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Abstract

Background—This series of studies examines the pharmacokinetic/pharmacodynamic
interactions between buprenorphine, an opioid partial agonist increasingly used in treatment of
opioid dependence, and rifampin, a medication used as a first line treatment for tuberculosis; or
rifabutin, an alternative antituberculosis medication.

Methods—Opioid-dependent individuals on stable doses of buprenorphine/naloxone underwent
two, 24-hour blood sampling studies: 1. for buprenorphine pharmacokinetics and 2. following 15
days of rifampin 600 mg daily or rifabutin 300 mg daily for buprenorphine and rifampin or
rifabutin pharmacokinetics.

Results—Rifampin administration produced significant reduction in plasma buprenorphine
concentrations (70% reduction in mean area under the curve (AUC); p=<0-001) and onset of
opiate withdrawal symptoms in 50% of participants (p=0-02). While rifabutin administration to
buprenorphine-maintained subjects resulted in a significant decrease in buprenorphine plasma
concentrations (35% decrease in AUC; p<0-001) no opiate withdrawal was seen. Compared with
historical control data, buprenorphine had no significant effect on rifampin pharmacokinetics, but
was associated with 22% lower rifabutin mean AUC (p=0-009), although rifabutin and its active
metabolite concentrations remained in the therapeutic range.

Conclusions—Rifampin is a more potent inducer of buprenorphine metabolism than rifabutin
with pharmacokinetic and pharmacodynamic adverse consequences. Those patients requiring
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rifampin treatment for tuberculosis and receiving buprenorphine therapy are likely to require an
increase in buprenorphine dose to prevent withdrawal symptoms. Rifabutin administration was
associated with decreases in buprenorphine plasma concentrations, but no clinically significant
adverse events were observed.
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1. Introduction

Tuberculosis is among the most common infectious diseases worldwide, with an estimated 9
million incident cases and 2-3 million deaths per year (World Health Organization, 2010). It
is a major cause of morbidity and mortality in those with HIVV/AIDS worldwide (Friedland,
2010; World Health Organization, 2010) and also has a considerably increased incidence in
individuals with opioid addictions (Rich et al., 2005; Wang et al., 2006; Conover et al.,
2001; Friedland, 2010; Altice, et al., 2010). In the United States, close to 30% of incident
TB cases occur within the drug using population (Centers for Disease Control and
Prevention, 2000).

Rifampin is a first-line agent for treatment of tuberculosis. It is a potent inducer of
metabolism of cytochrome P 450 (CYP 450) hepatic enzymes (Centers for Disease Control
and Prevention, 1998; Centers for Disease Control and Prevention, 2000; Burman et al.,
2001) and its use is associated with induction of methadone metabolism, significant
reduction in methadone exposure, and onset of opiate withdrawal (Kreek et al., 1976). As a
result, methadone-maintained individuals requiring treatment for tuberculosis preferentially
receive rifabutin, which is significantly more costly than rifampin and less widely available
globally, but has not been associated with opiate withdrawal.

Buprenorphine (BUP) is an opioid partial agonist that offers an alternative to methadone
treatment of opioid addiction (McCance-Katz, 2004) and has shown fewer adverse drug
interactions with antiretroviral medications than has methadone (McCance-Katz et al.,
2010). Although methadone and BUP share a common route of metabolism in CYP 450 3A4
(Iribarne et al.,1996; Iribarne et al., 1997) several other aspects of their metabolism differ.
Methadone is metabolized to an inactive metabolite (EDDP) in a stereoselective manner.
The contribution of CYP2B6 to methadone N-demethylation accounts for much of the
stereoselective metabolism; while other enzymes (CYP2C9 and 2D6) can perform the
metabolism, they do not appear to be clinically significant in the clearance of methadone
(Totah et al., 2008; Chang et al., 2010). BUP is metabolized to norbuprenorphine (norBUP)
and both the parent compound and metabolite are glucuronidated (Cone et al., 1984).
Besides CYP3A4, CYP2C8 also forms norBUP (Moody et al, 2002). NorBUP is a
potentially active metabolite with mu opioid agonist activity which may be protective from
opiate withdrawal when drugs that are inducers of CYP 3A4 are co-administered (Kuhlman
etal., 1998).

Because of the high incidence of tuberculosis as an opportunistic infection in those with
opioid addiction, particularly those with comorbid HIV/AIDS, and because BUP is
increasingly used in the treatment of opioid dependence, it is important to understand
whether clinically significant drug-drug interactions occur between BUP and commonly
used tuberculosis medications. The following were the goals of the current studies: 1) To
determine whether the pharmacokinetics of the opioid dependence medication, BUP
(administered in this study as the buprenorphine/naloxone [BUP/NLX] combination
sublingual tablet that is used in the clinical setting for the treatment of opioid dependence),
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are affected by co-administration of either of the tuberculosis medications, rifampin or
rifabutin; 2) to determine whether the pharmacokinetics of these tuberculosis medications
are affected by co-administration of BUP/NLX by comparison with the pharmacokinetics of
historical controls receiving only rifampin or rifabutin, and 3) to determine whether
clinically significant pharmacodynamic effects or toxicities occur when BUP/NLX is
administered simultaneously with either tuberculosis medication. Answers to these questions
could make a significant contribution to optimizing clinical care for tuberculosis-infected,
opioid-dependent patients.

