

[image: image1]
Pharmacokinetics and Pharmacodynamics of Lisdexamfetamine Compared with D-Amphetamine in Healthy Subjects









	 
	CLINICAL TRIAL
published: 07 September 2017
doi: 10.3389/fphar.2017.00617





[image: image]

Pharmacokinetics and Pharmacodynamics of Lisdexamfetamine Compared with D-Amphetamine in Healthy Subjects

Patrick C. Dolder1†, Petra Strajhar2†, Patrick Vizeli1†, Felix Hammann1, Alex Odermatt2 and Matthias E. Liechti1*

1Division of Clinical Pharmacology and Toxicology, Department of Biomedicine and Department of Clinical Research, University Hospital Basel and University of Basel, Basel, Switzerland

2Division of Molecular and Systems Toxicology, Department of Pharmaceutical Sciences, University of Basel, Basel, Switzerland

Edited by:
Arjan Blokland, Maastricht University, Netherlands

Reviewed by:
Robert Warren Gould, Vanderbilt University, United States
Matthew Banks, School of Medicine, Virginia Commonwealth University, United States

*Correspondence: Matthias E. Liechti, matthias.liechti@usb.ch

†These authors have contributed equally to this work.

Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Pharmacology

Received: 07 July 2017
Accepted: 23 August 2017
Published: 07 September 2017

Citation: Dolder PC, Strajhar P, Vizeli P, Hammann F, Odermatt A and Liechti ME (2017) Pharmacokinetics and Pharmacodynamics of Lisdexamfetamine Compared with D-Amphetamine in Healthy Subjects. Front. Pharmacol. 8:617. doi: 10.3389/fphar.2017.00617

Rationale: Lisdexamfetamine is a prodrug of D-amphetamine used for the treatment of attention-deficit/hyperactivity disorder (ADHD). Lisdexamfetamine is thought to have a prolonged pharmacokinetic profile compared with oral D-amphetamine, possibly associated with lower drug liking and a lower risk of oral misuse. However, differences in the pharmacokinetics and pharmacodynamics of lisdexamfetamine and D-amphetamine have not been directly compared.

Methods: Equimolar doses of D-amphetamine (40 mg) and lisdexamfetamine (100 mg), and placebo were administered in 24 healthy subjects in a randomized, double-blind, placebo-controlled, cross-over study. Plasma concentrations of amphetamine, subjective effects, and vital signs were repeatedly assessed. The pharmacokinetic parameters were determined using compartmental modeling.

Results: The increase in plasma concentrations of amphetamine had a 0.6 ± 0.6 h (mean ± SD) longer lag time and reached peak levels 1.1 ± 1.5 h later after lisdexamfetamine administration compared with D-amphetamine administration, but no differences in maximal concentrations or total exposure (AUC) were found between the two treatments. Consistent with the pharmacokinetics, the subjective and cardiovascular stimulant effects of lisdexamfetamine also occurred later compared with D-amphetamine. However, no differences in peak ratings of potentially abuse-related subjective drug effects (e.g., drug liking, drug high, stimulation, happy, well-being, and self-confidence) were observed after lisdexamfetamine administration compared with D-amphetamine administration. Lisdexamfetamine and D-amphetamine also produced similar peak increases in mean arterial blood pressure, heart rate, body temperature, pupil size, and adverse effects.

Conclusion: The pharmacokinetics and pharmacodynamics of lisdexamfetamine are similar to D-amphetamine administered 1h later. Lisdexamfetamine is likely associated with a similar risk of oral abuse as D-amphetamine. The study was registered at ClinicalTrials.gov (NCT02668926).
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INTRODUCTION

Lisdexamfetamine is an inactive prodrug formulation of D-amphetamine (Krishnan and Stark, 2008; Krishnan et al., 2008; Hutson et al., 2014) that is marketed for the treatment of attention-deficit/hyperactivity disorder (ADHD). D-amphetamine is used as a second-line treatment for ADHD. D-amphetamine is similarly or even more effective than methylphenidate in the treatment of ADHD (Faraone and Buitelaar, 2010). However, amphetamine is also misused recreationally to induce euphoria or enhance cognitive performance, with a lifetime use prevalence of 5.5–15% in adults (EMCDDA, 2016; Johnston et al., 2016). Lisdexamfetamine is thought to have lower abuse potential than D-amphetamine (Heal et al., 2013). Inactive lisdexamfetamine is completely (>98%) converted to its active metabolite D-amphetamine in the circulation (Pennick, 2010; Sharman and Pennick, 2014). When lisdexamfetamine is misused intranasally or intravenously, the pharmacokinetics are similar to oral use (Jasinski and Krishnan, 2009b; Ermer et al., 2011), and the subjective effects are not enhanced by parenteral administration in contrast to D-amphetamine (Lile et al., 2011) thus reducing the risk of parenteral misuse of lisdexamfetamine compared with D-amphetamine. Intravenous lisdexamfetamine use also produced significantly lower increases in “drug liking” and “stimulant effects” compared with D-amphetamine in intravenous substance users (Jasinski and Krishnan, 2009a). After oral administration, the conversion of lisdexamfetamine to D-amphetamine is thought to occur gradually, reportedly resulting in a prolonged pharmacokinetic profile with low peak but sustained plasma amphetamine concentrations (Jasinski and Krishnan, 2009a; Steer et al., 2012). Such a prolonged pharmacokinetic profile is considered to be associated with slower effects on dopamine release, lower euphoric effects, and a possibly lower risk of misuse (Jasinski and Krishnan, 2009a; Heal et al., 2013; Coghill et al., 2014). This view is supported by animal studies. In rats, the peak plasma concentration (Cmax) of amphetamine was lower after lisdexamfetamine, and it produced a gradual and sustained increase in dopamine efflux and much less locomotor activity compared with D-amphetamine (Rowley et al., 2012). Thus, in this rat study, lisdexamfetamine was shown to have markedly less stimulant effects than an equivalent dose of D-amphetamine, with both drugs administered intraperitoneally (Rowley et al., 2012). However, differences in the pharmacokinetics of lisdexamfetamine and D-amphetamine after oral administration have not been studied in humans. Additionally, we are aware of only one study that directly compared the acute pharmacodynamic effects of lisdexamfetamine and D-amphetamine within-subjects in humans (Jasinski and Krishnan, 2009a). In current stimulant users, 100 mg lisdexamfetamine produced significantly lower subjective “drug liking” than an equivalent dose of 40 mg D-amphetamine (Jasinski and Krishnan, 2009a). However, subjective drug effects were comparable on the morphine-benzedrine scale (euphoria), amphetamine scale, and benzedrine (stimulation) scale of the Addiction Research Center Inventory (ARCI) (Jasinski and Krishnan, 2009a). Nonetheless, this previous study (Jasinski and Krishnan, 2009a) did not assess the pharmacokinetics of amphetamine to demonstrate the equivalence of the doses used. Additionally, data from healthy non-stimulant-using subjects are lacking, and no industry-independent studies have been conducted. Therefore, in the present study, we directly compared both pharmacokinetic and pharmacodynamic differences between equimolar oral doses of lisdexamfetamine and D-amphetamine in healthy, non-stimulant-using subjects. Based on data from animal studies (Rowley et al., 2012) and limited human data (Jasinski and Krishnan, 2009a), we hypothesized that lisdexamfetamine would have (i) a longer time to Cmax (Tmax) than D-amphetamine, (ii) a lower Cmax than D-amphetamine, (iii) an area under the amphetamine concentration-time curve that is identical to D-amphetamine, (iv) a smaller maximal effect (Emax) and (v) a longer time to Emax (Tmax) than D-amphetamine, and (vi) an area under the observed subjective drug effect-time curve that is identical to D-amphetamine.

