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Abstract

The pharmacokinetic profile of oral cocaine has not been fully characterized and prospective data
on oral bioavailability are limited. A within-subject study was performed to characterize the bio-
availability and pharmacokinetics of oral cocaine. Fourteen healthy inpatient participants (six
males) with current histories of cocaine use were administered two oral doses (100 and 200 mg)
and one intravenous (IV) dose (40 mg) of cocaine during three separate dosing sessions. Plasma
samples were collected for up to 24 h after dosing and analyzed for cocaine and metabolites by
gas chromatography-mass spectrometry. Pharmacokinetic parameters were calculated by non-
compartmental analysis, and a two-factor model was used to assess for dose and sex differences.
The mean + SEM oral cocaine bioavailability was 0.32 + 0.04 after 100 and 0.45 + 0.06 after 200 mg
oral cocaine. Volume of distribution (V4) and clearance (CL) were both greatest after 100 mg oral (V4 =
4.2 L/kg; CL = 116.2 mL/[min kg]) compared to 200 mg oral (V4 = 2.9 L/kg; CL = 87.5 mL/[min kg]) and
40 mg IV (V4 = 1.3 kg; CL = 32.7 mL/[min kg]). Oral cocaine area-under-thecurve (AUC) and peak
concentration increased in a dose-related manner. AUC metabolite-to-parent ratios of benzoylec-
gonine and ecgonine methyl ester were significantly higher after oral compared to IV administra-
tion and highest after the lower oral dose. In addition, minor metabolites were detected in
higher concentrations after oral compared to IV cocaine. Oral cocaine produced a pharmacoki-
netic profile different from IV cocaine, which appears as a rightward and downward shift in the
concentration-time profile. Cocaine bioavailability values were similar to previous estimates.
Oral cocaine also produced a unique metabolic profile, with greater concentrations of major and
minor metabolites.

Introduction (either alone or with an activating alkaloid such as quinoa stalk
While cocaine is most commonly used by the smoked, intranasal ashes) and are used in various foods and beverages (e.g., cookies
and intravenous (IV) routes of administration, its oral use is wide- and teas). The few studies examining orally administered cocaine
spread throughout South America. The coca leaves are chewed have demonstrated that orally and parenterally administered cocaine
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produce a qualitatively similar pharmacodynamic profile, including
typical physiological (1) and stimulant-like subjective effects,
although the time-to-onset and peak effects are delayed after oral
compared to parenteral administration (2, 3).

Pharmacokinetic studies have shown that oral cocaine is
absorbed well from the gastrointestinal tract, is detectable in plasma
within 30 min of administration, and reaches peak plasma concen-
trations within 50-90 min (4, 5). Estimates of oral cocaine bioavail-
ability, ranging from 0.20 to 0.60 (5, 6), have been calculated only
retrospectively by comparing data across different groups of subjects
who received acute doses of either oral or IV cocaine. To date, there
have been no prospective studies in humans designed to determine
the oral bioavailability of cocaine. In the context of efforts to
develop a human laboratory model to study cocaine abuse and with-
drawal, a series of studies (3, 7) using orally administered cocaine
was conducted that allowed examination of the pharmacokinetic
profile of oral cocaine.

Cocaine is largely metabolized through four pathways (8-10):
(i) liver carboxylesterase 1 (hCE1) hydrolyzes the methyl ester link-
age of cocaine to form benzoylecgonine (BZE), (ii) intestinal carbox-
ylesterase (hCE2) hydrolyzes the benzoate linkage to form ecgonine
methyl ester (EME), (iii) serum butyrylcholinesterase (BchE) also
produces EME (though with low catalytic efficiency) (11) and (iv)
CYP450 3A4 demethylates cocaine to form norcocaine (NCOC).
Further oxidative metabolism produces several minor hydroxy (e.g.,
m- and p-HOCOC; m- and p-HOBZE) metabolites. It has also been
reported that cocaine can spontaneously hydrolyze i vitro at physi-
ological temperature and pH to form BZE and EME (12, 13) at a
rate of 4.8% total cocaine/h (14), though this observation has not
been verified in vivo. The metabolic disposition of oral cocaine
administration has received little attention. A previous report (15)
indicated that repeated oral cocaine administration produced a met-
abolic profile that was unlike that observed after parenteral adminis-
tration; however, these data were obtained after repeated cocaine
administration, and it was unclear whether the differences in meta-
bolism were due to the chronicity of dosing, the oral route of admin-
istration, or a combination of the two. After acute parenteral
administration, plasma area-under-the-curve (AUC) for BZE has
been estimated to range from 1- to 7-fold that of cocaine (16), but
repeated oral administration resulted in BZE AUC values ~20-fold
higher than cocaine (15). Likewise, EME AUCs after parenteral
cocaine administration are three-fourths that of cocaine (16) while
EME AUGCs after repeated oral administration were 5-fold higher
than cocaine (15).

