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Abstract
Background and Objective Cytochromes P450 (CYP) are the major enzymes involved in hepatic metabolism of drugs. 
Personalization of treatment in pediatrics is a major challenge, as it must not only take into account genetic, environmental, 
and physiological factors but also ontogeny. Published data in adults show that inflammation had an isoform-specific impact 
on CYP activities and we aimed to evaluate this impact in the pediatric population.
Methods Articles listed in PubMed through 7 January, 2021 that studied the impact of inflammation on CYP activities in 
pediatrics were included in this systematic review. Sources of inflammation, victim drugs (CYP involved), effect of drug–
disease interactions, number and age of subjects, and study design were extracted.
Results Twenty-seven studies and case reports were included. The impact of inflammation on CYP activities appeared to be 
age dependent and isoform-specific, with some drug–disease interactions having significant pharmacokinetic and clinical 
impact. For example, midazolam clearance decreases by 70%, while immunosuppressant and theophylline concentrations 
increase three-fold and two-fold with intensive care unit admission and infection. Cytochrome P450 activity appears to return 
to baseline level when the disease is resolved.
Conclusions Studies that have assessed the impact of inflammation on CYP activity are lacking in pediatrics, yet it is a major 
factor to consider to improve drug efficacy or safety. The scarce current data show that the impact of inflammation is isoform 
and age dependent. An effort must be made to improve the understanding of the impact of inflammation on CYP activities 
in children to better individualize treatment.
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1 Introduction

Inflammation is a universal protective reaction to endog-
enous or exogenous aggression that involves all tissues and 
both innate and adaptive immunity. It is known to induce 
changes in the concentrations of many plasma proteins and 

in several behavioral, physiological, and biochemical mecha-
nisms [1]. Inflammation is complex and well orchestrated, as 
certain triggered mechanisms initiate, amplify, or sustain the 
process with many cell types and molecules [1]. Cytokines, 
and in particular interleukin-6, are the main stimulators of 
these acute changes [1]. Published data in adults indicate that 
inflammation has an impact on cytochromes P450 (CYP) 
activity, the major enzymes involved in drug metabolism, in 
an isoform-specific manner, and as a result of pre-transcrip-
tional and post-transcriptional mechanisms that are cytokine 
specific [2–7]. Indeed, CYP activity is influenced by the 
interaction of genetic, environmental, and physiological fac-
tors through a wide variety of ligand-activated transcription 
factors and mediators regulating hepatic CYP content [6, 8]. 
Understanding the impact of inflammation on CYP activity 
is important to understand in order to personalize drug use, 
as many diseases such as infection, cancer, diabetes mellitus, 
autoimmune disease, surgery, or trauma are associated with 
inflammation [1, 9, 10].

http://orcid.org/0000-0001-6506-8629
http://orcid.org/0000-0002-8549-7997
http://orcid.org/0000-0003-2702-1795
http://orcid.org/0000-0002-8073-6610
http://orcid.org/0000-0001-8178-0616
http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-021-01064-4&domain=pdf


1538 C. Lenoir et al.

Key Points 

The impact of inflammation on cytochrome P450 activi-
ties appears to be age dependent in the study population.

The impact of inflammation on cytochrome P450 activi-
ties appears to be isoform-specific.

Data that have evaluated the impact of inflammation on 
cytochrome P450 activities in pediatrics are lacking, as 
they frequently are in this particular population.

are increasingly used in order to obtain pediatric data includ-
ing both growth and maturation processes (intrinsic charac-
teristics) and drug-specific parameters (extrinsic parameters) 
[16, 21]. They allow for safe and effective pediatric study 
designs and successful prediction of PK in the pediatric 
population [21]. Knowledge of the impact of disease and 
inflammation on CYP activity and drug PK appears to be 
an additional important element to consider. The aim of this 
systemic review was thus to evaluate the impact of inflam-
mation on CYP activity in the pediatric population.

2  Methods

The Preferred Reporting Items for Systematic Review and 
Meta-Analyses (PRISMA) statement requirements and the 
PICOS framework were used to manage and to develop 
the current literature search, respectively [22]. The PICOS 
framework we used was as follows: participants: children 
with source of inflammation; intervention: victim drugs and 
CYP concerned; comparison: healthy children or before the 
onset of inflammation or receiving treatment for inflamma-
tion; outcomes: effect of the interaction between inflamma-
tion and CYP activity; design of the studies: clinical trials 
and case reports/series.

