
The discovery and use of 4 classes of
immunosuppressive agents (ie, cal-

cineurin inhibitors, mammalian target of
rapamycin [mTOR], antimetabolites,
corticosteroids) have led to tremendous
improvements in short-term outcomes of
solid organ transplantation. The goal of
immunosuppression is to prevent rejec-
tion of the transplanted organ while min-
imizing drug-related toxicity. The cal-
cineurin inhibitors, cyclosporine and
tacrolimus, are potent inhibitors of T cells,
acting at a point of activation between re-
ceptor ligation and transcription of early
genes.1 Mycophenolic acid, a reversible
inhibitor of inosine monophosphate dehy-
drogenase, blocks the proliferation of lym-
phocytes by inhibiting guanosine produc-
tion,2 while the mTOR inhibitors, sir-
olimus and everolimus, inhibit the mTOR
signaling protein, resulting in blocked cell
proliferation induced by growth factors
and cytokines.3 Of note, everolimus is cur-
rently not used in the US, but is approved
in Europe for heart and kidney transplan-
tation.4,5 Corticosteroids regulate transcrip-
tion factors such as activator protein 1, in-
terleukins, and nuclear factor-κB by in-
hibiting gene transcription.6,7 Employing a
multidrug regimen is therefore logical
from an immunomechanistic standpoint,
given the potentially synergistic mecha-
nisms of these agents. 
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OBJECTIVE: To review the current clinical evidence on the effects of corticosteroid
interactions with the immunosuppressive drugs cyclosporine, tacrolimus, myco-
phenolate, and sirolimus. 

DATA SOURCES: Articles were retrieved through MEDLINE (1966–February 2008)
using the terms corticosteroids, glucocorticoids, immunosuppressants, cyclo-
sporine, tacrolimus, mycophenolate, sirolimus, drug interactions, CYP3A4, P-
glycoprotein, and UDP-glucuronosyltransferases. Bibliographies were manually
searched for additional relevant articles.

STUDY SELECTION AND DATA EXTRACTION: All English-language studies dealing
with drug interactions between corticosteroids and cyclosporine, tacrolimus,
mycophenolate, and sirolimus were reviewed. 

DATA SYNTHESIS: Corticosteroids share common metabolic and transporter
pathways, the cytochrome P450 and P-glycoprotein (P-gp/ABCB1) systems,
respectively, with cyclosporine, tacrolimus, and sirolimus. As a group, cortico-
steroids induce the CYP3A4 and P-gp pathways; however, a few exceptions
exist and the impact on a patient’s immunosuppressant regimen may be critical.
Corticosteroids also have demonstrated an induction effect on the uridine diphos-
phate–glucuronosyltransferase enzymes and multidrug resistance–associated
protein 2 involved in mycophenolate’s disposition. Successful corticosteroid
withdrawal regimens have been reported; however, only few studies have
examined the effects of steroid withdrawal on the remaining immunosuppressive
regimens. To date, the clinical impact of steroid withdrawal on disposition of other
immunosuppressive agents is not well characterized, and reports of such drug–
drug interactions are conflicting.

CONCLUSIONS: While our understanding of the clinical impact of steroid–immuno-
suppressant interactions is limited, it remains a fact that corticosteroids have
complex induction and inhibition interactions with common metabolic and
transport pathways. Given the complex interaction of corticosteroids on crucial
metabolic enzymes and transporter proteins, monitoring of immunosuppressive
agents during steroid withdrawal is warranted to ensure optimal treatment
outcomes. 
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The disposition of immunosuppressive agents is depen-
dent on metabolic pathways (phase I and II) as well as
transporter systems. Phase I metabolism is typically medi-
ated by cytochrome P450 enzymes; CYP3A4 is the major
isoenzyme that metabolizes corticosteroids, calcineurin in-
hibitors, and mTOR inhibitors.8-12 A common phase II con-
jugation pathway involves uridine diphosphate–glucurono-
syltransferase (UGT), which metabolizes mycophenolic
acid, the active moiety of mycophenolate mofetil.2 P-gly-
coprotein (P-gp), also known as the adenosine triphos-
phate–binding cassette subgroup B (ABCB1), is the main
transporter protein for corticosteroids, calcineurin in-
hibitors, and mTOR inhibitors; and the multidrug resis-
tance–associated protein 2 (MRP2) exports glucuronidated
metabolites of mycophenolic acid. Drug– drug interactions
occur when an inducer or inhibitor of any of the above
pathways is added or deleted from the immunosuppressive
regimen.

The gold standard for immunosuppressive maintenance
regimens in renal, cardiac, hepatic, and pancreatic trans-
plantation usually consists of triple therapy including a
corticosteroid, calcineurin inhibitor, and either mycophe-
nolate mofetil or azathioprine. It is well known that corticos-
teroids are associated with an increased risk of morbidity
and mortality from adverse effects such as diabetes, hyper-
tension, and hyperlipidemia.13-15 Recently, new protocols
without steroids or with early steroid withdrawal have
shown to be as effective as steroid-containing regimens in
preventing rejection and reducing cardiovascular risk fac-
tors in recipients of solid organ transplants.16-21

This article reviews current clinical evidence on the ef-
fects of corticosteroid interactions with the immunosuppres-
sive drugs cyclosporine, tacrolimus, mycophenolic acid, and

sirolimus and provides recommendations on any dosage ad-
justments required subsequent to corticosteroid withdrawal
from or addition to an immunosuppressive regimen.

