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Abstract

Effective strategies to monitor pharmacotherapy adherence are necessary, and sensitive biological 

markers are lacking. This study examined a sub-therapeutic dose of quinine as a potential 

adherence tracer. Primary aims included examination of the plasma and urinary pharmacokinetic 

profile of once-daily quinine; secondary aims assessed pharmacokinetic/pharmacodynamic 

interactions with oxycodone (a CYP3A and CYP2D substrate). Healthy, non-dependent opioid 

users (n=9) were enrolled in this within-subject, double-blind, placebo-controlled, inpatient study. 

Participants received the following oral doses, Day 1: oxycodone (30 mg), Days 2-4: quinine (80 

mg), Day 5: quinine and oxycodone (2 hrs post-quinine). Blood and 24-hr urine samples were 

collected throughout the study, and pharmacodynamic outcomes were assessed during 

experimental sessions (Days 1, 4, 5). Quinine displayed a plasma Tmax ∼2 hrs and t1/2 ∼10 hrs. 

Oxycodone and noroxycodone parameters (Tmax, Cmax, t1/2) were similar with or without quinine 

present, although drug exposure (AUC) was slightly greater when combined with quinine. No 

pharmacodynamic interactions were detected and doses were safely tolerated. During washout, 

quinine urinary concentrations steadily declined (elimination t1/2 ∼16 hrs), with a 94% decrease 
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observed 72 hrs post-dose. Overall, low-dose quinine appears to be a good candidate for a 

medication additive to monitor adherence for detection of missed medication.
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Introduction

Medication adherence, (e.g., taking medication as directed in regard to both dose and 

frequency), is critical in determining pharmacotherapy efficacy in both clinical practice and 

research trials. Non-adherence (e.g., dosing omission, cessation) is common; it is estimated 

that chronically ill patients take ∼50-80% of their prescribed doses, with adherence 

inversely related to dose frequency (e.g., four doses/day = 50%; one dose/day = 80%).1 

Non-adherence is associated with misdiagnosis, preventable medical problems, morbidity 

and mortality2,3 and costs the United States health care system $105 billion annually.4 Non-

adherence is also problematic in clinical research trials, with an estimated 4% of participants 

never taking a single dose3 and an overall adherence rate of 75% (e.g., 25% missed dose 

rate).5 However, lower adherence rates (39%-42%) occur in alcohol or drug treatment 

trials,6,7 with up to 10% of participants never taking a single dose.8 Non-adherence in 

research trials can contribute to underestimation of medication side effects, inaccurate 

estimates of effective dose ranges, and inconclusive or misinterpreted results – particularly 

potentially incorrect conclusions that a putative pharmacotherapy is ineffective.3,9,10

Better strategies are needed to improve medication adherence monitoring and identify lapses 

as they occur. Indirect and direct monitoring approaches have been implemented (see 

reviews7,11); indirect measurements include monitoring medication quantity (e.g., pill 

counts, refill frequency), collecting self-report, and using electronic medication bottles/pill 

planners that record each time a medication container is opened. Clinicians may use patient 

assessments and biological outcomes (e.g., hemoglobin A1C levels in diabetic patients) to 

estimate medication adherence. However, these indirect methods have clear limitations: pills 

can be removed from containers without ingestion; self-reports often overestimate 

adherence;12 physiological markers are frequently influenced by factors other than 

adherence (e.g., poor medication response).3 Direct measurements typically provide more 

accurate information5 and include observed drug dosing and measurement of the prescribed 

medication in blood (e.g., drug/metabolite concentrations). However, these measures can be 

limited by logistical issues, such as frequent visits to the clinic and high costs of quantitative 

drug assays.11 Further, there is frequently no known quantifiable cut-off/range for most 

medications that determines adherence/non-adherence, medication concentrations are 

subject to high inter- and intra-individual variability, and placebo adherence, which appears 

to be an independent predictor of better treatment outcomes,13 cannot be measured with this 

model.3,9,10

A promising direct measurement approach is the inclusion of a medication additive (i.e., 

tracer) compounded with the prescribed medication (and placebo in clinical trials), which 
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can be detected in blood, urine or saliva by qualitative or quantitative assays. An ideal tracer 

would be non-toxic, safe and pharmacologically inert at administered doses, display linear 

pharmacokinetic characteristics, an elimination half-life well matched to once or twice daily 

dosing, and reliably detected and easily quantifiable in urine or other biological matrices that 

do not require invasive collection procedures (e.g., saliva).9,10 If an appropriate tracer is 

identified, it could be combined with medications for which there is no established 

immunoassay, allowing researchers the ability to monitor adherence to a wide variety of 

pharmacotherapies (eliminating the need to develop expensive assays for every drug under 

clinical investigation).

Several tracer medications have been tested, including riboflavin, sodium bromide, 

phenazopyridine, digoxin, and low-dose phenobarbital.14,15 Riboflavin has been frequently 

used in clinical trials; however, several characteristics limit its utility: 1) narrow window of 

detection in urine after dosing (∼2-8 hrs),16-18 2) considerable inter-subject variability in 

absorption and elimination,18,19 3) interference from dietary sources/multivitamins,15,17 and 

4) relatively high false positive rate (20-53%) for qualitative florescence.16,17 Because of 

these limitations, some have suggested exploring alternative adherence tracers.16

The current study examined a sub-therapeutic dose of quinine (80 mg) as a candidate tracer. 