2.1  Database and Search Strategy

PubMed via MEDLINE, the database of biomedical publica-
tions, was used to carry out the literature search for studies 
and case reports/series until 7 January, 2021. We also com-
pleted our literature search with a manual search of refer-
ences for potentially relevant articles. We used the keywords 
“Inflammation”, “cytochrome P450”, “cytochromes P450”, 
and “CYP450”.

2.2  Study Selection

The following eligibility criteria were applied to select 
only pertinent publications from the literature search. Ran-
domized controlled trials, non-randomized studies, and 
observational studies were the types of studies selected in 
our literature search, as well as case reports and series. Stud-
ies had to be published in English as full-text articles or 
congress abstracts, from database inception until 7 January, 
2021. Studies participants had to be under 18 years of age, 
including healthy subjects and patients who suffered from 
inflammatory conditions caused by a disease, treatment, or 
a medical or surgical procedure. The outcomes of interest 
were the effect of potential (suggested or provided) inflam-
mation on the metabolic ratios of CYP isoforms and the 
pharmacokinetic/pharmacodynamic and safety profiles of 
CYP substrates.

Children are not exempt from inflammation and inflam-
matory diseases, but data are scarce on the impact of inflam-
mation on CYP activities and drug metabolism in the pedi-
atric population [11]. It is well known that pediatric clinical 
trials are often lacking and less than half of labelled drugs 
have pediatric data [12]. Moral, ethical, and legal issues 
prevent rigorous scientific investigations in the pediatric 
population, and infant dosing regimens are often extrapo-
lated based on data available only in the adult population 
[13]. However, children differ from adults in terms of height 
and weight but also in physiological perspectives because 
of an ontogeny [12]. The maturation and development of 
organs and enzyme systems influence the pharmacokinetics 
(PK) and pharmacodynamics of drugs, which may lead to 
potential variation in the efficacy and safety of drugs [13]. 
Ontogeny processes are complex and non-linear, making the 
pediatric population very heterogeneous and as such, the 
developmental course of all processes contributing to drug 
disposition cannot be described by a single uniform pattern 
[14, 15]. However, differences in drug-metabolizing enzyme 
activity appear to be the main determinants of the overall 
pharmacokinetic differences observed between adults and 
children [16]. Cytochrome P450s are mostly present at birth 
but are immature [15]. The development of enzyme activity 
over time is isoform-specific and is rapidly improving in 
the first weeks/years of life [12, 15]. Although data are still 
sporadic and sometimes contradictory, it is generally recog-
nized that CYP1A2 has the slowest developmental pattern 
[17–19]. CYP2C19 and CYP3A4 likely have an intermediate 
pattern, with an adult’s activity reached at the end of infancy 
[17–19]. In contrast, CYP2B6, CYP2C9, and CYP2D6 
activity increases rapidly during the first months of life and 
early infancy [17–19]. As with adults, the use of effective 
and safe therapy in children requires a good understanding 
of the inter-individual and intra-individual variability due to 
their growth and maturation, and ontogeny should be taken 
into account when selecting a drug dosage in children [15, 
17, 20]. Many efforts have been made in recent decades to 
predict age-related alterations in the PK of drugs in children 
[14]. Modeling approaches, such as physiology-based PK, 
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The screening of publications was done in several steps. 
First, the titles of the articles were read to make an initial 
selection. Then, the abstract and full text were read suc-
cessively to filter out potentially relevant articles according 
to the predefined eligibility criteria. The remaining articles 
were categorized into literature reviews, in vitro, animals, 
in silico, and human studies. Studies concerning adults were 
then removed, retaining only those publications that con-
cerned pediatrics (defined as under 18 years of age). Finally, 
they were classified as studies or case reports/series. A simi-
lar process was applied to the additional articles found by a 
manual search. The study selection method was summarized 
in a flowchart created according to the PRISMA statement 
requirements (Fig. 1) [22].