2.1 Procedures

Twenty-one individuals participated in this project (12 in the BUP/rifampin study and nine
in the BUP/rifabutin study), which was reviewed and approved by the Institutional Review
Board at the University of California San Francisco (UCSF). The study is registered at
ClinicalTrials.gov (NCT00877591). Participants received treatment for opioid dependence
with BUP/NLX in the Addiction Medicine Treatment Research Program at San Francisco
General Hospital and provided voluntary written informed consent for study participation.
Study samples were based on a power analysis showing that nine opioid-dependent
individuals were needed for within-subjects analyses aimed at determining the effect of
rifampin or rifabutin on BUP. The study design has been previously reported (McCance-
Katz et al., 2006). Briefly, stabilized BUP/NLX-treated individuals underwent a 24-hour
study to determine BUP pharmacokinetics and a second 24-hour study for BUP and either
rifampin or rifabutin pharmacokinetics, following 15 days of either rifampin 600 mg daily or
rifabutin 300 mg daily. The co-administration periods of 15 days for BUP/NLX and
rifampin or rifabutin were chosen because 1 week is required for full induction of CYP 3A4
by rifampin (Niemi et al., 2003) and it could take several days to observe opiate withdrawal
following full induction of metabolic enzymes. Rifabutin, while an inducer of CYP 3A4
(Benedetti, 1995), does not appear to be as potent an inducer of CYP 3A4 as rifampin, given
that it has been reported not to produce opiate withdrawal in methadone-maintained
individuals in contrast to rifampin (Brown et al., 1996). The elimination half-life of rifabutin
is 36 hours (Skinner et al. 1989); steady state is achieved in 7.5 days. We therefore
postulated that a 15 day dosing period would be sufficient to assure that full induction of
metabolic enzymes would have occurred and steady state was reached for rifampin and
rifabutin and that opiate withdrawal, if it were to occur, would be observed within this
period of time for both medications with BUP/NLX. Stabilization was defined as at least
two weeks on a stable dose of BUP/NLX with no illicit opioid use as confirmed by urine
toxicology screen (which included an expanded opioids panel that tested for heroin,
morphine, codeine, oxycodone, hydrocodone, methadone and buprenorphine). Participants
had observed dosing of medications and were clinically evaluated daily throughout the study
period for onset of opiate withdrawal. If this occurred, the medication administration was
terminated early and participants were admitted to the UCSF Clinical and Translational
Science Institute Clinical Research Center for the second 24-hour pharmacokinetics study.
In those cases, the BUP dose was increased as clinically indicated following the completion
of the pharmacokinetics study. We used existing historical control data to examine the effect
of BUP on the pharmacokinetics of rifampin and rifabutin. When available, data in the
published literature (Loos et al., 1985; Sekar et al., 2010) were used to compare area under
the curve (AUC), oral clearance (CL/F), maximum concentration in plasma (Cpax), time of
Cmax (Tmax) trough values (Co4), and half-life values with those observed in the presence of
BUP in our subjects.

Study procedures included standardized and validated measures of opioid withdrawal by
clinician rating using the Clinical Opiate Withdrawal Scale (COWS) (Wesson and Ling,
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2003) and cognitive impairment using the Mini-Mental State Examination (Folstein et al.,
1975) for opioid-dependent participants (maximum score=30; scores of <27 are indicative of
cognitive impairment with severity proportional to decrease in score). Adverse symptoms
were recorded for all participants using an Adverse Symptoms Checklist (McCance-Katz et
al., 2006) that queried for a wide range of adverse experiences including changes in energy,
gastrointestinal symptoms, central nervous system effects, genitourinary symptoms, and
other somatic complaints scored for severity on an ordinal scale (0-3, with O=not present,
1=mild, 2=moderate, and 3=severe, maximum possible score=87). These ratings were
administered at baseline, following stabilization on BUP (prior to rifampin or rifabutin
administration), and at completion of the rifampin or rifabutin dosing period.

2.2 Analytical Assays

Buprenorphine assay—Plasma BUP and metabolite concentrations were determined
using a previously described liquid chromatography-tandem mass spectrometry (LC-MS/
MS) method (Huang et al., 2006) except that BUP-d4 and norBUP-d3 were used as the
internal standards for their respective glucuronides.

Rifampin assay—Samples were analyzed at National Jewish Hospital, Denver, CO using
their standard procedures. Briefly, samples were extracted by adding acidified methanol and
centrifugation. Samples were analyzed by reverse phase isocratic HPLC employing UV
detection at 275 nm. A six-point calibration curve and three levels of quality control samples
were extracted and analyzed in parallel with each group of study samples. The calibration
curve ranged from 0-5 to 50 mcg/mL.

