
Received: 5 June 2002
Accepted: 13 March 2003
Published online: 16 April 2003
© Springer-Verlag 2003

This study was supported in part 
by NIHRO1GM41734-04A1 and
3M01RR00056GCRC

S. S. Kaplan
Department of Pathology,
University of Pittsburgh School of Medicine,
Pittsburgh, PA, 15213, USA

H. Sasser
Department of Epidemiology, 
Graduate School of Public Health,
University of Pittsburgh,
Pittsburgh, PA, 15213, USA

antipyrine elimination rate, elimina-
tion half-life, and apparent oral
clearance were measured and calcu-
lated. Plasma interleukin-6 and 
nitrite plus nitrate levels were mea-
sured and organs failing scored on
days 1–3 of sepsis. Results: Children
with sepsis had a twofold reduction
in antipyrine clearance. Children
with persistent failure of three or
more organs had a fourfold reduction
in antipyrine clearance. Antipyrine
clearance was inversely correlated to
circulating interleukin-6 and nitrite
plus nitrate levels and to number of
organ failures. Conclusions: Inter-
pretation CYP 450 mediated drug
metabolism is decreased in children
with sepsis, related in part to the de-
gree of inflammation and organ fail-
ure. For drugs metabolized by CYP
450 enzymes there is an urgent need
to reevaluate the use of standard
drug dosage schedules in the sepsis
population
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Cytochrome P450 mediated-drug metabolism
is reduced in children with sepsis-induced
multiple organ failure

Introduction

In 1978 Chang et al. [1]. reported a prolonged theophyl-
line elimination rate in patients infected with viral respi-
ratory illness, and in 1982 Kraemer et al. [2] reported 11
cases of theophylline toxicity in children with influenza
who had no prior history of difficulty with standard dos-
ing. Injection of experimental animal models with a
number of bacterial, viral, and other inflammatory agents

has been shown to decrease total cytochrome P450
(CYP) levels and drug metabolizing activity [3, 4]. In-
flammation elicits many biological effects by activation
of cytokine and nitric oxide production. Abdel-Razzak et
al. [5]. reported that interleukin (IL) 1, IL-6, and tumor
necrosis factor α are potent depressors of cytochrome
P450 mRNA expression and activity in human primary
hepatocyte culture. Shedlofsky et al. [6]. reported that
adult human volunteers given endotoxin showed a de-

J. A. Carcillo (✉)
Division of Critical Care Medicine,
Children’s Hospital of Pittsburgh,
3705 5th Ave, Pittsburgh, PA, 15123, USA
e-mail: carcilloja@ccm.upmc.edu
Tel.: +1-412-6926737
Fax: +1-412-6926076

J. A. Carcillo · L. Doughty · D. Kofos
Department of Anesthesiology 
and Critical Care Medicine and Pediatrics, 
School of Medicine,
University of Pittsburgh,
Pittsburgh, PA, 15213, USA

J. A. Carcillo · R. F. Frye · G. J. Burckart
Center for Clinical Pharmacology, 
School of Medicine,
University of Pittsburgh,
Pittsburgh, PA, 15213, USA

R. F. Frye · G. J. Burckart
School of Pharmacy,
University of Pittsburgh,
Pittsburgh, PA, 15213, USA

Abstract Objective: Antipyrine me-
tabolism is a “gold standard” measure
of mixed cytochrome P450 (CYP)
mediated drug metabolism in hu-
mans. Cytokines (e.g., interleukin-6)
and nitric oxide reduce CYP 450 
activity in vitro and in vivo. Because
interleukin-6 and nitric oxide pro-
duction increases in children with
sepsis-induced multiple organ fail-
ure, we hypothesized impaired CYP
450 mediated drug metabolism in
this population. Methods: Fifty-one
consecutive children with sepsis 
and six critically ill children without
sepsis were enrolled and given
18 mg/kg antipyrine per NG. Plasma



oliguria, delayed capillary refill (>2 s), and bounding pulses. 
Patients were excluded if they received any exogenous NO source
including inhaled NO, nitroprusside, and/or nitroglycerin during
the 3-day study period.