Key Pathways 

METABOLIC PATHWAYS

The key pathways involved in metabolism and transport
of immunosuppressive agents are briefly reviewed (Table
1).22-56

Cytochrome P450

The CYP3A enzyme subfamily represents the most
abundant of the cytochrome P450 enzymes found in humans
and is a key catalyst for biotransformation of many drugs.57

This is a major site of drug–drug interactions and therefore a
possible source of adverse interactions, because changes in
cytochrome P450 activities may affect the metabolism of
various drugs that share a common metabolic pathway. 

CYP3A4, the most plentiful isoenzyme expressed in the
human liver and small intestine, is inducible by cortico-
steroids in humans and isolated hepatocytes.58 The induc-
tion of CYP3A4 by corticosteroids presents an important,
and often overlooked, factor in immunosuppressive thera-
py; high-dose intravenous corticosteroids are eventually
tapered or discontinued depending on the protocol.

Uridine Diphosphate–Glucuronosyltransferases

The UGT system fulfills a crucial role in phase II bio-
transformation of potentially toxic endogenous and exoge-
nous compounds.59,60 These enzymes catalyze glucuronida-
tion, rendering molecules more hydrophilic to facilitate
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Table 1. Summary of Immunosuppressant Metabolism and Transport Pathways

Pathways

Drug CYP3A4 UGT P-gp MRP2

Methylprednisolone substrate,22 weak competitive NA substrate,25 inhibitor,26 NA
inhibitor22-24 inducer27

Prednisone substrate (as prednisolone), NA substrate,25 inducer28 NA
inducer,22 competitive
inhibitor22,24

Prednisolone substrate,22 weak competitive NA substrate25 NA
inhibitor22,24

Dexamethasone substrate,22 inducer,22,29,30 inducer31-35 substrate,25,36 inducer37-41 inducer42-45

competitive inhibitor22

Cyclosporine substrate,46,47 inhibitor48 NA substrate,36,49 inhibitor,28 inhibitor51

inducer50

Tacrolimus substrate11,12 substrate?15 inhibitor?52 substrate,36,49 inhibitor28 NA
Mycophenolate mofetil NA substrate53 NA substrate (mycophenolic acid and

glucuronide metabolites)2,53

Sirolimus substrate54 NA substrate,54,55 inhibitor56 NA

MRP2 = multidrug resistance–associated protein 2; NA = information not available or not applicable; P-gp = P-glycoprotein; UGT = uridine diphos-
phate–glucuronosyltransferase.
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their excretion. At least 18 UGT isoforms have been identi-
fied and are found mainly in liver, gastrointestinal tract, kid-
ney, and biliary tissues.59,60

Mycophenolic acid, the active drug moiety of mycophe-
nolate mofetil, is metabolized in the liver, gastrointestinal
tract, and kidneys by UGTs to the major metabolite 7-O-my-
cophenolic acid glucuronide (MPAG) and minor metabolite
acyl glucuronide of mycophenolic acid (AcMPAG).2,53 Me-
tabolism of mycophenolic acid to MPAG is primarily medi-
ated by UGT1A7, 1A8, 1A9, and 1A10, whereas AcMPAG
is predominantly formed by UGT2B7.53

To date, no relationship has been identified between the
metabolism of cyclosporine, tacrolimus, and sirolimus ver-
sus the metabolism of UGT in vivo; however, high
dosages of corticosteroids upregulate expression of UGT
in rat and human hepatocytes and liver microsomes.31-35 

TRANSPORT PATHWAYS

P-Glycoprotein

P-gp, an energy-dependent efflux pump, is extensively
distributed and expressed in cells lining the intestine and
liver, renal proximal tubular cells, and capillary endothelial
cells comprising the blood–brain barrier.61,62 P-gp serves as
a protective mechanism by pumping xenobiotics back into
the intestinal lumen to reduce intracellular drug concentra-
tions.61 P-gp also acts as a detoxifying transporter by se-
creting metabolites and natural toxic substances into urine
via renal proximal tubules.28 Many drugs are bisubstrates
for both CYP3A4 and P-gp; therefore, potential interac-
tions and synergy between the systems may occur.37,63-65

Cyclosporine is a substrate and competitive inhibitor of
CYP3A4 and P-gp in vitro.8 However, cyclosporine is also
associated with increased intestinal CYP3A4 activity and
decreased intestinal and hepatic P-gp activity in vivo.66,67

While tacrolimus is also a substrate and competitive inhibitor
of CYP3A4 and P-gp,23,68 it has less inhibition of intestinal P-
gp than of CYP3A.66,69 In vivo studies in patients and healthy
volunteers showed that clinically relevant doses of tacrolimus
do not alter CYP3A4 or P-gp activity.26,66,67

Sirolimus has been shown to be both a substrate3,54,55,70

and inhibitor56 of P-gp. Sirolimus modulates drug transport
mediated by P-gp by competitive inhibition, a mechanism
different from that by which immunosuppression occurs.71

Corticosteroids have been shown to be both substrates
and potent inducers of the P-gp system.50 The most common-
ly used corticosteroid preparations in transplantation are
methylprednisolone and prednisone (converted to pred-
nisolone in vivo). Dexamethasone, although not used in the
prevention of solid organ transplant rejection, is used in con-
junction with other agents to treat posttransplant proliferative
disorders, which occur in less than 2% of solid organ trans-
plant recipients.72 Despite similar mechanisms of action, sub-
tle differences in their molecular structures affect P-gp trans-

porter affinity.7,25 For example, all are substrates; however,
methylprednisolone and prednisolone are transported more
efficiently by P-gp compared with dexamethasone or pred-
nisone, due to the presence of a hydroxyl group.25 Methyl-
prednisolone,27 prednisone,28 and dexamethasone37-40 are also
inducers of P-gp. To our knowledge, no study has reported
the effects of prednisolone on P-gp. Given that methylpred-
nisolone and prednisone (metabolic precursor of pred-
nisolone) are both inducers, it is likely that prednisolone may
also have an inductive effect. 