METHODS

Study Design

The present study used a double-blind, placebo-controlled, cross-over design with three experimental test days (D-amphetamine, lisdexamfetamine, and placebo) in balanced order. The washout periods between sessions were at least 7 days. The study was conducted in accordance with the Declaration of Helsinki and International Conference on Harmonization Guidelines in Good Clinical Practice and approved by the Ethics Committee northwest/central Switzerland (EKNZ) and Swiss Agency for Therapeutic Products (Swissmedic). All of the subjects provided written consent before participating in the study, and they were paid for their participation. The study was registered at ClinicalTrials.gov (NCT02668926).

Participants

Twenty-four healthy subjects (12 men, 12 women) with a mean ± SD age of 25.3 ± 3.0 years (range: 21–34 years) were recruited from the University of Basel. Inclusion criteria were age 18–45 years, body mass index 18–27 kg/m2, and birth control for women. Subjects with a personal or first-degree-relative history of psychiatric disorders or chronic or acute physical illness were excluded. Additional exclusion criteria were tobacco smoking (>10 cigarettes/day), the consumption of alcoholic drinks (>10/week), and a lifetime history of using illicit drugs more than five times, with the exception of occasional cannabis use in the past. Subjects who used any illicit drugs, including cannabis, within the past 2 months or during the study period were excluded. The subjects were asked to abstain from excessive alcohol consumption between test sessions and not to drink caffeine-containing liquids after midnight before the study day. We performed drug tests at screening and before each test session using TRIAGE 8 (Biosite, San Diego, CA, United States). Female subjects were investigated during the follicular phase of their menstrual cycle (days 2–14) to account for cyclic changes in the reactivity to D-amphetamine (White et al., 2002).

Study Procedures

The study included a screening visit, three experimental sessions (test days), and an end-of-study visit. Experimental sessions began at 8:00 AM. An indwelling intravenous catheter was placed in an antecubital vein for blood sampling. A single oral dose of D-amphetamine, lisdexamfetamine, or placebo was administered at 9:00 AM. Autonomic and subjective drug effects were assessed repeatedly throughout the session. For the analysis of amphetamine concentrations in plasma, blood samples were collected in lithium heparin tubes 1 h before and 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, and 24 h after drug administration. The blood samples were immediately centrifuged, and the plasma was rapidly stored at -20°C and later at -80°C until analysis. During the test sessions, the subjects did not engage in any physical activity, were resting in hospital beds in a calm standard hospital room, and were served a standardized lunch and dinner at 11:30 AM and 6:30 PM, respectively. The test session ended at 9:00 PM. The subjects returned home and returned the following day at 9:00 AM for the final 24 h measurements and drawing of blood samples.

Study Drugs

Gelatin capsules that contained either lisdexamfetamine dimesylate (100 mg salt; Opopharma, Rümlang, Switzerland) or D-amphetamine sulfate (40.3 mg salt; Hänseler, Herisau, Switzerland), both corresponding to an equivalent dose of 29.6 mg D-amphetamine, and placebo capsules (mannitol) were prepared by the pharmacy of the University Hospital Basel according to Good Manufacturing Practice. D-amphetamine and placebo (Mannitol) were first encapsulated using size 3 gelatine capsules, similar to the marketed lisdexamfetamine capsules. Then all capsules were additionally encabulated using opaque size AA gelatin capsules to ensure blinding. Subjects ingested the capsules together with tap water. To induce greater subjective drug liking and mimic misuse, the selected dose of lisdexamfetamine was relatively high and above the upper recommended daily dose of 70 mg.

Measures

Quantification of Amphetamine Concentrations in Blood Plasma

Plasma concentrations of amphetamine were measured by ultra-high pressure liquid chromatography-mass spectrometry/mass spectrometry. The materials, procedures, and method validation are described in detail in the Supplementary Material (Supplementary Methods). Lower limits of detection and quantification were 0.26 and 0.78 ng/ml, respectively. Concentration profiles of lisdexamfetamine were previously shown (Ermer et al., 2010) and were not determined in the present study.

Subjective Effects

Visual Analog Scales (VASs) were repeatedly used to assess subjective effects over time. The VASs included “any drug effect,” “good drug effect,” “bad drug effect,” “drug liking,” “drug high,” “stimulated,” “alertness,” “content,” “happy,” “closeness to others,” “talkative,” “open,” “concentration,” “trust,” and “want to be with others” and have previously been used (Schmid et al., 2014, 2015b). The VASs were presented as 100-mm horizontal lines (0 to +100), marked from “not at all” on the left to “extremely” on the right. The VASs for “happy,” “closeness to others,” “open,” “trust,” and “I want to be with others” were bidirectional (±50), marked from “not at all” on the left (-50), to “normal” in the middle (0), to “extremely” on the right (+50). The VASs were administered 1 h before and 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 24 h after drug administration.

The 60-item Adjective Mood Rating Scale (AMRS) (Janke and Debus, 1978) was administered 1 h before and 2, 3, 4, 12, and 24 h after drug administration. The AMRS subscales for well-being, extroversion, emotional excitability, and self-confidence have previously been shown to be sensitive to the effects of psychostimulants (Hysek et al., 2014; Schmid et al., 2015a).

Autonomic Effects

Blood pressure, heart rate, and tympanic body temperature were repeatedly measured 1 h before and 0, 0.5, 1, 1.5, 2.0, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 24 h after drug administration. Diastolic and systolic blood pressure and heart rate were measured using an automatic oscillometric device (OMRON Healthcare Europe NA, Hoofddorp, Netherlands). The measurements were performed in duplicate at an interval of 1 min and after a resting time of at least 10 min. The averages were calculated for analysis. The rate-pressure product was calculated as systolic blood pressure × heart rate. Core (tympanic) temperature was measured using an GENIUSTM 2 ear thermometer (Tyco Healthcare Group LP, Watertown, NY, United States). Pupillometry was performed 1 h before and 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, and 24 h after drug administration using a hand-held PRL 200 infrared pupillometer (NeurOptics, Irvine, CA, United States). Pupil function was measured under standardized dark-light conditions and assessed by a Voltcraft MS-1300 luxmeter (Voltcraft, Hirschau, Germany) following a dark adaptation time of 1 min as previously described (Hysek and Liechti, 2012).

Adverse Effects

Adverse effects were assessed 1 h before and 12 h (acute) and 24 h (sub-acute) after drug administration using the 66-item List of Complaints (Zerssen, 1976). The scale yields a total adverse effects score and reliably measures physical and general discomfort.

