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It  has been shown recently that cyclosporine is largely metabolized by P450IIIA (CYP3A), an enzyme 
whose catalytic activity varies significantly among patients. To determine whether heterogeneity in 
P450IIIA activity contributes to interpatient differences in cyclosporine dosing requirements, the oral 
pharmacokinetics of the drug were determined in 20 stable kidney transplant recipients. P450IIIA activ- 
ity was then measured in each patient by use of the erythromycin breath test. In the 16 patients who 
were at steady state, the logarithm of the apparent oral clearance of cyclosporine correlated significantly 
with the rate of l4CO, exhaled in breath after intravenous administration of [14C N-methyl]erythromy- 
cin (r = 0.55, p = 0.03). No significant correlations existed between apparent oral clearance and age, 
high-density lipoprotein cholesterol or low-density lipoprotein cholesterol, or hematocrit in these pa- 
tients. We conclude that heterogeneity in P450IIIA activity significantly contributes to interpatient dif- 
ferences in dosing requirements of cyclosporine in kidney transplant patients. (CLIN PHARMACOL THER 
1992;52:471-8.) 
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Cyclosporine is an immunomodulatory agent com- 
monly administered to patients who have received 
transplanted organs. The oral dose of cyclosporine re- 
quired to achieve a target trough blood level varies at 
least tenfold among patients.' This heterogeneity ap- 
pears to largely reflect differences in the extent of cy- 
closporine absorption from the gastrointestinal tract. 
However, interpatient differences in metabolism of 
cyclosporine also appear to be important. 

Cyclosporine has been shown to be chiefly metabo- 
lized in the liver and intestine by an enzyme termed 
" P ~ ~ o I I I A . " ~ ~ ~  (In this article, the term "P450IIIA" is 
used to refer to members of the CYP3A gene subfam- 
i ~ ~ . ~ )  The metabolites produced by P450IIIA are 
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mainly excreted in bile; renal excretion of cyclospor- 
ine and its metabolites is negligible.' 

There are marked interindividual differences in the 
catalytic activity of P ~ ~ O I I I A . ~ , ~  To determine if this 
heterogeneity partly accounts for interpatient differ- 
ences in cyclosporine dosing requirements. we re- 
cently studied 32 patients who were receiving cyclo- 
sporine as an experimental treatment of psoriasis.'0 
Before treatment with the drug was started. each pa- 
tient's P450IIIA activity was measured by means of 
the erythromycin breath test.'' This test is based on 
the observations that P450IIIA appears to exclusively 
catalyze the N-demethylation of erythromycin1' and 
that the carbon atom in the removed methyl group 
should largely appear in the breath as carbon diox- 
ide.I2 The patient receives an intravenous injection of 
a trace amount of [I4c N-methyl]erythromycin, and 
the rate of its subsequent demethylation in vivo is es- 
timated from the rate at which the patient produces 
I4co2 in the breath. We have shown that the tindings 
of the erythromycin breath test correlate well with the 
liver content of P450IIIA in patients.'"n the patients 
with psoriasis, we found that the interpatient heteroge- 
neity in P450IIIA activity, as measured by the eryth- 
romycin breath test, largely accounted for interpatient 
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Table 1. Patient characteristics 

Trough Trough 
Patient Age ERMBT Dose (0-hour (24-hour 

No. Renal disease (yr) Sex Vehicle (% ' " ~ l h r )  (mgikglday) level) level) 

1 * Post-streptococcal glomemlonephritis 
2 Post-streptococcal glomerulonephritis 
3 Diabetes 
4 Alport's syndrome 
5 Diabetes 
6* ESRD, chronic infection 
7 Diabetes 
8* ESRD, unclear cause 
9 Polycy stic kidney disease 

10 Hypertension 
1 I* Lupus 
12 Polycystic kidney disease 
13 Polycystic kidney disease 
14 Wegener's granulomatosis 
15 ESRD, unclear cause 
16 Polycystic kidney disease 
17 Immunoglobulin A nephropathy 
18 Medullary cystic disease 
19 Lupus 
20 Diabetes 

Mean (all patients, N = 20) 
SD 

Mean (patients analyzed: n = 16) 
SD 

Male 
Male 
Female 
Male 
Male 
Male 
Male 
Male 
Male 
Male 
Female 
Male 
Male 
Male 
Male 
Female 
Male 
Male 
Female 
Female 

