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Abstract
Background and Objective  An ever-growing body of evidence supports the impact of cytokine modulation on the patient’s 
phenotypic drug response. The aim of this systematic review was to analyze the clinical studies that assessed the pharma-
cokinetics of victim drugs of this drug–disease interaction in the presence of different scenarios of cytokine modulation in 
comparison with baseline conditions.
Methods  We conducted a systematic review by searching the PubMed-MEDLINE database from inception until February 
2022 to retrieve prospective and/or retrospective observational studies, population pharmacokinetic studies, phase I studies, 
and/or case series/reports that investigated the impact of cytokine modulation on the pharmacokinetic behavior of victim 
drugs. Only studies providing quantitative pharmacokinetic data of victim drugs by comparing normal status versus clinical 
conditions with documented cytokine modulation or by assessing the influence of anti-inflammatory biological agents on 
metabolism and/or transport of victim drugs were included.
Results  Overall, 26 studies were included. Rheumatoid arthritis (6/26; 23.1%) and sepsis (5/26; 19.2%) were the two most 
frequently investigated pro-inflammatory clinical scenarios. The victim drug most frequently assessed was midazolam (14/26; 
53.8%; as a probe for cytochrome P450 [CYP] 3A4). Cytokine modulation showed a moderate inhibitory effect on CYP3A4-
mediated metabolism (area under the concentration–time curve increase and/or clearance decrease between 1.98-fold and 
2.59-fold) and a weak-to-moderate inhibitory effect on CYP1A2, CYP2C9, and CYP2C19-mediated metabolism (in the 
area under the concentration–time curve increase or clearance decrease between 1.29-fold and 1.97-fold). Anti-interleukin-6 
agents showed remarkable activity in counteracting downregulation of CYP3A4-mediated activity (increase in the area under 
the concentration–time curve between 1.75-fold and 2.56-fold).
Conclusions  Cytokine modulation may cause moderate or weak-to-moderate downregulation of metabolism/transport of 
victim drugs, and this may theoretically have relevant clinical consequences.
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1  Introduction

Cytokine release syndrome (CRS) and a cytokine storm are 
two life-threatening systemic inflammatory syndromes char-
acterized by immune-cell hyperactivation and by elevated 
levels of circulating cytokines, which can be triggered by 
different causes [1]. Although CRS has recently gained the 
spotlight thanks to severe forms of coronavirus disease 2019, 
several other clinical conditions may be responsible. Among 
these, sepsis/septic shock, polytrauma, acute pancreatitis, 
massive burns, chimeric antigen receptor T-cell therapy, 
autoimmune disorders, hematological malignancies, bone 
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Key Points 

Inflammation represents an under-appreciated variable 
that may significantly impact the patient’s phenotypic 
drug response. The impact of inflammation-induced 
downregulation of CYP450 (CYP)-mediated drug 
metabolism and or of drug transporter-mediated uptake 
was assessed for a limited number of victim drugs.

Pro-inflammatory cytokines showed a moderate inhibi-
tory effect on CYP3A4, and a weak-to-moderate inhibi-
tory effect on CYP2C9-mediated, CYP2C19-mediated, 
and CYP1A2-mediated drug metabolism. A positive 
relationship between the magnitude of the pro-inflam-
matory cytokine levels over time and the degree of 
inhibition of CYP-mediated metabolism or transporter-
mediated uptake was documented.

Administration of anti-interleukin-6 biological agents 
showed remarkable reverting activity towards the down-
regulation of different CYP isoenzymes (especially of 
CYP3A4) in patients with chronic inflammatory condi-
tions.

A ‘patient-centered’ strategy based not only on the phar-
macokinetic features of the victim drugs, but also on the 
patient’s underlying conditions (i.e., specific inflamma-
tory conditions, magnitude of inflammatory biomarkers 
over time, eventual administration of anti-inflammatory 
biological agents) should be carefully implemented for 
pursuing appropriate decision making on dose adjust-
ment.

marrow transplantation engraftment, and immunotherapy 
are some of the most relevant [1]. Commonly, CRS may 
result in immune dysregulation responsible for constitutional 
symptoms, systemic inflammation, multiorgan dysfunc-
tion, and multiorgan failure leading potentially to death [1]. 
Cytokine release syndrome may have a variable time onset, 
severity, and duration depending on the underlying causes 
and the administered treatments [2]. Regardless of which 
the initial trigger is, late-stage clinical manifestations are 
usually very similar.

