a binding site responsible for up to 90% expression
of CYP2E1 gene. Additionally, in agreement with our results
(Fig. 7), the CYP2E1 activities at � 2 h after the injection of
LPS, were not significantly different from those of controls
(23).

The pattern of BSA-induced changes in CYP-mediated
drug metabolism observed in our IPRLs is qualitatively com-
parable with those observed in various in vivo and in vitro
experimental models utilizing LPS (reviewed in Ref. 5).
Sewer and Morgan (24) reported that the in vivo administra-
tion of endotoxin to rats decreased total CYP content and the
activities and protein expression of CYP3A2, CYP2C11, and
CYP2E1, findings in agreement with the data obtained in our
IPRL model (Figs. 4–7). These authors (24) proposed a bi-
phasic metabolic activity response to LPS. First, an increase in
the production of NO would result in an early (< 6 h) reduc-
tion in the catalytic activity of some enzymes such as
CYP2C11 and CYP3A2 in the absence of any changes in the
gene expression or protein content of these enzymes. This
effect was attributed to a reversible inhibition of the enzymes
by NO because at later times, when the NO levels declined,
this effect was no longer present. Second, LPS would cause a
reduction in the gene expression and protein for CYP2C11
and CYP3A2, which appear to be prominent later (∼24 h)
after the LPS injection. This latter effect was demonstrated to
be independent of NO production. Similarly, Takemura et al.
(25) showed that within 8 h after the administration of LPS to
rats, the CYP content declined significantly and remained low
at 24 h. Whereas the administration of an inhibitor of NO
synthase prevented the early (8 h) decrease in CYP content,
it did not have any effect on the CYP reduction at 24 h,
suggesting that only the early decrease in CYP content is NO
dependent. Because metabolic activities were reduced in our
experiments within a relatively short period of time (3 h) and
were associated with an increase in NO levels in the Albumin
perfusate, it is likely that NO may have played a role in our
model.

The BSA-induced early changes in the metabolic activi-
ties in IPRLs were not indiscriminately applicable to all the
CYP isoforms because no changes were observed in the ac-
tivities of CYP1A (ethoxyresorufin dealkylation), CYP2B
(benzyloxyresorufin dealkylation), or CYP2D1 (dextro-
methorphan demethylation) (Table I). Although Monshou-
wer et al. (3) reported a significant decline in the CYP1A and

Fig. 7. The activities (top) and protein levels (bottom) of CYP2E1 in
livers perfused for 1, 2, or 3 h in the absence (Control) or presence
(Albumin) of BSA in the perfusate. The activities are based on p-
nitrophenol hydroxylation. *, Significant difference (p < 0.05, un-
paired t test) between Albumin and Control livers. Columns and bars
represent the average and SD values, respectively.
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CYP2B activities at 24 h after the in vivo injection of LPS in
rats, we are not aware of any report investigating the early
effects of LPS or other models of inflammation on the activi-
ties of these enzymes. Nevertheless, a substantial decline in
the ethoxyresorufin and benzyloxyresorufin dealkylation with
perfusion time in both Albumin and Control livers (Table I)
suggest that IPRLs with long perfusion times should be used
with caution for studies of the metabolism of CYP1A and
CYP2B substrates.

The reductions in the metabolic activities of CYP iso-
forms observed in our study (Figs. 5–7) could arise from a
change in the catalytic activity of the enzymes and/or a re-
duction in the enzyme protein levels. Recently, ELISA meth-
ods have been used for the estimation of protein concentra-
tions of various CYP isoforms in microsomal preparations.
However, it has been recognized (21) that the absolute values
of these proteins should be viewed with caution because, in
most cases, the sum of the isoform protein levels exceeds the
total CYP protein content that is measured spectrophoto-
metrically. Nevertheless, these estimates are useful, at a mini-
mum, for comparative purposes when different treatments
are applied. We selected CYP2E1, CYP3A2, and CYP2C11
for further protein measurements because of the significant
reductions observed in their activities (Figs. 5–7) and also
because the methods (18) and reagents for their analysis are
available. Interestingly, the magnitude of the BSA-induced
decreases in the activities of these isoforms after 3 h of per-
fusion were very similar to the degree of decline in their
protein contents (Figs. 5–7). Similarly, lack of significant
changes in the activities of these isoforms after 1 or 2 h of
perfusion with BSA perfusate was consistent with the lack of
significant alterations in the protein levels in these groups
(Figs. 5–7). These data suggest that the BSA-induced reduc-
tions in the metabolic activities of CYP2E1, CYP3A2, and
CYP2C11 after 3 h of perfusion are secondary to reductions
in their respective protein levels.

