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Abstract: Lisdexamfetamine dimesylate (LDX) is approved as a once-daily treatment for 

attention-deficit/hyperactivity disorder in children, adolescents, and adults in some countries. 

LDX is a prodrug comprising d‑amphetamine covalently linked to l-lysine via a peptide bond. 

Following oral administration, LDX is rapidly taken up from the small intestine by active carrier-

mediated transport, probably via peptide transporter 1. Enzymatic hydrolysis of the peptide 

bond to release d‑amphetamine has previously been shown to occur in human red blood cells 

but not in several other tissues. Here, we report that LDX hydrolytic activity resides in human 

red blood cell lysate and cytosolic extract but not in the membrane fraction. Among several 

inhibitors tested, a protease inhibitor cocktail, bestatin, and ethylenediaminetetra-acetic acid 

each potently inhibited d‑amphetamine production from LDX in cytosolic extract. These results 

suggest that an aminopeptidase is responsible for hydrolytic cleavage of the LDX peptide bond, 

although purified recombinant aminopeptidase B was not able to release d‑amphetamine from 

LDX in vitro. The demonstration that aminopeptidase-like activity in red blood cell cytosol is 

responsible for the hydrolysis of LDX extends our understanding of the smooth and consistent 

systemic delivery of d‑amphetamine by LDX and the long daily duration of efficacy of the drug 

in relieving the symptoms of attention-deficit/hyperactivity disorder.

Keywords: lisdexamfetamine, LDX, prodrug, peptidase, hydrolysis, attention-deficit/

hyperactivity disorder

Introduction
Lisdexamfetamine dimesylate (LDX) is an effective treatment for the symptoms of 

attention-deficit/hyperactivity disorder (ADHD) in children, adolescents, and adults.1 

LDX is a prodrug in which a peptide bond covalently links d‑amphetamine with the 

naturally occurring amino acid l-lysine, rendering the parent molecule pharmacologi-

cally inactive. The absorption and subsequent hydrolysis of LDX to release the active 

d‑amphetamine moiety are clinically significant because these processes underlie 

the low interpatient and intrapatient variability in active drug exposure2 and the long 

duration of efficacy necessary in a once-daily ADHD medication.3,4 

Following oral administration, LDX is efficiently absorbed from the small intestine 

by carrier-mediated active transport, most likely via peptide transporter-1.5,6 LDX is nei-

ther a substrate nor an inhibitor of the cytochrome P450 enzymes and, therefore, has low 

potential for pharmacokinetic drug–drug interactions.7 We have previously shown that 

the hydrolysis of LDX takes place in human blood but not in human intestine, kidney, 

liver, or pancreas.5 Within the blood, the bioconversion of LDX was associated with 

red blood cells but not with platelets, peripheral blood mononuclear cells (PBMCs), 
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or polymorphonuclear leukocytes (PMNs).5 In these studies, 

the rate of LDX hydrolysis was hematocrit-dependent, but 

substantial conversion to d‑amphetamine remained when 

hematocrit values were only 10% or 25% of normal.5 Lysis 

of red blood cells did not affect the rate of LDX hydrolysis.5 

Furthermore, the release of d‑amphetamine from LDX was 

unimpaired in blood from donors with abnormal red blood 

cells resulting from sickle-cell disease.8

To build on the identification of human red blood cells as 

the site of enzymatic conversion of LDX prodrug to pharma-

cologically active d‑amphetamine, we now describe in vitro 

investigations into the identity and subcellular localization 

of the human red blood cell enzyme activity responsible for 

LDX hydrolysis.