Rifabutin assay—Samples were analyzed at National Jewish Hospital, Denver, CO, using
their standard procedures. Briefly, samples were analyzed by isocratic HPLC with UV
detection at 275 nm. Samples were extracted by liquid/liquid extraction of a 1-mL aliquot,
concentrated to a final volume of 300 pL. An eight-point calibration curve and three levels
of quality control samples were extracted and analyzed in parallel with each group of study
samples. The calibration curve ranged from 10 - 2000 ng/mL.

2.3 Pharmacokinetics Analysis

The pharmacokinetic parameters of BUP, norBUP, buprenorphine-3-glucuronide (BUP-3-
glucuronide), norbuprenorphine-3-glucuronide (norBUP-3-glucuronide), rifampin, and
rifabutin were evaluated as appropriate for each subject. BUP and metabolite
pharmacokinetics were calculated following sublingual administration of BUP/NLX alone
and again following administration of either rifampin or rifabutin. Pharmacokinetic
parameters were determined by non-compartmental analysis. For statistical analysis and
comparison, all BUP concentrations were normalized to a standard dose of 16 mg by
multiplying each concentration by the factor, 16/(administered dose). Normalized steady-
state AUC was calculated using the trapezoidal rule over the dosing interval (AUCg_24).
Sublingual (BUP) or oral (rifampin or rifabutin) clearance (CL/F) was determined as AUC/
standard dose. Apparent half-life was determined as In2/kel, where the elimination rate
constant, kel, was determined as the negative slope of the linear segment of a plot of In
(concentration) versus time. Maximum plasma concentration (Cmax), time to maximum
plasma concentration (Tmax), and trough concentration (C,4) were determined directly from
the normalized timed concentration measurements. For metabolites, concentrations were
also normalized to a 16 mg BUP dose and CL/F was calculated based on the standard16 mg
dose. The F term thereby represents the fraction of parent drug ultimately converted to the
metabolite. For purposes of non-compartmental analysis, drug concentrations that were less
than the detection limit were expressed as one-half of the detection limit. All
pharmacokinetic parameters were summarized and displayed by treatment period.
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2.4 Statistical Analysis

3 Results

Previous experience with drug interaction studies examining BUP in combination with
antiretroviral medications indicated that the within-subject coefficient of variation (CV) for
the AUC would be approximately 40%. We also assumed that a 40% change or greater in
BUP AUC would be of clinical importance, as we observed in our study of atazanavir/
ritonavir with BUP (McCance-Katz et al., 2007) which required a sample size of ten with
alpha of 0-05 and beta of 0-80 for a within-subject comparison. The rifabutin study was
originally planned for ten subjects, but was terminated before enroliment of the last subject
after interim analysis demonstrated a highly significant decrease in AUC of BUP (p <0-001).
The paired t-test was used to test the significance of the differences in pharmacokinetic
parameters for BUP and metabolites (within-subject analyses). The unpaired t-test was used
for between-subjects comparisons of rifampin and rifabutin parameters with historical
control data. The Wilcoxon test was used for the within-subject comparison of the
nonparametric values of Tmax and the Mann-Whitney test was used for between-subjects
comparison of Tmax. Comparisons of subject characteristics were made by single factor
ANOVA. Comparisons of severity of opiate withdrawal were made using paired t-tests. A
difference was considered statistically significant if the p value was < 0-05 (two-tailed).

3.1 Study Participants

Table 1 summarizes the characteristics of study participants in each of the two
pharmacokinetics studies. Mean age was 45 years in both groups and mean number of years
of heroin use was 20-9 (4-5) [mean (standard error, SE)]. Women comprised 58% of the
rifampin/BUP sample and 56% of the rifabutin/BUP sample. The mean dose of BUP/NLX
was 14/3:5 mg daily. Other current substance use disorders included cocaine abuse (three
participants) and cannabis abuse (five participants) in the BUP/rifampin sample and in the
BUP/rifabutin study cocaine abuse (two participants), methamphetamine abuse (one
participant) and cannabis abuse (one participant). Cigarette smoking was common, but use
for both samples was less than one pack daily. No participants met diagnostic criteria for an
alcohol use disorder or had a diagnosis of an acute mental disorder. Injection drug use was
reported by 75% of the BUP/rifampin sample and 89% of the BUP/rifabutin sample and all
injection drug users also showed evidence of Hepatitis C infection. However, indices of
hepatic function (ALT, AST) remained within normal range throughout the study period
(Table 2).

3.2 Pharmacokinetic results

Pharmacokinetic parameters for BUP and metabolites before and after either rifampin or
rifabutin administration are shown in Tables 3 and 4, respectively. Figures 1 and 2
graphically represent mean concentrations of BUP (1a, 2a), the active metabolite, norBUP
(1b, 2b), and the inactive glucuronides of BUP (1c, 2¢) and norBUP (1d, 2d) over a 24-hour
dosing interval for BUP/rifampin and BUP/rifabutin, respectively. Both rifampin and
rifabutin significantly altered the pharmacokinetics of BUP with a 70% decrease in AUCq_4
following rifampin administration (p<0:001), and a lesser, albeit significant, effect of
rifabutin with a 35% decrease in AUC (p<0-001). Decreases were also observed in
maximum plasma concentration (Cmax) and trough plasma concentrations (Co4), with Coy
more affected than Cmax, and rifampin having greater effects than rifabutin. The sublingual
clearance of BUP (CI/F) was proportionately increased for each medication.