It is generally believed that the suppressive effects of
LPS on CYP metabolism are mostly mediated by major pro-
inflammatory cytokines such as TNF-�, IL-1�, and IL-6 (5).
However, in our model, the decrease in CYP metabolism was
mainly accompanied by high levels of TNF-� achieved early
(60 min) after the start of BSA perfusion (Fig. 1). Tumor
necrosis factor-� has also been implicated by many others
(2,26) in down-regulation of CYP drug metabolism. For ex-

ample, Nadin et al. (26) have reported decreases in activities
associated with CYP2C11 and CYP3A2, after 1 and 3 days of
TNF-� treatment. The mechanism by which TNF-� down-
regulates CYP-mediated drug metabolism may be via induc-
tion of nitric oxide synthase, resulting in an increase in NO
levels (4). The latter has been directly implicated in the down-
regulation of CYP metabolism (27). Additionally, TNF-� also
stimulates the production and secretion of other cytokines
including IL-1, IL-6, and IFN-�, which have also been shown
to down-regulate the CYP metabolism (5). However, in our
studies, which are short term, only a relatively small increase
in the levels of IL-6 was observed (Fig. 2) with no detectable
levels of IL-1 or IFN-�. Because IL-6 also results in suppres-
sion of CYP2C11 and CYP2E1 (28), a role for this cytokine in
the inhibition of CYP cannot be ruled out. However, because
of their time courses (Figs. 1 and 2), the role of TNF-� may be
greater than that of IL-6 in our model.

The bile flow rates in Albumin livers were consistently
lower than those in Control livers, with the differences in-
creasing at later collection intervals (Fig. 3). This may be
because our perfusate contained taurocholic acid for induc-
tion and maintenance of bile flow rates. Because albumin is
known to bind to taurocholic acid, decreasing its hepatic up-
take (29), the lower flow rates in Albumin livers (Fig. 3) are
likely related to the lower availability of taurocholic acid in
these livers. Additionally, LPS is known to adversely affect
bile salt uptake and bile flow rate (30), perhaps contributing
to the differences between the livers perfused with LPS-
containing Albumin and Control perfusates (Fig. 3). Never-
theless, despite the dependence of bile flow rates on factors
such as the perfusate composition, this parameter is useful for
determination of viability within each group of livers sub-
jected to the same experimental condition.

In conclusion, addition of BSA to perfusates, which is a
routine practice in isolated rat liver studies, may reduce CYP-
mediated drug metabolism in this model. The mechanism of
this new observation is independent of the known BSA-
induced reduction in metabolism though an increase in the
protein-bound fraction of drugs. The BSA effect on drug me-
tabolism occurs after 3 h of perfusion and is not apparent
after 1 or 2 h of perfusion. Therefore, metabolism studies that
use IPRL models with BSA-containing perfusates and dura-
tion of � 3 h may need reevaluation. Further experiments are
currently in progress to determine unequivocally the exact

Table I. Effects of Perfusate Containing 1% BSA (Albumin) or No BSA (Control) on the Activities (Mean ± SD) of Different CYP Isoforms
Measured by Metabolism of Specific Substratesa

Perfusion
time (h) Group

Dextromethorphan
demethylation (CYP2D1)b

Ethoxyresorufin
dealkylation (CYP1A1)c,*

Benzyloxyresorufin
dealkylation (CYP2B1/2)c,**

1 h Control 87.5 ± 9.3 20.7 ± 7.4 9.05 ± 3.06
Albumin 88.5 ± 9.0 25.8 ± 10.3 9.59 ± 2.52

2 h Control 69.5 ± 18.6 13.7 ± 4.0 9.72 ± 3.59
Albumin 62.7 ± 21.1 13.3 ± 1.1 9.58 ± 2.19

3 h Control 76.0 ± 23.2 5.75 ± 0.98 5.49 ± 2.08
Albumin 63.6 ± 4.0 5.97 ± 0.94 4.13 ± 1.31

a n � 4 for all groups except the 3-h Control group (n � 5).
b dpm/min/mg protein.
c pmol/min/mg protein.
* Significant differences (P < 0.05, ANOVA) in enzyme activities between the 1- and 2-h, 1- and 3-h, and 2- and 3-h perfusion groups.
** Significant differences (P < 0.05, ANOVA) in enzyme activities between the 1- and 3-h, and between 2- and 3-h perfusion groups.
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mechanism(s) involved in the BSA-induced decreases in he-
patic drug metabolism.