Quinine is FDA-approved for the treatment of uncomplicated malaria (1944 mg/day; 3-7 

days)20 and is also present in commercially available tonic water at a maximum 

concentration of 83 mg/L, per FDA regulations.21 Previous studies have indicated that 

quinine has a favorable profile: 1) it is readily absorbed following oral administration 

(∼88% bioavailability),22 2) maximal plasma concentrations (Tmax) occur within 2-3 hrs,23 

3) plasma half-life (t1/2) is 9-11 hrs,23,24 and 4) ∼20% is excreted unchanged in the urine.25

The objectives of this study were to characterize the pharmacokinetic profile of a low dose 

of quinine in plasma and urine with once daily dosing. Secondary aims were to examine 

potential pharmacokinetic and pharmacodynamic interactions with oxycodone, a model 

medication that is a common drug of abuse, which may be encountered in trials examining 

pharmacotherapies for the treatment of drug dependence, and is hepatically metabolized 

similar to quinine (via cytochrome P450 (CYP) 3A and 2D).26,27

Methods

Human Subjects Protection—This study was approved by the University of Kentucky 

(UK) Institutional Review Board and conducted in accordance with the Helsinki guidelines 

for ethical research. All participants provided sober, written informed consent prior to study 

participation and were paid for their participation.

Participants—Participants were healthy adult recreational opioid users who were not 

physically dependent on opioids. In-person screening evaluations included medical history, 

physical exam, psychiatric assessments, blood chemistry (CBC, metabolic panel), urinalysis 

and ECG. Participants were literate, English-speaking adults ages 18-50 with adequate 

venous access; participants reported current occasional opioid abuse (∼1-2 times/week), 

confirmed by at least one observed opioid-positive urine sample. Participants were also 
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required to provide an observed opioid-negative urine sample in the absence of opioid 

withdrawal signs and symptoms to exclude individuals with physiological opioid 

dependence. Additional exclusion criteria included current physiological drug dependence 

requiring medical care (e.g., benzodiazepine dependence), pregnancy, and serious medical 

or psychiatric problems (e.g., diabetes, suicidality).

Drugs—The study was conducted under an investigator-initiated Investigational Drug 

Application from the Food and Drug Administration (#69,214). Drug doses were prepared 

by the UK Investigational Pharmacy. Quinine sulfate capsules (324 mg/capsule, 

Qualaquin®, AR Scientific/URL Pharma, Philadelphia, PA) and oxycodone hydrochloride 

tablets (Mallinckrodt, Hazelwood, MO) were obtained. Lactose monohydrate powder 

(Medisca Pharmaceuticals, Plattsburgh, NY) served as the placebo. To formulate the active 

doses, 1) quinine capsules were emptied and the powder needed to produce a dose of 80 mg 

was measured (to account for excipients), and 2) oxycodone tablets (30 mg) were over-

encapsulated. All doses were delivered in size 00 gelatin capsules (Health Care Logistics, 

Circleville, OH) loose-filled with lactose with two different capsule colors used.

Prior to study enrollment, in vitro dissolution studies were conducted (Murty 

Pharmaceuticals, Lexington, KY) with capsules containing quinine with no filler (control) or 

one of four excipients (lactose, povidone, methylcellulose, gelatin) to determine if any of 

these agents modified the dissolution profile of quinine. Methylcellulose slowed the release 

of quinine; all other agents performed similarly and did not differ from control. Lactose was 

selected for the current study because it is commonly used in the formulation of 

experimental, over-the-counter and prescription medications.

Study Design—The data presented here are from the second week of a 2.5-week within-

subject, double-blind, placebo-controlled, inpatient study conducted at the UK Center for 

Clinical and Translational Science; this study consisted of two, 1-week segments that were 

nearly methodologically identical (Week 1 examined acetazolamide alone and in 

combination with oxycodone [results reported separately]). Week 2 examined the 

pharmacokinetic, subjective and physiological effects of quinine (80 mg), oxycodone (30 

mg) and their combination (tested on the fourth consecutive day of quinine administration). 

Three experimental sessions (8.5 hrs) were conducted on Days 1, 4 and 5 (of Week 2) to 

capture the physiological, subjective and observer-rated effects of each drug alone and in 

combination.

General Methods—Participants were maintained on a diet free of caffeine and tonic 

water. A light standardized breakfast was provided 2 hrs prior to drug administration; no 

food was permitted until the end of session (or 4 hrs post-dose during non-session days). 

Smoking was not permitted 1 hr prior to drug administration and was allowed to resume 

after session completion (or 4 hrs after the last dose administered and after the blood draws 

were completed on non-session days). During each session, participants were provided one 

16.9 fl oz bottle of water (Dasani®, Coca-Cola Company) 2 hrs prior to and 1 hr after 

placebo/opioid administration and were required to finish each bottle within 3 hrs (to ensure 

urine production).
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Urine samples were tested each morning for drugs of abuse. Females were tested for 

pregnancy daily. Breath samples were tested for alcohol concentrations prior to each 

session.

Dosing Schedule—Dosing was as follows: Day 1: placebo + oxycodone (30 mg); Days 2 

and 3: quinine (80 mg); Day 4: quinine (80 mg) + placebo; Day 5: quinine (80 mg) + 

oxycodone (30 mg) (Table 1).

