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BACKGROUND AND PURPOSE
Designer b-keto amphetamines (e.g. cathinones, ‘bath salts’ and ‘research chemicals’) have become popular recreational
drugs, but their pharmacology is poorly characterized.

EXPERIMENTAL APPROACH
We determined the potencies of cathinones to inhibit DA, NA and 5-HT transport into transporter-transfected HEK 293 cells,
DA and 5-HT efflux from monoamine-preloaded cells, and monoamine receptor binding affinity.

KEY RESULTS
Mephedrone, methylone, ethylone, butylone and naphyrone acted as non-selective monoamine uptake inhibitors,
similar to cocaine. Mephedrone, methylone, ethylone and butylone also induced the release of 5-HT, similar to
3,4-methylenedioxymethamphetamine (MDMA, ecstasy) and other entactogens. Cathinone, methcathinone and flephedrone,
similar to amphetamine and methamphetamine, acted as preferential DA and NA uptake inhibitors and induced the release
of DA. Pyrovalerone and 3,4-methylenedioxypyrovalerone (MDPV) were highly potent and selective DA and NA transporter
inhibitors but unlike amphetamines did not evoke the release of monoamines. The non-b-keto amphetamines are trace
amine-associated receptor 1 ligands, whereas the cathinones are not. All the cathinones showed high blood–brain barrier
permeability in an in vitro model; mephedrone and MDPV exhibited particularly high permeability.

CONCLUSIONS AND IMPLICATIONS
Cathinones have considerable pharmacological differences that form the basis of their suggested classification into three
groups. The predominant action of all cathinones on the DA transporter is probably associated with a considerable risk of
addiction.

Abbreviations
BBB, blood–brain barrier; DA, dopamine; DAT, dopamine transporter; MBDB, 3,4-methlyenedioxyphenyl-N-methyl-2-
butanamine; MDEA, 3,4-methylenedioxy-N-ethylamphetamine; MDMA, 3,4-methylenedioxymethamphetamine; MDPV,
3,4-methylenedioxypyrovalerone; NET, NA transporter; Pe, permeability coefficient; SERT, 5-HT transporter; TA receptor,
trace amine-associated receptor

Introduction

Stimulant drug abuse remains a major public health issue

worldwide. While ‘old stimulants’, including cocaine,

methamphetamine and amphetamine, and ‘entactogens’,

including 3,4-methylenedioxymethamphetamine (MDMA,

ecstasy), 3,4-methylenedioxy-N-ethylamphetamine (MDEA)

and 3,4-methlyenedioxyphenyl-N-methyl-2-butanamine
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(MBDB), continue to be used, novel designer cathinones are

emerging. Cathinones differ from amphetamines by the pres-

ence of a ketone oxygen group at the b-position (Figure 1).

The b-keto-amphetamines are distributed as ‘bath salts’,

‘research chemicals’ and ‘plant food’ via the Internet and

have been advertised as ‘legal highs’ with similar psycho-

tropic effects to MDMA or cocaine (Spiller et al., 2011).

As b-keto analogues of amphetamines, cathinones may be

expected to have amphetamine-like effects because of their

structural similarity. Cathinones enhance DA, NA and 5-HT

neurotransmission (Hadlock et al., 2011; Kehr et al., 2011;

Baumann et al., 2012; Lopez-Arnau et al., 2012; Martinez-

Clemente et al., 2012). However, the molecular pharmacol-

ogy of this novel class of stimulant drugs is poorly

documented. In particular, a systematic comparative charac-

terization of the effects of different cathinones on the human

DA, NA and 5-HT transporters and comparisons with classic

stimulants are lacking.

In the present study, we assessed the in vitro pharmacol-

ogy of cathinone, methcathinone, mephedrone (4-meth-

ylmethcathinone), flephedrone (4-flouromethcathinone),

methylone (3,4-methylenedioxymethcathinone, b -keto-

MDMA), ethylone (3,4-methylenedioxyethylcathinone,

b-keto-MDEA), butylone (b-keto-MBDB), pyrovalerone, 3,4-

methylenedioxypyrovalerone (MDPV) and naphyrone

(naphthylpyrovalerone). We determined the potencies of

these cathinones to inhibit DA, NA and 5-HT transport in

vitro. We also tested whether cathinones are releasers of DA or

5-HT and characterized the binding affinities of these drugs

for monoamine transporters, dopamine D1–3 receptors, a1 and

a2 adrenoceptors, 5-HT1A, 5-HT2A and 5-HT2C receptors, the

trace amine-associated receptor 1 (TA1 receptor) and the his-

tamine H1 receptor. Finally, blood-brain–barrier (BBB) perme-

ability was assessed using a human in vitro model. The

pharmacological profiles of the novel cathinones were

compared with their non-b-keto amphetamine analogues,

Figure 1
Chemical structures of cathinones, related amphetamines and cocaine.
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including MDMA, MDEA, MBDB, amphetamine and meth-

amphetamine as well as with cocaine.

Methods

The drug target nomenclature conforms to BJP’s Guide to

Receptors and Channels (Alexander et al., 2011).

Drugs
The hydrochloride salts of the drugs (purity >98.5%) were

supplied by Lipomed (Arlesheim, Switzerland), with the

exception of naphyrone, which was synthesized according to

Meltzer et al. (2006). Racemic drugs were used except for

D-amphetamine and D-methamphetamine.