Pharmacokinetic and Exposure Effect Relationship Analyses

All of the pharmacokinetic and pharmacodynamic analyses were performed using Phoenix WinNonlin 6.4 (Certara, Princeton, NJ, United States). Pharmacokinetic parameters were estimated using compartmental modeling. A one-compartment model was used with first-order input, first-order elimination, and lag time. Initial estimates were derived from non-compartmental analyses. The model fit was assessed by visual inspection and Akaike information criteria. The model fit was impaired without lag time and not relevantly improved by a two-compartment model. A non-compartmental analysis was also performed prior to the modeling. Peak plasma concentration (Cmax) and time to Cmax (Tmax) were obtained directly from the observed data. The terminal elimination rate constant (λz) was estimated by log-linear regression after semi-logarithmic transformation of the data using at least three data points of the terminal linear phase of the concentration-time curve. The area under the concentration-time curve (AUC) from 0 to 24 h after dosing (AUC24) was calculated using the trapezoidal method. The AUC to infinity (AUC∞) was determined by extrapolation of the AUC24 by using λz.

The lisdexamfetamine- and D-amphetamine-induced subjective and autonomic effects were determined as differences from placebo in the same subject at corresponding time points to control for circadian changes and placebo effects (Supplementary Table S2). Maximal effect (Emax) and the time to reach Emax (Tmax) of the pharmacodynamic response were determined directly from the observed effect-time curves. The area under the observed effect-time curve (AUEC) was determined using the trapezoidal method. The onset of the response was determined using the effect-time curve, with 10% of the individual maximal response as the threshold. To assess the amphetamine exposure-effect relationship, the changes in pharmacodynamic effect after lisdexamfetamine and D-amphetamine administration for each time point were plotted against the respective plasma concentrations of amphetamine (hysteresis plots).

Statistical Analyses

The data were analyzed using repeated-measures analysis of variance (ANOVA), with drug as the within-subjects factor. Repeated measures are expressed as Emax and AUEC values prior to the ANOVA. Tukey post hoc comparisons were performed based on significant main effects of drug. Plasma amphetamine concentrations after administration of lisdexamfetamine- and D-amphetamine and differences from placebo were compared using paired t-tests. Sex differences were assessed by adding sex as additional between-subject factor to the ANOVAs. The criterion for significance was p < 0.05.

RESULTS

Pharmacokinetics

The plasma amphetamine concentration-time curves after D-amphetamine and lisdexamfetamine administration are shown in Figure 1. Individual plots are shown in Supplementary Figure S1. The intravenous catheter could not be placed and plasma was not collected in one subject after D-amphetamine administration. The corresponding pharmacokinetic parameters that were derived from the compartmental and non-compartmental analyses are shown in Table 1 and Supplementary Table S1, respectively. As planned, the administration of equimolar doses of D-amphetamine and lisdexamfetamine resulted in similar AUC values. The increase in plasma amphetamine concentrations had a 0.6 ± 0.6 h (mean ± SD) longer lag time and reached peak levels 1.1 ± 1.5 h later after lisdexamfetamine administration compared with D-amphetamine administration (Figure 1, Table 1, and Supplementary Table S1). Both Tlag and Tmax values were significantly different (t = 2.87, p < 0.001, and t = 3.54, p < 0.001, respectively; Table 1) between the two active drug conditions. However, the absorption constant, K01, was only non-significantly greater after D-amphetamine administration compared with lisdexamfetamine administration (t = 1.86, p = 0.07). Cmax values were similar (Table 1 and Supplementary Table S1) after the administration of both drugs. Thus, in contrast to our hypothesis, a curve shift was observed, but no relevant difference in the shape or peak size of the two amphetamine concentration-time curves was found (Figure 1). There were no differences in the pharmacokinetics of lisdexamfetamine or D-amphetamine between men and women.
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FIGURE 1. Amphetamine concentration-time curves (mean ± SEM) in 24 and 23 subjects after administration of lisdexamfetamine and D-amphetamine, respectively. The onset and peak times of the amphetamine concentration-time curve were longer after lisdexamfetamine administration compared with D-amphetamine administration, but no differences were found in the maximal concentrations, areas under the concentration-time curves, or absorption or elimination constants between the two treatments. The inset shows the semilogarithmic plot. The amphetamine concentration-time curves were shifted to the right after lisdexamfetamine administration compared with D-amphetamine administration but were otherwise almost identical. The drugs were administered at t = 0. The corresponding pharmacokinetic parameters were derived from compartmental and non-compartmental analyses and are shown in Table 1 and Supplementary Table S1, respectively.



TABLE 1. Pharmacokinetic parameters for amphetamine based on compartmental modeling.
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Subjective Effects

Subjective drug effects over time are shown in Figure 2. Lisdexamfetamine and D-amphetamine produced similar increases in VAS and AMRS scores compared with placebo (Figure 2 and Supplementary Figure S2, respectively; Table 1 and Supplementary Table S2). The subjective drug effect-time curves were shifted to the right consistent with significantly longer Tonset and Tmax values after lisdexamfetamine administration compared with D-amphetamine administration, consistent with the pharmacokinetics of the two drugs. However, no differences in Emax or AUEC values were found between lisdexamfetamine and D-amphetamine. After both lisdexamfetamine and D-amphetamine administration, the subjective drug effect-concentration curves revealed similar clockwise hysteresis, indicating similar extents of acute pharmacological tolerance to lisdexamfetamine and D-amphetamine (Supplementary Figure S3). Sex did not moderate the subjective effects after lisdexamfetamine and D-amphetamine.
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FIGURE 2. Lisdexamfetamine and D-amphetamine produced similar subjective responses compared with placebo. The effect onset and maximal response were non-significantly delayed after lisdexamfetamine administration compared with D-amphetamine administration, but the maximal effects and curve shapes were similar. The data are expressed as the mean ± SEM in 24 subjects.



Autonomic Effects

Vital signs over time are shown in Figure 3. Lisdexamfetamine and D-amphetamine produced similar increases in blood pressure, heart rate, body temperature, and pupil size (Figure 3, Table 2, Supplementary Figure S4 and Table S2). The blood pressure-time curves were shifted to the right because of significantly longer Tonset values after lisdexamfetamine administration compared with D-amphetamine administration (Figure 3 and Supplementary Table S2). Diastolic blood pressure reached significantly higher values after D-amphetamine administration compared with lisdexamfetamine administration (Table 2). No differences were found in the placebo-adjusted increases in diastolic blood pressure (Supplementary Table S2), mean arterial pressure, or rate-pressure product (systolic blood pressure × heart rate), indicating similar overall cardiovascular stimulant effects after the two treatments (Table 2). After both lisdexamfetamine and D-amphetamine administration, the blood pressure responses returned to baseline faster than the plasma levels of amphetamine (Figures 1, 3), whereas the heart rate responses increased more slowly and remained high up to 24 h. The blood pressure-concentration plot presented clockwise hysteresis, similar to the subjective drug effect-concentration plots, indicating acute pharmacological tolerance (Supplementary Figure S5). In contrast, the heart rate responses presented counterclockwise hysteresis in the effect-concentration plots, indicating that the responses lagged behind the changes in plasma concentration, with no tolerance (Supplementary Figure S5) to the effects of either lisdexamfetamine or D-amphetamine. These results indicate that there were no differences in the effect-concentration relationships between lisdexamfetamine and D-amphetamine. Finally, sex had no influence on the cardiovascular effects of the compounds.
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FIGURE 3. Lisdexamfetamine and D-amphetamine produced similar cardiostimulant responses compared with placebo. The blood pressure response onset was delayed and the diastolic pressure response was reduced after lisdexamfetamine administration compared with D-amphetamine administration. However, the rate-pressure product, reflecting the overall cardiovascular response, similarly increased after both active treatments compared with placebo. The data are expressed as the mean ± SEM in 24 subjects.