Methods
Blood collection and fractionation
Fresh human blood was collected from three healthy male 

donors using ethylenediaminetetra-acetic acid (EDTA) as 

an anticoagulant. Experiments were usually started within 

2 hours of blood collection. Samples were pooled if they 

lacked obvious hemolysis (assessed visually after microcen-

trifugation of a small aliquot for 10 minutes). A portion of 

pooled whole blood was removed; then, the remainder was 

centrifuged at approximately 2,000× g for 10 minutes at 4°C, 

and the plasma supernatant was collected. Red blood cells 

were not separated from other blood cells during preparation 

of lysates, cytosolic extracts, or membrane fractions. Nev-

ertheless, we refer to these as deriving from red blood cells 

in this paper because other blood cells have been previously 

shown not to hydrolyze LDX.5 To prepare red blood cell 

lysates, the pellet was resuspended in Hanks’ balanced salt 

solution (HBSS), pH 7.4, and washed once in HBSS by repeat 

centrifugation and suspension. It was then snap frozen for 

30 minutes on dry ice, thawed at room temperature, homog-

enized with a handheld device, and diluted with five volumes 

of HBSS. Red blood cell cytosolic extracts were prepared 

by pelleting and washing as above, followed by the addition 

of three volumes of HBSS, freeze-thawing, and collection 

of the supernatant following centrifugation at 80,000× g for 

30 minutes at 4°C. The resulting pellet was reconstituted in 

four volumes of HBSS to form the membrane fraction.

Incubation of LDX
A stock solution of LDX (Albany Molecular Research, 

Inc., Albany, NY, USA) was prepared at a concentration 

of 100 μg/mL free-base equivalent in water and used fresh 

or stored at −20°C. Duplicate 1.98 mL samples of blood or 

fractionated blood were equilibrated to 37°C for 5 minutes 

before addition of 20 μL of stock LDX to produce a final 

LDX concentration of 1 μg/mL. At 0, 15, 30, 60, 120, and 

240  minutes after addition of LDX, 50  μL aliquots were 

removed, and the reaction was quenched in 0.5  mL of 

acetonitrile with vortex mixing for 30  seconds. Negative 

control incubations (excluding red blood cell-derived tissue) 

were conducted for up to 4 hours.

Inhibitors
Bis(4-nitrophenyl) phosphate (BNPP) (Sigma-Aldrich, 

St Louis, MO, USA) was prepared in HBSS and used at a  

1 mM final concentration. Protease inhibitor cocktail (Sigma-

Aldrich) was prepared in HBSS to produce final incubation 

concentrations of 2 mM 4-(2-aminoethyl)benzenesulfonyl 

fluoride (AEBSF), 14 μM E-64, 130 μM bestatin, 1.0 μM 

leupeptin, 0.3  μM aprotinin, and 1  mM EDTA. In some 

experiments, pellets were resuspended in protease inhibitor 

cocktail or BNPP in HBSS. Each inhibitor in the cocktail 

was also obtained separately from Sigma-Aldrich and was 

prepared in HBSS for use at the same final concentration as 

in the cocktail. Blood tissue samples were incubated with 

inhibitors 30 minutes before the addition of LDX. All pro-

tease inhibitor stock solutions were freshly made on the day 

of the experiment and stored on wet ice.

Aminopeptidase B assay
Purified human recombinant aminopeptidase B (OriGene, 

Rockville, MD, USA) was used at a concentration of 10.9 μg/

mL total protein in HBSS. The formation of β‑naphthylamine 

from l-lysine-2-naphthylamide (2  μM) was monitored in 

200 μL volumes in 96-well plates by fluorescence at 389 nm 

with excitation at 250  nm. Incubations were conducted 

in the absence or presence of LDX (1 μg/mL) or bestatin 

(130 μM) at 37°C and monitored at 10-minute intervals for 

up to 100 minutes.

Quantification of LDX and 
d‑amphetamine
To each acetonitrile-quenched sample, 50 μL of 1% formic 

acid in water, 10 μL of methanol, and 50 μL of internal mass 

spectrometry standards (300  ng/mL of deuterium-labeled 

amphetamine-d
6
 in water or 100 ng/mL each of warfarin, carb-

utamide, reserpine, and ritonavir in acetonitrile) were added. 