Radioligand binding
The radioligand binding assays were performed as described

previously (Revel et al., 2011; Hysek et al., 2012c). Briefly,

membrane preparations from HEK 293 cells (Invitrogen, Zug,

Switzerland) that overexpress the respective human trans-

porters (Tatsumi et al., 1997) or receptors (except for rat/

mouse TA1 receptor) (Revel et al., 2011) were incubated with

the radiolabelled selective ligands at concentrations equal to

Kd, and ligands displacement by the compounds was meas-

ured. Specific binding of the radioligand to the target receptor

was defined as the difference between the total binding and

nonspecific binding determined in the presence of selected

competitors in excess. The following radioligands and com-

petitors were used: N-methyl-[3H]-nisoxetine and indatraline

(NA transporter [NET]), [3H]-citalopram and indatraline (5-HT

transporter [SERT]) and [3H]-WIN35,428 and indatraline

(DA transporter [DAT]). [3H]-8-hydroxy-2-(di-n-propylamino)

tetralin (8-OH-DPAT) and indatraline (5-HT1A receptor),

[3H]-ketanserin and spiperone (5-HT2A receptor), [3H]-

mesulergine and mianserin (5-HT2C receptor), [3H]-prazosin

and risperidone (a1 adrenoceptor), [3H]-rauwolscine and

phentolamine (a2 adrenergic receptor), [3H]-SCH 23390 and

butaclamol (DA D1 receptor), [3H]-spiperone and spiperone

(DA D2 and D3 receptors), [3H]-pyrilamine and clozapine (his-

tamine H1 receptor) and [3H]-RO5166017 and RO5166017

(TA1 receptor). All radioligands were obtained from Perkin-

Elmer (Schwerzenbach, Switzerland), with the exception of

[3H]-RO5166017, which was synthesized at Roche (Basel,

Switzerland).

Monoamine uptake transporter inhibition
The potencies of the drugs to inhibit the SERT, NET and DAT

were evaluated in HEK 293 cells that stably expressed human

SERT, NET and DAT (Tatsumi et al., 1997) as previously

described (Hysek et al., 2012c). The DAT/SERT ratio was cal-

culated as 1/DAT IC50:1/SERT IC50.

Monoamine release
We assessed DAT- and SERT-mediated DA and 5-HT efflux in

HEK 293 cells that overexpressed human DAT or SERT respec-

tively. We cultured the cells in 24-well plates (XF24, Seahorse

Biosciences, North Billerica, MA) coated with poly-D-lysine to

70–100% confluency. After removing the culture medium, we

added 85 mL release buffer (Krebs–HEPES that contained

130 mM NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4,

1.2 mM KH2PO4, 10 mM HEPES, 10 mM D-glucose,

0.2 mg·mL-1 ascorbic acid and 10 mM pargyline) with 10 nM

[3H]-5-HT (SERT cells) or 10 nM [3H]-DA and 1 mM unlabelled

DA (DAT cells). We filled the cells with the respective radi-

olabelled monoamine for 20 min at 37°C. We then removed

the buffer and washed twice with warm buffer. We induced

[3H]-5-HT and [3H]-DA release by adding 1000 mL release

buffer that contained the drugs in different concentrations or

controls. We incubated the cells for 15 min at 37°C and

shaked at 300 r.p.m. on a rotary shaker. We then stopped the

release by removing the buffer and washing the cells twice

with ice-cold buffer. The release time was based on the dif-

ference between drug-stimulated and spontaneous release

(control) over time, which reached its maximum before

15 min. We then added 65 mL lysis buffer and lysed the cells

overnight in a refrigerator. We mixed 50 mL of the cell lysate

suspension with 2.5 mL UltimaGold and determined radio-

activity. The radioactive counts in the cells where no drug was

present in the release buffer (control) was defined as 100%,

and the percentages of radioactivity that remained in the cells

treated with drugs were calculated. Pure uptake transporter

inhibitors, including imipramine, citalopram, cocaine and

mazindol, have been shown to produce apparent substrate

efflux from monoamine-preloaded HEK cells that is explained

by inhibition of transporter-mediated re-uptake of the sub-

strate that diffuses out of the cells (Scholze et al., 2000). The

DAT inhibitor mazindol and SERT inhibitor citalopram

reduced the amount of preloaded DA and 5-HT (mean � SD)

by 15.6 � 7 and 19.6 � 8%, respectively, at the maximal

concentration of 100 mM (Emax) compared with controls. This

nonspecific release was subtracted from total release at the

maximal drug concentration of 100 mM to yield Emax values of

specific transporter-mediated release. We considered any drug

that produced significantly higher maximal DA efflux com-

pared with mazindol to be a DA releaser and a drug that

produced significantly higher maximal 5-HT efflux compared

with citalopram as a 5-HT releaser. EC50 values were calculated

using Prism (GraphPad, San Diego, CA). ANOVA followed by

Dunnett’s tests were used to compare drug effects with the

control condition. Efflux was studied in DAT- and SERT-

expressing cells because the action of a drug on the DA and

5-HT system was considered to be relevant for predicting its

stimulant-like properties and abuse potential (Rothman and

Baumann, 2006).

Cytotoxicity
Cell membrane integrity was verified using the ToxiLight

BioAssay Kit (Lonza, Basel, Switzerland) for all of the drugs

(10 and 100 mM) after 4 h of incubation at 37°C.