Multidrug Resistance–Associated Protein 2 

The MRP2, an organic anion transport protein, is anoth-
er important factor in determining drug disposition. It is
mainly expressed in bile canalicular membrane, apical
membrane of enterocytes, and renal proximal tubules for
biliary and renal exports of anionic compounds and conju-
gation products.73 MRP2 contributes to disposition of my-
cophenolic acid, MPAG, and AcMPAG and may impact
mycophenolic acid pharmacokinetics significantly, as en-
terohepatic recirculation of mycophenolic acid is mediated
by biliary excretion and deglucuronidation of MPAG.53 It
has been suggested that the pharmacokinetic interaction
between cyclosporine and mycophenolic acid is via inhibi-
tion of MRP2 by cyclosporine.51,53

Drug Interactions

Current evidence for drug interactions between cortico-
steroids and immunosuppressive medications is summa-
rized in Table 2.22,24,66,74-89

CORTICOSTEROIDS AND CYCLOSPORINE

Pichard et al.22 evaluated cyclosporine interactions with
corticosteroids (dexamethasone, prednisolone, prednisone,
methylprednisolone) in primary cultures of human hepato-
cytes and liver microsomes and found all of the cortico-
steroids to be competitive inhibitors of cyclosporine oxidase,
while only dexamethasone and prednisone were also found
to be inducers. Dexamethasone and prednisone were also
found to be inducers of CYP3A. Theoretically, all drugs
characterized as inducers or inhibitors of cyclosporine oxi-
dase could modify hepatic metabolism and blood concentra-
tion of cyclosporine in vivo. 

One clinical study specifically evaluated the effect of
corticosteroid withdrawal on cyclosporine concentration, al-
though several studies alluded to possible drug interactions.
Gotti et al.84 reported no significant change in mean cy-
closporine trough concentrations 3 years after steroid with-
drawal; however, only 5 transplant recipients were studied. 

Another small pilot study of 23 patients initiated on an
8-week corticosteroid withdrawal protocol reported on one
patient with declining renal function one year after cy-
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closporine initiation and renal biopsy revealing signs of cy-
closporine nephrotoxicity.90 Mean baseline cyclosporine
trough concentrations ± SD were 120 ± 35 ng/mL, and the
authors reported no change in cyclosporine dosage and
trough concentrations throughout the study.

A number of studies have examined the effects of corti-
costeroids on cyclosporine concentrations in patients re-
ceiving methylprednisolone, prednisolone, or predni-
sone.74,75,78,85,86 Conflicting data regarding corticosteroids
increasing or decreasing cyclosporine concentrations have
been reported. Some investigators observed an increased
whole blood concentration of cyclosporine after high doses
of corticosteroids74,75; results were attributed to an inhibito-
ry effect of the corticosteroid on hepatic metabolism of cy-
closporine.22 Earlier studies reported increasing cy-
closporine concentrations subsequent to administration of in-
travenous methylprednisolone (IVMP). Klintmalm et al.74

reported a 135–430% increase of whole blood cyclosporine
concentrations in 12 of 15 rejection episodes treated with
IVMP, Huisman et al.75 reported a significant increase in cy-
closporine concentration in 12 of 14 patients, and Hall76 re-
ported decreases in cyclosporine clearance by greater than
25% in 5 of 11 patients. Although the studies did not evaluate
the metabolic pathway of CYP3A, it is possible that results
are in agreement with the findings of Pichard et al.22 that
methylprednisolone inhibits cyclosporine oxidase, thus lead-
ing to the rise in cyclosporine concentration.

In contrast, other investigators observed decreased
whole blood concentrations of cyclosporine, suggesting
that corticosteroids induce hepatic drug metabolism.24,77

Ptachcinski et al.77 reported increased clearance of cy-
closporine after high doses of IVMP compared with ad-
ministration of maintenance steroids. The authors speculat-
ed that hepatic enzyme induction was probably the main
cause. Other studies observed no significant pharmacoki-
netic interactions; Ubhi et al.78 reported a significant in-
crease of 100 ng/mL in cyclosporine concentrations in
only 3 of 17 rejection episodes and attributed the increase
to factors other than IVMP therapy. The authors concluded
that there was no apparent clinical interaction between
IVMP and cyclosporine. Another study also reported no
significant change in cyclosporine bioavailability and
clearance index (calculated from cyclosporine trough con-
centrations; Table 2) with tapering methylprednisolone
doses in 97 renal transplant recipients over one year.66

The discrepancy between the findings may be attributed to
the analytical methods for cyclosporine measurement. Klint-
malm et al.74 used the original radioimmunoassay to measure
cyclosporine concentrations; therefore, accumulation of
cross-reactive metabolites may have contributed to the higher
cyclosporine concentrations, while Ptachcinski et al.77 and
Pichard et al.22 used the more specific analysis of high-perfor-
mance liquid chromatography. However, Huisman et al.75 did
find a significant increase in cyclosporine values using both
methods. 
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Table 2. Summary of Current Evidence for Interactions Between Corticosteroids and Immunosuppressive Agents

Combination Results

Methylprednisolone–tacrolimus ↑ bioavailability and clearance indexa of tacrolimus with ↓ steroid dose66