Fifty-one patients were identified and enrolled within 24 h of
the diagnosis of sepsis. Their ages ranged from 1 day to 18 years
(median 3 years). Culture results were positive for sepsis in 38
children (14 Gram-positive bacteria, 18 Gram-negative bacteria, 9
viral, 3 fungal infections) and negative in 13. In 19 there was no
prior medical diagnoses, 6 were newborns, 9 were transplant 
patients (5 bone marrow transplants, 3 lung transplant, and 1
heart/liver transplant without liver failure), and 17 patients had a
variety of medical diagnoses (9 oncology, 3 central nervous
system injury, 3 congestive heart failure, 2 bronchopulmonary
dysplasia). The overall mortality rate was 14% (7/51).

Each patient was assigned a daily organ failure index (OFI)
score for the first 3 days. Patients were assigned 1 point for each
organ failure defined as follows:

–Cardiovascular: mean arterial pressure <5th percentile for age or
requirement for vasopressor/inotrope after volume resuscitation

–Pulmonary: partial pressure arterial oxygen: fraction of inspired
oxygen ratio <300 and ventilator requirement

–Renal: oliguria <1 cc/kg per hour for 8 h if <30 kg or <0.5 cc/kg
per hour for 8 h if >30 kg or serum creatinine >1

–Hematological: prothrombin time, partial thromboplastin time
>1.5 times normal and platelet count <100,000

–Hepatic: alanine aminotransferase, aspartate aminotransferase
>100 and total bilirubin >1.0 (bilirubin not scored in neonates)

–Central nervous system: Glasgow coma scale <12 (in absence of
sedation)

Components of the OFI were modified from the multiple organ
system failure scoring system for children described by Wilkinson
et al. [12] and Proulx et al. [13]. Patients who developed an OFI of
3 or higher that continued to day 3 were considered to have persis-
tent MOF (PMOF). Patients who developed an OFI 3 or higher
which resolved to a value lower than 3 by day 3 were considered
to have resolved MOF (RMOF). Patients who always had an OFI
lower than 3 were considered not to have MOF (NMOF). Concur-
rent use of CYP450 inhibitors (e.g., ketoconazole, fluconazole, ci-
metidine, macrolides) and inducers (e.g., rifampin, phenobarbital,
carbamazepine, diphenylhydantoin, steroids) was recorded. Six
critically ill children without liver disease who were stable after
organ transplantation, were the control population.

Patients were given 18 mg/kg antipyrine per NG. Blood sam-
ples (1 ml) were obtained at 0, 6, 12, 24, and 48 h. The samples
were collected in sodium citrate containing tubes, centrifuged im-
mediately, and the plasma was frozen at −70° C and stored for
batch analysis. Antipyrine plasma concentrations were determined
using HPLC as previously described [14]. The elimination rate
constant (k), elimination half-life (t1/2=0.693/k), and apparent oral
clearance (CL/F=ke×Vd) of antipyrine were calculated using stan-
dard methods. Antipyrine volume of distribution was estimated
from previous reports and clearance was adjusted to body weight
in kilograms [15]. To quantitate the nitrite plus nitrate levels the
plasma samples were deproteinized using zinc sulfate at 56° C.
The specimens were then either used for direct measurement of
plasma nitrite levels or the plasma nitrate was first reduced to ni-
trite with subsequent nitrite quantitation using the Greiss reaction
in a microtiter plate assay as previously described. [16]. IL-6 
levels were measured in plasma samples using an enzyme-linked
immunosorbent assay kit (R & D Systems, Minneapolis, Minn.,
USA).

Nonparametric (i.e., ranked) analysis of variance was used to
compare differences among groups. Prediction of the development
of PMOF or mortality by antipyrine metabolism was determined
using a log-linear model followed by either the χ2 Fisher’s exact
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crease in metabolism of CYP enzyme probe drugs,
which included antipyrine (CYP 1A2, 2B6, 2C8, 2C9,
2C18, and 3A4), hexobarbital (CYP 2C19), and theoph-
ylline (CYP 1A2, 2E1) [7, 8]. The degree of inhibition of
drug metabolism was correlated to the peak circulating
plasma level of IL-6 in these endotoxin-treated volun-
teers. These data showed that in humans the inflammato-
ry response to even a very low dose of lipopolysaccha-
ride significantly decreases hepatic cytochrome P450-
mediated drug metabolism. These authors suggested that
higher degrees of inflammation could be associated with
more profound inhibition of drug metabolism.

