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Abstract

Methadone has a high potential for risky drug—drug interactions (DDIs) that can lead to opioid
overdose, yet evidence on the magnitude of this risk remains limited. Since methadone is
transported via P-glycoprotein (P-gp), the use of statins that inhibit P-gp may elevate methadone
plasma concentrations, potentially leading to opioid overdose. We explored this hypothesis by
examining whether concomitant use of methadone and P-gp-inhibiting statins was associated with
opioid overdose. Using Medicaid claims data from 2003 to 2020, we conducted a cohort study
among new concomitant users of methadone and statins. We compared overdose rates among
individuals exposed to P-gp-inhibiting statins (simvastatin, atorvastatin, or lovastatin) versus those
exposed to rosuvastatin (negative control), adjusting for baseline covariates. We identified 69,263
individuals newly exposed to methadone and a statin of interest; the overall incidence rate of
opioid overdose was 26.0 per 1,000 person-years. Adjusted hazard ratios (HRs) for methadone

+ P-gp-inhibiting statins consistently showed no association, ranging from 0.76 (95% CI1=0.48—
1.22) for atorvastatin to 0.78 (95% C1=0.50-1.22) for simvastatin, compared with methadone +
rosuvastatin. Similar results were observed in sensitivity analysis that treated all P-gp-inhibiting
statins as a single exposure group, as well as analyses stratified by baseline diagnosis of opioid
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use disorder or overdose, the duration of baseline methadone use, and calendar year intervals. Our
findings suggest that concomitant use of methadone with simvastatin, atorvastatin, or lovastatin is
not associated with the risk of opioid overdose compared to concomitant use of methadone and
rosuvastatin.
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INTRODUCTION

Methadone is an opioid approved by the United States (US) Food and Drug Administration
for managing moderate to severe pain and as part of medication-assisted therapy.!

While effective, it carries a risk of opioid overdose.l:2 Due to its complex metabolism,
methadone has a high potential for drug-drug interactions (DDIs) with many commonly
used medications.1-2 Both the drug label and clinical guideline recommend caution when
combining methadone with other medications that may interact with it, as these interactions
can elevate methadone plasma levels and increase the risk of overdose.12 However, evidence
on the magnitude of harm from these interactions remains limited.2

One potential interaction involves methadone and P-glycoprotein (P-gp) modifiers.3
Methadone is a substrate of P-gp, an active transport protein that limits drug absorption

in the intestines by pumping drugs back into the intestinal lumen, thereby limiting systemic
exposure.* Previous pharmacokinetic studies suggest that concomitant treatment with P-gp
inhibitors can elevate methadone concentrations during the absorption phase following

oral administration, potentially leading to unanticipated increases in methadone’s sedative
effects.>7 In a prior hypothesis-generating screening study, we observed in a sensitivity
analysis that concomitant use of methadone and simvastatin (a P-gp inhibitor8) was
associated with double the rate of opioid overdose compared to use of methadone alone.?
The potential interaction is further supported by previous research showing that concomitant
use of simvastatin with the oral anticoagulant dabigatran, another P-gp substrate, was
associated with a heightened risk of bleeding.1? Given the common use of statins among
methadone users and the severe, yet potentially preventable, risk of opioid overdose, our
study evaluated the risk of opioid overdose associated with concomitant use of methadone
and P-gp-inhibiting statins.

METHODS

We conducted a retrospective cohort study using claims data from individuals enrolled in
state Medicaid programs between January 1, 2003, and December 31, 2020. The University
of Pennsylvania’s institutional review board approved the study and waived the need for
informed consent (#832191).

Our cohort consisted exclusively of person-time concomitantly exposed to methadone
(object drug) plus one of the following statins: simvastatin, atorvastatin, and lovastatin,
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which are P-gp-inhibiting statins® and precipitants of interest; or rosuvastatin, the negative
control precipitant.}1 Rosuvastatin was selected as the negative control precipitant because
it does not inhibit P-gp® and is more commonly used than other non-P-gp-inhibiting statins.
Since P-gp inhibitors increase the bioavailability of oral but not intravenous methadone,>
we restricted our analysis to patients who received methadone orally, covering 96% of
methadone-exposed patients in our dataset.