Methylprednisolone–cyclosporine ↑ cyclosporine concentrations and ↓ cyclosporine clearance subsequent to IVMP administration74-76

↓ cyclosporine concentrations from ↑ cyclosporine clearance77

↔ clinical effect78

↔ bioavailability and clearance indexa of tacrolimus with ↓ steroid dose66

Methylprednisolone–MPA ↑ MPA 12-h exposure, trough and peak concentrations, ↓ mycophenolic acid clearance, and ↑ MPAG 
trough concentrations as methylprednisolone is tapered/withdrawn79

no impact of methylprednisolone on MPA pharmacokinetic parameters80

Methylprednisolone–sirolimus ↔ effect when methylprednisolone boluses administered concomitantly81 

Prednisone/prednisolone–tacrolimus ↑ systemic exposure to tacrolimus upon withdrawal of prednisolone; ↑ in tacrolimus concentrations in 43% 
and 61% of pts. after withdrawal of 5 and 10 mg of prednisolone, respectively82

↑ prednisone dose, ↑ tacrolimus dosage required83

Prednisone/prednisolone–cyclosporine ↔ effect on mean cyclosporine trough concentrations 3 y after steroid withdrawal84

prednisone ↑ CYP3A and cyclosporine oxidase in vitro, may ↓ cyclosporine concentrations 22

cyclosporine may inhibit prednisone/prednisolone85,86

Prednisone/prednisolone–MPA ↔ effect of prednisone on mycophenolic acid trough concentrations87

Prednisone/prednisolone–sirolimus ↓ prednisolone elimination88

Dexamethasone–tacrolimus ↓ tacrolimus concentration after low (1 mg/kg/day) and high (75 mg/kg/day) dose dexamethasone in rats89

Dexamethasone–cyclosporine dexamethasone ↑ CYP3A and cyclosporine oxidase in human hepatocytes, may ↓ cyclosporine
concentrations 22,24

Dexamethasone–MPA NA

Dexamethasone–sirolimus NA

IVMP = intravenous methylprednisolone; MPA = mycophenolic acid; MPAG = 7-O-mycophenolic acid glucuronide; NA = information not available or
not applicable.
aBioavailability and clearance index = trough concentration (µg/L)/dose/weight(mg/kg)•100.
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To complicate matters further, cyclosporine may inher-
ently inhibit the metabolism of prednisone and pred-
nisolone.85,86,91 One study followed 16 kidney transplant re-
cipients who were on prednisone, allocated to either cy-
closporine or azathioprine treatment arms, for 3 weeks.85

Prednisone dosage was gradually decreased from 2 to 0.5
mg/kg/day after the first week of treatment. Only pred-
nisolone concentrations were measured. The authors found
that prednisolone’s elimination rate was significantly lower
by an average of 22% (p < 0.05) in the cyclosporine-treat-
ed group, thus providing support that cyclosporine increas-
es prednisolone’s bioavailability, possibly through inhibi-
tion of CYP3A4 and P-gp. 

The inconsistent cyclosporine–corticosteroid interaction
data could be attributed to study design, type and dosage of
corticosteroid used, subject characteristics, and cy-
closporine pharmacokinetic variability. While all of the
commonly used corticosteroids are substrates and competi-
tive inhibitors of CYP3A4, their inductive properties differ.
The extent of inhibition/induction may also be time-depen-
dent, as it generally takes longer to manifest induction ef-
fects.50 In addition, interaction at the P-gp level likely plays a
role in this complex pharmacokinetic interaction (Table 1).

CORTICOSTEROIDS AND TACROLIMUS

An interaction between steroids and tacrolimus has been
described in both in vitro and in vivo animal studies.11,89,92-94

In addition, 2 reviews of other drug interactions associated
with tacrolimus have been published.50,95 Corticosteroids
may either induce or inhibit CYP3A4. Christians et al.50

demonstrated that time is an important factor to consider in
evaluating whether the net effect is CYP3A inhibition or in-
duction. The authors concluded that after the initiation of cor-
ticosteroid therapy or an increase in dosage, inhibition is
more important than induction properties; however, the im-
pact of induction gradually increases, becoming more promi-
nent than inhibition after several hours to days. Depending on
the type of corticosteroid used, different effects on the expres-
sion of CYP3A and P-gp have been reported in in vitro ex-
periments; dexamethasone, prednisone, and cortisone in-
creased the activity of CYP3A, but prednisolone and methyl-
prednisolone did not. Whether this difference translates to
clinical use is unknown.22

Given that tacrolimus is metabolized almost entirely
(>90%) by CYP3A in the liver and, to a lesser extent, in in-
testinal mucosa, coadministration of inhibitors/inducers of
these systems potentially leads to significant pharmacokinet-
ic interactions.50,96 An interaction between tacrolimus and P-
gp has also been shown.36,49,50,97 The presence of P-gp sub-
strates, inhibitors, and/or inducers is crucial in determining
whether an interaction is likely to occur. Information on
drugs categorized as P-gp subtrates, inhibitors, or inducers
can be found in more detail elsewhere.61,65

Numerous in vitro studies have examined the effect of
dexamethasone on P-gp,25,37-40 but few have examined in
vivo effects in rats. In one study, dexamethasone rapidly
increased P-gp expression more than 4.5- and 2-fold in liv-
er and lungs, respectively, and returned to control values 6
days after dexamethasone administration.38 Another study
found a 5-fold increase in male rats subsequent to dexa-
methasone administration; however, a 60% reduction in P-
gp expression was found in female rats.40 Several plausible
mechanisms have been proposed regarding the impact of
sex differences on pharmacology, such as lower oral
bioavailability, menstrual cycle, and higher intestinal P-gp
activity in females.50 These factors, whether alone or in
combination, may account for sex differences. 