The samples were vortex mixed for 5 minutes and centrifuged 

at approximately 2,000× g for 15 minutes at 10°C, then a 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Neuropsychiatric Disease and Treatment 2014:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2277

Peptidase-mediated hydrolysis activates LDX in red blood cell cytosol

400 μL aliquot of the supernatant was transferred to a 96-well 

plate, dried under nitrogen, and dissolved in 5% (volume/vol-

ume) acetonitrile in water containing 0.1% (volume/volume) 

formic acid. Mass spectrometry calibration standards of 10, 

20, 100, 200, 1,000, and 2,000 ng/mL were prepared in whole 

blood or blood fractions as appropriate. A 5 μL aliquot of 

each sample was analyzed by high-performance liquid chro-

matography and tandem electrospray mass spectrometry. No 

statistical analyses were performed to compare concentrations 

of LDX or d‑amphetamine in different samples.

Results
LDX hydrolysis in whole and  
fractionated human blood
Across all experiments using incubations of LDX with 

whole blood (Figures 1 and 2), the intact prodrug was lost 

with a mean half-life (t
½
) of 1.6 hours (standard deviation 

[SD] 0.5). Across all such experiments (Figures 1 and 2), 

82% (SD 8) of intact LDX was lost after 4 hours, result-

ing in mean d‑amphetamine concentrations of 446 ng/mL  

(SD 20). In contrast, LDX was completely stable in plasma 

for 4 hours, and d‑amphetamine levels remained below the 

limit of detection (10 ng/mL) (Figure 1).

After 4 hours’ incubation with red blood cell lysate, 24% 

of intact LDX was lost and d‑amphetamine levels reached 

102 ng/mL (Figure 1). In the membrane fraction, there was no 

detectable loss of intact LDX, and the mean d‑amphetamine 

concentration was 29 ng/mL after 4 hours (Figure 1). Across 

all experiments using incubations of LDX with cytosolic 

extract (Figures 1 through 3), about 50% of the intact prodrug 

was lost after 4 hours (mean t
½
, 4.1 hours; SD 0.99), and mean 

d‑amphetamine levels reached 223 ng/mL (SD 53). 

Inhibition of LDX hydrolysis in  
blood cell cytosolic extract
When whole blood or red blood cell cytosolic extract was 

incubated with the protease inhibitor cocktail, more than 

85% of LDX remained after 4 hours and d‑amphetamine 

concentrations were 63  ng/mL or below the limit of 

detection, respectively (Figure 2). In contrast, the 

carboxylesterase/amidase inhibitor BNPP had no effect on 

LDX turnover or d‑amphetamine production in cytosolic 

extract (Figure 2).

When the individual components of the protease inhibitor 

cocktail were tested in blood cell cytosolic extract, the time 

courses of d‑amphetamine production in the presence of apro-

tinin, E-64, or leupeptin were almost superimposable upon that 

observed in the absence of inhibitor; in all cases, d‑amphetamine 

concentrations at 4 hours exceeded 170 ng/mL (Figure 3). In 

contrast, addition of either EDTA or bestatin prevented detect-

able loss of intact LDX and reduced the d‑amphetamine yield 

to 22–31 ng/mL at 4 hours. In the presence of AEBSF, some 

loss of intact LDX was evident, and the concentration of 

d‑amphetamine after 4 hours was 47 ng/mL.

Figure 1 LDX bioconversion to d‑amphetamine in blood and blood cell extracts.
Notes: Data for d‑amphetamine are presented as the mean of four replicates (whole blood and negative control) or two replicates (other samples), with error bars showing 
SEM. Points without visible error bars have SEMs smaller than the height of the data point marker. Values for intact LDX remaining at 4 hours are expressed as percentages 
of the mean LDX concentration at 0 hours.
Abbreviations: LDX, lisdexamfetamine dimesylate; SEM, standard error of the mean.
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Assay for LDX hydrolysis by 
aminopeptidase B
Treatment of LDX with a commercial preparation of amino-

peptidase B did not result in detectable d‑amphetamine 

release from LDX, despite linear, bestatin-sensitive pro-

duction of β-naphthylamide from a lysine-2-naphthylamine 

reporter substrate (data not shown).