Under some circumstances, oral cocaine may be a useful route
for human laboratory studies because (i) controlled dosing is easily
achieved, (ii) the more gradual onset of effects, due to reduced sys-
temic bioavailability and slower drug delivery to the brain and
periphery, may present fewer medical risks than with parenteral
administration and (iii) it obviates the exclusion of subjects with
poor venous access and/or the need for approved smoking facilities.
The present study is the first to characterize the bioavailability of
oral cocaine prospectively and adds to the limited literature on the
metabolic profile and pharmacokinetics of oral cocaine.

Methods

Chemicals and materials

Drug standards were obtained from the following sources: cocaine
hydrochloride (Mallinckrodt, St. Louis, MO); BZE tetrahydrate,

NCOC, benzoylnorecgonine (BNE), m-HOCOC, p-HOCOC,
m-HOBZE and p-HOBZE (Research Biochemicals International,
Natick, MA); and EME HCI, [d3]-cocaine HCI, [d3]-BZE tetrahy-
drate and [d;]-EME HCI (Sigma Chemical Company, St. Louis,
MO). Methanol, methylene chloride, 2-propanol and acetonitrile
were HPLC grade and all other chemicals were reagent grade. N,O-
bis (trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethyl-
chlorosilane (TMCS) was purchased from Pierce Chemical Co.
(Rockford, IL). Clean Screen® solid phase extraction columns
(ZSDAUO020) were purchased from United Chemical Technologies
(Bristol, PA).

Participants

To qualify for inclusion, individuals were required to report cocaine
use of at least 6 months’ duration, including the use of smoked or
IV cocaine at least twice weekly for the 6 weeks prior to admission.
A urine drug screen prior to admission confirmed recent cocaine
use. A negative pregnancy test was confirmed prior to enrollment
and again prior to each drug administration. Participants underwent
a physical examination, history, routine laboratory chemistries and
psychiatric assessment. This protocol was approved by the local
Institutional Review Board and complied with the Declaration of
Helsinki. Participants provided written informed consent and were
paid for participation.

Clinical protocol

This study was conducted on a closed inpatient research unit. Upon
admission, participants began a 1-week washout phase to allow for
elimination of cocaine resulting from prior illicit use. Following
washout, three single dose sessions, separated by at least 48 h, were
conducted to determine oral cocaine bioavailability and pharmaco-
kinetics. Some individuals participated in another study separated
by time and with separate washout periods; those data have been
previously reported (15, 17). During each of three test sessions, par-
ticipants received cocaine at 40 mg, IV, and 100 and 200 mg, oral.
The IV dose was administered in a volume of 1mL over a 1 min
infusion. Oral cocaine was administered in double-encapsulated,
hand-polished capsules. Participants were permitted to eat a stan-
dard single serving breakfast two h before the start of the session.
Cigarette smoking was allowed ad libitum with the exception of
30 min before session until session completion. Participation was
terminated if cardiovascular safety parameters were exceeded as fol-
lows: If heart rate > 130 or blood pressure > 165/100 within 4 min
preceding a dose, of heart rate > (220 — subject age) x 0.85 at any
time; or if blood pressure > 180/120 for 4 or more minutes.