Notably, systemic inflammation and cytokine modula-
tion represent an under-appreciated variable that may sig-
nificantly impact the patient’s phenotypic drug response 
[3–5]. Cytokine modulation may promote an increase in 
pro-inflammatory cytokine production and release (i.e., 
interleukin (IL)-6, IL-1, tumor necrosis factor-α [TNF-α], 
or interferon-γ [IFN-γ]), which may, on the one hand, trig-
ger acute inflammation and, on the other hand, maintain 
chronic inflammatory responses [6]. Preclinical evidence 
demonstrated that pro-inflammatory cytokines may signifi-
cantly downregulate the expression and the activity of dif-
ferent isoforms of cytochrome P450 (CYP450) [Fig. 1], such 
as CYP3A4, CYP1A2, and CYP2C19, and also those of 
some drug transporters [7]. Drugs that behave as substrates 
of these CYP isoenzymes and/or these transporters may 
become victims of clinically relevant drug–disease interac-
tions triggered by cytokine modulation, and consequently 
undergo major modifications of their pharmacokinetics.

Several clinical studies carried out both in the adult and 
in the pediatric settings documented that systemic inflam-
mation may affect the metabolism of several victim drugs. 
Psychotropic drugs, sedative agents, immunosuppressants, 
antifungal agents, and antiviral agents were the most inves-
tigated victim drugs [3, 8–11]. Additionally, it has also been 
postulated that the downregulation of CYP activity caused 
by systemic inflammation could be reverted by some anti-
inflammatory biological agents to baseline pre-inflammatory 
levels [11, 12].

The aim of this systematic review was to analyze the 
clinical studies that assessed the pharmacokinetics of victim 

Fig. 1   Impact of pro-inflammatory cytokines on different cytochrome 
P450 (CYP) isoenzymes and transporters retrieved from preclinical 
studies (adapted with permission from [7]). Red box: reduction in 
activity more than five-fold; orange box: reduction in activity 2-fold 
to 5-fold; yellow box: reduction in activity 1.25-fold to 2-fold; green 

box: no significant reduction in activity; gray box: no data. BCRP 
breast cancer resistance protein, IFN interferon, IL interleukin, MRP2 
multidrug resistance-associated protein 2, OATP organic anion trans-
porting polypeptide, OAT2 organic anion transporter 2, OCT1 organic 
cation transporter 1, P-gp P-glycoprotein, TNF tumor necrosis factor
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drugs of this drug–disease interaction in the presence of dif-
ferent scenarios of cytokine modulation in comparison with 
baseline conditions. Whenever feasible, practical considera-
tions for the management of victim drugs in these clinical 
scenarios have been provided.

2 � Methods

This is a systematic review that investigated the available 
evidence of the influence that CRS and/or increases in pro-
inflammatory biomarker levels may have on the pharma-
cokinetic (PK) behavior of victim drugs under different 
drug–disease scenarios. The systematic review was con-
ducted according to the Preferred Reporting Items for Sys-
tematic Review and Meta-Analyses (PRISMA) guidelines 
[13]. A PICOS framework was developed in order to design 
the literature search according to the following criteria: par-
ticipants: adult and children subjects who received victim 
drug probes for different CYP isoenzymes and/or transport-
ers; intervention: acute or chronic inflammatory conditions; 
comparator: baseline clinical conditions before the onset of 
inflammation or after the administration of biological agents 
inducing or suppressing inflammation; outcome: variations 
in PK parameters of selected victim drugs.

A literature search was conducted on PubMed-MEDLINE 
(search performed on 10 February, 2022) in order to retrieve 
all the prospective or retrospective observational studies, the 
population PK studies, the phase I studies, and/or the case 
series/reports that investigated this drug–disease interac-
tion. The following search string was specifically created: 
(“cytochrome” OR “cytochrome p450” OR “transporter”) 
AND (“cytokine storm” OR “cytokine” OR “interleukin” 
OR “interleukin-6”).

Inclusion criteria were: (1) clinical studies that assessed 
quantitative data of the main PK parameters (i.e., peak con-
centration [Cmax], average or trough steady-state concentra-
tions [Cavg,ss or Cmin,ss] according to continuous or intermit-
tent infusion, clearance [CL] or apparent oral clearance 
[CL/F], area under the concentration–time curve [AUC], or 
terminal half-life [t1/2]) of victim drugs comparatively during 
normal status versus clinical conditions with documented 
cytokine modulation or increased levels of pro-inflammatory 
biomarkers and (2) clinical studies that assessed the influ-
ence of anti-inflammatory biological agents on the metabo-
lism of victim drugs. Exclusion criteria were: (1) clinical 
studies that did not assess quantitative data of the main PK 
parameters of victim drugs comparatively during normal sta-
tus versus clinical conditions with cytokine modulation and/
or those that assessed only trough concentrations (Cmin) and/
or normalized Cmin; (2) pre-clinical studies in the same set-
tings; and (3) conference abstracts and/or studies published 
in languages other than English.