Transendothelial BBB transport
Transendothelial transport was assessed for a selection of

compounds using a human in vitro BBB permeability model

(Sano et al., 2010; 2012). Conditionally immortalized human

brain capillary endothelial cells (TY09) were obtained from

the Department of Neurology and Clinical Neuroscience,

Yamaguchi University, Japan. TY09 cells express the human

blood-to-brain influx and brain-to-blood efflux transporters,
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form tight cell monolayers and retain BBB-specific properties

independent of cell passage number (Sano et al., 2012). The

cells were grown in growth medium (EGM-MV BulletKit

CC-3125, Lonza, Verviers, Belgium) supplemented with

20% FBS (AMIMED, BioConcept, Allschwil, Switzerland),

100 U·mL-1 penicillin (Sigma, Buchs, Switzerland) and

100 mL·mL-1 streptomycin (Sigma). The cells were seeded on

Transwell polycarbonate membrane inserts (Corning, Baar,

Switzerland; 0.4 mm pore size, 12 mm insert diameter) pre-

coated with rat tail collagen type 1 solution (Becton Dickin-

son, Allschwil, Switzerland) at a density of 5 ¥ 104 cells·cm-2

and grown to confluence. Before the initiation of the trans-

port studies, the cell culture medium was replaced with pre-

warmed transport buffer (HBSS supplemented with 10 mM

HEPES and 1 mM Na-Pyruvate, pH 7.4), and 1.5 mM of the

test substance was added to the donor compartment of a

Transwell filter insert. The extracellular marker Lucifer yellow

CH dilithium salt (Sigma) was always combined with the test

compound in the same experiment to provide a control for

cellular tightness. The initial concentration of Lucifer yellow

applied was 10 mM. After 10, 20, 30, 45 and 60 min, 200 mL

samples were collected from the acceptor compartment and

replaced by buffer. Additionally, a sample of 200 mL was taken

from the stock solution and analysed. Lucifer yellow was

quantified by fluorescence spectroscopy using a Spectramax

M2 spectrophotometer (Molecular Devices, Sunnyvale, CA).

Drug concentrations were determined using HPLC

coupled to tandem MS. The analytes were extracted using

methanol that contained 0.1 mg·mL-1 MDMA-d5 (Lipomed,

Arlesheim, Switzerland). Chromatographic separation was

performed on a Shimadzu HPLC system (Shimadzu, Reinach,

Switzerland). A Reprosil Fluosil 100 PFP column (50 ¥ 2 mm,

2.2 mm, Dr Maisch, Ammerbuch-Entringen, Germany) was

used for the separation of the analytes. Eluent A (0.1% formic

acid in water) and eluent B (0.1% formic acid in methanol)

were used with the following gradient: 5% B for 0–0.4 min,

5–98% B for 0.4–1.9 min, 98% B for 1.9–2.7 min, and 5% B

for 2.7–3 min. The mobile phases were delivered at a constant

flow rate of 0.35 mL·min-1. The total run time was 3.0 min.

The column oven was set at 40°C. The injection volume was

10 mL. MS detection was performed using a triple quadrupole

MS (API3200, Applied Biosystems, Rotkreuz, Switzerland)

operated in electrospray ionization positive-ion mode. The

assays were linear in the concentration range of 1.2–

300 ng·mL-1 for all of the analytes. The selected mass-to-

charge (m/z) ratio transitions of the protonated MH+ analyte

ions used in selective reaction monitoring mode were the

following: MDMA 194 → 163, MDMA-d5 199 → 165, mephe-

drone 178 → 160, methylone 208 → 160, cocaine 304 → 182,

cathinone 150 → 132, methcathinone 164 → 146, ampheta-

mine 136 → 91, methamphetamine 150 → 91, MDPV

276 → 126. The dwell time was set at 20 ms for all of the

analytes.

Permeability coefficients were calculated according to

Equations 1–3 (Cecchelli et al., 1999):

Clearance mL Cl mL( ) ( )= =
− X Cd

(1)

where X is the cumulative amount of drug transported to the

acceptor compartment, and Cd is the concentration of the

substance in the donor compartment at each time point. Cd is

calculated by subtracting the accumulated transported

amount of drug from the initial amount in the donor com-

partment determined from the stock solution. Cl refers to the

total cleared volume at each time point. The permeability-

surface area product (PS) is determined by plotting Cl as a

function of time. The slope of the curve represents the PS

value. The PS values of the cell monolayer plus filter (PStotal)

and porous filter (PSfilter) were determined and used for the

calculation of the permeability coefficient (Pe) according to

the following equations:

1 1 1PS PS PSe total filter= − (2)

P PS Ae e= (3)

where A is the surface area of the filter. The Pe ratios were

obtained by normalizing the Pe values of the test compounds

(Pe test) with the corresponding Pe values of the extracellular

marker Lucifer yellow (Pe Lucifer yellow): Pe ratio = Pe test/Pe

Lucifer yellow. Pe � 1 indicates low trancellular permeability as

observed with highly hydrophilic compounds, such as

sucrose. Pe > 1 and <3 indicates intermediate permeability,

and Pe � 3 indicates high permeability (Sano et al., 2012).

Estimates of partition coefficient (CLogP) values (Ghose et al.,

1998) were calculated using ChemDraw Ultra 11 (Cambridg-

eSoft, Cambridge, MA).