Capsules 
Liquid 
Capsules 
Capsules 
Capsules 
Capsules 
Capsules 
Liquid 
Capsules 
Liquid 
Liquid 
Liquid 
Liquid 
Capsules 
Capsules 
Liquid 
Capsules 
Capsules 
Liquid 
Capsules 

ERMBT, Erythromycin breath test; ESRD, end-stage renal disease. 
*Patients excluded from analysis because they were not at steady state (see Methods sect~on) 

differences in the trough blood levels of cyclosporine 
that were observed after drug administration.I0 We 
concluded that the erythromycin breath test may there- 
fore be useful as a guide in administration of cyclo- 
sporine for similar patients. 

However, the relevance of our observations to the 
kidney transplant population was unclear. In contrast 
to the psoriasis patients studied, kidney transplant re- 
cipients often have severe systemic diseases and gen- 
erally are receiving multiple medications known or 
suspected to influence P450IIIA a c t i ~ i t ~ ~ . ~ ;  these fac- 
tors could significantly influence drug absorption or 
metabolism. In addition, many investigators believe 
that the area under the cyclosporine blood concentra- 
tion-time curve during the dosing interval (AUC) is 
superior to a simple trough blood level as a predictor 
of clinical events in kidney transplant  recipient^.'^"^ 
We therefore performed an oral pharmacokinetic study 
of cyclosporine in 20 stable kidney transplant recipi- 
ents who also received the erythromycin breath test. 
Our findings support the idea that interpatient differ- 

ences in P450IIIA activity contribute to the heteroge- 
neity in cyclosporine dosing requirements observed in 
this patient population. 

METHODS 
Patients studied. Twenty kidney transplant patients 

were selected for study. At least 6 months had elapsed 
since kidney transplant surgery in all patients, and all 
were considered to be medically stable. In addition, 
each patient had been maintained on the same dose of 
cyclosporine for at least 1 month, and each took the 
cyclosporine as a single daily dose. Characteristics of 
the patients are shown in Table I. 

Patients who met the above criteria were recruited 
from the kidney transplant clinic by one of the inves- 
tigators (D.K.T.). To ensure that the patients tested 
constituted a representative sample of the transplant 
population, no consideration was given to cause of 
kidney failure or to whether the patients had systemic 
diseases. Three of the patients had received an eryth- 
romycin breath test in the past; however, this informa- 
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Table 11. Medications used by the 16 patients at steady state 

Medications Parienr No. 

Imunosuppressive agents 

Antihypertensive agents 
Ace inhibitors 
@Blockers 

Calcium channel blockers 

Diuretic agents 
Vasodilators 

Miscellaneous medications 

Prednisone 
Azathioprine 

All patients 
All patients except 10, 19, and 20 

Enalapril 
Atenolol 
Labetalol 

Diltiazem 
Nifedipine 
Verapamil 
Furosemide 
Clonidine 
Minoxidil 
Prazosin 
Terazosin 
Acetaminophen 
Docusate sodium 
Combination of aluminum hydroxide, magnesium 

hydroxide, and simethicone (Gelusil) 
Insulin 
Isotretinoin 
Psyllium hydrophilic mucilloid (Metamucil) 
Metoclopramide 
Multivitamin 
Tetracycline 

tion was not considered in patient selection, and the 
results of the tests were not known by the physicians 
who prescribed cyclosporine. 

To maintain patients at steady state with regard to 
their cyclosporine dosing while in our General Clini- 
cal Research Center, each patient was asked to main- 
tain a detailed dietary history for the 3 days before ad- 
mission. The diaries were assessed by the General 
Clinical Research Center nutritionists, and diets 
matched in fat, protein, and carbohydrate content 
were administered to the patients during their admis- 
sion to the unit. In particular, every effort was made 
to provide the patient with his or her usual breakfast. 
Each patient was told to take his or her cyclosporine 
dose in exactly the same fashion as he or she had been 
administering it at home. Eight of the patients were 
taking cyclosporine in liquid form; each brought the 
graduated cylinder, the glass, and the spoon he or she 
used at home to take the medication. The remaining 
12 patients were taking their cyclosporine doses in the 
gelatin capsule formulation. The liquid and gelatin 
preparations have been reported to be bioequivalent. l6  