TABLE 2. Comparison of the maximal pharmacodynamic effects of lisdexamfetamine and D-amphetamine.
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Adverse Effects

Both lisdexamfetamine and D-amphetamine increased acute and subacute adverse effect ratings compared with placebo (Table 2). Acute adverse effects mainly included a lack of appetite and dry mouth in most of the subjects. Subacute adverse effects mainly included insomnia in most of the subjects after both treatments.

DISCUSSION

The present study compared the pharmacokinetics and pharmacodynamics of lisdexamfetamine and D-amphetamine within-subjects in healthy volunteers. In contrast to our hypothesis, no differences were found in the peak plasma concentrations of amphetamine and the associated subjective and cardiovascular peak effects between lisdexamfetamine and D-amphetamine. Increases in the plasma concentrations of amphetamine occurred an average of 0.6 h later and reached peak levels 1.1 h later after lisdexamfetamine administration compared with D-amphetamine administration, but the amphetamine concentration-time and drug effect-time curves were otherwise comparable between treatments. Thus, the pharmacokinetics and pharmacodynamics of a high dose of the newly marketed medication lisdexamfetamine were practically identical to an equimolar dose of the classic immediate-release D-amphetamine administered 1 h later. The present data indicate that the conversion of the prodrug lisdexamfetamine to D-amphetamine slightly delays the onset of the increase in amphetamine concentrations in the body without causing relevant alterations in the slope or maximal concentrations.

Pharmacokinetic factors, such as rapid drug delivery to the brain, are important predictors of abuse liability (Busto and Sellers, 1986; Volkow and Swanson, 2003; Smith et al., 2016). Substances with a slow absorption rate are less likely to be abused than drugs with a rapid absorption rate (Busto and Sellers, 1986; Farre and Cami, 1991; Volkow and Swanson, 2003). A slow rise of simulant blood concentration, which is usually observed with extended-release formulations, is associated with lower subjective effects and possibly lower abuse potential (Parasrampuria et al., 2007; Smith et al., 2016). Lisdexamfetamine was reportedly developed with the goal of providing a long duration of action and lower abuse potential (Jasinski and Krishnan, 2009a; Steer et al., 2012). Preliminary unpublished data that were reported in a previous study (Jasinski and Krishnan, 2009a) indicated a longer Tmax and lower Cmax of D-amphetamine following lisdexamfetamine compared with D-amphetamine administration. However, the present study found no such difference in Cmax values after lisdexamfetamine and D-amphetamine administration. A previous study compared the pharmacodynamics (but not pharmacokinetics) of lisdexamfetamine and D-amphetamine and found lower peak ratings of drug liking in current stimulant users after lisdexamfetamine administration compared with D-amphetamine administration using the same doses as in the present study (Jasinski and Krishnan, 2009a). However, ratings of drug liking in the stimulant users reached mean peak levels that were only 17% of the scale maximum after administration of 40 mg D-amphetamine (Jasinski and Krishnan, 2009a). In the present study, mean ratings reached 51 and 48% of peak scale levels in the healthy and mostly stimulant-naive subjects after D-amphetamine and lisdexamfetamine administration, respectively. Additionally, lisdexamfetamine and D-amphetamine produced similar peak euphoria and amphetamine effects on the ARCI and cardiovascular effects and were reported by stimulant users to have similar abuse-related monetary street value (Jasinski and Krishnan, 2009a). These latter findings in stimulant users are consistent with our results, in which we found no relevant differences between the pharmacokinetics and pharmacodynamics of lisdexamfetamine and D-amphetamine. A study in adults with ADHD also reported comparable cardiovascular stimulation after administration of 50 mg lisdexamfetamine and 20 mg of mixed immediate-release amphetamine salts (Martin et al., 2014). An analysis of exposures that were reported to poison centers reported overall similar clinical effects of lisdexamfetamine and D-amphetamine, including agitation, tachycardia, and hypertension (Kaland and Klein-Schwartz, 2015). A marked increase in reported lisdexamfetamine misuse cases was reported to poison centers between 2007 and 2012, resulting in more cases associated with lisdexamfetamine than extended-release D-amphetamine (Kaland and Klein-Schwartz, 2015).

Intranasal and intravenous lisdexamfetamine use has been shown to result in delayed and reduced subjective effects (Jasinski and Krishnan, 2009b; Ermer et al., 2011). In contrast, the minimal changes in the oral pharmacokinetics and pharmacodynamics of lisdexamfetamine compared with D-amphetamine that were observed in the present study did not relevantly slow the rise of amphetamine concentrations or subjective effects and thus were not sufficient to reduce the abuse potential of oral lisdexamfetamine use. In contrast, clear differences were found between the kinetics of extended-release and immediate-release formulations (Clausen et al., 2005; Parasrampuria et al., 2007) and possibly also between extended-release formulations and lisdexamfetamine (Rosen et al., 1965; Haffey et al., 2009).

The present study has limitations. We used only one relatively high dose of lisdexamfetamine and D-amphetamine. We cannot exclude possible differences in the pharmacokinetics and pharmacodynamics of lisdexamfetamine and D-amphetamine at lower or higher doses than those used in the present study. Additional studies that administer 50 and 150 mg lisdexamfetamine and 20 and 60 mg D-amphetamine, respectively, would be needed to further validate the present findings. The recommended doses of lisdexamfetamine for the treatment of ADHD are 30–70 mg/day, with an initial dose of 30 mg. Thus, the present study used a higher single dose (100 mg) in non-treated subjects to mimic the misuse of lisdexamfetamine and to produce similar plasma concentrations after a single dose to those reached during repeated administration of 70 mg when steady state is reached. Additionally, our subjects were fasted when the drugs were administered. Tmax values have been reported to be prolonged by approximately 1 h in the fed state compared with the fasted state (Krishnan and Zhang, 2008). Furthermore, repeated lisdexamfetamine administration results in tolerance to the pronounced subjective and cardiostimulant effects, which has been reported with chronic use (Adler et al., 2009b; Findling et al., 2011; Steer et al., 2012). Similarly, acute insomnia was observed in the majority of the subjects after the single high-dose administration of lisdexamfetamine in the present study, but lisdexamfetamine was not associated with sleep disturbances when used chronically (Adler et al., 2009a; Giblin and Strobel, 2011; Surman and Roth, 2011). Finally, we assessed the subjective effects of the substances in healthy subjects while abuse liability studies are typically conducted in substance-experienced subjects.