Rifampin administration was associated with significant decreases in norBUP AUC (88%),
Cmax (77%) and Cy4 (92%) (all with p <0-001). This was also accompanied by
proportionate increases in norBUP clearance. The effects of rifampin on norBUP were
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substantially greater than its effects on BUP (Table 3). In contrast, rifabutin administration
produced no significant effects on norBUP PK (Table 4).

There were few significant effects of rifampin or rifabutin on pharmacokinetic parameters of
BUP-3-glucuronide. Because it is an inactive metabolite, the statistically significant effects
on Tmax and Cy4 are unlikely to be of clinical significance. The pharmacokinetics of
norBUP-3-glucuronide were significantly altered with rifampin administration (Table 3), but
not with rifabutin (Table 4). This is likely to be a reflection of the differing effects of the two
drugs on the precursor molecule, norBUP, and again is unlikely to have clinical significance.

3.3 Clinical results

The clinical manifestations of these pharmacokinetic interactions differed for the two
medications. Rifampin administration was associated with a significant increase in opiate
withdrawal symptoms in 50% of study participants as measured by the COWS (p=0-02),
while rifabutin did not show an association with increased opiate withdrawal symptoms (Fig
3). Opiate withdrawal symptoms in participants receiving rifampin were of sufficient
severity that five study participants, were terminated from the study prior to completing the
15 day rifampin administration period and one participant showed evidence of opiate
withdrawal on the day of the final pharmacokinetics study (day 15). Opiate withdrawal
symptoms were observed as early as 6 days after starting rifampin (range of onset of opiate
withdrawal symptoms following initiation of rifampin was 6-15 days). These individuals
were all admitted to the CRC following clinical evaluation in which significant opiate
withdrawal symptoms were observed. Following completion of the 24-hour
pharmacokinetics study, participants were offered BUP/NLX dose increases and four
participants accepted a dose increase. Doses were increased 25-100% for a period ranging
from one to five days, after which time the dose was decreased to the former maintenance
dose on which the participant had been stable (Table 5). The participant able to complete the
15 day study period, but who experienced mild withdrawal at the time of the second
pharmacokinetics study, received a BUP/NLX dose increase of 25% for two days followed
by resolution of symptoms and a return to the previous dose on which this individual had
been stable (16/4 mg daily) (Table 5). In contrast, none of the nine participants receiving
rifabutin experienced clinically important opioid withdrawal symptoms.

3.4 Effect of Buprenorphine on Rifampin or Rifabutin

BUP effect on rifampin or rifabutin pharmacokinetics was determined by comparing
pharmacokinetics for those medications in the presence of BUP with existing data from
historical controls who had steady-state pharmacokinetic measurements made during
chronic administration of standard clinical doses of either rifampin 600 mg daily (Loos et
al., 1985) or rifabutin 300 mg daily (Sekar et al., 2010). Figures 4a and 4b show rifampin
and rifabutin plasma concentrations, respectively, in the presence of BUP. Tables 6a and 6b
compare the pharmacokinetic parameters observed during coadministration of BUP with
parameters that were determined from the historical studies. The AUC, oral clearance and
half-life of rifampin were not significantly different from those in the historical control study
(Table 6a). On the other hand, AUC for rifabutin in BUP-treated participants was
significantly decreased, as was Cmax, while Tmax was significantly increased, relative to
historical controls receiving rifabutin alone (Table 6b). Conversely, the active metabolite,
desacetylrifabutin had a significantly greater AUC and Cmin when administered in
combination with BUP/NLX. A statistically significant decrease in AUC for the sum of
rifabutin and desacetylrifabutin was also observed (Table 6b).
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3.5 Adverse Symptoms

Concurrent administration of BUP and either rifampin or rifabutin had no significant effect
on cognition (as measured by Mini Mental State Examination), hepatic function (as
measured by AST, ALT and bilirubin), cardiac conduction (as measured by cardiac QTc and
PR interval), or lipids (as measured by cholesterol and triglycerides). While there was a
statistically significant increase in cholesterol and a statistically significant decrease in PR
interval in the BUP/rifampin sample, the values remained within normal limits and the
changes were not clinically significant (Table 2).

Adverse symptoms were infrequently reported by study participants receiving BUP, BUP/
rifampin, or BUP/rifabutin. The only statistically significant increase in adverse symptoms
occurred in those receiving BUP and rifampin concurrently. Those adverse symptoms
included headaches (p=0-05), drowsiness (p=0-05), sweating (p=0:01), and early morning
awakening (p=0:01). All of these symptoms were mainly attributed to those participants who
experienced significant opiate withdrawal. No other adverse symptoms reported by study
participants reached statistical significance.