Quinine/matched placebo was administered 2 hrs prior to oxycodone/matched placebo (8am, 

10 am respectively). On non-session days (Days 2, 3) a single oral quinine dose was 

administered; on session days (Days 1, 4, 5) two oral capsules were administered in order to 

maintain the double-blind and double-dummy dosing procedures for the behavioral sessions. 

Days 6-8 were washout days (no doses administered).

Blood and Urine Sampling Procedures—Peripheral blood was collected via an 

indwelling intravenous catheter or individual needle stick when needed. Catheters were 

regularly flushed with physiological saline and maintained for a maximum of 72 hr. Blood 

was collected in either a 5mL purple-top for a single assay or a 10 mL green-top sodium 

heparin vacutainer for multiple assays. Vacutainers were centrifuged at 1,300 g for 10 

minutes at 4°C, and plasma aliquoted and frozen to -80°C.

Table 1 displays the plasma analytes evaluated (quinine, oxycodone, and noroxycodone) and 

the collection schedule, designed to capture ascending, peak and descending time-

concentration curves for each analyte.

Twenty-four hour urine collection occurred throughout the study and samples were analyzed 

for quinine (Table 1). Each sample was mixed and volume (mL) and pH were measured; a 

10-mL aliquot was frozen at -80° C. Urine collection ended on the morning of Day 7 for the 

first four participants enrolled; collection continued through the morning of Day 8 for the 

last five participants.

Physiological Measures and Safety Assessments—During sessions, heart rate, 

blood pressure and oxygen saturation (Dinamap Non-Invasive Patient Monitor, GE Medical 

Systems, Tampa, FL) were collected in 1-min intervals before and 6 hrs after opioid/placebo 

administration. Manual respiration rate and pupil diameter measurements (PLR-200, 

NeurOptics, Irvine, CA) were collected at baseline and at 15-min intervals for the first 2 hrs 

after opioid/placebo and at 30-min intervals for the remaining 4 hrs.

A baseline ECG was completed at study screening and after enrollment between the third 

and fourth day of quinine dosing. ECGs were compared and reviewed by a physician. 

Participants were queried regularly for adverse events.

Participant- and Observer-Rated Measures—Participant-rated measures included a 

locally-developed questionnaire to assess frequently reported non-specific (e.g., nausea) and 

quinine-specific (e.g., tinnitus) side effects; a six-item visual analog scale (VAS),28 

collected at baseline, 90 minutes post-tracer administration and regularly after opioid/

placebo administration (15-min intervals for the first 2 hrs, 30-min intervals for the 
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remaining 4 hrs); the Participant-Rated Opioid Adjective Scale,29 presented at baseline, 90 

minutes post-tracer administration and in 30-min intervals after opioid/placebo 

administration; and a street value estimate (e.g., rating the subjective dollar value of the 

drug) presented in 30-min intervals after opioid/placebo administration. Trained research 

assistants (blind to conditions) rated signs of opioid agonist effects on the Observer-Rated 

Opioid Adjective Scale29 at baseline, 90 minutes post-quinine dose and in 30-min intervals 

after opioid/placebo administration.

Sample Preparation and Analyses—All plasma samples were spiked with a quinine, 

oxycodone or noroxycodone internal standard (IS) solution (2H3-quinine, 2H6-

oxycodone, 2H3-noroxycodone, respectively) and were extracted in the presence of NaCO3 

using a EtOAc : tBME (3:1) solvent mix. Samples were then neutralized, dried under 

nitrogen and reconstituted in mobile phase. Urine samples were spiked with an IS but not 

extracted prior to LC/MS analyses.

All plasma samples were separated on a 5 μm, 4.6 × 100 mm, C18 HPLC column with an 

isocratic mobile phase (90 ACN :10 H2O :0.05 HCOOH; 5mM NH4HCOO). Quantification 

was conducted via selective-ion monitoring using atmospheric pressure chemical ionization 

and positive ionization by multiple reaction monitoring modes, recording the following m/z 

ratios: 325-307 (quinine), 328-175 (quinine IS), 316-298 (oxycodone), 322-304 (oxycodone 

IS), 302-284 (noroxycodone), 305-287 (noroxycodone IS). The range of the standard curve 

for quinine in plasma and urine was 20 to 8000 ng/mL with a lower limit of quantitation 

(LLOQ) of 20 ng/mL. The range of the standard curves for both oxycodone and 

noroxycodone in plasma was 0.2 to 200 ng/mL, with an LLOQ of 0.2 ng/mL.

Statistical Analyses—Non-compartmental pharmacokinetic analyses of plasma and urine 

data were conducted (Phoenix® WinNonlin®, Pharsight®, Certara, L.P.) and included all 

available data within each dose condition; Shapiro-Wilk normality tests were conducted to 

confirm that the curves were normally distributed and appropriate for parametric testing and 

t-tests were conducted to determine dose condition effects. Trough plasma concentrations 

were analyzed with a one-factor model (time); behavioral and physiological data were 

initially analyzed as raw time course data using a two-factor repeated measures model (drug 

condition, time) with AR(1) covariance structure. Physiological measures, collected minute-

by-minute, were averaged across 15-30 min intervals corresponding to subjective reporting 

intervals. Peak/trough scores were analyzed using a one-factor model (drug condition). 