ACKNOWLEDGMENT

This study was supported by a research startup grant
from the Texas Tech School of Pharmacy. The authors are
grateful to Katherine Hollenstein for technical assistance.

REFERENCES

1. E. T. Morgan. Down-regulation of multiple cytochrome P450
gene products by inflammatory mediators in vivo. Independence
from the hypothalamo-pituitary axis. Biochem. Pharmacol. 45:
415–419 (1993).

2. P. Ghezzi, B. Saccardo, P. Villa, V. Rossi, M. Bianchi, and C. A.
Dinarello. Role of interleukin-1 in the depression of liver drug
metabolism by endotoxin. Infect. Immun. 54:837–840 (1986).

3. M. Monshouwer, R. A. McLellan, E. Delaporte, R. F. Witkamp,
A. S. van Miert, and K. W. Renton. Differential effect of pen-
toxifylline on lipopolysaccharide-induced downregulation of cy-
tochrome P450. Biochem. Pharmacol. 52:1195–1200 (1996).

4. M. B. Sewer and E. T. Morgan. Nitric oxide-independent sup-
pression of P450 2C11 expression by interleukin-1beta and endo-
toxin in primary rat hepatocytes. Biochem. Pharmacol. 54:729–
737 (1997).

5. E. T. Morgan. Regulation of cytochromes P450 during inflamma-
tion and infection. Drug Metab. Rev. 29:1129–1188 (1997).

6. K. S. Pang. Liver perfusion studies in drug metabolism and drug
toxicity. In J. R. Mitchell and M. G. Horning (eds.), Drug Me-
tabolism and Drug Toxicity. Raven Press, New York, 1984, pp.
331–352.

7. A. M. Evans, Z. Hussein, and M. Rowland. Influence of albumin
on the distribution and elimination kinetics of diclofenac in the
isolated perfused rat liver: analysis by the impulse-response tech-
nique and dispersion model. J. Pharm. Sci. 82:421–428 (1993).

8. R. Mehvar. and J. Reynolds. Reversal of stereoselectivity in the
hepatic availability of verapamil in isolated perfused rat livers—
role of protein binding. Drug Metab. Dispos. 24:1088–1094
(1996).

9. R. Mehvar and X. P. Zhang. Development and application of an
isolated perfused rat liver model to study the stimulation and
inhibition of tumor necrosis factor-� production ex vivo. Pharm.
Res. 19:47–53 (2002).

10. B. G. Lake. Preparation and characterisation of microsomal frac-
tions for studies on xenobiotic metabolism. In K. Snell and B.
Mullock (eds.), Biochemical Toxicology, a Practical Approach.
IRL Press, Oxford, United Kingdom, 1987, pp. 183–215.

11. M. M. Bradford. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72:248–254 (1976).

12. T. Omura and R. Sato. The carbon monoxide-binding pigment of
the liver microsomes. Evidence for its hemoprotein nature. J.
Biol. Chem. 239:2370–2378 (1964).

13. A. H. Phillips and R. G. Langdon. Hepatic triphosphopyridine
nucleotide-cytochrome c reductase: isolation, characterisation,
and kinetic studies. J. Biol. Chem. 237:2652–2660 (1962).

14. M. P. Purdon and L. D. Lehman-McKeeman. Improved high-
performance liquid chromatographic procedure for the separa-
tion and quantification of hydroxytestosterone metabolites. J.
Pharmacol. Toxicol. Methods 37:67–73 (1997).

15. D. R. Koop. Hydroxylation of p-nitrophenol by rabbit ethanol-

inducible cytochrome P-450 isozyme 3A. Mol. Pharmacol. 29:
399–404 (1986).

16. A. D. Rodrigues. Measurement of human liver microsomal cyto-
chrome P450 2D6 using [O-Methyl-14C] Dextromethorphan as
substrate. In E. F. Johnson and M. R. Waterman (eds.), Methods
in Enzymology, Academic Press, San Diego, California, 1996, pp.
186–195.