4 Discussion

Rifampin, a medication used worldwide as part of the first line regimen for the treatment of
tuberculosis, was associated with significant reductions in BUP and norBUP concentrations
when administered at a standard clinical dose to individuals stably maintained on BUP/NLX
for treatment of opioid dependence. The AUCy.»4 for BUP was reduced by 70%, while that
of norBUP was reduced 88%. Crax Was decreased by 39% and 77%, respectively, and
trough concentrations (Co4) were lowered by 87% and 92%, respectively. These observed
reductions in BUP and norBUP concentrations were presumably a consequence of induction
of BUP metabolism. Consistent with the observed reductions in BUP and norBUP exposure,
opiate withdrawal symptoms of moderate severity were observed in 50% (6 of 12) study
BUP/NLX-maintained participants. Opiate withdrawal symptoms occurred in some
participants after as little as six days of simultaneous administration. These findings are
similar to those observed when methadone-maintained, opioid-dependent individuals were
given rifampin (Kreek et al., 1976). Although significant decreases in BUP AUC, Cmax,
and Cmin were observed with rifabutin co-administration, in contrast to rifampin, this was
not associated with opiate withdrawal symptoms.

The induction of BUP metabolism by rifampin appears to be readily reversible upon
rifampin discontinuation, as most participants experiencing opiate withdrawal received only
brief increases in BUP/NLX dose (up to five days) with complete resolution of opiate
withdrawal symptoms and a return to the previous dose of BUP/NLX on which they had
been stable. In this study, most experienced resolution of withdrawal with a BUP/NLX dose
increase of 25-50%. These increased doses remained within the dose range approved by the
FDA for this drug (up to 24/6 mg daily). Subjects in this study were followed clinically by
the investigators after terminating study participation until they were restabilized on BUP/
NLX.

It is difficult to predict which patients will develop adverse drug interactions and opiate
withdrawal with concomitant administration of BUP and rifampin. In this study, 50% of the
sample developed opiate withdrawal. There were no significant differences in participants
who developed opiate withdrawal versus those who did not when compared by age, weight,
or cigarette smoking. Five of the six participants who developed opiate withdrawal were
women. In our previous study in which we reported the onset of opiate withdrawal in those
receiving methadone with lopinavir/ritonavir (McCance-Katz et al., 2003), we were able to
correlate symptoms with lower baseline methadone doses, as well as higher body weight,
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older age, and moderate alcohol intake (five drinks or more weekly). In the current study,
only one affected participant had been stabilized on a low dose of BUP/NLX (8/2 mg daily).
The remaining participants who experienced withdrawal had stabilized on a standard clinical
dose of 16/4 mg daily. Alcohol use was modest in this sample overall, and in the subgroup
that developed opiate withdrawal symptoms, the highest alcohol use reported was 1-2 drinks
weekly. Chronic cocaine use has been shown to be associated with lower BUP plasma
concentrations (McCance-Katz et al., 2010), but in this sample cocaine use was minimal.

The study of the interaction of BUP and rifabutin showed no evidence of symptoms of
opiate withdrawal indicating that rifabutin might possibly be substituted for rifampin should
a BUP/NLX-treated patient requiring tuberculosis treatment have difficulty tolerating the
combination of rifampin and BUP/NLX. The finding for rifabutin with BUP may be
explained by the pharmacokinetics data showing that trough BUP and norBUP
concentrations following rifampin co-administration were significantly lower than those
observed when BUP/NLX was given in combination with rifabutin. Plasma concentrations
of combined BUP and norBUP that exceed 0-7 ng/ml have been reported to be associated
with suppression of withdrawal symptoms (KuhIiman et al., 1998). For rifampin, mean
trough BUP concentration (C4) decreased by 87% from 1-46 (0-22) ng/mL (BUP alone) to
0-19 (0-03) ng/mL, while mean norBUP decreased by 92% from 3-57 (0-48) ng/mL to 0-29
(0-05) ng/mL. These are substantially lower than those observed for BUP and norBUP when
rifabutin was administered. With rifabutin treatment, mean trough levels were 0-72 (0-15)
for BUP and 1-8 (0-2) for norBUP. In our previous study of the interaction of efavirenz and
BUP, we reported that mean trough BUP concentration was reduced by 51% and norBUP
was decreased by 66%. We previously speculated that the combined concentrations of BUP
and norBUP in those receiving efavirenz were sufficient to prevent the onset of opiate
withdrawal. Rifampin administration was associated with more marked decrements in BUP
and norBUP trough concentrations, such that the combined trough levels fell below the
previously reported minimum trough concentration needed to prevent the onset of opiate
withdrawal.

Rifampin has been reported to be among the most potent inducers of CYP3A4 (Centers for
Disease Control and Prevention, 1998; Centers for Disease Control and Prevention, 2000;
Burman et al., 2001) and, further, it is an inducer of glucuronidation (Oesch et al., 1996;
Gallicano et al., 1999). These are two of the major pathways of BUP and norBUP
elimination (Cone et al., 1984; Chang and Moody, 2009). This combination of effects may
work in concert to greatly reduce exposure to BUP and its active metabolite, norBUP, thus
rendering vulnerable individuals more susceptible to development of opiate withdrawal
symptoms. Further, two mechanisms may be involved in the marked decrease in norBUP.
First, it has been shown that norBUP can be further metabolized by CYP3A4 to hydroxyl
metabolites (Chang et al., 2006). We have shown that some antiretrovirals impact this
pathway (Moody et al., 2009), and rifampin may induce further metabolism of norBUP via
this route. NorBUP is also a substrate for p-glycoprotein (Hassan et al., 2009) and rifampin
is an inducer of p-glycoprotein (Paine et al., 2002). Either or both of these pathways may
contribute to the significant decrease in norBUP which along with decreased BUP
contributes to the adverse effect of rifampin.