We are unaware of published direct comparisons of the pharmacokinetics of lisdexamfetamine and D-amphetamine. The present pharmacokinetic data for lisdexamfetamine and D-amphetamine are consistent with previous investigations of either formulation alone (Brown et al., 1979; Brauer et al., 1996; Krishnan et al., 2008; Ermer et al., 2010; Steer et al., 2012; Comiran et al., 2016; Adler et al., 2017). The present study showed that plasma amphetamine concentrations remained high after both lisdexamfetamine and D-amphetamine administration, with similarly long plasma elimination half-lives, consistent with previous studies (Angrist et al., 1987; Brauer et al., 1996; Krishnan et al., 2008). However, the present study illustrates that acute tolerance develops to the subjective drug effects, which were similar for both formulations. This means that the subjective stimulant drug effect lasts only up to 8 h, but plasma concentrations of amphetamine remain high. Similar to the present study, previous studies reported the development of acute tolerance to the subjective effects of D-amphetamine in healthy volunteers (Angrist et al., 1987; Brauer et al., 1996). In contrast to the present study, no tolerance to the subjective effects of methylphenidate was observed (Hysek et al., 2014). Another amphetamine derivative and serotonin and norepinephrine releaser, 3,4-methylenedioxymethamphetamine (MDMA), also presented marked acute pharmacological tolerance to both subjective and cardiovascular effects (Hysek et al., 2012, 2014). Tolerance was also observed after repeated daily oral administration of 10 mg methamphetamine (Kirkpatrick et al., 2012). D-amphetamine and methamphetamine act as indirect dopamine and norepinephrine agonists and release these catecholamines via their respective monoamine transporters (Simmler et al., 2013). In contrast, methylphenidate acts only as an inhibitor of the dopamine and norepinephrine transporter, without inducing their release (Simmler et al., 2013, 2014). Thus, monoamine depletion through release could potentially explain the phenomenon of acute tolerance to the subjective effects of D-amphetamine, in contrast to pure uptake inhibition by methylphenidate. However, this assumption is speculative and needs further study.

In rats, counterclockwise hysteresis was observed between the plasma concentration of amphetamine and locomotor activity after administration of lisdexamfetamine, but no such hysteresis was observed after D-amphetamine administration (Rowley et al., 2012). Additionally, counterclockwise hysteresis was observed between dopamine concentrations in the striatum and locomotor activity after lisdexamfetamine administration, but clockwise hysteresis was observed after D-amphetamine administration (Rowley et al., 2012). Similarly, in non-human primates, there was a counter-clockwise hysteresis between the plasma concentrations of amphetamine and the cocaine-like discriminative stimulus effects after administration of lisdexamfetamine intramuscularly (Banks et al., 2015). The differences between lisdexamfetamine and D-amphetamine in rats were considered to explain lower drug liking for lisdexamfetamine compared with D-amphetamine in humans (Rowley et al., 2012). However, in contrast to these preclinical data using parenteral drug administration, no differences were found in the hysteresis curves between lisdexamfetamine and D-amphetamine in the present study using oral drug administration, further supporting the similarity of the two substances when used orally in humans.

CONCLUSION

The single oral dose pharmacokinetics and pharmacodynamics of lisdexamfetamine were similar to immediate-release D-amphetamine, although lisdexamfetamine had a longer lag time for the increase in plasma amphetamine concentration and subjective response. The risk of oral misuse of lisdexamfetamine is likely similar to D-amphetamine at least at relatively high doses.
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FIGURE S1 | Individual plasma amphetamine concentration-time curves. D-amphetamine was orally administered at a dose of 40 mg, and lisdexamfetamine was administered at a dose of 100 mg at t = 0 in the same subjects. The data represent individual observed plasma amphetamine concentrations measured at different time points (•, D-amphetamine; □, lisdexamfetamine) and amphetamine concentrations predicted by the one-compartment pharmacokinetic model (black lines). Note the longer lag time in the lisdexamfetamine condition in most subjects but the otherwise similar curve shapes, including similarly steep rates of increasing amphetamine concentrations.

FIGURE S2 | Lisdexamfetamine and D-amphetamine similarly increased subjective effects on the Adjective Mood Rating Scale compared with placebo. The data are expressed as the mean ± SEM in 24 subjects.

FIGURE S3 | Amphetamine concentration-subjective effect plots (hysteresis curves). To assess the amphetamine exposure-subjective effect relationship, the changes in pharmacodynamic effect after lisdexamfetamine and D-amphetamine administration compared with placebo for each time point were plotted against the respective plasma concentrations of amphetamine (hysteresis plots). The subjective effects presented similar clockwise hysteresis after administration of lisdexamfetamine and D-amphetamine, indicating comparable acute pharmacological tolerance. Thus, the subjective effects decreased despite the continued high plasma concentration of amphetamine after administration of both drugs. The data are expressed as mean ± SEM. The time of sampling is noted next to each point. The drugs were administered at t = 0.

FIGURE S4 | The pupil diameter at rest in the dark or after a light stimulus changed similarly over time after administration of lisdexamfetamine and D-amphetamine compared with placebo. The data are expressed as the mean ± SEM in 24 subject.

FIGURE S5 | Amphetamine concentration-cardiovascular effect plots (hysteresis curves). To assess the amphetamine exposure-cardiovascular response relationship, the changes in vital signs after lisdexamfetamine and D-amphetamine administration compared with placebo for each time point were plotted against the respective plasma concentrations of amphetamine (hysteresis plots). The blood pressure response presented similar clockwise hysteresis after administration of lisdexamfetamine and D-amphetamine, indicating comparable acute pharmacological tolerance. The heart rate response presented similar counterclockwise hysteresis after administration of lisdexamfetamine and D-amphetamine, indicating a comparable lag and the absence of tolerance. The rate pressure product as a measure of the overall cardiovascular response (systolic blood pressure × heart rate) showed no tolerance in contrast to the subjective drug effects (Supplementary Figure S3). The data are expressed as mean ± SEM. The time of sampling is noted next to each point. The drugs were administered at t = 0.

REFERENCES

Adler, L. A., Alperin, S., Leon, T., and Faraone, S. V. (2017). Pharmacokinetic and pharmacodynamic properties of lisdexamfetamine in adults with attention-deficit/hyperactivity disorder. J. Child Adolesc. Psychopharmacol. 27, 196–199. doi: 10.1089/cap.2016.0121

Adler, L. A., Goodman, D., Weisler, R., Hamdani, M., and Roth, T. (2009a). Effect of lisdexamfetamine dimesylate on sleep in adults with attention-deficit/hyperactivity disorder. Behav. Brain Funct. 5:34. doi: 10.1186/1744-9081-5-34

Adler, L. A., Weisler, R. H., Goodman, D. W., Hamdani, M., and Niebler, G. E. (2009b). Short-term effects of lisdexamfetamine dimesylate on cardiovascular parameters in a 4-week clinical trial in adults with attention-deficit/hyperactivity disorder. J. Clin. Psychiatry 70, 1652–1661. doi: 10.4088/JCP.09m05335pur

Angrist, B., Corwin, J., Bartlik, B., and Cooper, T. (1987). Early pharmacokinetics and clinical effects of oral D-amphetamine in normal subjects. Biol. Psychiatry 22, 1357–1368. doi: 10.1016/0006-3223(87)90070-9