Results

Receptor binding profiles
The monoamine transporter and receptor binding affinities

are shown in Table 1. Pyrovalerone and MDPV exhibited very

high affinity for the DAT and NET in the low nanomolar

range (<10 nM), consistent with their high potency as DAT

and NET inhibitors (Table 2). Cathinone and methcathinone

showed similar monoamine transporter binding profiles to

amphetamine and methamphetamine, with binding affini-

ties for the DAT and NET in the low micromolar range

(<10 mM) and no affinity for the SERT (>30 mM). Transporter

binding affinities for the DAT and SERT were generally lower

than the respective potencies as transporter inhibitors for

those compounds that also released DA or 5-HT respectively.

Mephedrone, flephedrone and methcathinone were the only

cathinones that exhibited relevant (<10 mM) 5-HT2A receptor

binding. These compounds and cathinone also bound to a1

adrenoceptors, which was not seen for the other drugs inves-

tigated. Cocaine and all of the cathinones showed lower

binding affinity for TA1 receptor compared with the non-b-

keto analogue amphetamines.

Inhibition of monoamine transporters
The effects of the cathinones and reference substances on

monoamine transporter function are shown in Figure 2. IC50

values for monoamine transport inhibition and DAT/SERT

inhibition ratios are shown in Table 2. Significant differences

were observed in the absolute and relative potencies of the

cathinones to inhibit monoamine transporter function.

Pyrovalerone and its derivative MDPV were the most potent

DAT inhibitors, significantly more potent than all of the

BJPPharmacology of cathinones
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other drugs. The rank order of potency for DAT inhibition

was MDPV and pyrovalerone >> naphyrone, cocaine, meth-

amphetamine, amphetamine and methcathinone > buty-

lone, mephedrone, methylone, ethylone, flephedrone and

MDEA > cathinone, MDMA and MBDB. The rank order of

potency for SERT inhibition was naphyrone, MDEA and

MDMA > MBDB, cocaine, ethylone, mephedrone and buty-

lone >> all of the others. The DAT/SERT inhibition ratios

ranged from >100 for pyrovalerone and MDPV (mostly DAT

inhibition) to 0.08 for MDMA (mostly SERT inhibition). The

entactogens MDMA, MBDB and MDEA were the only drugs

that blocked the SERT significantly more potently than the

DAT (DAT/SERT ratio << 1). Ethylone, mephedrone, naphy-

rone, butylone and methylone were similar to cocaine, with

DAT/SERT selectivity ratios in the range of 1–4. Cathinone

and methcathinone were similar to their non-b-keto ana-

logues amphetamine and methamphetamine, with DAT/

SERT inhibition ratios >10. The rank order of potency for NET

inhibition was pyrovalerone and MDPV > methampheta-

mine, methcathinone and amphetamine > cathinone, flephe-

drone, naphyrone and mephedrone > MDMA, cocaine and

methylone > MDEA, butylone, ethylone and MBDB. DAT and

NET but not SERT inhibition potency (IC50) values were cor-

related with psychotropic effective doses (Table 2) as reported

from experimental studies (Martin et al., 1971) or by recrea-

tional users (Derungs et al., 2011) http://www.erowid.org;

accessed June 20, 2012). The Spearman rank correlation coef-

ficients were rs = 0.73 and 0.79 respectively (both P < 0.01).

Monoamine release
Amphetamine, methamphetamine, cathinone, methcathi-

none, flephedrone, mephedrone and MDMA released DA

through the DAT (Figure 3 and Table 3). However, the

potency of MDMA to release DA was low (EC50 > 10 mM). The

entactogens MDMA, MDEA and MBDB, as well as the cathi-

nones methylone, ethylone, butylone and mephedrone

released 5-HT through the SERT. Amphetamine, metham-

phetamine, methcathinone and flephedrone also released

5-HT, however, only at very high concentrations (EC50 >

33 mM). The pyrovalerone derivatives, including pyrova-

lerone, naphyrone and MDPV, produced no DA or 5-HT efflux

similar to cocaine, indicating that these pyrovalerone deriva-

tives act as very potent transporter inhibitors but not sub-

strate releasers.

Cytotoxicity
None of the drugs showed apparent cytotoxicity at the con-

centrations used in the functional assays.

Transendothelial transport
All of the positively tested drugs exhibited Pe ratios �3, indi-

cating high permeability (Table 4). Pe ratios for mephedrone

and MDPV were >10, suggesting very high permeability.

Additionally, the apical to basolateral transport of MDPV was

significantly greater (P < 0.05) than basolateral to apical trans-

port, consistent with active transport by one of the blood-to-

brain influx carriers. Pe ratios could not be calculated for

cocaine and cathinone because of low recovery.T
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Discussion

All of the cathinones were inhibitors of the monoamine

transporters, but their selectivity for the SERT, NET and DAT

varied considerably. Further, most of the compounds were

substrate releasers. Thus, important pharmacological differ-

ences were found between different cathinones. We classified

the cathinones into three groups based on, firstly, their rela-

tive potency to act as SERT, NET and DAT inhibitors and,

secondly, their action as substrate releasers: (1) cocaine-

MDMA-mixed cathinones (including mephedrone, methyl-

one, ethylone, butylone and naphyrone, which act as

relatively nonselective monoamine uptake inhibitors similar

to cocaine and, with the exception of naphyrone, also as

MDMA-like 5-HT releasers); (2) methamphetamine-like cathi-

nones (including cathinone, methcathinone and flephe-

drone, which act as preferential catecholamine inhibitors and

DA releasers, similar to amphetamine and methampheta-

mine); and (3) pyrovalerone–cathinones (including pyrova-

lerone and MDPV, which act as very potent and selective

catecholamine uptake blockers but not substrate releasers).