For each included study, the following data were 
retrieved: first author, study year, study design and popula-
tion, number of included patients, victim drug (with dos-
age) probes for different CYP isoenzymes and/or transport-
ers, inflammatory condition, pro-inflammatory biomarker 
levels, proposed or documented underlying mechanism for 
drug–disease interaction, PK parameters (i.e., Cmax, Css, CL, 
AUC, and t1/2), and pharmacodynamic effect. Studies were 
categorized into three different subgroups according to study 
design: (1) studies assessing the influence of cytokine modu-
lation during acute or chronic inflammatory conditions on 
the pharmacokinetics of drugs that behave as substrates of 
CYP; (2) studies assessing the influence of anti-inflamma-
tory biological agents during acute or chronic inflammatory 
conditions on the pharmacokinetics of drugs that behave as 
substrates of CYP; and (3) studies assessing the influence of 
cytokine modulation during acute or chronic inflammatory 
conditions on the pharmacokinetics of drugs that behave as 
substrates of transporters.

The influence of cytokine modulation on the pharma-
cokinetics of the victim drug was quantified by calculating 
the percentage changes of mean or median AUC, Cmax, or 
CL values observed during acute or chronic inflammatory 
conditions compared with those observed under a baseline 
status. Strong, moderate, or weak effects of the drug–disease 
interaction were defined as the occurrence of a more than 
five-fold increase in the plasma AUC values or a ≥ 80% 
decrease in oral CL, of a two-fold to five-fold increase in the 
plasma AUC values or a 50–80% decrease in oral CL, and of 
a 1.25-fold to 2-fold increase in the plasma AUC values or a 
≤ 50% decrease in oral CL, respectively [14].

3 � Results

The search strategy identified 1911 articles of poten-
tial interest. After initial screening of titles and abstracts, 
1847 studies were excluded. Overall, 64 full-text articles 
were assessed for eligibility, and 42 of these were excluded 
according to the following criteria: lack of quantitative PK 
data (18 studies), reviews (11 studies), preclinical studies 
(ten studies), and a lack of data on inflammatory biomarkers 
(three studies). After manual screening of reference lists of 
included studies, four more studies were identified, thus the 
final review included 26 original studies assessing the PK 
behavior of victim drugs [15–40] (Fig. 2).

Among these 26 studies, 15 assessed the influence of 
cytokine modulation on the pharmacokinetics of drugs 
that behave as substrates of the CYP system during acute 
or chronic inflammatory conditions [15–29]; nine assessed 
the impact of anti-inflammatory biological agents in coun-
teracting the inhibitory effect of pro-inflammatory cytokines 
on the pharmacokinetics of drugs that behave as substrates 
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of CYP during acute or chronic inflammatory conditions 
[30–38]; two assessed the impact of the influence of cytokine 
modulation on the pharmacokinetics of drugs that behave as 
substrates of transporters during acute or chronic inflam-
matory conditions [39, 40]. Details of clinical characteris-
tics and PK parameters retrieved in these three subgroups 
of studies are provided in Tables 1, 2, and 3 and Table 1 of 
the Electronic Supplementary Material (ESM), respectively.

The total number of subjects in the included studies 
was 596 [479 (80.4%) were patients and 117 (19.6%) were 
healthy volunteers]. Rheumatoid arthritis (6/26; 23.1%) 
and sepsis (5/26; 19.2%) were the two most frequent pro-
inflammatory clinical scenarios investigated. The most fre-
quently assessed victim drugs of drug–disease interactions 
during cytokine modulation and/or pro-inflammatory clini-
cal conditions were midazolam (14/26; 53.8%; as a probe for 
CYP3A4), omeprazole (10/26; 38.5%; as a probe for 2C19), 
warfarin (8/26; 30.8%; as a probe for 2C9), and statins (7/26; 
of which, five with simvastatin and one each with atorvas-
tatin and fluvastatin; 26.9%; as a probe for CYP3A4 and 
organic anion transporting polypeptide [OATP] 1B1). No 
study investigated any type of pharmacodynamic conse-
quence due to PK variations.

3.1 � Studies Assessing the Influence of Cytokine 
Modulation on the Pharmacokinetics of Drugs 
that Behave as Substrates of the CYP System 
During Acute or Chronic Inflammatory 
Conditions

Among the 12 clinical PK studies retrieved (Table  1) 
[15–20, 24–29], the most frequently investigated scenarios 

were sepsis and/or infections. Overall, in all of these studies, 
a weak-to-moderate inhibitory effect of pro-inflammatory 
cytokines on the CYP-mediated metabolism of victim drugs 
was found.

In a population PK study performed in 83 critically ill 
pediatric patients with sepsis, Vet et al. [25] found that both 
IL-6 levels and serum C-reactive protein (CRP) were signifi-
cant covariates in decreasing midazolam CL. Interestingly, 
a simulated CRP increase from 10 to 300 mg/L, by causing 
a 65.4% decrease of midazolam CL, resulted in a moderate 
inhibition of the CYP3A4-mediated metabolism.

Early studies carried out in healthy volunteers showed 
that administration of one or two doses 24 h apart of lipopol-
ysaccharide, by promoting increases in pro-inflammatory 
cytokines, caused a weak inhibitory effect of CYP3A4-
mediated and CYP1A2-mediated metabolism of antipy-
rine (decrease in mean CL of 35% and 31%), theophylline 
(decrease in mean CL of 22% and 20%), and hexobarbital 
(decrease in mean CL of 27% and 20%), with no sex differ-
ence [16, 17].