In contrast to findings for BUP with rifampin, mean trough BUP concentration while
receiving rifabutin decreased by only 43% and norBUP trough concentrations decreased by
18%, and no withdrawal symptoms were observed in this sample. Although rifabutin
induces CYP 3A4 activity (Benedetti, 1995), it had no clinically significant effect in
precipitating opiate withdrawal in BUP/NLX-maintained individuals, despite lower BUP
exposure. This relationship is similar to that reported when methadone is administered with
rifabutin (Brown et al., 1996). While no opiate withdrawal was observed in this small
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sample, it should be noted that if opiate withdrawal symptoms, increased opioid craving or
relapse to opioid use are observed when rifabutin is administered simultaneously with BUP
during long-term treatment, an increase in BUP dose should be considered.

In comparing the effects of BUP/NLX administration on rifampin pharmacokinetics, as
compared with a historical control (Table 6a), no significant effects were observed. On the
other hand, BUP/NLX treatment produced statistically significant reductions in mean
AUC.04, and Cmax, but not in Cyy4 of rifabutin (Table 6b). The very similar half-lives
observed for rifabutin are consistent with similar clearance and imply decreased
bioavailability as the primary cause for lower AUC. Tmax was delayed, consistent with
delayed absorption, possibly caused by decreased gastric motility in the presence of BUP.
Both decreased bioavailability and delayed absorption would be expected to contribute to
the lower observed Cmax. The paradoxically higher Cmin in the presence of BUP is
presumably due to the shorter elimination phase resulting from the delayed Cmax, since the
mean half-lives were similar for both groups.

Desacetylrifabutin is the active metabolite of rifabutin, and is thought to be equipotent in its
antituberculosis effects. Overall drug effects may be best correlated with the sum of
rifabutin and desacetyrifabutin. Increased metabolism of rifabutin might be expected to lead
to increased desacetylrifabutin concentrations, as observed here. However, the increases in
desacetylrifabutin were not sufficient to offset the decreases in rifabutin, as reflected in the
net decrease in AUC for the total of rifabutin and desacetylrifabutin of 18%. Nonetheless,
this drop in AUC.»4 is unlikely to be clinically significant.

Rifampin containing regimens have been first line treatments of tuberculosis for decades,
but the findings from this study, in combination with those previously demonstrating a
potent rifampin-induced pharmacokinetic and pharmacodynamic effect on methadone
metabolism with opioid withdrawal, call attention to the risks of rifampin administration
with opioid dependence therapy. However, we also note that we were able to relieve opiate
withdrawal symptoms rapidly with an increase in buprenorphine dose. Studies indicate
equivalent therapeutic success for tuberculosis with rifabutin, although these studies were
not conducted in opioid-maintained individuals (Brogden and Fitton, 1994). Therefore,
while in this study rifabutin administered at standard, clinical doses used in the treatment of
tuberculosis were not associated with opiate withdrawal, further study is needed to
determine the effectiveness of rifabutin for tuberculosis in buprenorphine-treated patients.

There are several limitations to these studies. The first is that these studies enrolled small
samples who received study medications for a short period, which is not fully comparable to
what would occur in a clinical situation where a BUP/NLX-maintained participant would
receive tuberculosis treatment for a much longer period of time. Therefore, we cannot
comment on long-term adverse events that might occur with chronic co-administration of
these medications. Neither rifampin nor rifabutin has been systematically studied for
effectiveness of treating tuberculosis in BUP/NLX-maintained patients; therefore we cannot
comment on possible treatment recommendations based on the data from these studies.
While we made an estimate as to length of time necessary to allow for induction of CYP3A4
by rifampin and rifabutin, based on existing literature and based on the length of time judged
to be feasible to obtain participant adherence to the study protocols, it is possible that longer
co-administration of these medications might have revealed additional information of
clinical importance. Another limitation is that we were did not conduct any studies using
alternate administration regimens for BUP; for example, every other day dosing or every
third day dosing of BUP. Further studies are needed to better address these continuing
clinical questions.
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In summary, in the study of the interaction of BUP with rifampin, we present the first
reported drug-drug interaction with BUP to be associated with opiate withdrawal. To date,
although other medications have lowered BUP plasma concentrations, the magnitude of
those effects was insufficient to produce adverse clinical events. As rifampin is among the
most potent inducers of hepatic enzymes (Centers for Disease Control and Prevention, 1998;
Centers for Disease Control and Prevention, 2000; Burman et al., 2001), this finding is not
surprising, but needs to be widely known among clinicians caring for patients with opiate
addiction and tuberculosis. The production of opiate withdrawal syndromes or other drug
toxicities can lead to non-adherence to prescribed medications with a risk of tuberculosis
treatment failure. Ineffective treatment of tuberculosis is responsible for continued ongoing
transmission as well as the development of drug resistance (Shenoi et al., 2009). Increased
abuse of other illicit substances or alcohol in an attempt to alleviate the discomfort resulting
from withdrawal symptoms may also occur and represent additional risks to patients.
Among opioid addicted persons, treatment of both tuberculosis and HIV/AIDS is best
accomplished if therapy for substance abuse is addressed (Altice et al., 2010; World Health
Organization, 2008; McCance-Katz, 2005). Although readily available in the United States,
rifabutin is not available in most countries in Eastern Europe, the former Soviet Union, and
Asia, where both opioid addiction and tuberculosis are most common. In these settings,
rifampin use remains necessary and careful attention to opioid withdrawal symptoms in
those receiving opioid dependence therapies is critically important. It appears that
management of such symptoms among those receiving BUP need not be difficult and can be
accomplished by informed clinicians. These findings underscore the need to continue to
perform drug-drug interaction studies in humans that examine BUP in combination with
other frequently prescribed medications. Such studies will help to inform patient care,
reduce the likelihood of adverse events, and improve clinical outcomes in those with opioid
dependence and other co-occurring diseases.
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Participant demographics and characteristics