The potency of drugs of abuse to inhibit the NET and DAT

or activate the NA and DA system is associated with their

psychostimulant effects and enhanced abuse liability

(Rothman et al., 2001). Consistently, we found that the doses

of the drugs abused by humans correlated with their potency

to inhibit catecholamine transport. In contrast, relatively

increased activation of the 5-HT system is linked to a reduc-

tion in abuse potential (Wee et al., 2005; Rothman and

Table 2
Monoamine transport inhibition

NET DAT SERT DAT/SERT ratio Recreational dose*

IC50 (mM) (95% CI) IC50 (mM) (95% CI) IC50 (mM) (95% CI) Ratio (95% CI) mg

MDMA 0.447 (0.33–0.60) 17 (12–24) 1.36 (1.0–2.0) 0.08 (0.04–0.16) 100

MBDB 2.80 (1.9–4.1) 22 (20–26) 2.04 (1.4–3.0) 0.09 (0.05–0.15) 200

MDEA 1.02 (0.78–1.3) 9.3 (8.0–11) 1.27 (0.93–1.7) 0.14 (0.01–0.21) 125

Ethylone 2.54 (2.0–3.2) 5.68 (4.9–6.5) 4.46 (3.8–5.2) 0.8 (0.6–1.1) 175

Mephedrone 0.254 (0.22–0.30) 3.31 (2.6–4.2) 4.64 (3.7–5.9) 1.4 (0.9–2.4) 150

Naphyrone 0.25 (0.20–0.32) 0.47 (0.40–0.55) 0.96 (0.85–1.09) 2.0 (1.5–2.7) 25

Butylone 2.02 (1.5–2.7) 2.90 (2.5–3.4) 6.22 (4.3–9.0) 2.1 (1.3–3.6) 150

Cocaine 0.451 (0.38–0.59) 0.768 (0.6–1.0) 2.37 (2.0–2.9) 3.1 (2–4.8) 75

Methylone 0.542 (0.39–0.75) 4.82 (3.8–6.1) 15.5 (10–26) 3.3 (1.5–6.8) 150

Flephedrone 0.246 (0.16–0.37) 6.35 (4.2–9.5) >10 5.8 (0.8–41) 200

Cathinone 0.199 (0.15–0.26) 14.0 (10–20) >100 >10 50

Methcathinone 0.085 (0.06–0.17) 1.12 (0.83–1.5) >10 >10 59

Amphetamine 0.094 (0.06–0.14) 1.30 (0.83–2.0) >10 >10 30

Methamphetamine 0.064 (0.04–0.09) 1.05 (0.74–1.5) >10 >10 30

Pyrovalerone 0.043 (0.03–0.06) 0.035 (0.03–0.04) 13.0 (10.8–15.8) >100 20

MDPV 0.044 (0.03–0.07) 0.031 (0.03–0.04) 9.30 (6.8–12.8) >100 5

Values are means of three to four independent experiments and 95% confidence intervals (CI).

Drugs are ranked according to the DAT/SERT ratio = 1/DAT IC50 : 1/SERT IC50.

*Estimated average.

Table 3
Monoamine release from monoamine-preloaded cells

DAT SERT

EC50 (mM)

(95% CI)

EC50 (mM)

(95% CI)

MDMA 22 (8.9–53) 5.63 (3.5–9.2)

MBDB >100 2.49 (1.0–6.9)

MDEA >100 2.88 (1.6–5.0)

Ethylone >100 9.90 (2.4–40)

Mephedrone 3.75 (1.7–8.4) 5.98 (3.2–11)

Naphyrone >100 >100

Butylone >100 5.5 (1.8–17)

Cocaine >100 >100

Methylone >100 >10

Flephedrone 12.5 (5.7–28) >33

Cathinone 5.64 (3.0–10) >100

Methcathinone 2.36 (1.7–3.3) >33

Amphetamine 1.76 (1.1–2.9) >33

Methamphetamine 1.56 (0.9–2.8) >33

Pyrovalerone >100 >100

MDPV >100 >100

Values are means.
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Baumann, 2006; Baumann et al., 2011) and more ‘entac-

togenic’ MDMA-like subjective drug effects (Liechti et al.,

2000a). Thus, the relative in vitro effect on the DAT versus

SERT is useful to predict drug characteristics in vivo and

compare novel cathinones with known psychostimulants.

MDMA is selective for the SERT, with a DAT/SERT inhibition

ratio of 0.08 (present study) and DA/5-HT release potency

ratio <1 (Baumann et al., 2012), and produces positive mood

effects in humans with little psychostimulation (Liechti et al.,

2001). Cocaine has a DAT/SERT ratio close to unity, and

methamphetamine is more selective for the DAT, with a DAT/

SERT inhibition ratio >10 and DA/5-HT release ratio >100

(Baumann et al., 2012) and has mostly psychostimulant

effects in humans.