Specimen collection and analysis

IV catheters were inserted into the antecubital vein into one or both
arms; one for blood collection and the other for IV infusion when
required. Blood samples were collected relative to IV dosing at the
following times: —30, 1, 3, 5, 10, 15, 20, 30 and 45 min; and 1, 1.5,
2, 3,4, 6,12 and 24 h for the IV condition; and at —30, 0.5, 0.75,
1,1.5,2,2.5,3,4,5,6,7,8, 12 and 24 h relative to oral dosing.
Blood (4 mL) was collected into 5 mL heparinized vacutainers con-
taining 2% (w/v) sodium fluoride and acetic acid to prevent cocaine
hydrolysis. These were centrifuged at 4°C for 10 min at 3,000 rpm.
Plasma was separated and immediately frozen at —30°C until time
of analysis.
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Plasma specimens were analyzed for cocaine and metabolites by
a previously published procedure (18) with minor modifications.
Briefly, plasma samples were prepared for solid phase extraction by
mixing with internal standard solution (dscocaine, d;BZE and
d;EME) and sodium acetate buffer (2 M; pH 4.0). Prepared samples
were centrifuged (3,000 rpm for 10 min), and the supernatant
extracted by solid phase extraction with mixed-mode columns.
The eluent was evaporated under nitrogen in a 40°C water bath
and reconstituted in 20 pL acetonitrile. The samples were then
transferred to autosampler vials and combined with 20 pL of deri-
vatizing reagent (BSTFA with 1% TMCS). The vials were sealed
and incubated at 80°C for 30 min. The instrumentation included
a Hewlett-Packard (Wilmington, DE) 5971 mass selective detec-
tor interfaced to a Hewlett-Packard 5890 A gas chromatograph
with an autosampler (HP7673A). A 1L aliquot of the deriva-
tized sample was injected in the splitless mode onto an HP-1
fused-silica capillary column (12m X 0.2 mm L.D., 0.33 pm film
thickness). The MS was operated in the selected ion-monitoring
mode.

Duplicate calibration curves for each analyte were processed
with each batch of samples. Curves were constructed in drug-free
plasma across the concentration range of 1.25-1,000ng/mL for
cocaine, BZE, EME, BNE, NCOC, m-HOCOC, m-HOBZE, p-
HOCOC and p-HOBZE. The limit of detection for all analytes was
~1 ng/mL. Control samples containing all analytes at concentrations
of 100 and 500 ng/mL were processed in duplicate with each run.
Accuracy of control measurements was within 20% for all analytes.

Pharmacokinetic and statistical analyses
Area-under-the-curve (AUC) and half-life (T;,,) were calculated fol-
lowing IV and oral cocaine administration by non-compartmental
analysis with Win Nonlin software (Pharsight Corporation,
Mountain View, CA). AUC measurements were then used for the
calculation of CL and Vy. Other pharmacokinetic parameters were
calculated with the following formulae:

AUCy1 Dosejy

Oral cocaine bioavailability: F = *
AUG;, " Doseyal

Clearance[(L/h)/kg] CF_L _ [ Dose

m:l - Welght (kg)

Volume of distribution (L/kg): =%[ EL

el

] + weight (kg)

To examine dose-proportionality across all three doses, AUC
ratios for 100/40 mg, 200/40 mg and 200/100 mg were calculated
for each individual and then averaged. Two-factor models (sex: two
levels [male, female] and dose: three levels [oral 100 mg, oral
200 mg, IV 40 mg]) were used to test for differences between Cp,ax,
Tmaxs T12, AUC and AUC ratios of metabolites to cocaine. A sepa-
rate 2-factor model (sex: two levels [male, female] and dose: two
levels [oral 100 mg, oral 200 mg]) was used to compare oral bio-
availability between males and females. Tukey #tests were used to
assess dose and sex post-hoc effects.

Results

Participants

Participants were healthy male (N = 6) and female (N = 8) cocaine
users with a mean age of 33.9 years (range: 25-42). The mean
weight of the males was 84.8kg (range: 71.1-99.4) and mean
weight of females was 69.9 kg (range: 50.9-99.2). Participants char-
acteristics are summarized in Table 1. In total, 15 individuals
enrolled in the study; one was discharged due to poor venous access.
No adverse effects were observed following drug administration for
those who completed the study (n = 14).

Cocaine pharmacokinetics

Mean plasma cocaine concentration-time plots after IV and oral
cocaine administration are shown in Figure 1. For most participants,
a biphasic distribution and elimination curve, characterized by a
slower distribution phase followed by an elimination phase, was
observed after IV cocaine. Two types of concentration—time profiles
were evident: those with the greatest plasma concentrations tended
to reach C, more quickly. The seven individuals with the greatest
Ciax values (above the median) had a mean Ty, of 6.3 min while
the seven with the lowest C,,.x values (below the median) had a
mean T, of 14.3 min. These time-concentration patterns were not
observed with oral dosing. After oral administration, cocaine was
rapidly absorbed and detected in plasma within 30 min in all partici-
pants. Concentration—time plots for oral cocaine showed an absorp-
tion phase followed by an elimination phase, but a distribution
phase was not evident.