Each patient was admitted to the General Clinical 
Research Center on the evening before the start of the 
pharmacokinetic study. Each received dinner, and the 

following morning each was asked to take the cyclo- 
sporine dose at the exact time and in the exact rela- 
tionship to breakfast as at home. Five-milliliter venous 
blood samples were withdrawn through a heparin lock 
at the following times: 0 ,  '/2, 1, l ' h ,  2, 2Y2, 3, 3'/z, 4, 
5, 6, 8, 10, 12, 18, and 24 hours after oral adminis- 
tration (the 0-hour sample was obtained immediately 
before administration). 

The erythromycin breath test. The erythromycin 
breath test was administered, and the findings were 
calculated as described previously.'' The findings are 
expressed as the percentage of administered carbon 14 
that appeared in the breath in 1 hour. The breath test 
was administered to each patient after the final blood 
sample was obtained (24 hours) but before the next 
dose of cyclosporine was taken. We have shown that 
the results of the breath test decrease when patients 
begin treatment with cyclosporinelO; this presumably 
reflects competition between this cyclosporine and 
erythromycin for metabolism by P450IIIA. However, 
this decrease in the erythromycin breath test result is 
small compared with interpatient differences in the re- 
sults of the test; hence the erythromycin breath test re- 
mains a valid means of measuring P450IIIA activity in 
patients receiving cyc l~spor ine . '~  
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Fig. 1. Cyclosporine (CsA) blood concentration-time profiles in the 16 patients at steady state. 

Cyclosporine blood level analysis. Whole blood 
samples obtained from the patients were refrigerated 
(4" C). The concentration of parent cyclosporine in the 
whole blood was determined by a previously validated 
HPLC method." The time interval between blood 
drawing and blood analysis did not exceed 4 days. 
Blood samples from a single patient were always 
tested together. 

Additional laboratory studies. Blood hematocrit 
and serum concentrations of high-density lipoprotein 
cholesterol, (HDL) and low density lipoprotein (LDL) 
cholesterol, and total cholesterol were determined by 
commercial automated systems on blood drawn at the 
time of the patient was admitted to the General Clini- 
cal Research Center. 

Pharmacokinetic analyses. Blood concentration- 
time profiles of cyclosporine were analyzed at steady 
state by use of a noncompartmental approach.18 The 
drug half-life (th) was determined by linear regression 

of the log-linear terminal phase of the curve. The ap- 
parent oral clearance (CLIF) was calculated as the ad- 
ministered dose divided by the AUC, for which AUC 
was determined by a combination of the trapezoidal 
and log-trapezoidal rules over the 24-hour dosing in- 
terval. The volume of distribution after oral dosing 
(V,,IF) was determined as total oral clearance di- 
vided by the log-linear terminal rate-constant (A,), 
where tl/, = 0.693/An. The peak blood concentration 
(C,,,) and time to peak (t,,,) were read directly from 
the blood concentration-time data. The trough blood 
level (C,,) was that value 24 hours after oral admin- 
istration. 

Statistical analysis. The strength of the linear rela- 
tionships between the erythromycin breath test and 
various pharmacokinetic parameters was assessed with 
Pearson's product-moment correlation coefficient. 
Models for explaining variation in the pharmacoki- 
netic parameters were constructed by use of linear re- 
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Table 111. Pharmacokinetic parameters of oral cyclosporine in the 16 patients at steady state 

2 
3 
4 
5 
7 
9 

10 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Mean 
SD 

C,,,, Peak blood concentration; t,,,, time to C,,,; AUC, area under the blood concentration-time curve; CLIF, apparent oral clearance; V,,,,IF, volume of 
distribution after oral administration; ty2, half-life; C,,,, trough blood level. 

*Patients 1 ,  6, 8, and I I excluded because they were not at steady state (see Methods section). 
tC,,, is the 24-hour trough level in Table I.  

gression with forward variable selection (PROC REG 
in SAS with selection option set equal to forward). 
The common logarithm of the dependent variable was 
used if it provided a better linear relationship. 