The pharmacokinetics of tacrolimus in rats after a low
(1 mg/kg/day) and high (75 mg/kg/day) dexamethasone
dose given intraperitoneally for 4 days were evaluated.89

Blood concentrations and bioavailability of orally adminis-
tered tacrolimus after both doses  of dexamethasone were
significantly decreased (p < 0.01). This paralleled a case
report of a 20-year-old man whose tacrolimus trough con-
centration markedly decreased, by approximately 80%,
subsequent to pulse methylprednisolone therapy and grad-
ually returned to baseline levels (before steroid therapy)
over 11 days.89 These results indicate that a decrease in
tacrolimus concentrations after high-dose steroids is likely
a consequence of P-gp and CYP3A induction in liver and
intestine and that these changes are reversible after corti-
costeroid cessation.

The interactions between tacrolimus and corticosteroids
in clinical studies are generally in accord with animal mod-
el findings89 (Table 2). An increase in tacrolimus bioavail-
ability and clearance index, calculated from tacrolimus
trough concentrations (Table 2), was noted with tapering
methylprednisolone doses in 203 renal transplant recipi-
ents over one year.66 A parallel increase in hematocrit and
serum albumin was also observed. However, cyclosporine
bioavailability was not altered in 97 subjects in the same
study. The authors suggested that tacrolimus is more sensi-
tive to interactions at the CYP3A4 and P-gp level. 

In renal transplant patients who had been on a tacro-
limus-based immunosuppression regimen for at least 3
months, van Duijnhoven et al.82 evaluated tacrolimus
trough concentrations and doses before and after with-
drawal of prednisolone (5 and 10 mg) prospectively and
retrospectively. The median tacrolimus dose-normalized
concentration increased by 11% in the prospective and
14% in the retrospective part of the study after withdrawal
of prednisolone 5 mg. Similarly, a withdrawal of pred-
nisolone 10 mg led to increases of 36% and 33%, respec-
tively. Assessment of the area under the curve (AUC) re-
vealed an 18% increase (p = 0.05) after the withdrawal of
prednisolone 5 mg, compatible with a reduced metabolism
after steroid withdrawal. The study suggests that the effect
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of corticosteroid withdrawal is steroid-dose dependent and
that the tacrolimus dosage should be adjusted once steroid
withdrawal has been initiated (Table 2).

The effect of steroid tapering was assessed in 83 renal
transplant recipients on a tacrolimus-based regimen.83 Pa-
tients were divided into 3 groups according to steroid dose
(low: 0–0.15 mg/kg/day; intermediate: 0.16–0.25 mg/kg/
day; high: >0.25 mg/kg/day). Tacrolimus concentration–
dose ratios were assessed for each dosage group after 1
and 3 months of treatment. Patients received IVMP 500
mg at transplantation, which was slowly tapered to oral
prednisone 5 mg daily at 3 months after transplantation. At
higher doses of steroids, higher dosages of tacrolimus were
required to achieve target trough concentrations. The au-
thors speculated that the most likely interaction mecha-
nism was specific enzymatic induction of CYP3A and/or
P-gp. Thus, given the apparent interaction upon steroid ad-
ministration, careful monitoring of tacrolimus blood con-
centrations during steroid tapering is warranted (Table 2).

CORTICOSTEROIDS AND MYCOPHENOLATE

Mycophenolic acid, the active form of mycophenolate,
is metabolized solely by the UGT enzyme system via glu-
curonidation. Induction of UGTs by corticosteroids has
been reported (Table 1)31-33,79,98; however, data regarding
the impact of corticosteroids on the specific UGTs that me-
tabolize mycophenolic acid are scarce and warrant further
investigation (Table 2). One trial compared 26 renal trans-
plant patients on triple-drug immunosuppression therapy
(cyclosporine, mycophenolate mofetil, methylpredniso-
lone) who underwent steroid tapering and eventual with-
drawal over a period of 21 months with 12 patients on the
same regimen without steroid withdrawal (control
group).79 The authors did not specify when IVMP, given
intraoperatively, was switched to the oral formulation.
Upon study initiation, the mycophenolic acid AUC was
lower when high doses of steroids were being adminis-
tered but progressively increased as methylprednisolone
was being tapered and eventually withdrawn. Apparent
plasma clearance of mycophenolic acid showed progres-
sive and significant decline (p < 0.01) in patients who dis-
continued methylprednisolone compared with the controls.
The authors concluded that steroids interfere with my-
cophenolic acid bioavailability in solid organ transplant re-
cipients, and changes in mycophenolic acid concentration
may be clinically relevant. 

Another trial followed 100 recipients of de novo kidney
transplants over 12 months, all of whom were also taking
tacrolimus and methylprednisolone.80 The steroid dose was
tapered over subsequent months and corticosteroid treat-
ment was completely withdrawn in 26 subjects. The au-
thors reported no impact of methylprednisolone dose or

withdrawal on mycophenolic acid trough concentrations or
total exposure, concluding that only a randomized, prospec-
tive study could assess the corticosteroid–mycophenolic
acid interaction. 