Cocaine-MDMA-mixed cathinones
Mephedrone, methylone, ethylone, butylone and naphyrone

exhibited relative DAT versus SERT inhibition potencies in

the range of 1–5, similar to cocaine. Uptake inhibition studies

using rat synaptosomes found that mephedrone was equally

potent at the DAT and SERT (Hadlock et al., 2011). Methylone

and butylone were slightly more potent DAT than SERT

inhibitors at the human transporter as previously shown for

methylone (Cozzi et al., 1999). Equal uptake inhibition

Figure 3
Dopamine and 5-HT release. HEK 293 cells that stably express the DA or 5-HT transporter were preloaded with [3H]-DA or [3H]-5-HT, respectively,

washed and incubated with drugs. Transporter-mediated release is expressed as % reduction in monoamine cell content at the maximal drug

concentration (100 mM) compared with controls. **P < 0.01, ***P < 0.001, significant effects compared with controls. The EC50 values are shown

in Table 3. The data are expressed as the mean � SEM of three independent experiments.

Table 4
Blood-brain barrier permeability

Pe ratio

Apical to basolateral Basolateral to apical Permeability aActive transport bCLogP

MDMA 6.0 � 0.56 7.4 � 2.4 + No 1.85

Mephedrone 14.0 � 10.4 12.2 � 6.1 ++ No 1.67

Methylone 6.1 � 2.8 5.3 � 1.3 + No 1.39

Methcathinone 5.9 � 2.8 8.5 � 3.2 + No 1.19

Amphetamine 6.3 � 3.7 5.2 � 1.3 + No 1.74

Methamphetamine 5.4 � 1.1 6.4 � 3.0 + No 1.74

MDPV 37.2 � 11.3 12.0 � 11.2 ++ Yes 3.80

Data are expressed as mean � SD (n = 3–9).

Pe ratios indicate the blood–brain barrier permeability of the drug in relation to the extracellular marker lucifer yellow (Pe = 1).

+, high permeability (Pe ratio >3). ++, very high permeability (Pe ratio >10).
aP <0.05 significant difference between apical to basolateral compared with basolateral to apical transport indicating active transport.
bCLogP, prediction of partition coefficient (lipophilicity).
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potencies for the DAT and SERT were shown for methylone

and butylone using rat brain synaptosomes (Nagai et al.,

2007; Lopez-Arnau et al., 2012). Ethylone was an equipotent

inhibitor of all three transporters, and we are not aware of

other published data. Compared with methylone, ethylone

and butylone, the respective non-b-keto analogue entac-

togens MDMA, MDEA and MBDB were 10-fold more selective

for the SERT versus DAT, consistent with previous data on

methylone and MDMA (Cozzi et al., 1999; Nagai et al., 2007).

Together the data indicate that the cocaine–MDMA–mixed

cathinones are more dopaminergic with regard to monoam-

ine transporter inhibition than their entactogen analogs.

In terms of monoamine release, the cocaine–MDMA–

mixed cathinones were comparable with MDMA. Ethylone

and butylone released 5-HT, comparable with their non-b-

keto entactogen analogues MBDB and MDEA, but with lower

potency. Previous studies found that the monoamine release

profiles of mephedrone and methylone resembled those of

MDMA, with DAT/SERT and NET/DAT ratios close to unity

(Nagai et al., 2007; Baumann et al., 2012). However, mephe-

drone was a more potent releaser of DA than MDMA in the

present study and from striatal suspensions preloaded with

DA (Hadlock et al., 2011). An in vivo microdialysis study in

rats showed that mephedrone also produced a rapid and

pronounced increase in nucleus accumbens DA levels, com-

parable with amphetamine and unlike MDMA, which only

moderately elevates DA levels (Kehr et al., 2011). Both

mephedrone and MDMA also produced strong increases in

extracellular 5-HT, whereas amphetamine had only a moder-

ate effect on 5-HT levels (Kehr et al., 2011). Other microdi-

alysis studies showed that mephedrone and methylone

elevated extracellular DA and 5-HT levels in the rat nucleus

accumbens, with relatively higher effects on 5-HT levels

(Aarde et al., 2011; Baumann et al., 2012), similar to MDMA

and unlike methamphetamine, which preferentially increases

DA (Baumann et al., 2012). Thus, mephedrone shares some of

the DA-releasing properties of amphetamine and metham-

phetamine and 5-HT-releasing property of MDMA. Mephe-

drone also produced relatively weak motor stimulation

similar to MDMA, unlike amphetamine that strongly

increases locomotor activity in rats (Kehr et al., 2011), and a

preference to move along the walls of the test box (Motbey

et al., 2012) as previously described for MDMA. Like MDMA,

mephedrone also reduced voluntary wheel running in rats,

while running was increased by methamphetamine or MDPV

(Huang et al., 2012). Similar to mephedrone, methylone was

also reported to be a weak motor stimulant compared with

methamphetamine (Baumann et al., 2012). Drug discrimina-

tion studies in rats also showed that methylone generalized

well to MDMA and at lower potency also to amphetamine

(Dal Cason et al., 1997). Mephedrone is self-administered by

rats (Aarde et al., 2011; Hadlock et al., 2011), has been

reported to produce strong craving in humans (Brunt et al.,

2011) and when administered intranasally is rated by users to

be more addictive than cocaine (Winstock et al., 2011). Fur-

thermore, mephedrone showed very high BBB permeability

in our in vitro model, confirming that mephedrone readily

enters the brain (Hadlock et al., 2011). Overall, the pharma-

cological effects of mephedrone and methylone appear to be

relatively similar to those of MDMA but share more of the DA

system-stimulating properties of amphetamine and metham-

phetamine and the DAT versus SERT inhibition profile of

cocaine. The subjective effects of mephedrone have been

reported to be similar to those of cocaine (Winstock et al.,

2011) but also MDMA (Carhart-Harris et al., 2011). Impor-

tantly, MDMA is mostly used orally, whereas intranasal

administration is the most common route of use for mephe-

drone (Winstock et al., 2011) and cocaine. Users noted that

the high obtained with the intranasal use of mephedrone was

similar to or better than the high produced by cocaine (Win-

stock et al., 2011). These observations indicate that the oral

use of mephedrone produces overall similar effects to MDMA,

whereas intranasal use results in more cocaine-like psycho-

tropic effects. Similar to mephedrone and methylone, ethyl-

one and butylone may be associated with an increased risk of

addiction compared to their non-b-keto analogues because of

the stronger relative activation of the DA system.