Time-to-peak effect (e.g., Tmin or Tmax) was calculated for individual participants and dose 

conditions and was analyzed in a one-factor model (drug condition). Tukey's post-hoc tests 

were performed to examine the time course of drug effects, effects of individual doses and 

differences between comparator dose conditions. All models were analyzed with Proc 

Mixed in SAS 9.3 (Cary, NC) with significance at p<.05.

Results

Participants—Thirty-nine participants signed screening consent and 14 signed main study 

consent; 12 participants met qualification criteria and were enrolled. Data from 3 enrolled 

participants were not included in the analyses: 2 due to early discharge (behavioral issues, 
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need for daily allergy medications) and 1 due to a pharmacy dose error. In total, data from 9 

participants (2 Caucasian women, 1 mixed race male (African American/Caucasian), 6 

Caucasian males) were analyzed. They were 31.5 (±1.6) years old and reported current illicit 

short-acting opioid use of 11.2 (±1.9) days out of the 30 days prior to enrollment. Seven 

participants were daily smokers (14.4 (±1.7) cigarettes/day), 2 were non-smokers. Other past 

month drug use included alcohol (2.9 [±1.4] days; n=5); benzodiazepines (1.8 [±0.4] days; 

n=5); cocaine (1.5 [±0.2] days; n=4); amphetamines (6 days; n=1); and marijuana (17.1 

[±4.1] days; n=7).

Pharmacokinetic Outcomes

Quinine Concentrations in Plasma—Figure 1 presents the time course of quinine 

plasma concentrations when quinine was administered alone (Day 4) and in combination 

with oxycodone (Day 5). The time concentration curves were similar across conditions and 

peak quinine concentrations (Tmax) occurred ∼2 hrs post-dose with a half-life of ∼10 hrs 

(Table 2). AUC, Tmax, Cmax, t1/2 were similar across the two conditions (p>.05; Table 2).

Mean 24-hr trough plasma concentrations of quinine increased 50% across the four days of 

dosing (i.e., 94; 125; 139; 140 ng/mL). However, concentrations appeared stable after the 

second dose (with a modest, non-significant 11% increase from second to third dose) and 

nearly identical values for the last two doses, suggesting that plasma concentrations 

approached steady-state rapidly.

Oxycodone and Noroxycodone in Plasma—Figure 2 (left panel) displays the time 

course profile of plasma concentrations (ng/mL) of oxycodone when administered alone 

(Day 1) and with quinine (Day 5). Peak plasma concentrations occurred ∼1 hr post-dose 

with a half-life of ∼4 hrs and minimal concentrations (≤5 ng/mL) detected at 24 hrs. No 

differences were observed in Cmax, Tmax, or t1/2 as a function of quinine administration 

(Table 2); however, oxycodone AUC was slightly elevated (e.g., 7% increase) in the quinine 

condition (p<.05).

Figure 2 (right panel) presents the time course of noroxycodone across the two dosing 

conditions (Day 1, Day 5). Peak noroxycodone concentrations occurred ∼1 hr post-dose 

with a half-life of ∼7 hrs (Table 2). There was a moderate upward shift (∼26%) in the 

noroxycodone curve when quinine was co-administered, producing a significant increase in 

AUC values (p<.05); however, all other pharmacokinetic estimates were similar across 

conditions (Table 2).

Pharmacodynamic Outcomes

Physiological, Subject- and Observer Rated Measures—Oxycodone produced 

prototypical μ-opioid agonist effects on an array of physiological, subjective, and observer-

rated measures. Specifically, oxycodone increased subjective ratings of positive drug effect 

(e.g., drug liking), increased observer ratings of opioid agonist effects, and produced 

pupillary miosis (p<.05). These effects were consistent across time course, AUC, and peak 

effect analyses (Table 3).
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Quinine alone did not produce any psychoactive effects, increase subjective or observer-

rated measures (Table 3), or produce any changes from baseline physiological outcomes. In 

addition, quinine did not modify the time course, AUC, or peak magnitude of any of the 

pharmacodynamic effects of oxycodone (p>.05; Table 3). Figure 3 presents the time course 

effects of quinine alone, oxycodone alone and the dose combination on pupil diameter. 

Oxycodone alone produced miosis, with peak effects occurring at ∼1-2 hrs, and effects 

lasting through the end of session. Quinine alone did not alter pupil diameter (compared to 

baseline) and did not modify the time course or magnitude of oxycodone effects (Table 3). 

In addition, none of the dose conditions tested modified heart rate, blood pressure, 

respiratory rate, or oxygen saturation (p>.05).

Quinine Concentrations in Urine—Figure 4 displays mean urinary concentrations of 

quinine (without creatinine normalization), expressed in ng/mL (±SEM), across quinine 

dosing: 1) prior to first dose on Day 2 (0 hrs), 2) across Days 2-5 (6-84 hrs) of dosing, and 

3) during the washout (Days 6-8; 96-144 hrs). Across the four days of active quinine dosing, 

urine concentrations increased, with mean and peak concentrations (Cmax) increasing 98% 

and 141%, respectively, while trough concentrations (Cmin) displayed a 20% increase, 

suggesting moderate urinary accumulation during this early period of daily dosing (Table 4). 

Quinine urine concentrations displayed substantial variability on Day 5 (Figure 4) when 

quinine was administered in combination with oxycodone; however, trough quinine 

concentration values were similar to those observed on Day 4 (quinine alone) (p>.05), 

indicating that oxycodone did not alter the profile of quinine in urine.