We included new users of combination methadone and statin therapy. Patients entered

the cohort on the index date—the first date of overlapping prescription supplies of both
methadone and a statin of interest. Eligible patients had no combined exposure during the
183 days before the index date (the baseline period) and met the following criteria: 1) age
>18 years on the index date; 2) continuous Medicaid enroliment (allowing up to a 45-day
gap), without Medicare eligibility during the baseline; 3) use of only one statin of interest on
the index date; and 4) no hospitalization on the index date, as inpatient prescription use was
unmeasurable.

The outcome of interest was opioid overdose resulting in emergency department or inpatient
hospitalization, identified using validated algorithms (see Table S1).12-15 Patients were
followed from the index date until the earliest of: an outcome event, discontinuation

of methadone or statin, initiation of another statin of interest, death, end of Medicaid
enrollment, start of Medicare eligibility, or the study’s end on December 31, 2020.

We considered a total of 64 baseline covariates known or suspected to affect opioid overdose
risk. These included demographic characteristics (age, sex, race, geographic region, and
calendar year interval) on the index date, and healthcare utilization indicators, comorbidities,
and previous prescription use, all measured during the 183-day baseline. Additionally, we
assessed total days of baseline methadone use, average daily methadone dose in morphine
milligram equivalents (MME) in the 90 days before the index date, cumulative methadone
dose in MME on the index date, and cumulative dose of non-methadone opioids in MME on
the index date.

We created multinomial propensity score (PS) models and applied overlap weights (OW) to
balance measured covariates between each P-gp inhibiting statin group and the rosuvastatin
group.1® Standardized mean differences (SDiffs) were used to assess covariate balance
between each statin group and rosuvastatin, with an SDiff > 0.1 indicating imbalance. We
then used weighted Cox proportional hazard models to calculate adjusted hazard ratios
(HRs) and 95% confidence intervals (Cls) for opioid overdose, comparing each P-gp
inhibiting statin to rosuvastatin.

We conducted three secondary analyses to examine the robustness of our findings. First,

we increased study power by combining all P-gp-inhibiting statins into a single exposure
group for comparison with rosuvastatin. Second, we stratified analyses by prior opioid use
characteristics: 1) presence of an opioid use disorder or overdose during the baseline (yes or
no); and 2) duration of baseline methadone use (0 days, 1-89 days, or =290 days). Finally,
since the statins under study were introduced in different years and the incidence of opioid
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overdose likely varied over time, we conducted a post hoc stratified analysis by repeating the
primary analysis within each 3-year interval (2003-2005,...,2008-2020).

RESULTS

We identified 30,765, 26,772, 5,967, and 5,759 concomitant users of methadone with
simvastatin, atorvastatin, rosuvastatin, and lovastatin, respectively. Table 1 lists the selected
characteristics of these patient groups before weighting (Table S2 details all characteristics
pre-weighting). The mean (+standard deviation) age across all groups was approximately
51 (8) years, with most patients being female (54.6% to 60.2%) and non-Hispanic White
(70.3% to 76.5%). Patients using P-gp-inhibiting statins had baseline clinical characteristics
generally similar to those of rosuvastatin users, with a few exceptions, including a higher
prevalence of opioid use disorder or overdose and obesity among atorvastatin users, a lower
prevalence of HIV among simvastatin and lovastatin users, and less baseline benzodiazepine
use among atorvastatin users. After PS weighting, all baseline covariates were balanced
between users of P-gp-inhibiting statins and rosuvastatin, with SDiffs<0.1 (Table S3).