The pyrovalerone derivative naphyrone exhibited a

monoamine uptake transporter inhibition profile that was

very close to that of cocaine, with equal relative potency at all

three transporters. Similar to cocaine, naphyrone was not a

monoamine releaser. Naphyrone is distinct from pyrova-

lerone and its derivative MDPV because of its higher absolute

and relative SERT-inhibiting potency. Although the structure

would suggest similar pharmacological effects to the other

pyrovalerone derivatives, the additional SERT inhibition may

indicate more similar effects to cocaine in humans (Derungs

et al., 2011).

Methamphetamine-like cathinones
Cathinone and methcathinone exhibited a relative monoam-

ine transporter inhibition profile that was very similar to that

of the non-b-keto analogues amphetamine and metham-

phetamine, with high inhibitory potencies at the DAT and

low potencies at the SERT, consistent with previous findings

(Cozzi et al., 1999; Fleckenstein et al., 1999). Cathinone and

methcathinone were also potent releasers of DA but not 5-HT,

similar to amphetamine and methamphetamine. Cathinone

and methcathinone have previously been shown to release

radiolabelled DA and 5-HT from rat brain preparations with

similar DA versus 5-HT selectivity to amphetamine (Kalix,

1990) and methamphetamine (Glennon et al., 1987), but

with two- to three-fold lower potency. Methcathinone has

been shown to be a substrate for the transporter (Cozzi and

Foley, 2003), similar to the classic amphetamines and MDMA

(Rothman et al., 2001; Verrico et al., 2007). Cathinone and

methcathinone produce amphetamine-like locomotor stimu-

lation in animals (Glennon et al., 1987; Kelly, 2011), and

cathinone is self-administered by rats (Gosnell et al., 1996) or

rhesus monkeys (Johanson and Schuster, 1981; Woolverton

and Johanson, 1984) with reinforcing efficacies comparable

to amphetamine and cocaine. Clinically, cathinone and

methcathinone have been reported to produce similar toxic-

ity to amphetamine, including hypertension, hyperthermia,

euphoria, locomotor activation and hallucinations following

higher or repeated doses (Kalix, 1990; Widler et al., 1994).

Thus, the pharmacology of cathinone and methcathinone

is qualitatively very close to that of amphetamine and

methamphetamine.

Flephedrone was a DAT but not a SERT inhibitor, similar

to its analogue 4-fluoroamphetamine (Nagai et al., 2007).

Flephedrone released DA but not 5-HT (IC50 >33 mM). The

BJP LD Simmler et al.

466 British Journal of Pharmacology (2013) 168 458–470



DAT/SERT selectivity profile of flephedrone is therefore equal

to the methamphetamine-like cathinones. In contrast,

flephedrone had higher 5-HT2A receptor binding that was

similar to mephedrone and MDMA. We are not aware of any

other in vitro or in vivo data on flephedrone. Agitation and

psychosis were reported in a patient who insufflated flephe-

drone and MDPV powder (Thornton et al., 2012).

Pyrovalerone cathinones
Pyrovalerone and its derivative MDPV were very potent DAT

inhibitors as previously shown (Meltzer et al., 2006) and at

least 10-fold more potent than cocaine and methampheta-

mine. In contrast to the pyrovalerone derivative naphyrone,

MDPV and pyrovalerone are weak inhibitors of the SERT,

resulting in high DAT selectivity, with DAT/SERT inhibition

ratios >100. MDPV and pyrovalerone were also the most

potent NET inhibitors. Despite the high potency to block the

DAT, pyrovalerone and MDPV did not produce DA efflux.

Thus, pyrovalerone derivative cathinones are pure trans-

porter uptake inhibitors. Consistent with the potent effect on

catecholamine carriers, MDPV, compared with mephedrone,

produced behavioural effects in animals at lower doses (Aarde

et al., 2011) and has been reported to produce mostly sym-

pathomimetic toxicity and psychotic reactions in humans

(Spiller et al., 2011). Similar to methamphetamine, MDPV

and pyrovalerone did not exhibit affinity for the 5-HT2A

receptor and exhibited low affinity for TA1 receptors, consist-

ent with the other cathinones.