A case-control study tested the potential influence of 
tumor-associated inflammation by comparing the PK behav-
ior of probe drugs of CYP1A2 (caffeine), CYP2C19 (ome-
prazole), CYP2D6 (dextromethorphan), CYP3A4 (ome-
prazole), and CYP2E1 (chlorzoxazone) activity between 21 
healthy volunteers and 22 patients with advanced epithe-
lial ovarian cancer [27]. The findings supported that also 
in this setting pro-inflammatory cytokines may promote 
a downregulation of CYP2C19-mediated and CYP3A4-
mediated metabolism of omeprazole (42% decrease in CL). 
Conversely, it is worth noting that tumor-associated inflam-
mation resulted in an upregulation of CYP2E1 (3.28-fold 
increase in chlorzoxazone CL).

A prospective observational study assessed the poten-
tial influence of severity of inflammation on voriconazole 
metabolism in 34 hospitalized patients, mainly affected by 
hematological malignancies or receiving a solid organ trans-
plantation [24]. After correction for other factors that could 
have influenced voriconazole metabolism (age, sex, vori-
conazole dose and route of administration, liver enzymes, 
and use of interacting co-medications), the authors showed 
that CRP levels were significantly associated with decreased 
voriconazole metabolism during inflammation, resulting in 
higher voriconazole trough concentrations (p < 0.001), and 
in both a lower voriconazole metabolic ratio (p < 0.001) and 
lower CL (p < 0.001). Interestingly, a simulated scenario of 
an absolute CRP increase at 200 mg/L resulted in a moderate 
inhibition of CYP3A4-mediated voriconazole metabolism in 
all of the different CYP2C19 phenotypes (voriconazole CL 
decrease of 70%, 80%, and 90% for ultra-rapid, extensive, 
and intermediate metabolizers, respectively).

In a comparative population PK study of darunavir in 30 
patients with severe acute respiratory syndrome coronavirus 

Fig. 2   Study selection process. PK pharmacokinetic
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2 (SARS-CoV-2) versus 25 patients with human immuno-
deficiency virus, Cojutti et al. found that IL-6 levels were 
a significant covariate of darunavir oral CL only among 
patients with SARS-CoV-2 [28]. In patients with SARS-
CoV-2, median darunavir oral CL was 60.2% lower (4.1 
L/h vs 10.3 L/h; p < 0.001) and median drug exposure was 
2.1-fold higher (AUC of 161,387.0 vs 75,727.0 ng·h/mL; 
p < 0.001) than in patients with human immunodeficiency 
virus, resulting in a moderate inhibition of the CYP3A4-
mediated metabolism. Notably, a classification and regres-
sion tree analysis found that an IL-6 level of 18 pg/mL may 
adequately split the SARS-CoV-2 population in patients with 
low versus high darunavir CL (2.78 L/h vs 7.24 L/h; p < 
0.0001).

Additionally, we retrieved also three retrospective physi-
ologically based PK models that investigated the impact of 
cytokine modulation on the CYP-mediated metabolism of 
some victim drugs (Table 2) [21–23]. In a physiologically 
based PK model carried out among patients with neuro-
myelitis optica spectrum disorders, a simulated ten-fold 
increase of steady-state IL-6 levels compared with base-
line (from 10 to 100 pg/mL) resulted in moderate inhibi-
tion of CYP3A4-mediated metabolism of simvastatin and 
midazolam (mean AUC increase of 2.36-fold and 2.08-
fold, respectively) [22]. In the same study, the simulated 
ten-fold IL-6 increase caused a weak-to-moderate inhibi-
tion of the CYP2C19-mediated metabolism of omeprazole 
(mean AUC increase of 1.97-fold), and a weak inhibition of 
both the CYP2C9-mediated metabolism of warfarin and the 
CYP2D6-mediated metabolism of dextromethorphan (mean 
increase AUC of 1.29-fold and 1.37-fold, respectively).

Likewise, in another physiologically based PK model 
carried out among patients with non-Hodgkin lymphoma, 
a transient raise of pro-inflammatory cytokine levels pro-
moted by blinatumomab administration was responsible for 
a weak inhibition of CYP3A4-mediated metabolism (maxi-
mum effect 28% at 48 h) of both simvastatin (mean AUC 
increase of 1.9-fold) and midazolam (mean AUC increase of 
1.7-fold) [23]. Conversely, in the same study, the inhibitory 
effect was much lower on CYP1A2-mediated metabolism 
(maximum effect 9% at 48 h) of theophylline (mean AUC 
increase of 1.2-fold) and on CYP2C19-mediated metabo-
lism (maximum effect 17% at 70 h) of warfarin (mean AUC 
increase of 1.2-fold) [23].