Concomitant users of methadone and simvastatin, atorvastatin, rosuvastatin, and lovastatin
were followed for a median of 36 days, during which 320 overdose events were identified
(Table S4). The overall unadjusted incidence rate was 26.0 per 1,000 person-years, ranging
from 25.5 per 1,000 person-years for atorvastatin to 28.5 per 1,000 person-years for
rosuvastatin (Table S4). Table 2 presents the associations between statin groups and risk
for opioid overdose in different prespecified analyses. In the primary analysis, adjusted
HRs suggested comparable opioid overdose risks across statin types relative to rosuvastatin:
0.78 (0.50-1.22) for simvastatin, 0.76 (0.48-1.22) for atorvastatin, and 0.78 (0.44-1.39) for
lovastatin. Sensitivity analysis also indicated no significant differences in opioid overdose
rates between P-gp-inhibiting statins and rosuvastatin. These findings remained consistent
across stratified analyses by baseline opioid use disorder or overdose diagnosis, baseline
methadone use duration, and calendar year intervals (Table S5).

DISCUSSION

In this large cohort study, we observed no difference in opioid overdose rates

between methadone recipients concomitantly treated with P-gp-inhibiting statins and those
concomitantly treated with rosuvastatin. This finding was consistent across all sensitivity
and stratified analyses.

In our sample, the overall incidence rate of opioid overdose was 26.0 per 1,000 person-years,
which is consistent with the previously reported range of 11.3 to 41.3 per 1,000 person-years
observed among methadone users in Medicaid data.1”.18

Our main findings seem to differ from those of previous screening work, where we found
that in a zero-grace period analysis, the combined use of methadone and simvastatin was
associated with a 1.96-fold increase in overdose rates compared with methadone use alone,
while the combined use of methadone with rosuvastatin showed no increased overdose
rates.? This difference in results may be explained by the different comparison groups used
in the two studies: the previous study compared statin use versus non-use, whereas the
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current study compared different types of statins, both among methadone users. By using

a negative control for the precipitant drug, the current study reduces confounding from

both measured and unmeasured factors and answers a research question more relevant to
clinical practice.1® Our results suggest that, among methadone users, P-gp-inhibiting statins
are unlikely to increase the risk of opioid overdose compared to rosuvastatin, a non-P-gp-
inhibiting statin. Therefore, clinicians managing patients on methadone may consider these
P-gp-inhibiting statins a safe option in terms of opioid overdose risk.

Despite the theoretical potential for P-gp-inhibiting statins to increase methadone’s
absorption and bioavailability by inhibiting its P-gp-mediated efflux, our study observed

no clinical effects as a result of this interaction. This lack of clinical effects can be
explained by two possibilities. First, although methadone is identified as a P-gp substrate

in several studies, the impact of P-gp transport on methadone’s pharmacokinetics might

be minimal. Indeed, studies in healthy volunteers showed that P-gp inhibitors ritonavir

and lopinavir did not affect methadone’s bioavailability despite inhibiting intestinal P-

gp transporter activity.20-21 Additionally, genetic variations in P-gp did not influence
methadone’s peak concentration levels after oral administration,22:23 suggesting that P-gp-
mediated transport may not significantly limit methadone absorption. Second, the statin
concentration used in clinical settings might be too low to significantly inhibit P-gp.

In vitro studies showing statins’ inhibition of P-gp often involved concentrations much
higher than those achieved through standard dosing.8-24 Furthermore, genetic variability

in cytochrome P450 metabolism may cause some individuals to metabolize statins more
efficiently, resulting in lower statin concentrations and reduced P-gp inhibition.2> As a
result, the statin concentrations achieved in clinical settings may not be sufficient to produce
the level of P-gp inhibition needed to significantly affect methadone metabolism and lead to
clinically meaningful DDIs.

The strengths of our study include its large sample size, the use of a negative control for the
precipitant drug, and the application of validated outcome measures.