Banks, M. L., Hutsell, B. A., Blough, B. E., Poklis, J. L., and Negus, S. S. (2015). Preclinical assessment of lisdexamfetamine as an agonist medication candidate for cocaine addiction: effects in rhesus monkeys trained to discriminate cocaine or to self-administer cocaine in a cocaine versus food choice procedure. Int. J. Neuropsychopharmacol. 18:pyv009. doi: 10.1093/ijnp/pyv009

Brauer, L. H., Ambre, J., and De Wit, H. (1996). Acute tolerance to subjective but not cardiovascular effects of d-amphetamine in normal, healthy men. J. Clin. Psychopharmacol. 16, 72–76. doi: 10.1097/00004714-199602000-00012

Brown, G. L., Hunt, R. D., Ebert, M. H., Bunney, W. E. Jr., and Kopin, I. J. (1979). Plasma levels of d-amphetamine in hyperactive children: serial behavior and motor responses. Psychopharmacology 62, 133–140. doi: 10.1007/BF00427126

Busto, U., and Sellers, E. M. (1986). Pharmacokinetic determinants of drug abuse and dependence. A conceptual perspective. Clin. Pharmacokinet. 11, 144–153. doi: 10.2165/00003088-198611020-00004

Clausen, S. B., Read, S. C., and Tulloch, S. J. (2005). Single- and multiple-dose pharmacokinetics of an oral mixed amphetamine salts extended-release formulation in adults. CNS Spectr. 10, 6–15. doi: 10.1017/S109285290000239X

Coghill, D. R., Caballero, B., Sorooshian, S., and Civil, R. (2014). A systematic review of the safety of lisdexamfetamine dimesylate. CNS Drugs 28, 497–511. doi: 10.1007/s40263-014-0166-2

Comiran, E., Kessler, F. H., Fröehlich, P. E., and Limberger, R. P. (2016). Lisdexamfetamine: a pharmacokinetic review. Eur. J. Pharm. Sci. 89, 172–179. doi: 10.1016/j.ejps.2016.04.026

EMCDDA (2016). European Drug Report 2016. Lisbon: European Monitoring Center for Drugs and Drug Addiction.

Ermer, J., Homolka, R., Martin, P., Buckwalter, M., Purkayastha, J., and Roesch, B. (2010). Lisdexamfetamine dimesylate: linear dose-proportionality, low intersubject and intrasubject variability, and safety in an open-label single-dose pharmacokinetic study in healthy adult volunteers. J. Clin. Pharmacol. 50, 1001–1010. doi: 10.1177/0091270009357346

Ermer, J. C., Dennis, K., Haffey, M. B., Doll, W. J., Sandefer, E. P., Buckwalter, M., et al. (2011). Intranasal versus oral administration of lisdexamfetamine dimesylate: a randomized, open-label, two-period, crossover, single-dose, single-centre pharmacokinetic study in healthy adult men. Clin. Drug Investig. 31, 357–370. doi: 10.2165/11588190-000000000-00000

Faraone, S. V., and Buitelaar, J. (2010). Comparing the efficacy of stimulants for ADHD in children and adolescents using meta-analysis. Eur. Child Adolesc. Psychiatry 19, 353–364. doi: 10.1007/s00787-009-0054-3

Farre, M., and Cami, J. (1991). Pharmacokinetic considerations in abuse liability evaluation. Br. J. Addict. 86, 1601–1606. doi: 10.1111/j.1360-0443.1991.tb01754.x

Findling, R. L., Childress, A. C., Cutler, A. J., Gasior, M., Hamdani, M., Ferreira-Cornwell, M. C., et al. (2011). Efficacy and safety of lisdexamfetamine dimesylate in adolescents with attention-deficit/hyperactivity disorder. J. Am. Acad. Child Adolesc. Psychiatry 50, 395–405. doi: 10.1016/j.jaac.2011.01.007

Giblin, J. M., and Strobel, A. L. (2011). Effect of lisdexamfetamine dimesylate on sleep in children with ADHD. J. Atten. Disord. 15, 491–498. doi: 10.1177/1087054710371195

Haffey, M. B., Buckwalter, M., Zhang, P., Homolka, R., Martin, P., Lasseter, K. C., et al. (2009). Effects of omeprazole on the pharmacokinetic profiles of lisdexamfetamine dimesylate and extended-release mixed amphetamine salts in adults. Postgrad. Med. 121, 11–19. doi: 10.3810/pgm.2009.09.2048

Heal, D. J., Smith, S. L., Gosden, J., and Nutt, D. J. (2013). Amphetamine, past and present–a pharmacological and clinical perspective. J. Psychopharmacol. 27, 479–496. doi: 10.1177/0269881113482532

Hutson, P. H., Pennick, M., and Secker, R. (2014). Preclinical pharmacokinetics, pharmacology and toxicology of lisdexamfetamine: a novel d-amphetamine pro-drug. Neuropharmacology 87, 41–50. doi: 10.1016/j.neuropharm.2014.02.014

Hysek, C. M., and Liechti, M. E. (2012). Effects of MDMA alone and after pretreatment with reboxetine, duloxetine, clonidine, carvedilol, and doxazosin on pupillary light reflex. Psychopharmacology 224, 363–376. doi: 10.1007/s00213-012-2761-6

Hysek, C. M., Simmler, L. D., Nicola, V., Vischer, N., Donzelli, M., Krähenbühl, S., et al. (2012). Duloxetine inhibits effects of MDMA (”ecstasy”) in vitro and in humans in a randomized placebo-controlled laboratory study. PLoS ONE 7:e36476. doi: 10.1371/journal.pone.0036476

Hysek, C. M., Simmler, L. D., Schillinger, N., Meyer, N., Schmid, Y., Donzelli, M., et al. (2014). Pharmacokinetic and pharmacodynamic effects of methylphenidate and MDMA administered alone and in combination. Int. J. Neuropsychopharmacol. 17, 371–381. doi: 10.1017/S1461145713001132

Janke, W., and Debus, G. (1978). Die Eigenschaftswörterliste. Göttingen: Hogrefe.

Jasinski, D. R., and Krishnan, S. (2009a). Abuse liability and safety of oral lisdexamfetamine dimesylate in individuals with a history of stimulant abuse. J. Psychopharmacol. 23, 419–427. doi: 10.1177/0269881109103113

Jasinski, D. R., and Krishnan, S. (2009b). Human pharmacology of intravenous lisdexamfetamine dimesylate: abuse liability in adult stimulant abusers. J. Psychopharmacol. 23, 410–418. doi: 10.1177/0269881108093841

Johnston, L. D., O’Malley, P. M., Bachmann, J. G., Schulenberg, J. E., and Miech, R. A. (2016). Monitoring the Future: National Survey Results on Drug Use, 1975-2015: College Students and Adults Ages 19-55, Vol. 2. Ann Arbor, MI: University of Michigan.