During the 48-hr washout phase, urinary concentrations steadily decreased (Figure 4, Table 

4), with a urinary half-life of ∼16 hrs. In the first 24 hrs after dosing cessation (Day 6), 

mean concentrations decreased 59% from those observed on Day 5. At 48-60 hrs post-dose 

(Day 7), an 88% reduction occurred, while a 94% decrease was observed 72 hrs post-dose 

(Day 8).

Quinine Elimination Rate—Figure 5 displays urinary elimination of quinine (μg/h) prior 

to and 72 hrs following the last dose of quinine (Days 5-8); Table 4 presents the observed 

ranges and mean elimination rates during this period. On the last day of dosing (Day 5, 

labeled 0-12 hrs; Figure 5), the mean elimination rate was 403 (±30) μg/h. On Day 6 (24-36 

hrs), a 59% reduction from the Day 5 elimination rate was observed. This rate continued to 

decrease, with an 87% reduction occurring the following day (e.g., Day 7, 48-60 hrs post-

dose) and, by 72 hrs post-dose, a 92% decrease was observed (mean = 31 (±6) μg/h).

Safety Outcome Measures—Quinine did not increase ratings of side effects (e.g., 

tinnitus, vision/hearing disturbances; p>.05). Baseline and post-dose ECGs did not display 

any differences (e.g., QT interval) as a function of quinine exposure.

Discussion

This study examined the pharmacokinetic and pharmacodynamic effects of a sub-therapeutic 

dose of once daily oral quinine to determine its potential as a medication additive for 

monitoring medication adherence; secondary aims included examination of potential 
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interaction effects of quinine and oral oxycodone, a model medication that shares similar 

metabolic pathways with quinine.

Quinine was readily detected in plasma by HPLC even with the low dose employed in this 

study. Quinine displayed a favorable plasma profile, with a half-life of ∼10 hrs, Tmax of ∼2 

hrs, and Cmax = 680 ng/mL, consistent with previous reports.30 Trough plasma 

concentrations increased ∼50% across the first 3 days of dosing, but stabilized thereafter. 

Similar findings were observed in an extended dosing study (e.g., 80 mg/day, 3 weeks) 

during which trough serum quinine concentrations were measured every 3-4 days during 

dosing and no evidence of accumulation was observed.25 Together, these data suggest that 

steady-state may be reached after 2-3 daily 80 mg doses.

Quinine plasma concentrations were also examined after co-administration of oxycodone 

and quinine plasma AUC, Cmax and Tmax and t1/2 were unaltered in combination with 

oxycodone (Figure 1, Table 2). These findings are supported by previous research indicating 

that potent CYP3A inhibitors (ketoconazole, troleandomycin), but neither moderate 

inhibitors (e.g., grapefruit juice) nor CYP3A substrates (e.g., oral contraceptives) interfere 

with quinine metabolism.27,31-32 Correspondingly, the pharmacokinetic profiles (Cmax, 

Tmax, t1/2) of oxycodone and its CYP3A metabolite, noroxycodone, were similar across 

conditions (Figure 2, Table 2); however, greater oxycodone and noroxycodone AUC values 

(+7%, +26%, respectively) were observed in the quinine condition. It is not completely clear 

why these increases occurred, as it does not appear to be due to quinine inhibition of 

CYP3A, which would likely cause decreased metabolite concentrations (not increases, as 

seen here). No clinical data are available on the effects of low-dose quinine on CYP3A 

substrates/metabolite concentrations and should be further investigated to exclude 

interaction effects. The observed AUC increases were also not likely due to inhibition of 

CYP2D, as others have demonstrated that 80 mg of quinine does not alter CYP2D substrate 

metabolism in healthy humans.33 Although the source of this interaction does not appear to 

be mediated by hepatic enzyme inhibition, quinine should be investigated further to 

determine if it could impact metabolism of other test agents. Nonetheless, the AUC 

increases observed here occurred in the absence of changes in other pharmacokinetic 

parameters (i.e., no changes in Cmax, Tmax, t1/2), suggesting that quinine did not greatly 

impact the overall pharmacokinetic profile of oxycodone, which is corroborated by the 

pharmacodynamic data. Specifically, oxycodone produced several prototypic mu-opioid 

agonist effects, including increases in ratings of positive drug effects, observer-rated opioid 

agonist effects and miosis, as previously demonstrated.28 Quinine did not modify any of 

these effects and did not produce any psychoactive effects when administered alone (Table 

3).

Quinine was detected in urine and was present in each post-quinine urine sample (e.g., 

beginning 6 hrs post-dose). During the first two days of acute dosing, trough urine 

concentrations (Cmin) displayed a 20% increase (Table 4) but were generally stable over the 

remainder of active dosing days, with <5% change occurring between the last two days 

(Table 2). Similarly, others have reported consistent urine concentrations measured every 

3-4 days during repeated dosing (80 mg/day, 3 weeks) (e.g., 12-13 mg quinine excreted in 

24-hr samples).25 In the current study, mean and Cmax urine concentrations increased ∼30% 
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from Day 4 (quinine alone) to Day 5 (dose combination) and greater variability was 

observed around Day 5 mean concentrations (Figure 4). Because trough concentrations were 

similar after reaching steady-state and across repeated dosing observed elsewhere,25 these 

changes may have been due to the lack of precision from non-creatinine normalized samples 

or the variability present in a relatively small number of participants (potential limitations 

for the clinical applicability of these results); however, these data do not suggest that 

oxycodone substantially modified quinine excretion in urine, although this should be 

explored in future studies.