2.3  Data Extraction and Management

The reference management software Zotero (Version 5.0.85, 
© 2006-2018 Contributors) was used to collect and export 
highlighted articles and then, to remove duplicates. Data 
from the included articles were extracted and synthetized, 
and the extracted data were classified according to age 
group, namely pediatrics (under 18 years) and adults (over 
18 years). The authors extracted the data according to the 
PICOS framework previously discussed. As a reminder, 
these included study design, sample size, source of inflam-
mation and comparators, victim drugs and CYP involved 
in their mechanism, and outcomes of interests (effect of 
drug–disease interactions). A check of the metabolite path-
way of the victim drug was performed to confirm whether 
it was a CYP substrate and which CYP was involved. The 
Summary of Product Characteristics, the Lexi-Interact drug 
interaction checker, and the Geneva table of CYP substrates, 
inhibitors, and inducers were used to perform this verifica-
tion process [23, 24].

3  Results

3.1  Identification and Selection of the Studies

The first step of the PubMed research led to a total of 2283 
articles, and of these articles, 523 remained after screening 
by title and abstract. By cross-referencing and handsearching 
the reference list of relevant articles, 366 additional articles 
were added, resulting in 889 articles. Next, 128 records were 
not available in full text and 224 were not translated into 
English or considered irrelevant, leading to the deletion of 
352 records. The remaining 537 articles were categorized 
into review articles (n = 55), in vitro (n = 77), or in-silico 
(n = 8) studies and studies conducted in animals (n = 152) 
or humans (n = 245). Only publications involving humans 
were included in the current systematic review and were 

classified as including adults (n = 218) or children (n = 27). 
Articles and case reports concerning the adult population 
are the subject of another systematic review. Finally, 27 arti-
cles conducted in pediatrics were included and classified as 
studies (n = 19) and case reports/series (n = 8) for analysis. 
These results are summarized in Fig. 1.

3.2  Synthetized Findings

Table 1 summarizes the cases of drug–disease interactions 
presented in the 27 eligible publications. The drug–disease 
interactions found in the selected publications were organ-
ized by victim drug and CYP involved in their metabo-
lism. The most cited inflammation perpetrator was infec-
tion and the two most studied CYPs were CYP1A2 and 
CYP3A because many were receiving theophylline or 
immunosuppressants.

4  Discussion

Understanding the PK and the pharmacodynamics of drugs 
is the key element to accurately determining the safest and 
most effective dose of a prescribed drug in pediatrics [17]. 
In children, in addition to environmental, genetic, and indi-
vidual factors, such as comorbidities and medications, the 
influence of ontogeny must be considered and complicates 
prediction of the response to a treatment [17, 20]. However, 
because of the lack of specific studies, pediatric data are 
almost exclusively extrapolated from adult studies [15].

One of the covariates known to contribute to dynamic 
changes in CYP activity in adults is inflammation [2–6]. 
Little is known about the effect of inflammation on CYP 
activity in pediatrics and, to our knowledge, there is only one 
review on the subject [11]. Very few studies have been pub-
lished in almost 10 years. The consequences of inflammation 
on CYP activities appear to be different between adults and 
children and confirms the impossibility of simply extrapolat-
ing the adult data, as shown in the different studies included 
in this review.

4.1  CYP3A4

CYP3A4 was the most studied CYP in children, in particu-
lar, the impact of inflammation on tacrolimus and cyclo-
sporin A (CyA) pharmacokinetic parameters was assessed. 
Tacrolimus and CyA blood concentrations increased after 
a diarrheal episode due to a bacterial or viral infection 
[38–41]. Despite a probable effect of diarrhea on absorp-
tion, the authors concluded that intestinal inflamma-
tion suppressed the activity of CYP3A [38]. Similarly, in 
adults, several studies and case reports have focused on 
the impact of hepatitis C infection on tacrolimus and CyA 
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Fig. 1  Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) flowchart of the studies selection process
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pharmacokinetic parameters. Indeed, the plasma concentra-
tions of tacrolimus and CyA were higher, and doses lower, in 
patients with hepatitis C infection as compared with patients 
without hepatitis C infection [53–55]. Inversely, treatment of 
hepatitis C resulted in decreased tacrolimus and CyA con-
centrations and/or increased required doses [56–60]. Thus, 
the treatment of the infection allowed a return to baseline 
CYP3A activity, probably because the subsequent inflam-
mation disappeared.