Rifabutin
n=9

Rifampin
n=12

Age (yrs) | 18 @7 | 452 (3.4)
Weight (kg) | 69.1 (3.8) | 700 (3.8)
Buprenorphine/Naloxone | 14.2 (1.0)/ | 14.0 (1.1)/
Dose (mg/day) 35(0.2) 35(0.3)
Female | 7 [58%] | 5 [56%]
Race:

African-American
Caucasian
Hispanic

Pacific Islander

2 [17%] 0 [0%]
7 [58%] 7 [78%]
2 [17%] 2 [22%]
1[8%] 0 [0%]

Substance Use Disorders:
Opioid Dependence
Cocaine Abuse
Marijuana Abuse

Amphetamine Abuse

12 [100%] | 9 [100%]
3 [25%] 2 [33%]
5 [42%)] 1[22%]
0 [0%] 1[11%]

Injection Drug Use

| 9 [75%] | 8 [89%]

Nicotine Use Packs/Day

| 0.6 (0.1) | 0.7(0.1)

Hepatitis C Positive

| 9 [75%] | 8 [89%]

#mean (SE)

[ 1 percent of sample affected
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Physiological and Cognitive Responses Prior to and Following Rifampin or Rifabutin Administration

Table 2

Rifampin Rifabutin
Pre/Post Pre/Post
n=12 n=9
AST (U/L) 28.6 (4_0)#/ 34.2 (8.4)/
29.5 (4.4) 35.7 (6.0)
ALT (U/L) 27.5 (5.0)/ 37.6 (12.8)/
37.8 (8.5) 33.9(9.4)
Total Bilirubin (mg/dL) 0.4 (0.1)/ 0.4 (0.1)/
0.3(0.0) 0.3(0.0)
Cholesterol (mg/dL) 173.3(10.3)/ | 180.1(10.4)/
199.7 (11_1)* 165.6 (10.5)
Triglycerides (mg/dL) 80.9 (9.3)/ 87.1(9.4)/
81.3(8.2) 102.8 (13.4)
QTc Interval (msec) 4215 (5.8)/ 415.8 (6.0)/
425.2 (5.0) 418.8 (8.8)
PR Interval (msec) 157.0 (5.4)/ 163.6 (7.9)/
146.7 (5.6)T 166.2 (6.4)
Mini-Mental State Examination 28.7 (0.3)/ 28.9 (0.3)/
Score 28.6 (0.4) 28.3(0.2)
Adverse Symptom Checklist Score | 7.8 (1.5)/ 4.1 (1.3)/
14.4 (4.2) 7.2 (2.3)
Clinical Opiate Withdrawal Scale 0.0 (0.0)/ 0.1(0.2)/
Score 52(1.9)8 0.8 (0.5)

#mean (SE)

*

+

§

p=0.002
p=0.05

p=0.02
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Effect of rifampin on buprenorphine and buprenorphine metabolite pharmacokinetic parameters (all parameter
values adjusted to a standard dose of 16 mg buprenorphine)