During washout, quinine urinary concentrations (ng/mL) steadily decreased, with a 94% 

decrease occurring 72 hrs after the final dose (Day 8), indicating fairly rapid excretion in 

urine. Steep decreases occurred within each 24-hr washout period as follows: 70% from Day 

6 (24-36 hrs) to Day 7 (48-60 hrs), and 52% from Day 7 to Day 8 (72 hrs). Elimination rates 

(μg/h) followed the same pattern, with an overall decrease of 92% (Day 5 to Day 8), with 

68% and 42% decreases in the 24-hr washout periods. Although quinine is excreted rather 

quickly, this study did not observe urine concentrations reaching the LLOQ (20 ng/mL). 

One exploratory study (n=2) examined urinary excretion of quinine (35 mg) for 24 hrs (n=1) 

and up to 190 hr (n=1).34 At 24 hrs post-dose, quinine concentrations decreased 68%-80% 

relative to Cmax. While significant declines were observed at ∼72 hrs and 100 hrs post dose 

(n=1) (decreasing 90% and 99%), low concentrations were still detected 190 hrs post dose. 

While additional research is needed to establish the full window of detection in urine, these 

data indicate that within 3-4 days urinary quinine concentrations decrease substantially 

(92-99%) and suggest that standardized cut-off values can be developed to determine recent 

quinine administration and omission. Although this study cannot determine those cut-offs, 

concentrations of 240-327 ng/mL were observed 72 hrs post-dose (n=5), and White and 

colleagues34 observed 146-410 ng/mL at 70-75 hrs after a 35 mg dose (n=1), indicating that 

concentrations below ∼500 ng/mL could indicate 1-2 missed daily doses. However, 

additional studies should be conducted to determine validated cut-off values for potential 

assay development of point-of-care immuno- or fluorescence-assays to monitor adherence 

with quinine.

An additional objective was to determine the safety of quinine under repeated dosing 

conditions and when combined with oxycodone. Quinine, available in 324 mg capsules and 

typically administered at ∼1950 mg/day for malaria, can produce serious health risks, 

including idiopathic thrombocytopenic purpura (ITP), temporary loss of vision or hearing, 

and hypoglycemia,35 prompting the FDA to warn against off-label prescribing for leg 

cramps and suggest removal of over-the-counter products containing quinine from the U.S. 

market. However, the FDA has permitted low doses of quinine (≤ 83 mg/L) to be added to 

tonic water and bitter lemon drinks, due to the minimal risk of lower doses. Here, repeated 

doses of 80 mg of quinine did not produce any signal of quinine-specific complaints (e.g., 

tinnitus, changes in color vision or hearing/vision acuity) or physiological changes (e.g., 

heart rate, blood pressure, ECG activity). Further, quinine did not alter the safety profile of 

oxycodone (e.g., no changes in respiration rate). Although some have reported transient 

nystagmus after daily quinine (105 mg/day, 2 weeks),36 others have reported no detectable 

cardiovascular or auditory/ophthalmologic effects of 100-120 mg daily doses.25,37 Overall, 
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the current data, along with other safety reports, indicate that low doses of quinine (≤80 mg) 

are safe and well-tolerated in healthy populations.

Another consideration for choice of an adherence marker is the prevalence of outside 

sources of the drug (e.g., dietary sources) and their potential interference with testing. 

Although the maximum quinine concentration permitted in liquids in the United States is 83 

mg/L, commercially available tonic water often contains less than this maximum: 59-68 

mg/L34,38 or 1.75 - 2.0 mg/fl oz. Because relatively small volumes of tonic water are 

consumed in cocktails (e.g., 2-4 oz.), total quinine exposure is minimal (e.g., 4-8 mg/

cocktail). However, if immunoassays are developed to detect quinine in urine for adherence 

testing, urinary cut-off concentrations should account for dietary exposure so that low 

concentrations do not produce a false positive result (e.g., a result that suggests medication 

adherence after dietary quinine exposure only). Exposure could also occur through illicit 

drug use, as quinine has been reported as an additive/cutting agent in street heroin;39 

however, the risks of intravenous administration of quinine-laced heroin include serious 

cardiac complications40 and ITP.41 Therefore, quinine would not be an appropriate 

adherence marker for individuals who heavily consume tonic water (e.g., those who self-

treat leg cramps with quinine), those who abuse heroin, or those at risk of injecting the 

medication for which adherence is being monitored.