Finally, in a physiologically based PK model including 12 
patients with rheumatoid arthritis (RA) and five bone mar-
row transplant recipients, Machavaram et al. [21] showed 
that a virtual serum IL-6 level of 100 pg/mL caused a weak 
inhibition of CYP3A4-mediated metabolism of both simv-
astatin (mean AUC increase of 1.59-fold) and cyclosporine 
(mean AUC increase of 1.45-fold).

In summary, pro-inflammatory cytokines, and espe-
cially IL-6, were shown to exert a moderate inhibition of 

CYP3A4-mediated metabolism towards different victim 
drugs during acute or chronic inflammatory conditions. A 
less pronounced inhibition was observed against CYP2C9-
mediated, CYP2C19-mediated, and CYP1A2-mediated 
metabolism. Although no study documented the pharma-
codynamic consequences of this, it may be hypothesized 
that patients who are treated with victim drugs of CYP3A4-
mediated metabolism during inflammatory conditions might 
experience over-exposure and the potential emergence of 
adverse events. Conversely, the upregulation of CYP2E1 
observed in the presence of tumor-associated inflammation 
may promote faster detoxification and could be explained by 
the well-known prominent role that this isoenzyme may have 
in the metabolism of toxins and procarcinogens.

3.2 � Studies Assessing the Influence 
of Anti‑Inflammatory Biological 
Agents in Counteracting the Inhibitory 
Effect of Pro‑Inflammatory Cytokines 
on the Pharmacokinetics of Drugs That Behave 
as Substrates of CYP During Acute or Chronic 
Inflammatory Conditions

Among the nine retrieved studies (Table 3) [30–38], the 
most frequently investigated scenario was that of the impact 
of anti-IL-6 agents in counteracting the downregulation of 
CYP activity in patients affected by RA. The influence of 
the anti-IL-6 agent tocilizumab on the PK behavior of the 
CYP3A4 victim drug simvastatin was assessed in a mul-
ticenter, randomized, single-sequence study enrolling 12 
patients with RA [30]. At 1 week after tocilizumab admin-
istration, patients showed a significant decrease in CRP 
levels (0.3 mg/dL vs 5.0 mg/dL) and an increase in IL-6 
levels (256 pg/mL vs 50 pg/mL) compared with baseline. 
At 1 week and 5 weeks after tocilizumab administration, 
mean simvastatin AUC was significantly decreased by 43% 
(90% CI 34–55) and 61% (90% CI 47–78) compared with 
baseline values, respectively, thus resulting in a moderate 
counteracting effect.

In another open-label, single-sequence, non-randomized 
phase I study, the impact of a different anti-IL-6 agent, 
namely sarilumab, on the PK behavior of simvastatin was 
assessed in 19 patients affected by RA [34]. Even in this 
study, at 1 week after sarilumab administration, patients 
showed a significant decrease in CRP levels (1.9 mg/dL vs 
22.1 mg/dL) and an increase in IL-6 levels (219.9 pg/mL 
vs 47.5 pg/mL) compared with baseline. Mean simvastatin 
AUC calculated at 1 week after sarilumab administration 
was 54.7% lower than baseline values, resulting in a moder-
ate counteracting effect.

A multicenter phase I study tested in 12 patients with 
RA the impact of the anti-IL-6 agent sirukumab on the PK 
behavior of probe drugs of CYP3A4 (midazolam), CYP2C9 
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(warfarin), CYP2C19 (omeprazole), and CYP1A2 (caffeine) 
[31]. A significant decrease in CRP levels at 1, 3, and 6 
weeks after sirukumab administration was observed com-
pared with baseline conditions (1.8/0.5/0.7 mg/L vs 25.3 
mg/L). At 1, 3, and 6 weeks after sirukumab administration, 
a decrease in mean AUC compared with baseline conditions 
was found for midazolam, omeprazole, and warfarin, with 
ranges of 30–35%, 37–45%, and 17–18%, respectively. Con-
versely, no significant variation in mean AUC between pre-
sirukumab and post-sirukumab administration was reported 
for caffeine.

Likewise, Jiang et al. [33] found in a physiologically 
based PK model including 12 patients with RA that at 3 
weeks after sirukumab administration, the mean AUC of 
midazolam, omeprazole, and warfarin was decreased by 
35%, 41%, and 18%, respectively, compared with baseline 
conditions. Conversely, no significant variation in mean 
AUC between pre-sirukumab and post-sirukumab admin-
istration was reported for caffeine.

Conversely, no significant variation in mean AUC and 
Cmax of caffeine, warfarin, omeprazole, dextromethorphan, 
and midazolam was found between pre-administration and 
post-administration of an anti-IL-2 agent (daclizumab) [32] 
and an anti-IL-23 agent (tildrakizumab or guselkumab) [36, 
38]. Similarly, no significant difference in mean AUC of caf-
feine, warfarin, omeprazole, metoprolol, and midazolam was 
reported between pre-administration and post-administration 
of an anti-IL-4/IL-13 agent (dupilumab) [35]. Likewise, no 
variation in mean midazolam AUC compared with baseline 
conditions was observed between pre-administration and 
post-administration of an anti-IL-17 agent, secukinumab, 
among 24 patients affected by moderate-to-severe plaque 
psoriasis [37].