Our study also has several limitations. First, there is potential exposure misclassification
since we measured concomitant medication use through prescription overlap without data on
actual adherence. Second, as with any observational study using secondary data, we cannot
rule out the potential for confounding. The most relevant residual confounding in our study
might be confounding by indication, i.e., whether methadone was used for pain or opioid
use disorder. To mitigate this, we adjusted for covariates including various pain conditions,
alcohol use disorder, opioid use disorder or overdose, and other drug use disorders during
the baseline period. Despite these adjustments, concerns remained about the possibility

of unmeasured confounding factors, such as nonmedical drug use. Third, our data did

not capture overdose cases that did not result in emergency department visits or inpatient
hospitalization, possibly leading to an underestimation of the total number of overdose
cases. However, by using an outcome algorithm with a high positive predictive value, our
study likely reduces biases in estimating relative risk. Fourth, our data spanned from 2003
to 2020, a period during which underlying factors related to overdose, overdose rates, and
the distribution of statin use may have changed, potentially introducing confounding or
effect modification. However, we accounted for this by including calendar year interval
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as a covariate and conducting stratified analyses by calendar year intervals, which yielded
results consistent with our primary findings. Finally, although methadone is commonly used
in medication-assisted therapy, approximately 90% of our study sample did not have a
diagnosis of opioid use disorder or overdose at baseline, suggesting that their methadone
use was likely for pain management. Thus, our stratified analysis of patients with a baseline
diagnosis of opioid use disorder or overdose may be underpowered. Future research using a
different data source may focus on this high-risk patient group.

Despite these limitations, our study is the first to examine the clinical consequences of

the potential pharmacokinetic interaction between methadone and P-gp-inhibiting statins.
Our findings suggest that concomitant use of methadone with simvastatin, atorvastatin, or
lovastatin is not associated with the risk of opioid overdose compared to concomitant use of
methadone and rosuvastatin. The difference between hypothesized DDIs and actual clinical
outcomes underscores the importance of research like ours in exploring and verifying the
real-world effects of such interactions.

Supplementary Material

Funding

Refer to Web version on PubMed Central for supplementary material.

This work was funded by National Institutes of Health (RO1AG025152, RO1DA048001, and RO1AG060975). Role
of sponsors: The sponsors had no role in the design of the study, the collection and analysis of the data, or the
preparation of the manuscript.

Conflict of Interest

Dr. Leonard recently received honoraria from the American College of Clinical Pharmacy Foundation, the
Scientific and Data Coordinating Center for the NIDDK-funded Chronic Renal Insufficiency Cohort Study, and the
Consortium for Medical Marijuana Clinical Outcomes Research. Dr. Leonard is a Special Government Employee
of the United States (US) Food and Drug Administration and recently consulted for their Reagan-Udall Foundation.
Dr. Leonard consults for Novo Nordisk and TriNetX. Dr. Leonard’s spouse is an employee of Merck; neither Dr.
Leonard nor his spouse owns stock in the company. Dr. Hennessy has consulted for, the Medullary Thyroid Cancer
Consortium (Novo Nordisk Inc, AstraZeneca Pharmaceuticals LP, and Eli Lilly Company), Urovant Sciences, i20
Therapeutics, Bailea, Balance Therapeutics, and Lykos Therapeutics. Dr. Bilker is a paid consultant for Genentech
for unrelated medications. All other authors declared no competing interests for this work.

REFERENCE

1. U.S. Food and Drug Administration Prescribing Information for DISKETS (methadone
hydrochloride) tablets, for oral suspension ClI. at <https://www.accessdata.fda.gov/
drugsatfda_docs/label/2023/017058s0281bl.pdf>

2. Chou R et al. Methadone safety: a clinical practice guideline from the American Pain Society and
College on Problems of Drug Dependence, in collaboration with the Heart Rhythm Society. J Pain
15, 321-337 (2014). [PubMed: 24685458]

3. Weschules DJ, Bain KT & Richeimer S Actual and potential drug interactions associated with
methadone. Pain Med 9, 315-344 (2008). [PubMed: 18386306]

4. Lin JH & Yamazaki M Role of P-glycoprotein in pharmacokinetics: clinical implications. Clin
Pharmacokinet 42, 59-98 (2003). [PubMed: 12489979]

5. Kharasch ED, Hoffer C & Whittington D The effect of quinidine, used as a probe for the
involvement of P-glycoprotein, on the intestinal absorption and pharmacodynamics of methadone.
Br J Clin Pharmacol 57, 600-610 (2004). [PubMed: 15089813]

Clin Pharmacol Ther. Author manuscript; available in PMC 2026 February 01.