Pharmacokinetic Pre-rifampin  With rifampin
Parameter (n=12) (n=12) p value
Buprenorphine
AUC.24 (ng-h/ml) 65.2 (6.7) 19.3 (2.9) <0.001
CI/F (L/h) 274 (27) 1010 (119) <0.001
Crnax (ng/ml) 8.1(0.9) 5.0 (1.3) 0.009
Tmax () 1.0 (1.0-20)  1.0(0.5-1.5) n.s.
Co 1.46 (0.22) 0.19 (0.03) <0.001
Norbuprenorphine
AUCq.,4 (ng*h/ml) 105 (15.2) 12.7 (L.7) <0.001
CI/F (L/h) 195 (28) 1527(203) <0.001
Crnax (ng/ml) 6.0 (0.8) 1.4(0.2) <0.001
Trmax () 15 (1-12) 1.0 (0-2) <0.02
Coa 3.57 (0.48) 0.29 (0.05) <0.001
Buprenorphine-3-Glucuronide
AUCq.24 (ng*h/ml) 71.4 (26.2) 83.3(23.7) 0.73
CI/F (L/h) 565 (144) 449 (127) 0.42
Crnax (nQ/mI) 8.6 (2.1) 26.2 (10.4) 0.14
Tmax () 1.25 (1-2) 2.0 (0.5-6) <0.05
Cos 1.87 (0.79) 0.31(0.17) 0.036
Norbuprenorphine-3-Glucuronide
AUCq 54 (ng*h/ml) 576 (104) 132 (25) <0.001
CI/F (L/h) 37(5) 183 (37) 0.001
Crnax (ng/ml) 325(5.3) 13.4(2.6) 0.003
Tmax () 1.75 (1-8) 1.5 (0.5-6) n.s.
Co 20.6 (3.8) 2.60 (0.67) <0.001

Note: Values are the mean (standard error of the mean), except that Tmax is given as median (range). The paired t-test was used to determine p-

values for all parameters except Tmax, where the Wilcoxon test was used.
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Effect of rifabutin on buprenorphine pharmacokinetic parameters (all parameter values adjusted to a standard

dose of 16 mg buprenorphine)

Pharmacokinetic Pre-rifabutin ~ With rifabutin
Parameter (n=9) (n=9)

p value

Buprenorphine

AUC.54 (ng-h/ml) 57.5(6.7) 37.6 (5.58)
CI/F (L/h) 304 (29) 498 (66)
Crnax (ng/ml) 9.0 (1.3) 7.1(17)
Tax () 1.0(05-15)  1.0(0.5-1.5)
Cos 1.26 (0.23) 0.72 (0.15)
Half-life (h) (n=6) 28.5(8.2) 24.9 (5.5)
Norbuprenorphine
AUC.,4 (ng*h/ml) 65 (6.7) 62 (8.4)
CI/F (L/h) 269 (31) 301 (41)
Crnax (ng/ml) 4.4 (0.4) 4.6(0.7)
Tmax (h) 1.0(05-2) 1.0(05-15)
Cos 2.2(0.3) 1.8(0.2)
Half-life (h) (n=6) 42.1(5.5) 36.5 (10.2)
Buprenorphine Glucuronide
AUCq.,4 (ng*h/ml) 37(7.1) 40 (7.5)
CI/F (L/h) 618 (139) 625 (163)
Cnax (ng/ml) 6.3 (1.0) 9.1 (2.0)
Tmax (h) 05(0.5-15) 05(0.5-1.0)
Cos 0.82 (0.21) 0.75 (0.18)

Norbuprenorphine Glucuronide

AUCq.24 (ng*h/ml) 290 (35) 249 (24)
CI/F (L/h) 61 (5.9) 70 (7.2)
Crnax (ng/ml) 17.8 (2.0) 16.3 (1.7)
Tnax () 20(15-2) 15(1.0-4.0)
Cas 8.9 (0.9) 7.3(0.5)

<0.001
0.004
0.007
n.s.
0.02
0.76

0.63
0.67
0.80
n.s.

0.31
0.75

0.61
0.95
0.30
n.s.

0.45

0.14
0.20
0.44
n.s.

0.11

Note: Values are the mean (standard error of the mean), except that Tmax is given as median (range). The paired t-test was used to determine p-
values for all parameters except Tmax, where the Wilcoxon test was used.
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Table 6a

Effect of Buprenorphine on Rifampin Pharmacokinetics

Pharmacokinetic | Buprenorphine | Historic Controls
Parameter (n=12) (n=12) pvalue
AUC (mcg-himL) | 44.8 (4.2) 53.2 (8.7) 0.39
CI/F (L/h) 15.2 (8.8-35.0) 16.4 (2.9) 0.75
Half-Life (h) 2.04 (0.13) 1.64 (0.14) 0.06
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Table 6b

Effect of Buprenorphine on Rifabutin Pharmacokinetics

Pharmacokinetic Buprenorphine | Historic Controls
Parameter (n=9) (n=15) pvalue
Rifabutin

AUC .24 (ng-h/mL) 3622 (203) 4659 (250) 0.009
Crax (ng/mL) 351 (44) 565 (34) <0.001
Tumax (h) 6 (1.5-8) 2.5 (1-6) 0.009
Coq4 (ng/mL) 72 (5) 62 (4) ns.
Half-Life (h) 13.3 (1.2) 12.7 (0.8) n.s.
Desacetylrifabutin

AUC .54 (ng-h/mL) 477 (81) 339 (30) 0.07
Crnax (ng/mL) 43.6 (9.0) 41.0 (4.1) ns.
Cyq (ng/mL) 9.0 (2.5) 3.7(0.3) 0.01
Rifabutin+desacetyl-

rifabutin

AUC 54 (ng-h/mL) 4100 (276) 5015 (258) 0.03
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