Basiliximab is another example where inflammation 
downregulated CYP3A activity similarly in children and 
adults. Indeed, concentrations of tacrolimus and CyA 
increased during the first days of basiliximab treatment both 
in adults and children [43, 61]. Moreover, concentrations 
decreased spontaneously after 30 days of basiliximab treat-
ment, despite any dose modification [43, 61]. The authors 
suggested that the impact of basiliximab on drug metabolism 
was due to interleukin-2 [61]. The similar effects observed in 
adults and children could be explained by the intermediate 
developmental pattern of CYP3A4, as adult CYP3A activity 
is reached at the end of infancy and children were aged older 
than 2 years [17–19].

Regarding critically ill patients, CYP3A4 has been shown 
to be downregulated in adults and the decrease of CYP34 
activity was correlated with the severity of organ failure [62, 
63]. The same results were observed in pediatric intensive 
care unit patients. Metabolism of midazolam decreased with 
the severity of intensive care unit-induced inflammation as a 
consequence of CYP3A4 downregulation [33–36]. However, 
it is possible that mechanisms other than CYP regulation 
could also be responsible for the drug’s pharmacokinetic 
alterations during inflammatory states, such as changes in 
plasma protein binding and renal excretion [64]. A study 
indeed showed that proinflammatory cytokines trigger 
an acute-phase response that could increase the unbound 
fraction of drugs [65]. In diabetic adults, the lack of dif-
ferences in CyA daily doses, but the lower production of 
its metabolites, could be the consequences of variations in 
protein binding [66]. No other studies assessing CYPs other 
than CYP3A could be found in the literature. Those studies 
should be performed, as data in adults have shown that CYPs 
are regulated in an isoform-specific manner in critically ill 
patients [67].

In children with Crohn’s disease, both CYP3A4 and 
CYP3A5 were upregulated, which is inconsistent with the 
previous observation of downregulation of CYP3A4 associ-
ated with higher C-reactive protein (CRP) levels, but could 
be explained by the fact that the biopsies were from non-
inflamed tissue [51]. In another study in children of the same 
age range, the expression of the nuclear hormone receptor 
PXR was decreased in inflamed tissues and, thus, CYP3A4 
expression also decreased [52]. Further studies in children 
with inflammatory bowel disease should be initiated to Ta
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understand these discrepancies, as well as in vitro studies 
to understand the underlying mechanisms. In adults, vera-
pamil (CYP3A4, 1A2, 2C8, 2C9, and 2C18 substrate) and 
propranolol (CYP2D6 substrate) concentrations were sig-
nificantly higher in patients with active Crohn’s disease than 
in healthy volunteers or patients in remission [68, 69]. The 
authors suggested that the reduced clearance could be attrib-
uted to CYP downregulation, but increased bioavailability 
due to downregulation of P-glycoprotein could not be ruled 
out [68]. However, a possible impact of the decrease in CYP 
content due to Crohn’s disease should be kept in mind.

4.2  CYP1A2

In adults, the impact of inflammation on CYP1A2 activ-
ity has been well studied for two substrates (i.e., theophyl-
line and clozapine) and a decrease in their clearances has 
been observed, as well as symptoms of clozapine toxicity 
[70–78]. In pediatrics, theophylline was the only studied 
substrate of CYP1A2, except one study with caffeine [32]. 
Theophylline has been a commonly used drug for asthma for 
over 50 years, but its narrow therapeutic index has made it 
disappear from current asthma guidelines [79, 80].

In line with what is found in adults, our literature review 
showed that infection may decrease CYP1A2 activity in 
children [25, 26, 28–30, 32]. However, a study conducted in 
children aged 6–48 months (n = 58), showed that infection 
had no impact on theophylline clearance [27]. CYP1A2 has 
the slowest developmental pattern and a large heterogeneity 
in the impact of inflammation on its activity is expected, 
with increasing intensity as age advances [17–19]. Further 
investigations are needed to determine whether CYP1A2 is 
affected by inflammation in children.