https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/017058s028lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/017058s028lbl.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 7

. Rodriguez M et al. Effect of P-glycoprotein inhibition on methadone analgesia and brain distribution

in the rat. J Pharm Pharmacol 56, 367-374 (2004). [PubMed: 15025862]

. Ortega |, Rodriguez M, Suarez E, Perez-Ruixo JJ & Calvo R Modeling methadone

pharmacokinetics in rats in presence of P-glycoprotein inhibitor valspodar. Pharm Res 24, 1299-
1308 (2007). [PubMed: 17380267]

. Holtzman CW, Wiggins BS & Spinler SA Role of P-glycoprotein in statin drug interactions.

Pharmacotherapy 26, 1601-1607 (2006). [PubMed: 17064205]

. Miano TA et al. Identifying Clinically Relevant Drug-Drug Interactions With Methadone and

Buprenorphine: A Translational Approach to Signal Detection. Clin Pharmacol Ther 112, 1120-

1129 (2022). [PubMed: 35881659]

. Antoniou T et al. Association between statin use and ischemic stroke or major hemorrhage in
patients taking dabigatran for atrial fibrillation. CMAJ 189, E4-E10 (2017). [PubMed: 28246253]

Hennessy S et al. Pharmacoepidemiologic Methods for Studying the Health Effects of Drug-Drug
Interactions (DDIs). Clin Pharmacol Ther 99, 92-100 (2016). [PubMed: 26479278]

Green CA et al. Assessing the accuracy of opioid overdose and poisoning codes in diagnostic
information from electronic health records, claims data, and death records. Pharmacoepidemiol
Drug Saf 26, 509-517 (2017). [PubMed: 28074520]

Reardon JM, Harmon KJ, Schult GC, Staton CA & Waller AE Use of diagnosis codes for detection
of clinically significant opioid poisoning in the emergency department: A retrospective analysis of
a surveillance case definition. BMC Emergency Medicine 16, 11 (2016). [PubMed: 26856978]
Slavova S et al. ICD-10-CM-Based Definitions for Emergency Department Opioid Poisoning
Surveillance: Electronic Health Record Case Confirmation Study. Public Health Rep 135, 262—269
(2020). [PubMed: 32040923]

Vivolo-Kantor A et al. Defining indicators for drug overdose emergency department visits and
hospitalisations in ICD-10-CM coded discharge data. Inj Prev 27, i56-i61 (2021). [PubMed:
33674334]

Li F Propensity score weighting for causal inference with multiple treatments. Ann Appl Stat 13,
2389-2415 (2019).

Hartung DM et al. Rates of adverse events of long-acting opioids in a state Medicaid program. Ann
Pharmacother 41, 921-928 (2007). [PubMed: 17504834]

Fulton-Kehoe D et al. Opioid poisonings in Washington State Medicaid: trends, dosing, and
guidelines. Med Care 53, 679-685 (2015). [PubMed: 26172937]

Lund JL, Richardson DB & Stiirmer T The active comparator, new user study design in
pharmacoepidemiology: historical foundations and contemporary application. Curr Epidemiol Rep
2,221-228 (2015). [PubMed: 26954351]

Kharasch ED et al. Mechanism of ritonavir changes in methadone pharmacokinetics and
pharmacodynamics I. Evidence against CYP3A mediation of methadone clearance. Clin
Pharmacol Ther 84, 497-505 (2008). [PubMed: 19238655]

Kharasch ED & Stubbert K Cytochrome P4503A Does Not Mediate the Interaction between
Methadone and Ritonavir-Lopinavir. Drug Metab Dispos 41, 2166-2174 (2013). [PubMed:
24067429]

Crettol S et al. ABCB1 and cytochrome P450 genotypes and phenotypes: influence on methadone
plasma levels and response to treatment. Clin Pharmacol Ther 80, 668-681 (2006). [PubMed:
17178267]