Pyrovalerone derivatives have been suggested to easily

cross the BBB because of their high lipophilicity (Meltzer

et al., 2006; Coppola and Mondola, 2012). All of the cathi-

nones and non-b-keto amphetamine analogues showed good

membrane permeation in our in vitro BBB model, but we

indeed documented very high transmembrane permeability

of MDPV and a potential active transport. Although the high

brain uptake may contribute to the higher potency of MDPV

compared with the non-pyrovalerone cathinones, the high

potency at the NET and DAT is more likely to be responsible

for the psychotropic effects at low doses in humans. In fact,

we found that the potencies to inhibit the NET and DAT were

significantly correlated with the doses reported to produce

psychotropic effects in recreational users. Consistently,

pyrovalerone and MDPV are at least 10-fold more potent

inhibitors of the NET or DAT compared with mephedrone;

this was demonstrated in the present study and previously

(Meltzer et al., 2006), and are used recreationally at approxi-

mately 10-fold lower doses than mephedrone (Derungs et al.,

2011), whereas both MDPV and mephedrone exhibited very

high BBB penetrance in our study. The potency of the pyrova-

lerone derivatives at the DAT and NET and high brain pen-

etrance could result in high sympathomimetic toxicity and

risk of addiction in humans. MDPV has also been shown to

be a potent reinforcer in rats, similar to methamphetamine

(Watteron et al., 2011).

Structure–activity relationship and binding to
monoamine receptors
b-Keto-amphetamines appear to have similar effects on

plasma membrane monoamine transporters compared with

their non-b-keto analogues, with slightly higher selectivity

for the DAT over the SERT. b-Keto-analogue cathinones also

exhibited approximately 10-fold lower affinity for the TA1

receptor compared with their respective non-b-keto ampheta-

mines. TA1 receptors play an important role in the modula-

tion of dopaminergic and 5-hydroxytryptaminergic activity

(Lindemann et al., 2008; Revel et al., 2011). Activation of TA1

receptors negatively modulates dopaminergic neurotransmis-

sion. Importantly, methamphetamine decreased DAT surface

expression via a TA1 receptor-mediated mechanism and

thereby reduced the presence of its own pharmacological

target (Xie and Miller, 2009). MDMA and amphetamine have

been shown to produce enhanced DA and 5-HT release and

locomotor activity in TA1 receptor knockout mice compared

with wild-type mice (Lindemann et al., 2008; Di Cara et al.,

2011). Because methamphetamine and MDMA auto-inhibit

their neurochemical and functional effects via TA1 receptors,

low affinity for these receptors may result in stronger effects

on monoamine systems by cathinones compared with the

classic amphetamines. The higher selectivity of the cathi-

nones for the DAT and lack of TA1 receptor binding may

result in an increased risk of dependence compared with

classic non-b-keto analogue stimulants (Rothman and

Baumann, 2006). Because 5-HT release dampens the stimu-

lant effects of amphetamine-type drugs, the lower activity of

the cathinones at the SERT would be expected to result in

more stimulant-like effects (Baumann et al., 2011) compared

with the non-b-keto analogues. The a-ethyl-substituted com-

pounds MBDB and butylone exhibited fivefold lower absolute

and relative NET inhibition potencies than their a-methyl-

analogues MDMA and methylone, in line with previous

studies (Montgomery et al., 2007). The lower affinity for NET

has been associated with the low stimulant and euphorigenic

properties of MBDB (Montgomery et al., 2007).

Several of the drugs evaluated in the present study exhib-

ited moderate direct affinity for 5-HT receptors and adreno-

ceptors, with Ki values in the 1–10 mM range. Direct

interactions between MDMA and 5-HT2 receptors rather

than indirect agonist effects via 5-HT release have been sug-

gested to contribute to MDMA-induced excitation and

hallucinogen-like perceptual alterations at higher doses

(Liechti et al., 2000b; 2001). MDMA, MBDB, mephedrone,

flephedrone and methcathinone bound to 5-HT2A receptors,

consistent with previous data on mephedrone, methylone

and MDMA (Lopez-Arnau et al., 2012; Martinez-Clemente

et al., 2012). Stimulation of 5-HT2A receptors has also been

shown to enhance DA release (Gudelsky et al., 1994), poten-

tially increasing abuse liability. Although flephedrone and

methcathinone show low potency at the SERT, these drugs

may have direct effects on the 5-HT system via 5-HT2A recep-

tor activation at higher doses. Amphetamine and metham-

phetamine bound to 5-HT1A receptors, potentially resulting

in behavioural effects that are opposite to those induced

by 5-HT2A receptor stimulation (Nichols, 2004; Gatch et al.,

2011). Mephedrone, flephedrone, cathinone and methcathi-

none exhibited affinity for a1A adrenoceptors, which have

been implicated in stimulant-induced vasoconstriction,

hyperthermia (Hysek et al., 2012b) and euphoria (Newton

et al., 2012). Finally, amphetamine and methamphetamine

bound to a2A receptors, which modulate NA release and sym-

pathomimetic toxicity (Hysek et al., 2012a).
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It is important to note that we assessed the effects of

racemic cathinones, whereas stereoselective and drug-specific

interactions have been demonstrated for amphetamines

(Lyon et al., 1986; Steele et al., 1987; Acquas et al., 2007).

Furthermore, we did not investigate drug interactions with

intracellular targets such as monoamine oxidase or the

vesicular monoamine transporter.

In summary, considerable differences were found in the

pharmacology of the different cathinones. Mephedrone,

methylone, ethylone, butylone and naphyrone acted as non-

selective monoamine uptake inhibitors, similar to cocaine

and, with the exception of naphyrone, also induced the

release of 5-HT, similar to MDMA. Cathinone and methcathi-

none were found to be selective catecholamine uptake inhibi-

tors and releasers, similar to their non-b-keto analogues

amphetamine and methamphetamine. Pyrovalerone and

MDPV were shown to be highly potent and selective catecho-

lamine transporter inhibitors but not substrate releasers.
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