Taken together, these data indicate that low-dose quinine should be explored further as a 

medication adherence tracer, as it 1) is safe, non-toxic and seemingly inert at low oral doses, 

2) has high oral bioavailability, 3) is easily detected in plasma and urine using standard 

laboratory techniques, 4) displays a plasma half-life of ∼10 hrs, suitable to detect adherence 

for a variety of medication regimens, 5) displays generally linear pharmacokinetics, with 

steady-state plasma concentrations occurring with three consecutive doses, 6) does not 

produce any pharmacodynamic interactions when co-administered with a model hepatically-

metabolized drug, 7) produces consistent, steady-state urine concentrations within the first 

2-3 days of dosing, 8) is rapidly excreted in urine, with a ∼94% reduction in urine 

concentrations within 72 hrs following dosing cessation, and 9) exhibits a urinary 

elimination half-life of ∼16 hrs. However, additional research should be conducted to 

explore potential pharmacokinetic interactions between quinine and other model drugs to 

exclude clinically significant effects. Thus, overall, quinine appears to be a good candidate 

for further development as a tracer drug and should be explored as a potential tool to 

monitor drug adherence and detect several missed doses of medication in both research and 

clinical settings.
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Figure 1. 
Mean quinine plasma concentrations displayed as a function of dose condition and time 

following quinine administration (n=9, ±1 SEM; circles = quinine alone, squares = quinine + 

oxycodone). Pharmacokinetic parameters for each dose condition are displayed in Table 2; 

no differences were detected as a function of dose condition (p > .05).

Babalonis et al. Page 14

J Clin Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Mean oxycodone (left panel) and noroxycodone (right panel) plasma concentrations 

displayed as a function of dose condition and time following oxycodone administration 

(n=9, ±1 SEM; circles = oxycodone alone; squares = quinine + oxycodone). 

Pharmacokinetic parameters for each dose condition are displayed in Table 2; no differences 

were detected in Cmax, Tmax or t1/2 as a function of dose condition (p > .05); AUC values for 

oxycodone and noroxycodone were greater in the quinine condition (p < .05; Table 2).
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Figure 3. 
Mean pupil diameter, displayed as a function of time following drug administration, from 

baseline through the end of the session (n=9; ±1 SEM). Time course analyses detected a 

significant effect of dose on pupil diameter (F(2,16) = 58.27, p<.0001). Tukey post-hoc tests 

indicated that oxycodone alone and oxycodone in combination with quinine significantly 

decreased pupil diameter relative to quinine alone (p<.01).
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Figure 4. 
Mean urinary concentrations of quinine (ng/mL) displayed across each hour of quinine 

dosing: prior to the first dose on Day 2 (0 hrs), during the four days of daily quinine 

administration (Days 2-5: 6-84 hrs), and through the 48-hr washout period (Days 6-8: 

96-144 hrs; values below the bracket represent the time relative to last quinine dose). On 

Days 2-4, quinine was administered alone (QUIN); on Day 5, quinine was administered in 

combination with oxycodone (QUIN + OXY). Samples were not creatinine normalized. 

Means (±1 SEM) from 0-96 hrs include n=9; means from 102-144 hrs include n=5.

Babalonis et al. Page 17

J Clin Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Urinary elimination rate, expressed as μg/h, as a function of time after the last dose of 

quinine was administered: Day 5 (0-12 hrs), Day 6 (24-36 hrs), Day 7 (48-60 hrs) and Day 8 

(72 hrs). The small filled circles indicate individual subject data and the nested horizontal 

line represents the mean elimination rate (n=9 for samples occurring 0-48 hrs; n=5 for 54-72 

hrs).
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Table 1

Study dosing, blood sampling, urine collection, and experimental session schedule.

Study Day, Doses Plasma Collection Plasma Analytes 24 hr Urine Session

Day 1: Placebo, 
Oxycodone

-2.5, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24 hrs post 
OXY

OXY, NOROXY - - Session 1

Day 2: Quinine -0.5 hrs (pre-QUIN baseline) QUIN Pre-dose; 6 hr 
intervals

- -

Day 3: Quinine -0.5 hrs QUIN 6 hr intervals - -

Day 4: Quinine -0.5, 1, 2, 3, 6, 10, 14, 24 hrs post QUIN QUIN 3 hr intervals Session 2

Day 5: Quinine, 
Oxycodone

-0.5, 1, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 14, 24 hrs 
post QUIN*

QUIN, OXY, NOROXY 3 hr intervals Session 3

Day 6 - 8: Washout - - - - 6 hr intervals through 
morning of Day 8

- -

Study schema describing the doses administered, plasma and urine collection schedule, analytes for each plasma sample, and experimental session 
schedule. Urine samples were analyzed for quinine only.

*
The collection schedule for Day 5 is presented relative to quinine administration. Relative to oxycodone, samples occurred -2.5, 0.5, 1, 1.5, 2, 3, 4, 

6, 8, 12 and 24 post dose. Day 5 samples were analyzed for each analyte, except 1 and 2 hrs post quinine samples (only analyzed for quinine). 
Abbreviations: quinine (QUIN), oxycodone (OXY) and noroxycodone (NOROXY).
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Table 2

Pharmacokinetic parameters for quinine, oxycodone and noroxycodone in plasma (ng/mL, ±SEM).