RESULTS 
Twenty kidney transplant recipients were admitted 

to our General Clinical Research Center for the phar- 
macokinetic study. In four patients (patients 1,  6 ,  8, 
11; Table I) the initial predose blood level (through 
0-hour level) and the blood level obtained at the end 
of the dosing interval 24 hours later (through 24-hour 
level) differed by more than 25%. These patients were 
not considered to be at steady state, and their data 
were not included in the analysis. Medications that the 
remaining 16 patients were receiving at the time of the 
study are summarized in Table 11. 

P450IIIA activity, as measured by the erythromycin 
breath test, varied approximately fourfold among the 
patients (Table I). There was also substantial interpa- 
tient variability in the blood concentration- time pro- 
files and derived pharmacokinetic parameters (Fig. 1 
and Table 111). Double peaks were observed in ap- 
proximately half of the patients studied (patients 5, 9, 
12, 13, 14, 16, 17, and 20) as has been reported pre- 
v i o ~ s l ~ . ~ ~ ' ~ ~ ~ ~  Absorption of drug appeared to begin 
within 1 hour after administration in most patients; 

however, one patient (patient 3; Fig. I )  did not appear 
to begin absorption of drug until more than 4 hours af- 
ter administration. This patient was known to have di- 
abetic gastroparesis. 

The tma, ranged from 11/2 to 8 hours. There was 
also large interpatient heterogeneity in the CmaX and 
C,, levels of cyclosporine and the AUC of the drug, 
CLIF, VareaIF, and drug tv, (Table 111). 

The aim of our study was to determine whether the 
P450IIIA activity of a patient, as determined by the 
erythromycin breath test (percentage administered I4c 
exhaled per hour), correlated with pharmacokinetic 
parameters that are believed to be important determi- 
nants of a patient's dosing requirement of cyclospor- 
ine. The most important single parameter in this re- 
gard should be the CLIF of cyclosporine. This term is 
calculated as the dose of cyclosporine administered di- 
vided by the AUC. The "clearance" calculated in this 
way is "apparent" because it represents the multiple 
contributions of variations in oral absorption, presys- 
temic metabolism in the gastrointestinal tract and 
liver, and the systemic elimination of drug. We found 
that the logarithm of the CLIF (Table HI), was signif- 
icantly correlated with the erythromycin breath test re- 
sult (r = 0.545, p = 0.03; Fig. 2). The logarithm of 
the CLIF did not significantly correlate with patient 
age (years), blood hematocrit (%), or blood concentra- 
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ERMBT (% C-14 exhaledlhr) 

Fig. 2. Correlation between oral clearance and the erythromycin breath test (ERMBT) results in 
the 16 patients at steady state. The oral clearance values were determined for each patient as the 
daily dose of cyclosporine received divided by the area under the blood concentration-time curve. 

tions of HDL or LDL cholesterol (in milligrams per 
deciliter; p > 0.10; data not shown). 

We next used multiple regression to create a math- 
ematical model capable of accounting for interpatient 
variation in CLIF (dependent variable) based on the 
patients' erythromycin breath test results, cyclosporine 
doses, ages, blood hematocrit levels, and concentra- 
tions of HDL and LDL cholesterol (independent vari- 
ables). In the resulting linear model (not shown), the 
predictive capacity of the erythromycin breath test re- 
sult remained significant @ = 0.04). However, none 
of the other independent variables had significant pre- 
dictive capacity (p > 0. lo),  and the model explained 
approximately one half of the variability in CLIF val- 
ues observed ( R ~  = 0.48). 

The erythromycin breath test results correlated neg- 
atively with the logarithm of the AUC, and the corre- 
lation was significant (r = -0.55, p = 0.03; data not 
shown). This indicates that patients with higher 
P450IIIA activity generally had lower AUC values. 
However, there were no significant correlations be- 
tween the logarithm of the AUC and the daily dose of 
cyclosporine, patient age, blood hematocrit, or blood 
concentrations of HDL or LDL cholesterol @ > 
0.10). 

There was also a negative correlation between the 
erythromycin breath test and the C,,, (Table 111), but 
this was not significant (r = -0.37, p = 0.17). The 
erythromycin breath test did not significantly correlate 
with any of the other pharmacokinetic parameters of 
cyclosporine shown in Table 111, including C,,,, or 
the estimated blood tv2 of the drug. Neither C,,, nor 
t,, correlated with dose of drug received, patient age, 
blood hematocrit, or blood concentrations of HDL or 
LDL cholesterol. 