In summary, these findings showed that anti-IL-6 agents 
could have clinical relevance in counteracting the down-
regulation of CY3A4, CYP2C19, and CYP2C9 isoen-
zyme activity caused by chronic inflammatory conditions. 
The increased CL of victim drugs of CYP3A4-mediated, 
CYP2C9-mediated, or CYP2C19-mediated metabolism that 
may occur during treatment with anti-IL6 agents could lead 
to remarkable drug under-exposure and a lack of efficacy, 
thus potentially requiring dosing increases. Conversely, 
none of the anti-inflammatory biological agents that may 
block pro-inflammatory pathways other than IL-6 was able 
to reverse downregulation of different CYP isoenzymes 
(namely 1A2, 2C9, 2C19, 2D6, and 3A4) in the tested clini-
cal scenarios, namely multiple sclerosis, atopic dermatitis, 
and psoriasis.

3.3 � Studies Assessing the Influence of Cytokine 
Modulation on the Pharmacokinetic of Drugs 
That Behave as Substrates of Transporters 
During Acute or Chronic Inflammatory 
Conditions

Overall, only two studies were retrieved (Table 1 of the 
ESM) [39, 40], and both investigated the inhibitory effect 
that pro-inflammatory cytokines may have on the OAPT1B1-
mediated transport of statins during chronic inflammatory 
conditions. The first was a case-control PK study that tested 
the potential influence of a chronic inflammation state on 
the PK behavior of fluvastatin by comparing the profile of 
this probe drug of the hepatic sinusoidal OATP1B1 activ-
ity between 15 patients with RA and ten healthy volunteers 
[39]. Patients with RA had significantly higher median IL-6 
levels (11.2 pg/mL vs 4.94 pg/mL; p < 0.05) and TNF-α 
levels (39.9 pg/mL vs 21.1 pg/mL; p < 0.05) compared with 
healthy subjects. A 2.59-fold increase of fluvastatin AUC 
with a 2.52-fold decrease in fluvastatin CL were found in 
patients with RA compared with healthy volunteers.

The second was a case-control PK study that assessed the 
potential influence of chronic inflammatory status on the PK 
behavior of probe drugs of both OATP1B1 (atorvastatin) and 
CYP3A4 (midazolam) by comparing the PK profiles of these 
two drugs in healthy volunteers (n = 15), and in patients with 
controlled (n = 13) or uncontrolled (n = 12) systemic lupus 
erythematosus (SLE) [40]. Patients with uncontrolled SLE 
had TNF-α levels and monocyte chemoattractant protein-1 
levels that were significantly higher compared with healthy 
volunteers. By comparing patients with uncontrolled SLE to 
healthy volunteers, a 1.98-fold increase in atorvastatin AUC 
(60.47 ng·h/mL vs 30.56 ng·h/mL; p < 0.05) due to a 1.98-
fold decrease in atorvastatin CL (330.7 L/h vs 654.5 L/h; 
p<0.05) was found. Similarly, by comparing patients with 
uncontrolled SLE to those with controlled SLE, a 1.69-fold 
increase in atorvastatin AUC (60.47 ng·h/mL vs 35.87 ng·h/
mL) due to a 1.69-fold decrease in CL (330.7 L/h vs 557.6 
L/h) was observed. Conversely, no differences in midazolam 
AUC and CL were found between the three groups.

In summary, both studies showed that chronic inflam-
mation may promote a weak-to-moderate downregulation 
of the hepatic sinusoidal OATP1B1 transport of statins. 
Noteworthy, clinicians should be aware that the approxima-
tively two-fold increase in statin exposure observed under 
these circumstances might favor statin-related myopathy. 
Consequently, in patients with chronic inflammation who 
are treated with statins, close monitoring of serum creatine 
kinase should be recommended for preventing the occur-
rence of this adverse event. Additionally, it should not be 
overlooked that statins may undergo multiple elimina-
tion pathways, thus the eventual contribution of some of 
these (i.e., CYP2C9 for fluvastatin; CYP3A4, breast cancer 
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resistance protein, and/or P-glycoprotein for atorvastatin) 
to the magnitude of this drug–disease interaction could not 
be ruled out.

4 � Discussion

The paradigm of personalized medicine aims to provide the 
right treatment at the right dose for each patient [11]. In this 
perspective, the role of inflammation as a potential factor 
impacting on the phenotypic response to a given drug in 
a given patient is currently usually overlooked. However, 
from our analysis, it seems that this attitude could lead to 
undesired unexpected events.