Plasma Quinine Concentrations

Quinine Quinine + Oxycodone p value

AUC (ng/ml_)*h 7524 (±972) 7597 (±1141) 0.79

Cmax (ng/mL) 680 (±79) 664 (±78) 0.73

Tmax (h) 2.0 (±0.2) 2.1 (±0.2) 0.78

t1/2 (h) 10.5 (±0.9) 10.3 (±1.1) 0.78

Plasma Oxycodone Concentrations

Oxycodone Quinine + Oxycodone p value

AUC (ng/ml_)*h 324 (±43) 347 (±41) 0.02*

Cmax (ng/mL) 66 (±7) 68 (±6) 0.79

Tmax (h) 1.1 (±0.1) 1.1 (±0.1) 0.78

t1/2 (h) 4.3 (±0.3) 4.4 (±0.3) 0.31

Plasma Noroxycodone Concentrations

Oxycodone Quinine + Oxycodone p value

AUC (ng/mL)*h 221 (±24) 279 (±24) <.001*

Cmax (ng/mL) 30 (±3) 35 (±3) 0.06

Tmax (h) 1.2 (±0.1) 1.2 (±0.1) 0.73

t1/2 (h) 6.7 (±0.3) 6.8 (±0.4) 0.73

All parameters, as listed above, were calculated using non-compartmental pharmacokinetic analyses (Phoenix® WinNonlin®). Significant effects 
between comparator drug conditions (p <.05) are indicated with a bolded p value and an asterisk in the final column.
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Table 3

Mean peak and trough values of measures for which a significant drug effect was detected.

Outcome Measure F(2,16) QUIN OXY QUIN + OXY

Physiological Effects

 Pupil Diameter 105.2 4.8 (0.2) 2.5 (0.1) 2.4 (0.1)

Subjective Effects

 Visual Analog Scales

  Drug Effect 19.3 1.4 (1.0) 37.2 (7.0) 40.2 (7.2)

  High 19.9 1.3 (0.9) 38.1 (7.1) 41.1 (7.2)

  Good Drug Effect 19.8 1.1 (0.8) 37.3 (7.1) 40.7 (7.3)

  Like Drug Effect 19.9 1.1 (0.8) 37.7 (7.1) 40.9 (7.3)

 Street Value Estimate 22.4 1.1 (0.7) 20.0 (2.9) 26.1 (5.2)

 Participant Adjectives

  Agonist Sub-Scale 11.7 7.0 (1.6) 12.8 (1.6) 13.2 (1.3)

  Itchy Skin 24.4 0.0 (0.0) 1.4 (0.2) 1.6 (0.2)

  Nodding 4.2 0.1 (0.1) 0.6 (0.2) 0.9 (0.3)

  Relaxed 12.8 1.0 (0.4) 2.0 (0.3) 1.6 (0.2)

  Talkative 7.4 0.6 (0.2) 1.1 (0.4) 1.3 (0.4)

  Heavy or Sluggish 4.0 0.0 (0.0) 0.3 (0.2) 0.3 (0.2)

  Dry Mouth 5.1 0.0 (0.0) 0.4 (0.2) 0.7 (0.2)

  Good Mood 6.9 1.9 (0.4) 2.4 (0.4) 2.4 (0.3)

  Friendly 7.0 1.9 (0.4) 2.3 (0.3) 2.4 (0.3)

 Observer-Rated Effect

  Observer Adjectives

  Agonist Sub-Scale 29.9 4.6 (0.6) 7.6 (0.6) 7.4 (0.5)

  Itchy Skin 18.2 0.0 (0.0) 1.1 (0.3) 1.7 (0.4)

  Talkative 8.9 1.1 (0.3) 2.0 (0.2) 1.9 (0.2)

  Good Mood 12.3 1.0 (0.2) 1.9 (0.2) 1.6 (0.2)

All measures were analyzed as peak maximum score, with the exception of pupil diameter (which is presented as trough or minimum scores). 
Values are mean peak scores and standard error of the mean for quinine (QUIN), oxycodone (OXY), and the combination of the oxycodone and 
quinine (QUIN + OXY). Bolded values indicate the mean is significantly different from quinine alone (p < 0.05, Tukey post-hoc). None of the 
values were significantly different between oxycodone alone compared to quinine combined with oxycodone (p > 0.05, Tukey post-hoc).
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Table 4

Concentrations (ng/mL) and elimination rate (μg/h) of quinine in urine.

Urinary Quinine Concentrations (ng/mL, ± SEM)

Observed Range Mean Cmax Cmin

Acute Dosing (hrs post first dose)

 Day 2 (0 -12hrs) 159 – 13,400 2,772 (± 668) 3,974 (±1215) 1,569 (±239)

 Day 3 (24-36 hrs) 771 – 16,300 3,577 (± 563) 5,880 (±1326) 2,308 (±308)

 Day 4 (48-60 hrs) 860 – 17,300 3,830 (±406) 7,518 (±1445) 1,898 (±252)

 Day 5 (72-96 hrs) 993 – 36,800 5,011 (±1045) 9,863 (±3430) 1,956 (±257)

Washout (hrs post last dose)

 Day 6 (24-36 hrs) 309 – 5,130 2,061 (± 277) --

 Day 7 (48-60 hrs) 126 – 2,820 618 (±138) --

 Day 8 (72 hrs) 240 – 327 296 (±16) --- ---

Urinary Elimination Rate of Quinine (μg/h, ± SEM)

Observed Range Mean

Time post last dose

 Day 5 (0-12 hrs) 1034 – 92 403 (±30)

 Day 6 (24-36 hrs) 539 – 40 167 (±24)

 Day 7 (48-60 hrs) 175 – 14 53 (±9)

 Day 8 (72 hrs) 48 – 12 31 (±6)

Observed ranges and means are displayed above for quinine urine concentrations (ng/mL) and elimination rate (μg/h). Peak (Cmax) and trough 

(Cmin) values that occurred during active dosing are also displayed. Calculations were conducted on raw, non-modeled data that was not 

normalized with respect to creatinine concentrations.
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