Kharasch ED, Hoffer C, Whittington D, Walker A & Bedynek PS Methadone Pharmacokinetics
Are Independent of Cytochrome P4503A (CYP3A) Activity and Gastrointestinal Drug Transport:
Insights from Methadone Interactions with Ritonavir/Indinavir. Anesthesiology 110, 660672
(2009). [PubMed: 19225389]

Hochman JH et al. Interactions of human P-glycoprotein with simvastatin, simvastatin acid, and
atorvastatin. Pharm Res 21, 1686-1691 (2004). [PubMed: 15497697]

Sainz JIS de M. & Serra, M. B. Influence of pharmacogenetics on the diversity of response

to statins associated with adverse drug reactions. Adv Lab Med 4, 341-352 (2023). [PubMed:
38106499]

Clin Pharmacol Ther. Author manuscript; available in PMC 2026 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

STUDY HIGHLIGHTS
What isthe current knowledge on the topic?

Methadone has a high potential for risky drug—drug interactions (DDIs) that can

lead to opioid overdose, yet evidence on the magnitude of this risk remains limited.
Theoretically, the potential pharmacokinetic interaction between methadone, a substrate
of P-glycoprotein (P-gp), and statins that inhibit P-gp can increase the risk of opioid
overdose.

What question did this study address?

Among methadone users, is concomitant use of P-gp-inhibiting statins (simvastatin,
atorvastatin, and lovastatin) versus concomitant use of rosuvastatin, a negative control,
associated with risk of opioid overdose?

What doesthis study add to our knowledge?

We found that concomitant use of methadone with P-gp-inhibiting statins (simvastatin,
atorvastatin, or lovastatin) was not associated with the risk of opioid overdose when
compared to concomitant use of methadone and rosuvastatin.

How might this change clinical phar macology or translational science?

Clinicians managing patients on methadone may consider P-gp-inhibiting statins
(simvastatin, atorvastatin, or lovastatin) a safe option in terms of opioid overdose risk.The
difference between hypothesized DDIs and actual clinical outcomes highlights the critical
role of studies like ours in assessing and verifying the real-world effects of such
interactions.
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Adjusted hazard ratios for opioid overdose comparing P-gp-inhibiting statins versus rosuvastatin among

methadone users

Table 2.

Statin Group (versus rosuvastatin) Adjusted Hazard Ratio (95% CI)

Atorvastatin

Lovastatin

Simvastatin

Sensitivity analysis by
P-gp inhibiting statins

Primary analysis
0.76 (0.48-1.22)
0.78 (0.44-1.39)
0.78 (0.50-1.22)
grouping all P-gp inhibiting statins as one exposure group
0.90 (0.61-1.34)

Stratified analysis by diagnosis of opioid use disorder or overdose at baseline

Having diagnosis of opioid use disorder or overdose at baseline (N=7,480)

Atorvastatin (n=3,435) 1.03 (0.31-3.42)

Lovastatin (n=455)

1.29 (0.31-5.46)

Simvastatin (n=3,110) 1.31 (0.40-4.25)

Not having diagnosis of opioid use disorder or overdose at baseline (N=61,783)

Atorvastatin (n=23,337) 0.72 (0.43-1.20)

Lovastatin (n=5,304)

0.83 (0.45-1.55)

Simvastatin (n=27,655) 0.72 (0.44-1.18)

Stratified analysis by duration of methadone use at baseline

0 day of methadone use at baseline (N=30,153)

Atorvastatin (n=11,679) 0.68 (0.37-1.23)

Lovastatin (n=2,457) 0.82 (0.47-1.43)

Simvastatin (n=13,521) 0.61 (0.28-1.35)
1-89 days of methadone use at baseline (N=12,726)

Atorvastatin (n=4,597) 0.97 (0.32-2.97)

Lovastatin (n=1,102)

0.99 (0.26-3.73)

Simvastatin (n=5,984) 0.36 (0.12-1.13)

290 days of methadone

use at baseline (N=26,384)

Atorvastatin (n=10,496) 1.03 (0.39-2.70)

Lovastatin (n=2,200)

1.80 (0.58-5.61)

Simvastatin (n=11,260) 1.40 (0.55-3.53)

Cl, confidence interval.
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