In this systematic review, we summarized the current 
evidence about clinical studies that assessed the role of 
pro-inflammatory cytokines as an underlying mechanism 
of downregulation of CYP-mediated metabolism and of 
transporter-mediated uptake, and that of anti-inflammatory 
biological agents in counteracting this effect. From our anal-
ysis, some important findings emerged. First, the extent of 
the inhibitory effects caused by pro-inflammatory cytokines 
during acute or chronic inflammation on CYP-mediated 
metabolism and/or transporter-mediated uptake was 
extremely variable: never strong, neither toward CYP-medi-
ated metabolism nor toward transporter-mediated uptake; 
moderate toward CYP3A4-mediated metabolism; and weak-
to-moderate toward CYP2C9, CYP2C19, or CYP1A2 iso-
enzymes. Second, several studies showed a positive relation-
ship between the magnitude of pro-inflammatory cytokine 
levels over time and the extent of the inhibitory effect on 
CYP-mediated metabolism. Third, anti-IL-6 biological 
agents showed remarkable activity in counteracting the 
downregulation of CYP isoenzymes, particularly CYP3A4, 
during chronic inflammatory conditions. Unfortunately, no 
study explored the pharmacodynamic consequences of the 
PK variations of the different victim drugs, thus the clinical 
implications of these effects could only be supposed.

In regard to the first point, it could be speculated that 
the increased exposure to statins, cyclosporin, midazolam, 
and darunavir shown during acute or chronic inflamma-
tory conditions compared with baseline [15, 25, 28, 39, 40] 
could lead to drug-related adverse events and/or toxicity 
when these victim drugs of CYP3A4-mediated metabolism 
and/or of OATP1B1-mediated uptake are administered to 
patients having high levels of pro-inflammatory cytokines. 
Additionally, the weak-to-moderate downregulation of the 
CYP2C9 and CYP2C19 activity caused by pro-inflammatory 
cytokines has been investigated only for some probe drugs.

However, it may be argued that the clinical impact of the 
inhibitory effect might be especially relevant for some other 
narrow therapeutic index victim agents of these isoenzymes, 
which have not been investigated yet, namely psychotropic 

drugs, anticoagulants, and/or novel oral anticancer agents 
[41–43]. Indeed, some studies have just assessed the role 
of inflammation on the metabolism of agents such as antip-
sychotics (i.e., clozapine, risperidone, quetiapine) [44, 45], 
antiepileptic drugs [46], antidepressants (i.e., citalopram, 
venlafaxine) [47], immunosuppressant drugs (i.e., siroli-
mus, tacrolimus) [48, 49], theophylline [50], triazoles (i.e., 
voriconazole, posaconazole, itraconazole) [51–58], and lopi-
navir [59, 60]. However, none of these adequately assessed 
the PK behavior and were consistently excluded from our 
analysis. Additionally, some of these carried a high risk of 
bias, as they used only dose-normalized serum concentra-
tions as the main parameter for evaluating differences in 
drug exposure between pro-inflammatory conditions and 
baseline [3, 8–11].

Some studies assessed the impact of cytokine modula-
tion on CYP-mediated metabolism during acute or chronic 
inflammatory conditions by means of retrospective, physio-
logically based PK models [21–23, 33]. This is an emerging 
and interesting approach for assessing the potential extent 
of disease–drug interactions [61]. it should be recognized 
that prospective and widespread studies are currently lack-
ing. Additionally, the reliability of such a methodology in 
predicting the magnitude of a specific disease (e.g., neuro-
myelitis optica [22]) on a drug interaction could be affected 
when the modeled data come from patients with other types 
of pro-inflammatory diseases.

In regard to the second point, a correlation between the 
magnitude of serum pro-inflammatory cytokine levels and 
the inhibitory activity on CPY450-mediated metabolism 
has been shown for simvastatin, cyclosporin, voriconazole, 
midazolam, and darunavir [21, 24, 25, 28]. These clinical 
findings are consistent with those obtained in preclinical 
studies that assessed the dose–response effect of pro-inflam-
matory cytokines on the downregulation of CYP isoenzymes 
[7]. In in vitro studies, the half-maximal inhibitory concen-
trations of IL-6, IL-1β, and TNF-α against CYP3A4 were 
generally lower (from two-fold to 15-fold) compared with 
other isoenzymes such as CYP1A2, CYP2C8, and CYP2C9, 
with a concentration-dependent effect in the magnitude of 
both messenger RNA expression and suppression of enzyme 
activity [62–65]. This suggests that in clinical scenarios 
characterized by severe inflammatory conditions, the inhibi-
tory effect of pro-inflammatory cytokines may fluctuate in 
relation to changing levels over time, and that dosing adjust-
ments could become very challenging under this drug–dis-
ease interaction, especially for CYP3A4 victim drugs.