Drugs metabolized by the liver are presently being
administered to children without regard to levels of in-
flammation. Although some drugs that are metabolized
by the CYP system can be monitored with measurements
from the clinical laboratory, technical difficulties dictate
that the majority of drugs do not have a definitive moni-
toring tool. Many drugs can directly cause organ toxicity
that can be prevented by careful monitoring and adjust-
ment of dosage intervals and concentrations. It is not
known whether failure to adjust drug dosage during
states of inflammation results in deleterious effects on
organ function from unrecognized toxic levels of medi-
cations. The need to address this question is underlined
by the observation that a leading cause of mortality in
children with inflammation is multiple organ failure
(MOF).

We previously reported that children with sepsis-in-
duced inflammation who have circulating plasma levels
of IL-6 show more severe and persistent organ failure
than children who do not have circulating levels of IL-6
[9]. We also reported that children with higher serum 
nitrate plus nitrite levels, an indirect measure of nitric
oxide production, develop MOF [10]. These observa-
tions established a link between the degree of inflamma-
tion and the severity of multiple organ dysfunction in
children. Since cytokines and NO reduce CYP-mediated
metabolism, it is likely that these children with sepsis-in-
duced MOF would show diminished drug metabolizing
capacity. We hypothesized that mixed CYP450 mediated
drug metabolism, reflected by antipyrine elimination,
would be reduced in children with increased inflamma-
tion, as measured by increased IL-6 and NO production,
and by the development of sepsis-induced MOF.

Methods

This study was approved by the Children’s Hospital of Pittsburgh
Institutional Review Board. Consecutive children admitted to the
intensive care unit with a diagnosis of sepsis were enrolled in the
study after written informed consent was obtained. Inclusion crite-
ria were based on those reported by Bone [11]. These criteria in-
clude clinical suspicion of sepsis, hyper- or hypothermia (rectal
temperature >38.5° or <35° C), tachycardia, and at least one of the
following indications of altered organ perfusion and function: 
altered mental status, hypoxemia, elevated serum lactate level,
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test. Associations between OFI and antipyrine metabolism were
examined using ranked regression analysis. Independent associa-
tions between cardiovascular, pulmonary, hepatic, renal, hemato-
logical, or central nervous system failure and antipyrine metabo-
lism were evaluated using univariate analysis. Significant associa-
tions were analyzed controlling for age, hepatic failure, transplant
status, and organism using multivariate analyses. Differences were
considered significant if the p value was less than 0.05. Statistical
analyses were performed using SAS software (SAS Institute, Cary,
N.C., USA, 1994).

Results

Antipyrine metabolism was lower in children with sepsis
(n=51) than in those without (n=6, p<0.05; Table 1) and
was lower in PMOF children (n=17) than in NMOF
(n=20, p<0.05) and RMOF children (n=14, p<0.05; Ta-
ble 2). Nonsurvivors (n=7) had a statistically nonsignifi-
cant reduction in antipyrine metabolism; however, this
finding needs to be interpreted with caution because the
power of the observation was less than 0.80 (Table 3).
Univariate analysis revealed an association between re-

duced antipyrine metabolism and liver, respiratory, and
hematological failure (p<0.05). Multivariate logistic re-
gression modeling controlling for age, liver failure,
transplantation status, and microbiological cause (fungal,
viral, Gram-positive bacteria, and Gram-negative bacte-
ria) showed that reduced antipyrine metabolism contin-
ued to predict the development of respiratory and 
hematological failure (p<0.05). For each 1-h increase in
antipyrine half-life there was a 1.04 increase in the odds
ratio for development of respiratory and hematological
failure. Antipyrine elimination half-life increased with
increasing IL-6 levels (day 1 rs=0.38, day 3 rs=0.52), ni-
trite plus nitrate levels (day 3 rs=0.52), and OFI (day 1
rs=0.31 and day 3 rs=0.46, p<0.05).