The mean oral cocaine bioavailability of the 200 mg dose (0.45 +
0.06) was significantly higher than the 100 mg dose (0.32 + 0.04),
F(1,12) = 11.37, P = 0.006. While females had higher mean bioavail-
ability than males for both doses (females [100:34.3 + 6.2 and
200:47.9 + 8.9] and males [100:29.9 + 3.8 and 200:40.1 + 6.0]), the
groups did not significantly differ, perhaps because of the greater vari-
ability observed for females than males. Pharmacokinetic parameters
that differed as a function of dose and/or route of cocaine administra-
tion in the initial two-factor (sex X dose) model were Cpaxs Tinaxs 11725

Table I. Subject demographic and drug use characteristics

Preferred/ Other lifetime
cocaine usage secondary route drug use history

Age/race/  Weight Lifetime
sex (kg)

(months) for cocaine
42/A/M 97.1 36 IVISM CA, OP
34/AIM  99.4 180 SM/IV CA, OP
33/AIM 75.7 60 IV/SM CA, OP
34/AM 773 24 SM/IV, IN CA, OP
31/A/M  88.0 24 SM/- CA
33/AM 711 36 SM/- CA
25/A/F 68.2 10 v/~ or
40/A/F 99.2 60 SM/- CA
33/A/F 55.6 60 SM/- Sed, OP
33/A/F 94.2 12 SM/- -
36/A/F 83.5 24 SM/- Alc, CA, OP, ST
34/A/F 50.9 108 SM/- -
34/C/F 54.9 NA SM/- Alc, CA
32/A/F 52.3 98 SM/- Alc, CA

A = African-American C = Caucasian; M = male; F = female; IV = intrave-
nous; SM = smoked; CA = cannabis; OP = opioids; Sed = sedatives; Alc =
alcohol; ST = stimulants other than cocaine.
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Figure 1. Mean + SEM (N = 14) plasma cocaine concentrations for 24 h fol-
lowing administration of 100 and 200 mg oral cocaine (top panel) and 40 mg
IV cocaine (bottom panel). Cocaine dosing occurred at time 0.

AUC, V4 and CL, P < 0.05 for all (Table II). The oral cocaine AUC
ratio (200 mg AUC/100 mg AUC) was 2.86 (range: 0.94-4.84), indicat-
ing near-dose proportionality for the oral doses; however, the AUC
ratios for oral compared to IV doses were significantly lower than
expected if cocaine AUC was dose-proportional independent of route of
administration (Figure 2).

Metabolite profiles following IV and oral cocaine
administration

Benzoylecgonine (BZE) and ecgonine methyl ester (EME) were the
primary metabolites detected in plasma following IV and oral
cocaine and were generally detected within 30-60 min. BZE was
detected in plasma for at least 24 h, and EME was detected in
plasma for ~12h. Mean plasma cocaine concentration—time plots
for BZE and EME after IV and oral cocaine administration are
shown in Figure 3. Metabolite pharmacokinetic parameters that dif-
fered as a function of dose and/or route of cocaine administration
were Cpaxs Tmaxs T1/2 and AUC, P < 0.05 (Table II). Peak concen-
trations for BZE and EME were generally reached within 3 h for all
conditions, but BZE T, was significantly delayed after 200 mg
oral cocaine compared to the other two doses (HSD P = 0.006 for
both comparisons). Both BZE and EME were detected at signifi-
cantly greater concentrations after oral compared to IV cocaine

administration, and the AUCs increased in a dose-related fashion
for the two oral doses. The relative magnitude of AUC for cocaine,
BZE and EME was BZE > cocaine > EME for IV administration
and BZE > EME > cocaine for oral administration.

The AUCs of BZE exceeded those of cocaine by a factor of
10-27 (Table II; AUC ratio BZE:Cocaine). A comparison of the
BZE:Cocaine AUC ratios by route of administration (i.e., oral 100
and 200 mg doses vs. IV 40 mg dose), revealed that less than a dose-
proportional amount of BZE was formed after oral cocaine adminis-
tration compared to IV cocaine administration (Figure 2), as would
be expected due to a large first-pass effect.

AUCs of EME exceeded cocaine by a factor of 4-5 after oral
cocaine administration only; the AUC ratio of EME to cocaine was
close to 1, indicating that an equal concentration of the two analytes
was present over the 24-h measurement period (Table II; AUC ratio
EME:Cocaine). EME was present after oral cocaine administration
in concentrations exceeding what would be expected based on dose-
proportional pharmacokinetics as demonstrated by 5-10-fold higher
AUC ratios of EME:cocaine after 100 and 200 mg oral cocaine than
after 40 mg IV cocaine administration (Figure 2).