In another study, 52 renal transplant patients continued
on triple immunosuppression therapy (cyclosporine, my-
cophenolate mofetil, prednisone) for 3 months after trans-
plant; at 6 months, 19 discontinued cyclosporine and 14
discontinued prednisone.87 Mycophenolic acid trough con-
centrations determined at 6 and 9 months in the 14 patients
who discontinued steroids but had no other changes in
their immunosuppressive regimen revealed no statistically
significant differences and no acute rejections. This im-
plies that mycophenolic acid exposure may compensate
for the lower overall level of immunosuppression obtained
from a regimen without steroids79; whether this confers a
lower risk of acute graft rejection still needs to be investi-
gated.

While dexamethasone is known to induce MRP2 in rat
hepatocytes,42-44 currently there are no clinical studies in-
vestigating the impact of corticosteroids on MRP2 induc-
tion in humans. Pharmacokinetic interaction between corti-
costeroids and mycophenolic acid at the transporter level
remains unknown. 

CORTICOSTEROIDS AND SIROLIMUS

Sirolimus pharmacokinetics are expected to change
when drugs affecting hepatic and intestinal CYP3A4 and
P-gp are administered concomitantly.54,99 To our knowl-
edge, no pharmacokinetic studies on the effects of corti-
costeroid tapering on sirolimus concentrations have been
published. However, available data regarding the effect of
coadministered corticosteroids on sirolimus trough con-
centrations are conflicting.81,88,100 Jusko et al.88 evaluated
the pharmacokinetic interaction of prednisolone and
sirolimus during a 2-week course of sirolimus 1–13 mg/m2

in 40 kidney transplant patients maintained on cy-
closporine. The investigators reported a decrease in pred-
nisolone elimination in relation to sirolimus dosage. Pred-
nisolone AUC increased significantly from day –1 to day
14, with a mean ratio ± SD of 1.27 ± 0.30 (p = 0.0001), al-
though time to maximal concentration, half-life, and mean
residence time remained unchanged. The clinical signifi-
cance of this finding and its effect on a steroid-tapering
regimen remains to be evaluated. 

A retrospective analysis was used to investigate the ef-
fect of corticosteroids on sirolimus trough concentrations
when dual and triple immunosuppressive regimens were
compared.100 Addition of steroids to a dual regimen con-
taining cyclosporine or mycophenolate mofetil resulted in
significantly lower dose-normalized sirolimus and my-
cophenolic acid trough concentrations as compared with
steroid-free regimens (p < 0.01 and p < 0.05, respectively).
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The study did not include doses and levels of the other im-
munosuppressive agents coadministered with sirolimus or
the different corticosteroids used; both of these factors may
be crucial in determining the magnitude of the interaction. 

Contrary to the first 2 studies, another investigation re-
ported that steady-state sirolimus trough concentrations
were not affected by bolus methylprednisolone doses
(ranging from 500 mg to 3000 mg over 1–5 days) when
administered to 14 renal transplant patients.81 The authors
acknowledged transience of high-dose methylprednisolone
treatment and variability in timing of steroid dosing and
sirolimus concentration measurement in this retrospective
study.

To date, few studies have investigated corticosteroid–
sirolimus interactions, and results are inconsistent.
Prospective studies examining the effect of corticosteroid
tapering on sirolimus concentrations need to be conducted
to assess the clinical relevance of the potential interactions. 

Discussion 

Cyclosporine, tacrolimus, sirolimus, and corticosteroids
share common metabolic and transporter pathways and, as
the studies reviewed here have demonstrated, all are at risk
of drug interactions. The impact of corticosteroids on drug-
metabolizing enzyme and transporter protein activities is
complex (Table 1). Depending on the type of cortico-
steroid used, study design, and time of dosing, cortico-
steroids have been shown to induce and/or inhibit metabo-
lism of the immunosuppressants (Table 2). Therefore, a
corticosteroid withdrawal regimen should prompt the clini-
cian to expect decreased or increased concentrations of the
remaining immunosuppressants. In addition, one study
demonstrated that P-gp is significantly upregulated in pe-
ripheral T cell subsets from liver and lung transplant pa-
tients101; however, another found that hepatic expression of
CYP3A4 increased during the first year after liver trans-
plant, while P-gp did not.102 Lemahieu et al.66 also evaluat-
ed activities of hepatic and intestinal CYP3A4 and P-gp in
renal transplant recipients and reported a decrease of
CYP3A4 and P-gp activities over time (1 y after trans-
plant) compared with healthy controls. The authors sug-
gested that corticosteroid withdrawal likely explained the
observation. However, the clinical relevance of alteration
in metabolic and transport pathways following cortico-
steroid withdrawal is still debated. 

Although more studies are needed to evaluate the in
vivo interaction, steroid withdrawal is likely an important
factor to consider in the pharmacokinetics of cyclosporine
and its implications may be key in preventing nephrotoxic-
ity or rejection in these patients. Whether declining renal
function seen early in the withdrawal studies can be at-
tributed to initiation of an acute rejection episode or
whether it is an early sign of cyclosporine nephrotoxicity

also needs to be evaluated. Similarly, corticosteroids are
frequently coadministered with tacrolimus and there is grow-
ing evidence suggesting an interaction. Most transplant pa-
tients are maintained at target tacrolimus concentrations of
10–15 ng/mL one month after transplant, with lower concen-
trations thereafter.23 The inductive effect of corticosteroids on
CYP3A and tapering of corticosteroids may be responsible
for reduced oral clearance of tacrolimus over time. The inter-
action may be dependent on the specific corticosteroid used,
but overall, clinicians should closely monitor tacrolimus con-
centrations during and after the steroid withdrawal phase;
dose reduction may be necessary. 