17. M. D. Burke, S. Thompson, C. R. Elcombe, J. Halpert, T.
Haaparanta, and R. T. Mayer. Ethoxy-, pentoxy- and benzyloxy-
phenoxazones and homologues: a series of substrates to distin-
guish between different induced cytochromes P-450. Biochem.
Pharmacol. 34:3337–3345 (1985).

18. J. E. Snawder and J. C. Lipscomb. Interindividual variance of
cytochrome P450 forms in human hepatic microsomes: correla-
tion of individual forms with xenobiotic metabolism and impli-
cations in risk assessment. Regul. Toxicol. Pharmacol. 32:200–209
(2000).

19. K. Pang and M. Rowland. Hepatic clearance of drugs. I. Theo-
retical considerations of a “well-stirred” model and a “parallel
tube” model. Influence of hepatic blood flow, plasma and blood
cell binding, and the hepatocellular enzymatic activity on hepatic
drug clearance. J. Pharmacokinet. Biopharm. 5:625–653 (1977).

20. T.-A. Tran-Thi, L. Weinhold, C. Weinstock, R. Hoffmann, A.
Schulze-Specking, H. Northoff, and K. Decker. Production of
tumor necrosis factor-�, interleukin-1 and interleukin-6 in the
perfused rat liver. Eur. Cytokine Netw. 4:363–370 (1993).

21. G. W. Warren, S. M. Poloyac, D. S. Gary, M. P. Mattson, and R.
A. Blouin. Hepatic cytochrome P-450 expression in tumor necro-
sis factor-alpha receptor (p55/p75) knockout mice after endotox-
in administration. J. Pharmacol. Exp. Ther. 288:945–950 (1999).

22. J. Liu, L. E. Sendelbach, A. Parkinson, and C. D. Klaassen. En-
dotoxin pretreatment protects against the hepatotoxicity of acet-
aminophen and carbon tetrachloride: role of cytochrome P450
suppression. Toxicology 147:167–176 (2000).

23. A. L. Roe, S. M. Poloyac, G. Howard, S. I. Shedlofsky, and R. A.
Blouin. The effect of endotoxin on hepatocyte nuclear factor 1
nuclear protein binding: potential implications on CYP2E1 ex-
pression in the rat. J. Pharm. Pharmacol. 53:1365–1371 (2001).

24. M. B. Sewer and E. T. Morgan. Down-regulation of the expres-
sion of three major rat liver cytochrome P450s by endotoxin in
vivo occurs independently of nitric oxide production. J. Pharma-
col. Exp. Ther. 287:352–358 (1998).

25. S. Takemura, Y. Minamiyama, S. Imaoka, Y. Funae, K. Hiroha-
shi, M. Inoue, and H. Kinoshita. Hepatic cytochrome P450 is
directly inactivated by nitric oxide, not by inflammatory cyto-
kines, in the early phase of endotoxemia. J. Hepatol. 30:1035–
1044 (1999).

26. L. Nadin, A. M. Butler, G. C. Farrell, and M. Murray. Pretrans-
lational down-regulation of cytochromes P450 2C11 and 3A2 in
male rat liver by tumor necrosis factor alpha. Gastroenterology
109:198–205 (1995).

27. T. J. Carlson and R. E. Billings. Role of nitric oxide in the cyto-
kine-mediated regulation of cytochrome P-450. Mol. Pharmacol.
49:796–801 (1996).

28. E. T. Morgan, K. B. Thomas, R. Swanson, T. Vales, J. Hwang,
and K. Wright. Selective suppression of cytochrome P-450 gene
expression by interleukins 1 and 6 in rat liver. Biochim. Biophys.
Acta 1219:475–483 (1994).

29. R. Aldini, A. Roda, A. M. Morselli-Labate, P. Simoni, E. Roda,
and L. Barbara. Effect of albumin on taurocholate uptake kinet-
ics in rat liver. Clin. Sci. (Lon.) 72:11–17 (1987).

30. R. H. Moseley, W. Wang, H. Takeda, K. Lown, L. Shick, M.
Ananthanarayanan, and F. J. Suchy. Effect of endotoxin on bile
acid transport in rat liver: a potential model for sepsis-associated
cholestasis. Am. J. Physiol. 271:G137–G146 (1996).

Vuppugalla et al.88