Discussion
LDX has previously been shown to be stable when incubated 

with isolated platelets, PMNs, or PBMCs, with negligible 

production of d‑amphetamine.5 In contrast, in the presence of 

isolated red blood cells, LDX was lost with a t
½
 of 1.0 hours, 

and d‑amphetamine was produced.5 The present results build 

on these earlier observations by demonstrating, for the first 

time, that peptidase activity present in the cytosolic extract, 

but not the membrane fraction, is responsible for the hydro-

lysis of LDX by red blood cells.

The biotransformation of LDX to d‑amphetamine when 

incubated with intact red blood cells and red blood cell 

cytosol was not inhibited by BNPP, but it was inhibited by 

a broad-spectrum inhibitor cocktail, implicating protease 

Figure 2 Effect of protease inhibitor cocktail and BNPP on d‑amphetamine production from LDX in whole blood or cytosolic extract. 
Notes: Data for d‑amphetamine are presented as the mean of two replicates, with error bars showing SEM. Points without visible error bars have SEMs smaller than the 
height of the data point marker. Values for intact LDX remaining at 4 hours are expressed as percentages of the mean LDX concentration at 0 hours.
Abbreviations: BNPP, bis(4-nitrophenyl)phosphate; LDX, lisdexamfetamine dimesylate; SEM, standard error of the mean.
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activity rather than carboxylesterase or amidase activity in 

the hydrolysis of LDX. When the components of the protease 

inhibitor cocktail were tested individually, the LDX-cleaving 

activity of the red blood cell cytosol was not inhibited by 

aprotinin, E-64, or leupeptin, suggesting that serine, cysteine, 

or thiol proteases were unlikely to be involved. In contrast, 

hydrolysis of LDX was inhibited by bestatin, AEBSF, and 

EDTA. The dipeptide analog bestatin is a selective inhibitor 

of aminopeptidases (eg, aminopeptidase B, and leukotriene 

A4 hydrolase). AEBSF is a broad-spectrum serine protease 

inhibitor,9 but has also been reported to inhibit eukaryotic 

aminopeptidases.10 Finally, inhibition by the chelating agent 

EDTA implicates a divalent cation-requiring protease. 

Together, the activities of these inhibitors are strongly sug-

gestive of the involvement of metallo-aminopeptidase activ-

ity in the hydrolysis of LDX in red blood cell cytosol.

Previous studies have ruled out several classes of enzyme 

as being responsible for the hydrolysis of LDX. Incuba-

tion of LDX with dipeptidyl peptidase IV, cathepsin G, 

elastase, and trypsin, or in simulated gastric or intestinal 

fluid, all failed to elicit significant loss of LDX or generation 

of d‑amphetamine.5 Peptidase activity of red blood cell 

cytosol has been described,11 and proteomic studies have 

identified peptidases in the cytosol.12 Aminopeptidase B is 

a red blood cell cytosolic enzyme with a preference for 

lysine13 and was, therefore, considered a likely candidate to 

mediate LDX hydrolysis. However, failure of recombinant 

human aminopeptidase B to convert LDX to d‑amphetamine  

in vitro suggests that it is not the enzyme responsible. Other 

candidate peptidases (eg, leukotriene A4 hydrolase) remain 

to be investigated. 

The demonstration that d‑amphetamine is generated from 

LDX in red blood cell cytosol raises the question of the nature 

of the transport of LDX across the red blood cell plasma mem-

brane. While investigating LDX transport was not an objec-

tive of the present work, the dipeptide-like properties of the 

drug, combined with the capacity of red blood cells to take up 

cationic dipeptides14 and the presence of high-affinity amino 

acid transporters in the red blood cell plasma membrane,15 

are suggestive of a mechanism for future investigation. 