Available data on steroid–sirolimus interactions are
scant and conflicting; however, 2 studies appear to indicate
a potential pharmacokinetic interaction.88,100 This may
therefore warrant a sirolimus dosage increase or decrease
and closer monitoring once corticosteroids are introduced
or tapered, respectively, from the regimen.

While corticosteroids are shown to induce UGT en-
zymes, the main metabolic pathway of mycophenolic acid,
direct studies on pharmacokinetic interactions between
corticosteroids and mycophenolic acid are limited. Dexa-
methasone has been shown to induce various UGT iso-
forms in vitro31-33,98; however, current clinical data on the im-
pact of corticosteroid dosage or withdrawal on mycophenolic
acid pharmacokinetics are inconsistent.79,80,87 Similarly, clini-
cal evidence of corticosteroids’ impact on mycophenolic acid
transport via MRP2 is lacking. It appears unnecessary to ad-
just the mycophenolate mofetil/mycophenolic acid immuno-
suppressive regimen with corticosteroid dosage changes;
however, further trials are necessary to confirm this.

While therapeutic drug monitoring of immunosuppres-
sants is often employed in management of transplant pa-
tients, it is still evolving and debate continues about defin-
ing adequate or excessive concentrations in different trans-
plant recipients at various times after transplant. In 2002,
the International Federation of Clinical Chemistry/Interna-
tional Association of Therapeutic Drug Monitoring and
Clinical Toxicology working group published a consensus
document on the measurement and interpretation of im-
munosuppressive drugs103; however, rising changes and is-
sues surrounding the therapeutic drug monitoring of these
drugs prompted a review. A recent update of the group’s
symposium acknowledges the inhibitory and inductive im-
pact of steroids, as a group, on the metabolic pathways and
the potential drug– drug interaction with immunosuppres-
sant drugs.104 However, no differentiation between the
steroids and no recommendations were outlined. Although
cyclosporine and tacrolimus concentrations are measured
routinely, anticipating a change (upon steroid dosage ad-
justment) helps to guide clinicians and avoid unnecessary
adverse events. On the other hand, it may be premature to
suggest adjustment of mycophenolic acid and sirolimus
dosages during steroid withdrawal. One must also bear in
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mind that even in cases of complete corticosteroid with-
drawal, which is increasingly adopted in some transplant
populations (eg, liver, heart), a concern other than steroid-
induced pharmacokinetic interactions may be potential se-
vere leukopenia, due to removal of steroid-induced leuko-
cytosis effects in patients on agents with bone marrow sup-
pression activity (eg, mycophenolic acid, azathioprine,
ganciclovir, thymoglobulin). To date, the influence of cor-
ticosteroid addition or withdrawal has not been routinely
considered in clinical practice. Only by bringing forward
the possible interactions of steroids with other immuno-
suppressant agents can we assess the significance of the
impact of corticosteroid interactions on patient care.

The majority of corticosteroid withdrawal studies have
focused on acute rejection, and rightly so; however, it is
equally important for clinicians to keep in mind that phar-
macokinetic interactions may occur upon removing a drug
that induces the CYP3A4, P-gp, and UGT systems. With
the available studies, it is yet difficult to recommend the in-
cremental reductions that are necessary for the remaining
immunosuppressive agents. The large interpatient variabil-
ity found among those taking immunosuppressive drugs
may also hinder such empiric recommendations. Many
more studies examining the specific corticosteroid–im-
munosuppressant interactions are required before clini-
cians can take a proactive approach to dose adjustment of
the remaining immunosuppressants once the plan is to al-
ter the corticosteroid regimen. Overall, a trend of increased
immunosuppressive exposure seems to be apparent from
the results of the few studies evaluating the concentrations
of immunosuppressive agents subsequent to instituting a
corticosteroid withdrawal regimen. Future studies should
compare transplant recipients who undergo steroid with-
drawal versus those with no withdrawal while monitoring
concentrations of the other immunosuppressants (eg, cy-
closporine, tacrolimus, mycophenolic acid, sirolimus)
throughout the entire period, with dosages adjusted only if
necessary (eg, toxicities). Such well-controlled studies, al-
though challenging to conduct, would provide crucial in-
formation regarding the impact of corticosteroid withdraw-
al on the pharmacokinetics of other immunosuppressants.
These studies could be part of larger clinical trials address-
ing optimal immunosuppressant protocols for solid organ
transplant recipients.

Summary

While our understanding of the clinical impact of ste-
roid–immunosuppressant interactions is limited, it remains
a fact that corticosteroids have complex induction and in-
hibition interaction with common metabolic and transport
pathways. This underscores the utility of therapeutic drug
monitoring in guiding and individualizing immunosup-
pressive therapy, especially when corticosteroids are ta-

pered or withdrawn. No conclusive evidence-based recom-
mendations for immunosuppressant dosage adjustments
can be made at this time. Only well-designed and properly
conducted studies can adequately complete the clinician’s
armamentarium in dealing with changing immunosuppres-
sant protocols and provide a definitive answer to whether
there are interactions between corticosteroids and cy-
closporine, tacrolimus, mycophenolate, and sirolimus.
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Interacciones de Corticosteroides con Ciclosporina, Tacrolimus,
Micofenolato, y Sirolimus: ¿Verdad o Ficción?

S Lam, N Partovi, LSL Ting, y MHH Ensom

Ann Pharmacother 2008;42:1037-47.

EXTRACTO

OBJETIVO: Revisar la evidencia clínica actual de los efectos de las inter-
acciones de los corticosteroides con los fármacos inmunosupresores
ciclosporina, tacrolimus, micofenolato, y sirolimus. 