4.3  Other CYPs

Antipyrine is an older drug metabolized by several CYPs 
(CYP1A2, 2B6, 2C8, 2C9, 2C18, and 3A4) and which has 
been widely used to investigate hepatic drug metabolism 
because it is almost completely absorbed from the intes-
tine, has negligible plasma protein binding, a low hepatic 
extraction ratio, and is metabolized almost entirely by the 
liver [81]. In children, clearance of antipyrine appeared to 
be reduced during fever or suspected sepsis [49, 50]. Moreo-
ver, the inhibition of metabolism was proportional to disease 
severity and interleukin-6 levels, and a return to baseline 
levels was observed with cancer resolution [37, 50]. Inflam-
mation is present at all stages of cancer, with an apparent 
link between certain immune-mediated diseases or infection 
and cancer, such as inflammatory bowel disease or Helico-
bacter pylori that are associated with colorectal and gastric 
cancer, respectively [82]. CYP3A and CYP2C19 are two 
well-studied isoforms in cancer, and several studies have 

found impaired activity of these CYPs in adult patients with 
cancer [83–90]. Only one study has been conducted in chil-
dren (mean age 5.3 years) with acute lymphoblastic leuke-
mia, and CYPs also appear to be altered during the acute 
phase [37]. Further studies are needed in pediatric oncology 
and in different age groups because chemotherapeutic and 
antimicrobial agents for prophylaxis are CYP substrates. In 
adults, the downregulation of antipyrine metabolism was 
also observed during infection, diabetes, or interferon treat-
ment [91–94].

Anticonvulsants studied in children during inflamma-
tion were carbamazepine (CYP1A2, CYP2C9, and CYP3A 
substrate), phenytoin (CYP2C9 and CYP2C19), valproate 
(CYP2C9), phenobarbital (CYP2C9 and CYP2C19), and 
ethosuximide (CYP2E1 and CYP3A) [48]. Only seven chil-
dren out of 39 with a febrile illness experienced toxic clinical 
symptoms and one had increased seizures during the illness 
[48]. The authors conclude that nearly a quarter of patients 
with febrile illnesses experienced significant changes in drug 
concentrations, with 9% developing clinical toxicity [48]. 
They suspected direct inhibition by antibiotics and plasma 
protein displacement by antibiotics and antipyretics, in addi-
tion to inhibition of CYP activity by viral infection [48]. In 
adults, the effect of inflammation was mostly studied with 
phenytoin with an increased risk of toxicity. For instance, a 
52-year-old woman had toxic phenytoin concentrations with 
associated symptoms during the influenza illness and urinary 
excretion of the metabolite of mephenytoin among patients 
with liver disease or multiply injured was significantly lower 
than healthy controls [67, 95, 96].

Voriconazole is mainly metabolized by CYP2C19 and 
CYP3A [97]. In adults, a cohort study found that the level of 
CRP was positively associated with the concentration/dose 
(C/D) ratio or through concentration of voriconazole and 
was negatively associated with the metabolic ratio expressed 
by [N-oxide voriconazole]/[voriconazole] [98–101]. Moreo-
ver, an elevated level of CRP was a risk factor for voricona-
zole overdose [102]. This could be explained by CYP2C19 
and/or CYP3A downregulation due to inflammation, repre-
sented by elevated levels of CRP. In children, this associa-
tion is less pronounced, as a significant association between 
CRP levels >150 mg/L and higher voriconazole through 
concentrations was only observed in patients aged older than 
12 years [44]. Moreover, another study conducted in children 
did not find an association between trough concentrations of 
voriconazole and CRP, but the cohort was very small and 
no distinction was made between older and younger children 
[45]. Possible explanations for this difference in association 
between CRP and CYP downregulation observed in chil-
dren aged younger and older than 12 years are that the PK 
of voriconazole appears to be linear before 12 years of age 
and non-linear after [44]. The bioavailability of voricona-
zole indeed decreases (and clearance increases) in pediatric 
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patients compared with adults, resulting in less saturation of 
PK processes and, thus, linear kinetics [12, 45]. This implies 
that first-pass metabolism is higher in the pediatric popula-
tion and it was suggested that CYP-mediated clearance is 
higher in children under 12 years of age and thus that down-
regulation by inflammation had less impact on voriconazole 
metabolism [44]. However, CYP2C19 and CYP3A4 activity 
reaches that of an adult at the end of infancy and inflam-
mation is expected to further inhibit CYP activity because 
there are more CYPs to downregulate [17–19]. One possible 
explanation is that enzymes other than CYPs are responsible 
for voriconazole clearance and that they are more expressed 
in children and less impacted by inflammation. Voriconazole 
is also metabolized by flavin-containing monooxygenase 
3, and the contribution of flavin-containing monooxyge-
nase 3 and CYP2C19 has been shown to be five-fold and 
three-fold higher in children than in adults, respectively 
[45, 103]. It is important to consider these non-CYP phase 
I drug-metabolizing enzymes because approximatively 25% 
of metabolically eliminated drugs are first subjected to non-
CYP-mediated biotransformation [14]. Moreover, it seems 
that flavin-containing monooxygenase 3 and CYP2C19 have 
higher catalytic activity in children than in adults [45, 103]. 
Another hypothesis is that the CYP2C19 contribution to 
CYP3A is more affected by inflammation. We have indeed 
previously demonstrated in adults that CYP3A was more 
impacted by inflammation than CYP2C19 [104].