Discussion

Cytochrome P450 mediated drug metabolizing enzyme
activity was markedly decreased in children with sepsis,
particularly in those with MOF. This reduction in activi-

Table 1 Antipyrine metabo-
lism in sepsis and control pa-
tients

t1/2 (h) CL/F (ml min−1 kg−1)

Control (n=6) Sepsisa (n=51) Control (n=6) Sepsisa (n=51)

Mean 10.4 30.9 0.74 0.38
S.D. 3.6 27.4 0.31 0.28
Median 10.6 20.6 0.68 0.33
Minimum 5.3 4.3 0.48 0.06
Maximum 14.3 112 1.27 1.56

a Sepsis patients had reduced
antipyrine metabolism com-
pared to control patients
(p<0.05) Analysis of variance
for ranks

Table 2 Comparison of antipyrine metabolism in sepsis patients with persistent (PMOF), resolved (RMOF) and no multiple organ fail-
ure (NMOF)

t1/2 (h) CL/F (ml min−1 kg−1)

NMOF (n=20) RMOF (n=14) PMOFa (n=17) NMOF (n=20) RMOF (n=14) PMOF* (n=17)

Mean 17.9 26.7 49.7 0.51 0.40 0.22
S.D. 9.7 20.9 35.8 0.33 0.24 0.15
Median 15.2 18.1 35.6 0.45 0.37 0.18
Minimum 4.3 7.7 12.5 0.16 0.09 0.06
Maximum 40.0 77.6 112 1.56 0.87 0.53

a PMOF children had lower antipyrine metabolism than RMOF and NMOF children, defined as an organ failure index >2 for 3 days
(p<0.05 for difference among groups analysis of variance for ranks)

Table 3 Antipyrine metabo-
lism in survivors and nonsurvi-
vors of sepsis; there was no sta-
tistically significant difference
(p>0.10, power <0.80) in anti-
pyrine metabolism between
survivors and nonsurvivors)

t1/2 (h) CL/F (ml min−1 kg−1)

Survivors (n=44) Nonsurvivors (n=7) Survivors (n=44) Nonsurvivors (n=7)

Mean 26.98 55.4 0.39 0.33
S.D. 21.0 47.7 0.27 0.35
Median 19.6 31.2 0.34 0.21
Minimum 4.3 6.6 0.06 0.06
Maximum 107 112 1.56 1.02
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ty was related in part to inflammation. Parameters re-
flecting antipyrine elimination and thus CYP-mediated
metabolism were evaluated. There was a twofold de-
crease in mixed CYP450 metabolizing activity in chil-
dren with sepsis. There was a fourfold reduction in
mixed CYP450 metabolizing activity in children with
persistent MOF, and four children had nearly a tenfold
reduction in mixed cytochrome P450 drug metabolizing
activity. All four of these children had persistent MOF,
and three of the four died. These observations are con-
cerning because the children with MOF received multi-
ple cytochrome P450 metabolized medications that were
dosed according to a presumed normal CYP activity.
These observations suggest the possibility that children
with sepsis and organ failure can be subjected to toxic
dosing of CYP metabolized medications when standard
dose schedules are used.

Antipyrine has been used as a probe of mixed CYP-
mediated metabolism in over 67 studies of drug metabo-
lism in children and close to 1,000 studies in humans of
all ages. Its advantages as a probe drug to assess CYP
activity include complete bioavailability, blood flow in-
dependent metabolism, and metabolism by multiple
mixed function oxidases including CYP 1A2, 2B6, 2C9,
2C18, and 3A4 [6, 17, 18]. These CYP isozymes are re-
sponsible in part for metabolism of as many as 70% of
hepatic metabolized drugs.

While antipyrine has been extensively used as a probe
of CYP metabolism, there are limitations to its use, in-
cluding a lack of metabolism by other important CYP
enzymes including CYP2D6 and CYP2C19. More im-
portantly, since antipyrine is metabolized by multiple
CYP isozymes, clinicians cannot directly extrapolate
metabolism of antipyrine to metabolism of a therapeutic
agent that is metabolized by specific CYP450 isozymes.
For example, one cannot be assured that a twofold reduc-
tion in antipyrine metabolism is reflective of a twofold
reduction in metabolism of other CYP3A4 substrates
(the predominant hepatic isozyme responsible for up to
50% of CYP metabolized drugs). Thus further work us-
ing isozyme specific probe drugs is needed in order to
determine which CYP isozymes are reduced during in-
flammation, sepsis, and MOF in children.