Furthermore, it is noteworthy that LDX is actively taken up 

from the gastrointestinal tract via peptide transporter-1.5,6 The 

rapid production of d‑amphetamine from LDX in whole blood 

and intact red blood cells suggests that the transport of LDX 

across the red blood cell membrane is not rate limiting. The 

likely explanation for the reported failure of EDTA to inhibit 

LDX hydrolysis in whole blood or intact red blood cells is 

that EDTA is membrane impermeable.5

The prodrug nature of LDX, its rapid uptake from the gut, 

and its rate-limiting hydrolysis in the blood to produce active 

d‑amphetamine have several important clinical implications. The 

clinical properties of LDX depend upon red blood cell cytosolic 

aminopeptidase activity, which is here identified as responsible 

for activation of the prodrug. First, oral administration of LDX 

results in systemic exposure to d‑amphetamine that is propor-

tional to the LDX dose and that exhibits low intraindividual 

and interindividual variability.2 The profile of d‑amphetamine 

delivery by LDX underlies the long daily duration of action of 

LDX in relieving the hyperactive, inattentive, and impulsive 

symptoms experienced by patients with ADHD.3,4 

Secondly, a direct comparison of d‑amphetamine pharma-

cokinetics following intravenous administration of LDX or an 

equivalent dose of immediate-release d‑amphetamine in adult 

stimulant abusers indicated that the mean maximum plasma 

drug concentration (C
max

) was lower (LDX, 20.7 ng/mL [SD 

1.5]; d‑amphetamine, 74.2 ng/mL [SD 58.7]) and the mean 

T
max

 (time to reach C
max

) was longer (LDX, 2.5 hours [SD 1.3]; 

d‑amphetamine, 0.2 hours [SD 0.2]) for the prodrug com-

pared with immediate-release d‑amphetamine. This may have 

contributed to the reduced subjective “drug-liking” effects 

of LDX compared with immediate-release d‑amphetamine 

in these individuals.16,17

 Thirdly, the demonstrations that substantial hydrolysis 

of LDX remained if the prodrug was incubated with red 

blood cells when hematocrit levels were 10% or 25% of 

normal, and that concentration–time curves for both LDX and 

d‑amphetamine were virtually superimposable when LDX 

was incubated with red blood cells from healthy donors or 

individuals with sickle-cell disease, suggest that the high-

capacity hydrolysis of LDX by red blood cells is tolerant of 

anemia and impaired red blood cell function. 

Finally, aminopeptidase inhibitors are being evaluated as 

anti-inflammatory, immunomodulatory, analgesic, and anti-

cancer agents,18,19 and bestatin is used as a cancer treatment 

in some countries.20 Thus, although the entry of bestatin into 

red blood cells is reportedly inefficient,21 the demonstration 

that it inhibits the hydrolysis of LDX suggests that potential 

interactions between LDX and therapeutic aminopeptidase 

inhibitors are possible. Previous work showed that none of the 

seven major human cytochrome P450 isoforms was inhibited 

by LDX, suggesting that interactions of LDX, suggesting that 

other drug–drug interactions are unlikely to be common.7

Limitations of this study include the following. First, 

red blood cells were not separated from other blood cells 

because platelets, PMNs, and PBMCs have been previously 

shown not to mediate LDX hydrolysis. Second, the purity 
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of the cytosolic and membrane fractions was not verified 

(for example by assay of known markers) and the possibil-

ity therefore exists that the low level of LDX hydrolysis 

observed in membrane fraction was due to contamination 

with residual cytosolic protein. Third, blood from donors was 

pooled for analysis, preventing assessment of whether rates 

of LDX bioconversion vary between individuals.

In conclusion, the biotransformation of the prodrug stimu-

lant LDX to produce active d‑amphetamine is an important 

determinant of the pharmacodynamic profile of the drug in 

patients with ADHD. The present in vitro investigations dem-

onstrate, for the first time, that the hydrolysis of LDX occurs 

in the cytosolic extract, but not in the membrane fraction, of 

human red blood cells. Although the inhibitor profile of the 

biotransformation is suggestive of aminopeptidase activity, 

the enzyme responsible remains to be identified.
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