In regard to the third point, it was shown that the admin-
istration of the anti-IL-6 agents tocilizumab, sarilumab, and 
sirukumab in patients with different chronic inflammatory 
conditions was able to revert by approximately 20–45% 
the downregulation of some CYP isoenzymes, espe-
cially CYP3A4 [30, 31, 33, 34]. Accordingly, it could be 
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hypothesized that a similar counteracting effect could occur 
even if these anti IL-6 agents were administered to patients 
with acute inflammatory conditions. Scenarios like these 
may include administration of anti-IL6 agents to patients 
with severe coronavirus disease 2019 infections, or those 
with CRS caused by chimeric antigen receptor T-cell therapy 
or transplant engraftment [66, 67]. If this could be the case, 
potential under-exposure and a lack of therapeutic efficacy of 
victim drugs of CYP3A4-mediated metabolism could occur 
in the absence of adequate dosing adjustments.

Overall, these considerations should push clinicians 
to start taking into account the potential role that several 
aspects of the inflammatory status might have in altering 
drug exposure to several victim drugs of CYP-mediated 
metabolism and/or OATP-mediated transport. In order to 
deal with the best dosing optimization, a ‘patient-centered’ 
strategy should be necessarily adopted (Fig. 3a). For this 
purpose, it would be helpful to consider the duration of spe-
cific inflammatory condition (short to medium vs long term), 
the magnitude of the inhibitory effect of pro-inflammatory 

cytokines over time, and the potential counteracting effect 
of anti-IL6 agents, as exemplified in Fig. 3b.

A real-time, therapeutic drug monitoring-guided dosing 
adjustment strategy coupled with intensive monitoring of 
inflammatory biomarkers (e.g., CRP, IL-6) could provide 
a valuable support in promptly identifying and manag-
ing situations of fluctuations in drug exposure associated 
with inflammation and/or with the administration of anti-
IL6 agents, thus minimizing the risk of adverse events or a 
lack of efficacy [11]. This strategy could be easily applied 
to drugs for which therapeutic drug monitoring-based dos-
ing adjustments are widely applied presently, namely azole 
antifungal agents and/or immunosuppressant agents [68, 69]. 
However, it should be mentioned that, according to current 
evidence, no pre-defined dosing adjustments based only on 
CRP or IL-6 levels may be recommended for these drugs, as 
the pro-inflammatory status is only one of the determinants 
that may affect the exposure to these victim drugs.

We acknowledge some limitations of our study. The 
search was based on a single database, thus the potential 
exclusion of some other studies could not be ruled out. 

Fig. 3   a Main determinants involved in the impact of systemic 
inflammation on the patient’s phenotypic response to a specific vic-
tim drug. b Illustration of the applicability of the ‘patient-centered’ 
strategy for the assessment of the impact of inflammation-induced 
metabolism downregulation in a specific clinical scenario (a pedi-
atric patient undergoing an allogenic hematopoietic stem cell trans-
plant [HSCT] requiring primary prophylaxis for invasive fungal 
infections [IFI] with voriconazole). In this case, voriconazole as the 
victim drug exhibits peculiar pharmacokinetic (PK) features (i.e., 
non-linear kinetic, narrow therapeutic index, extensive metabolism 
by cytochrome P450 [CYP] 2C19 and CYP3A4 isoenzymes coupled 

with inhibitory activity on CYP, a high risk of clinically relevant 
interactions with concomitant drugs, pharmacogenetic variability). 
These features should be carefully contextualized with the short-term 
to medium-term risk of cytokine release syndrome (CRS) caused by 
transplant engraftment or febrile neutropenia, the magnitude of CYP 
downregulation over time, and the possible administration of toci-
lizumab for the management of severe CRS. A real-time, therapeu-
tic drug monitoring (TDM)-guided dosing adjustment coupled with 
intensive monitoring of inflammatory biomarkers could be suggested 
during the entire treatment with voriconazole. CRP C-reactive pro-
tein, IL-6 interleukin-6
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Translation of the effect of the real findings on the vast 
majority of victim drugs of CYP-mediated metabolism and 
transporter-mediated uptake could be only supposed. The 
lack of a disease–drug interaction found in some specific 
types of inflammatory conditions (i.e., multiple sclerosis, 
atopic dermatitis, and psoriasis) could be due to the fact 
that magnitude of the inflammatory burden may be low 
and therefore insufficient in downregulating CYP-mediated 
metabolism of victim agents. Finally, it should be recognized 
that the potential influence of cytokine modulation on victim 
drugs of drug transport may only be supposed [70], as clini-
cal evidence on this topic is still limited.

5 � Conclusions

Inflammation had an inhibitory effect that was moderate 
on CYP3A4-mediated metabolism and weak to moderate 
on CYP1A2-mediated, CYP2C9-mediated, and CYP2C19-
mediated metabolism, with potential clinically relevant 
implications. Specific inflammatory conditions, magnitude 
of inhibitory effect over time, and counteracting effects of 
anti-IL-6 agents may represent key determinants impacting 
the patient’s phenotypic response to victim drugs. Further 
studies are warranted to investigate how cytokine modula-
tion may affect the PK behavior of several other drug classes 
and to explore the pharmacodynamic consequences associ-
ated with the inflammatory-induced downregulation of CYP 
isoenzymes and drug transporters.
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