Kaland, M. E., and Klein-Schwartz, W. (2015). Comparison of lisdexamfetamine and dextroamphetamine exposures reported to U.S. poison centers. Clin. Toxicol. 53, 477–485. doi: 10.3109/15563650.2015.1027903

Kirkpatrick, M. G., Gunderson, E. W., Levin, F. R., Foltin, R. W., and Hart, C. L. (2012). Acute and residual interactive effects of repeated administrations of oral methamphetamine and alcohol in humans. Psychopharmacology 219, 191–204. doi: 10.1007/s00213-011-2390-5

Krishnan, S., and Zhang, Y. (2008). Relative bioavailability of lisdexamfetamine 70-mg capsules in fasted and fed healthy adult volunteers and in solution: a single-dose, crossover pharmacokinetic study. J. Clin. Pharmacol. 48, 293–302. doi: 10.1177/0091270007310381

Krishnan, S. M., Pennick, M., and Stark, J. G. (2008). Metabolism, distribution and elimination of lisdexamfetamine dimesylate: open-label, single-centre, phase I study in healthy adult volunteers. Clin. Drug Investig. 28, 745–755. doi: 10.2165/0044011-200828120-00002

Krishnan, S. M., and Stark, J. G. (2008). Multiple daily-dose pharmacokinetics of lisdexamfetamine dimesylate in healthy adult volunteers. Curr. Med. Res. Opin. 24, 33–40. doi: 10.1185/030079908X242737

Lile, J. A., Babalonis, S., Emurian, C., Martin, C. A., Wermeling, D. P., and Kelly, T. H. (2011). Comparison of the behavioral and cardiovascular effects of intranasal and oral d-amphetamine in healthy human subjects. J. Clin. Pharmacol. 51, 888–898. doi: 10.1177/0091270010375956

Martin, P. T., Corcoran, M., Zhang, P., and Katic, A. (2014). Randomized, double-blind, placebo-controlled, crossover study of the effects of lisdexamfetamine dimesylate and mixed amphetamine salts on cognition throughout the day in adults with attention-deficit/hyperactivity disorder. Clin. Drug Investig. 34, 147–157. doi: 10.1007/s40261-013-0156-z

Parasrampuria, D. A., Schoedel, K. A., Schuller, R., Silber, S. A., Ciccone, P. E., Gu, J., et al. (2007). Do formulation differences alter abuse liability of methylphenidate? A placebo-controlled, randomized, double-blind, crossover study in recreational drug users. J. Clin. Psychopharmacol. 27, 459–467. doi: 10.1097/jcp.0b013e3181515205

Pennick, M. (2010). Absorption of lisdexamfetamine dimesylate and its enzymatic conversion to d-amphetamine. Neuropsychiatr. Dis. Treat. 6, 317–327. doi: 10.2147/NDT.S9749

Rosen, E., Tannenbaum, P., Ellison, T., Free, S. M., and Crosley, A. P. (1965). Absorption and excretion of radioactively tagged dextroamphetamine sulfate from a sustained-release preparation. JAMA 194, 1203–1205. doi: 10.1001/jama.1965.03090240037010

Rowley, H. L., Kulkarni, R., Gosden, J., Brammer, R., Hackett, D., and Heal, D. J. (2012). Lisdexamfetamine and immediate release d-amfetamine - differences in pharmacokinetic/pharmacodynamic relationships revealed by striatal microdialysis in freely-moving rats with simultaneous determination of plasma drug concentrations and locomotor activity. Neuropharmacology 63, 1064–1074. doi: 10.1016/j.neuropharm.2012.07.008

Schmid, Y., Enzler, F., Gasser, P., Grouzmann, E., Preller, K. H., Vollenweider, F. X., et al. (2015a). Acute effects of lysergic acid diethylamide in healthy subjects. Biol. Psychiatry 78, 544–553. doi: 10.1016/j.biopsych.2014.11.015

Schmid, Y., Rickli, A., Schaffner, A., Duthaler, U., Grouzmann, E., Hysek, C. M., et al. (2015b). Interactions between bupropion and 3,4-methylenedioxymethamphetamine in healthy subjects. J. Pharmacol. Exp. Ther. 353, 102–111. doi: 10.1124/jpet.114.222356

Schmid, Y., Hysek, C. M., Simmler, L. D., Crockett, M. J., Quednow, B. B., and Liechti, M. E. (2014). Differential effects of MDMA and methylphenidate on social cognition. J. Psychopharmacol. 28, 847–856. doi: 10.1177/0269881114542454

Sharman, J., and Pennick, M. (2014). Lisdexamfetamine prodrug activation by peptidase-mediated hydrolysis in the cytosol of red blood cells. Neuropsychiatr. Dis. Treat. 10, 2275–2280. doi: 10.2147/NDT.S70382

Simmler, L., Buser, T., Donzelli, M., Schramm, Y., Dieu, L. H., Huwyler, J., et al. (2013). Pharmacological characterization of designer cathinones in vitro. Br. J. Pharmacol. 168, 458–470. doi: 10.1111/j.1476-5381.2012.02145.x

Simmler, L. D., Rickli, A., Schramm, Y., Hoener, M. C., and Liechti, M. E. (2014). Pharmacological profiles of aminoindanes, piperazines, and pipradrol derivatives. Biochem. Pharmacol. 88, 237–244. doi: 10.1016/j.bcp.2014.01.024

Smith, C. T., Weafer, J., Cowan, R. L., Kessler, R. M., Palmer, A. A., de Wit, H., et al. (2016). Individual differences in timing of peak positive subjective responses to d-amphetamine: relationship to pharmacokinetics and physiology. J. Psychopharmacol. 30, 330–343. doi: 10.1177/0269881116631650

Steer, C., Froelich, J., Soutullo, C. A., Johnson, M., and Shaw, M. (2012). Lisdexamfetamine dimesylate: a new therapeutic option for attention-deficit hyperactivity disorder. CNS Drugs 26, 691–705. doi: 10.2165/11634340-000000000-00000

Surman, C. B., and Roth, T. (2011). Impact of stimulant pharmacotherapy on sleep quality: post hoc analyses of 2 large, double-blind, randomized, placebo-controlled trials. J. Clin. Psychiatry 72, 903–908. doi: 10.4088/JCP.11m06838

Volkow, N. D., and Swanson, J. M. (2003). Variables that affect the clinical use and abuse of methylphenidate in the treatment of ADHD. Am. J. Psychiatry 160, 1909–1918. doi: 10.1176/appi.ajp.160.11.1909

White, T. L., Justice, A. J., and de Wit, H. (2002). Differential subjective effects of D-amphetamine by gender, hormone levels and menstrual cycle phase. Pharmacol. Biochem. Behav. 73, 729–741. doi: 10.1016/S0091-3057(02)00818-3

Zerssen, D. V. (1976). Die Beschwerden-Liste. München: Münchener Informations System Psychis.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Dolder, Strajhar, Vizeli, Hammann, Odermatt and Liechti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg


OPS/images/fphar-08-00617-t001.jpg
12 () AUC. (ng - h/ml)  CL/F (L/h)

79(69-9.1)  1727(1540-1935) 17 (15-19)

4315 1116-3463 o27
79(71-89)  1817(1637-2017)  16(15-18)

4713 1087-3031 10-27

Dose N kor (1/h) X (4m) V) Cma (ng/mL) tag tmax (0)
o-amphetamine 23 geometric 13(084-1.95)  0.088(0.077-0.101) 195(172-220) 120(108-13) 080610 33739

mean (95% C)