4.4  CYP Genotype

The CYP genotype is an additional factor to be considered, 
as cytokines may not have the same impact on CYP activi-
ties depending on the basal genetic activity of CYPs. In 
adults, the different impact of inflammation on CYP2C19 
and CYP2C9 depending on the genotypes has already been 
demonstrated [105, 106].

In children, the same conclusions can be drawn as oxota-
mide toxicity was observed in 3-year-old children who were 
not carriers of CYP2D6 or CYP3A4 main allelic variants 
at the time of the study, meaning that the reduced clear-
ance is not caused by the manifestation of CYP2D6*3, *4, 
*5, and *6 or CYP3A*1B [47]. It is therefore conceivable 
that the release of pro-inflammatory molecules such as CRP 
decreased CYP2D6 and/or CYP3A activities, eventually 
leading to an increase in the oxatomide plasmatic concen-
tration [47].

4.5  Limitations

Our systematic review has some limitations, which suggest 
a cautious approach to these results. First, the manual search 
was performed in a single database and for published arti-
cles only, which cannot rule out publication bias and the 

potential for omissions. Furthermore, the studies found and 
selected were poorly comparable to each other, owing to 
the heterogeneity of their overall methodology. Finally, the 
observed PK and clinical impact are neither robust nor gen-
eralizable because of the diversity of the sources and sever-
ity of inflammation.

5  Conclusions

In recent years, numerous clinical studies and case reports 
evaluated in adults have reported a modification in CYP 
activities and pharmacokinetic parameters of drugs in the 
presence of inflammation. The latter being an important fac-
tor contributing to variation in CYP activities between and 
within individuals. This may have a clinical impact, as CYPs 
play an essential role in the bioactivation or elimination of 
many therapeutic agents. Current data suggest that inflam-
mation has an isoform-specific and intensity-specific impact, 
i.e., CYP3A and CYP2C19 activities are downregulated and 
CYP2D6 activity does not change during inflammation, 
whereas the impact on CYP1A2, CYP2B6, and CYP2C9 
remains unclear and needs further investigations. Some stud-
ies have even shown that CYP activity returns to baseline 
after the improvement of the disease. There is significant 
heterogeneity in inflammatory markers, depending on the 
disease involved and its degree of severity.

To our knowledge, no study has evaluated inflammation-
induced CYP phenoconversion in children using a cocktail 
approach. In addition to the moral, ethical, and legal difficul-
ties of conducting studies in children, a cocktail approach is 
further complicated by the multitude of probes administered. 
The development of endogenous markers of CYP metabo-
lism could help overcome these obstacles and may have 
interesting opportunities to develop personalized medicine 
in the pediatric field. Indeed, in children, the proportion of 
the drug cleared by the metabolism of CYPs, the patient’s 
genotype, and concomitant medications, but also ontogeny 
must also be taken into account. Inflammation has a different 
impact on CYP activity depending on age as the proportion 
of CYP changes depending on the isoform and extrapolation 
from adult data cannot be done automatically. Despite all 
this evidence, much remains to be done to know the impact 
of inflammation on CYPs activity in the pediatric popula-
tion. Indeed, this review highlights that, beyond the fact that 
few studies have been conducted in pediatrics, almost no 
studies have been conducted in neonatal to early infancy, 
although this is the period when developmental changes are 
most important. Moreover, many diseases with underlying 
inflammation have not yet been studied and the few exist-
ing studies do not focus on CYPs other than CYP3A and 
CYP1A2.
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