DISCUSSION 
Our previous study1' performed in relatively 

healthy patients suggested that interpatient differences 
in P450IIIA activity, which are well e ~ t a b l i s h e d , ~ . ~  
may account in part for interpatient differences in the 
dosing requirements of cyclosporine. The findings of 
our current study suggest that this is also the case in 
kidney transplant recipients. We found that the eryth- 
romycin breath test result, which selectively measures 
P450IIIA catalytic significantly corre- 
lated with CLIF of cyclosporine (Fig. 2). The correla- 
tion was positive, consistent with the idea that patients 
with high P450IIIA activity require larger cyclospor- 
ine doses to attain a given target AUC (Fig. 2). The 
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variation in CLIF that was not attributable to heteroge- 
neity in P450IIIA activity may largely reflect variabil- 
ity in oral absorption of drug, because this cannot be 
distinguished from true clearance in an oral pharma- 
cokinetic study. 

Our observations have implications toward under- 
standing previously reported drug interactions involv- 
ing cyclosporine in kidney transplant recipients. Many 
drugs reported to increase or decrease blood levels of 
cyclosporine appear to be inhibitors or inducers, re- 
spectively, of P ~ ~ o I I I A . ~ , ~ ~ , ~ ~  The fact that P450IIIA 
activity appeared to influence apparent oral clearance 
over the range of activities observed in our transplant 
recipients supports the hypothesis that up- or down- 
regulation of P450IIIA activity could explain most 
clinically important drug interactions involving cyclo- 
sporine.3.4,10,21 

We did not find correlations between the CLIF and 
any of the other patient characteristics examined. In 
our larger study of patients receiving cyclosporine for 
treatment for psoriasis,I0 we found a correlation be- 
tween cyclosporine trough blood levels (C,,,) and 
patient age and this has been reported by others.23 
However, this correlation was weak compared with 
that between the C,, and the erythromycin breath 
test results"; our failure to find an age correlation 
may therefore reflect the relatively small sample size 
in the current study. Cyclosporine is also known to 
be extensively bound to red cells and to lipoproteins 
in blood.' However, we found no significant corre- 
lations between the CLIF results and blood hema- 
tocrit or blood concentrations of HDL or LDL choles- 
terol; this is consistent with our earlier observa- 
tions. lo  

We also found that the erythromycin breath test re- 
sult was negatively correlated with both the AUC dur- 
ing the dosing interval and with the C,,, of cyclospor- 
ine. However, unlike our previous study in patients 
with psoriasis,I0 the correlation between the erythro- 
mycin breath test results and C,,, did not attain signif- 
icance in the kidney transplant recipients. This likely 
reflects the fact that C,,, levels varied only 2.5-fold in 
the transplant population studied (Table 111); the cho- 
sen sample size of 20 would be insufficient to reject 
the null hypothesis. The narrow range of trough levels 
reflects the fact that the physicians adjusted the daily 
dose of cyclosporine to achieve blood levels within a 
target range in the transplant recipients. In contrast, 
the patients with psoriasis that we studied previously 
were randomly assigned doses of cyclosporine and 
their C,,, values varied almost eightfold. lo  The effect 
of the relatively narrow range of C,, probably ac- 

counts for our inability to find a correlation between 
drug dose and Cmin. 

The erythromycin breath test result also did not cor- 
relate with either cyclosporine C,,, or our estimate of 
blood tl/, of the drug. This probably indicates that 
C,,, is largely determined by the absorption pharma- 
cokinetics (i.e., rate and time lags) and that the tV2 we 
estimated is a function of drug distribution and elimi- 
nation. 

In summary, the erythromycin breath test result was 
the only variable we examined that correlated with the 
CLIF of cyclosporine in our kidney transplant recipi- 
ents. Our data support a primary role of P450IIIA in 
drug interactions that involve cyclosporine in kidney 
transplant recipients. Moreover, our observations sug- 
gest that the erythromycin breath test may be useful in 
estimation of appropriate dosing of cyclosporine in 
this patient population. 
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