Range 041-17 0046-0.162 118-375 77-181 0320 0959
Lisdexamfetamine 24 geometric 0. 118(108-128) 151317 464152

mean (95% CI)

Range 025-1.9 0,055-0.148 88-266 83-174 0824 2584
AUCs, area under i Cras s
10 103Ch Cynax; kor, first-order absorption coafficient; 7, first order Vi P < 0.001 compar -amphetamine (two-si

118; lo, 129 € OF 1 s, Estimate time.
Ttests)

ided





OPS/images/fphar-08-00617-t002.jpg
Autonomic effects

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Mean arterial blood pressure (mmHg)
Heart rate (beats/min)

Rate pressure product (beats mmHg/min
Body temperature (°C)

Pupil size (mm)

Pupil size after light stimulus (mm)
Constriction amplitude (mm)
Subjective effects

Visual Analog Scale (VAS, %max)
Any drug effect

Good drug effect

Bad drug effect

Drug liking

Drug high

Stimulated

Alertness

Content

Happy

Closeness to others

Talkative

Open

Concentration

Trust

I want to be with others

Adjective Mood Rating Scale (AMRS score)
Well-being

Extroversion

Excitability

Self-confidence

Adverse Effects

Acute adverse effects

Sub-acute adverse effects

Enin

Enmax

AEmax
AEmax
AEmax
AEmax

Al2h
A24h

Placebo
(mean & SEM)

131£27
79411
96+ 1.2
76+15
9655 + 236
37.3+0.07
6.8 +£0.09
50+008
1.7+£0.04

53+3.1
40+25
0.04 +0.04
3726
33+26
24+£17
2411
1.1+0.63
1.7+£13
079 +0.79
13+1.0
0.88 +0.79
0.38 +0.27
0.96 + 0.96
1.3+0.89

19+£0.7
1.3+04

0+02
09+03

-03£0.3
-0.8+0.3

(mean + SEM)

157 £3.1%**
93+ 1.7+
114 £ 20"
94 £ 3.1%**
13083 + 561***
37.7 £ 0.06***
74 £0.11%
58+ 0.11%*
1.5+0.08

36 + 4.9
42 £ 6.5
51+1.9*

48 £ 6.9
29+ 6.3
38 £ 6.9
50+ 7.2%*
194 3.0
18 £ 2.9
16 +2.8**
2834 2.7
22 £2.6™
21 £3.4%
15 +£2.6%*
18 £ 3.6

4.6 +0.6"
3.4 +£04%
1.6+ 0.5%
22+04%

6.6 £ 1.0
7.3 15"

(mean + SEM)

168 2.8
97 £ 1.8+
116+ 1.8
94 1 3.4
13245 % 603+
37.7 £0.07**
7.4£010"*
5.7 £0.11%*
1.6+ 0.05

39 +4.8%
49 £ 5.6
40+£1.3

51 +£5.8%*
36 + 5.6
44 £ 5.7+
56 + 6.4***
18 £ 2.9
17 £2.8%*
15 £ 2.5%
21 4£2.3"
22 £ 2.7
16 £ 2.8
17 £33
16 £ 3.1%**

5.6+ 0.6
3.4 £0.4%
2.4 £0.4%
28+05%

6.7 £0.9**
6.9+ 1.2

Main effect of drug
Faa6

106.56
93.97
111.47
28.42
43.01
24.05
79.56
55.46
5.03

27.31
36.65
481
37.57
16.98
24.97
41.31
24.93
21.77
19.01
39.33
43.55
26.97
21.18
16.60

11.48
13.61
14.58
6.72

29.25
26.72

Values are mean + SEM in 24 subjects. *P < 0.05, **P < 0.01, ***P < 0.001 compared with placebo. *P < 0.05 compared with lisdexamfetamine.





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-08-00617-g003.jpg
T &i

=
|

ha=
l o

=
o
I o
F o~
Lo
o
F <
F e
Fev
o
Fo
- T

.

T T T
=) =) o

(=]
(=23 [~ ~ ©

100+

(ulw Jad sjeaq) ajel JesH

)
-~
- o©
- o
- <
- o
- o~
- —
- o
Bl

T
o (=
N

12 24

10 11

9

1801
160
140

o
- -

(PH ww) ainssaud poo|q 1j10)sAS

12

10 11

9

Time (h)

L o
i~
L ©
- o
- <
L o
F o~
F —
- o
F
4 o o ®

- - -

(c01 x FHWW x wdq)
1onpoud ainssaid ajey

T

<
L

T
L ©

pd
e
L o
-~
L ©
- ©
<
F o
F o
F ~—
o
-

:

T T T
o o =)

o
(=] © ~ ©

Time (h)

T
(=
o
-

(BH wuw) ainssaid poojq 21j03selq

Time (h)

Time (h)

0-

5
0
5

- [} =] )
AOOVm._:um‘_ngma>wom<

T 1

24

1204

110

100
9

(BH ww) aunssaad |ela)e ueapy

Time (h)

Time (h)

{1 Placebo

4 D-amphetamine

@ Lisdexamfetamine





OPS/images/fphar-08-00617-g001.jpg
Amphetamine (ng/mL)

100+

150+

Amphetamine (ng/mL)

101

100+

2 4 6 81012 24
Time (h)
50-

& D-amphetamine
-&- Lisdexamfetamine

0 2 4 6 8 1012 24
Time (h)





OPS/images/fphar-08-00617-g002.jpg
< S
"
~ - N
~ - =
e
- | —
- - -
E
o l o
o - -
=
- o
=)
) o0
©
~ = F i~
~ = £
=~ ) L
ﬁm Bm ©
w = w - -
< 4 r
i) F e
) 3 [
o~ Y] ”2
- F~—
= -
) o
o
- | —
- T . T
" r T T T T r T T T
r T T T T T o o © o o o w ) 0 =]
o o o o o o
=
1oaye Bnip peg SSaUUI|Y ajdoad 1ayjo yum aq o3 juem |
s = T
- = L~
- - -
o o l o
- - -
o ) Fo
0 © oo
~c TW -~
w o 9 TY
£ E
w i~ w - Fw
< g M
@ © F e
o ”2 o
N L
. - - F e
=) =) o
= A3 - 20
5 o o o o c o o o ®w o w o
o ©o o o o o
=] <o © ~ o~ =1 © w Y Y 0
-~ -
Jo9)9 Bnip pooo paje|nwins $S2UISO|D
M jl.=yr4
a N ﬂ
o~ ~ : &
- - -
- - [
- - -
(=1 o L ©
- - -
» » id
© © o
-Im 7m -~
© 2 o 2 -©
£ E
[ w - i
< - <
© ) e
~ o~ F e
- N - F—
o =) Fo
L - o~
1 ] 5 L}
o ©o @ © o o ° s o o o o w o w o
S ® © ¥ o o © < W w ~ Y 0
- -

199)4a Bnip Auy

Bunji) brug

AddeH

Time (h)

Time (h)

Time (h)

@ Lisdexamfetamine

& D-amphetamine

{1+ Placebo