FUENTES DE INFORMACIÓN: Los artículos se extrajeron a partir de la base de
datos de MEDLINE (1966–febrero de 2008) con los siguientes términos
de búsqueda en inglés: corticosteroids, glucocorticoids, immunosuppres-
sants, cyclosporine, tacrolimus, mycophenolate, sirolimus, drug inter-
actions, CYP3A4, P-glycoprotein, y UDP-glucuronosyltransferases. Se
realizaron búsquedas manuales de la bibliografía para obtener artículos
relevantes adicionales.

SELECCIÓN DE FUENTES DE INFORMACIÓN Y MÉTODO DE EXTRACCIÓN DE

INFORMACIÓN: Se revisaron todos los estudios en inglés que trataban
sobre las interacciones farmacológicas entre los corticosteroides y los
inmunosupresores (ciclosporina, tacrolimus, micofenolato, y sirolimus). 

SÍNTESIS: Los corticosteroides comparten vías metabólicas y de transporte
comunes, los sistemas citocromo P450 (CYP) y P-glicoproteína (P-gp/
ABCB1), respectivamente, con ciclosporina, tacrolimus, y sirolimus.
Como grupo, los corticosteroides inducen las vías CYP3A4 y P-gp; sin
embargo, existen algunas excepciones cuyo impacto sobre el régimen
inmunosupresor del paciente puede ser crítico. Los corticosteroides

también han demostrado un efecto inductor sobre las enzimas UDP-
glucuronosil-transferasa y la proteína 2 asociada a la resistencia
multifármaco involucrada en la disposición de micofenolato Se han
notificado regímenes de retirada de corticosteroides exitosos; sin
embargo, sólo algunos estudios han examinado los efectos de la retirada
de esteroides sobre los regímenes inmunosupresores concomitantes.
Hasta la fecha, no se ha caracterizado en detalle el impacto clínico de la
retirada de esteroides sobre la disposición de otros agentes
inmunosupresores y los informes de dichas interacciones
farmacológicas son contradictorias.

CONCLUSIONES: Mientras nuestro conocimiento del impacto clínico de las
interacciones entre esteroides e inmunosupresores sea limitado, sigue
siendo un hecho las complejas interacciones de inducción e inhibición
de los corticosteroides con las vías metabólicas y de transporte comunes.
Dada la compleja interacción de los corticosteroides con las enzimas
metabólicas y las proteínas de transporte cruciales, debe garantizarse la
monitorización de los agentes inmunosupresores durante la retirada de
esteroides para asegurar un tratamiento óptimo. 
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L’Interaction des Corticostéroïdes avec la Cyclosporine, le
Tacrolimus, le Mycophénolate, et le Sirolimus: Réalité ou Fiction?

S Lam, N Partovi, LSL Ting, et MHH Ensom

Ann Pharmacother 2008;42:1037-47.

RÉSUMÉ

OBJECTIF: Revoir les données cliniques probantes de l’interaction
rapportée entre les corticostéroïdes et les immunosuppresseurs dont
notamment la cyclosporine, le tacrolimus, le mycophénolate sodique, et
le sirolimus.

SOURCES D’INFORMATION: Une recherche dans la banque de données
MEDLINE (1966–février 2008) a été effectuée avec les mots-clés
suivants: corticostéroïdes, glucocorticoïdes, immunosuppresseurs,
cyclosporine, tacrolimus, mycophénolate, sirolimus, interaction
médicamenteuse, CYP3A4, p-glycoprotéine, y glucuronosyltransférase-
UDP. Les bibliographies des articles identifiés ont été vérifiées pour tenter
de cibler des références additionnelles.

SÉLECTION DE L’INFORMATION: Tous les articles de langue anglaise dont le
sujet principal était l’interaction entre les corticostéroïdes et les immuno-
suppresseurs ont été retenus et révisés.

RÉSUMÉ: La cyclosporine, le tacrolimus, le sirolimus, et les corticostéroïdes
partagent la voie métabolique du cytochrome P450 ainsi que le système
de transport transmembranaire de la p-glycoprotéine. En général, les
corticostéroïdes induisent le cytochrome P450 3A4 et la p-glycoprotéine;
toutefois, quelques exceptions existent et l’impact net sur le régime
immunosuppresseur d’un patient peut varier. Les corticostéroïdes
démontrent aussi un effet inducteur sur les enzymes glucuronosyltrans-
férases-UDP et la protéine 2 du gène MRP qui est elle-même impliquée
dans la disposition du mycophénolate. Plusieurs succès thérapeutiques
de sevrage des corticostéroïdes ont été rapportés; toutefois, il existe
uniquement quelques études qui ont examiné les effets spécifiques du
retrait des corticostéroïdes sur les régimes d’immunosuppresseurs. A ce
jour, l’impact clinique du retrait des stéroïdes sur la cinétique des
immunosuppresseurs n’est pas bien caractérisé et les publications à cet
égard présentent des résultats contradictoires.

CONCLUSIONS: Bien que notre compréhension de l’impact clinique de
l’interaction médicamenteuse entre les corticostéroïdes et les immuno-
suppresseurs soit limitée, il n’en demeure pas moins que les cortico-
stéroïdes possèdent des effets inducteurs et inhibiteurs sur plusieurs
voies communes métaboliques et de transport transmembranaire. Ces
interactions complexes peuvent aisément justifier le monitorage des
immunosuppresseurs afin de s’assurer de l’optimisation des traitements. 
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