While the mechanisms by which inflammation reduc-
es CYP activity are not fully understood, it is clear that
cytokines and nitric oxide reduce CYP activity [3, 4, 5].
Muller et al. [19] demonstrated that rats given endotoxin
have a reduction in CYP activity, and that pretreatment
with L-nitroarginine, an inhibitor of NO synthesis, re-
duced the production of nitrite plus nitrates and pre-
served CYP activity. This suggests that NO or its down-
stream product, the reactive peroxynitrite radical
(ONOO), is responsible for reducing CYP activity. Since
cytochrome P450 enzymes have a heme moiety, it has
been hypothesized that ONOO, produced from the com-
bination of NO and superoxide, could bind to the heme

moiety rendering the enzyme inactive. A second ONOO
mediated mechanism, protein nitration, has also been re-
ported [20]. These investigators subjected rat microso-
mes to ONOO and found nitration of a tyrosine residue
on CYP2B6. Use of antibody to this residue also reduced
metabolism, suggesting that nitration of tyrosine rather
than interaction with the heme moiety is the mechanism
by which inflammation reduces CYP activity. We found
that increased IL-6 and NO production are associated
with reduced CYP activity in children with sepsis. This
finding supports the cytokine/NO/ONOO mechanistic
hypothesis for reduced CYP metabolism during inflam-
mation.

Liver failure results in a reduction in CYP activity be-
cause the liver is the predominant source of CYP450 en-
zyme. Antipyrine metabolism has been successfully used
as a measure of liver function and is correlated with clin-
ical scores of liver dysfunction including the Child-Pugh
score in adults [21]. We performed our analyses control-
ling for the presence of liver failure and still found that
decreased CYP activity is associated with the develop-
ment of respiratory and hematological failure. Adults
with liver cirrhosis have been reported to have an antipy-
rine elimination half-life of 37 h [21], well below values
observed in some children with MOF without liver fail-
ure in our study. Pape et al. [22] were the first to report
that reduced CYP metabolism is associated with the 
development of multiple organ failure in adults with-
out overt liver disease. They showed that reduced 
metabolism of lidocaine to monoethylglycine-xylidide
(CYP3A4 activity) is predictive of trauma-induced MOF.
Even though CYP enzymes are predominant in the liver,
extrahepatic CYP activity is also abundant in human
lung, intestine, kidney, brain, and epithelial tissues.
These enzymes are responsible for metabolism of exoge-
nous compounds (xenobiotics) and endogenous com-
pounds including steroids and arachidonic acid. A reduc-
tion in extrahepatic CYP enzyme activity could have ef-
fects in multiple organs.

CYP activity can be induced or inhibited by environ-
mental, age specific, and genetic factors. Medications
can be inhibitors or inducers of CYP isozyme-specific
activity. Although we saw no differences in the use of
CYP inducers or CYP inhibitors among our patient
groups, the number of patients was too small to attain
enough power to be certain that these environmental fac-
tors played no role in our observations. Age can also af-
fect CYP activity. Children are generally thought to
reach full adult CYP activity at 6 months of age. We
found that sepsis, inflammation, and organ failure con-
tinue to be associated with reduced CYP activity after
controlling for age-specific influences. Genetic factors
also influence isozyme-specific CYP activity with genet-
ic polymorphisms associated with poor metabolism of
CYP2D6, 2C19, and 2C9 substrates. We did not test for
these genetic influences.
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Another consideration of our study was the use of
oral rather than intravenous antipyrine for measurement
of antipyrine drug metabolism. Antipyrine is completely
(100%) bioavailable in healthy volunteers, but it is still
possible that an altered rate of absorption could have af-
fected our results. To control in part for this potential
confounding factor we measured antipyrine metabolism
over a 48-h period. We observed drug concentration
curves consistent with appropriate absorption of the drug
and therefore submit that the data accurately reflects
CYP-mediated antipyrine metabolism. The administra-
tion of the drug per NG also means that small intestine
CYP activity may have contributed to our results.
CYP3A4 in particular is predominant in the small intes-
tine as well as the liver.

Conclusion

In vitro and in vivo studies have documented that in-
flammation reduces CYP activity and is associated with
the development of organ failure. While present clinical
practice adjusts doses of renal eliminated drugs accord-
ing to creatinine clearance (renal function), CYP metab-
olized drugs are dosed according to standard schedules
without any routine consideration of patient metabolic
CYP activity. Our study demonstrates that mixed CYP
activity can be reduced two- to tenfold in children with
inflammation and organ failure even in the absence of
overt liver disease. Therefore there is an urgent need to
develop rational drug dosing strategies for critically ill
children with reduced drug metabolizing abilities.
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