Minor metabolites were detected in higher concentrations after
oral, compared to IV, cocaine. After all dosing conditions, p-HOBZE
was detected at the highest concentration of any of the minor metabo-
lites (average Cpax 28.5 and 64 ng/mL for oral 100 and 200 mg and
6.3 ng/mL for IV 40 mg), while m-HOCOC and p-HOCOC were
consistently detected in the smallest concentrations (average Cpax <
10 ng/mL for both oral doses and < 1 ng/mL for the IV dose). The rel-
ative magnitude of Cy,,y after oral cocaine was: p-HOBZE > BNE >
m-HOBZE =~ NCOC > p-HOCOC > m-HOCOC. In contrast, the
relative magnitude of C.,.. after oral cocaine was: p-HOBZE >
m-HOBZE > BNE > m-HOCOC > p-HOCOC. While NCOC was
present in plasma after oral cocaine administration (average Cpayx 4.1
and 23.1ng/mL after 100 and 200 mg), it was only identified in
plasma from one participant after IV dosing (Cp.x 86.8 ng/mL at 3 h
post dose). Notably, this was the individual with the highest cocaine,
BZE and EME concentrations after each cocaine dose.

Sex comparisons

Cmax Was the only pharmacokinetic parameter that varied as a func-
tion of sex, with higher C,,, values observed for females than males
when collapsing across doses (Figure 4); however, individual sex
comparisons at each dose were not significant. Females also had
higher BZE and EME C,,, values than males after each cocaine
dose (Figure 4), but these were not significant. When values were
adjusted for body weight, cocaine, BZE and EME C,,,, were all sig-
nificantly different between sexes, P < 0.05.

Discussion

Cocaine pharmacokinetics and bioavailability

Pharmacokinetic parameters for IV cocaine in the present study are in
good agreement with what has been observed previously in controlled
laboratory studies (2, 3, 19-22), with one exception. Ty, was
reached at ~11min in the current study, which is 2-4-fold longer
than what has been previously reported (3, 22). As expected, oral
cocaine administration resulted in a different concentration—time pro-
file compared to IV administration, (i.e., delayed time-to-detection of
cocaine and Ty,.y), also consistent with the few previously reported
studies of oral cocaine administration (4, 5). Females reached greater
maximum plasma concentrations than males, but no other significant
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Table Il. Pharmacokinetic parameters for cocaine and metabolites after oral and intravenous cocaine administration*

Analyte Crnax Tinax T AUC Va Clearance AUC ratio
(ng/mL) (h) (h) (ng h/mL) (L/kg) (mL/[min kg]) metabolite: cocaine
Dose Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM)
range range range range range range range
cocC
IV 40 mg 301 (61.6)° 0.17 (0.03) 1.1 (0.1)* 306 (32.2) 1.3 (0.2) 32.7 (2.7) NA
111-925 0.05-0.33 0.8-1.5 182-656 0.3-2.5 10.8-53.3
Oral 100 mg 115 (14.7)° 1.3 (0.1)° 1.2 (0.1)° 235 (30.0)° 42 (0.5)° 116.2 (13.1) NA
45.1-201 0.8-2.0 0.8-1.4 115-448 1.6-7.5 51.5-190.2
Oral 200mg 268 (33.2) 1.3(0.2)® 1.3 (0.1) 654 (90.0) 2.9 (0.5)° 87.5 (12.9) NA
67.0-570 0.8-3.0 1.0-2.0 151-1,510 1.2-7.6 38.9-221.4
BZE
IV 40 mg 274 (29) 2.0 (0.3) 6.0 (0.3) 2,886 (204) - - 10.1 (0.8)*
172-614 0.8-4.0 4.7-8.2 2,051-4,604 5.5-16.2
Oral 100 mg 587 (37)° 2.0 (0.2) 5.8 (0.3)° 5,782 (441)° - - 27.1 (1.9)°
353-826 1.0-3.0 4.5-8.2 3,785-9,351 16.2-38.2
Oral 200 mg 951 (56)° 3.0 (0.2)° 6.2 (0.3)° 11,132 (786)° - - 20.1 (2.4)
586-1,296 1.5-4.0 4.8-9.1 6,892-16,453 8.8-45.9
EME
IV 40 mg 24 (3)° 1.9 (0.2) 5.4 (0.7) 226 (32)° - - 0.8 (0.1)
7-52 1.0-3.0 2.9-11.7 77-507.1 0.3-1.3
Oral 100mg 179 (15)° 1.9 (0.2) 3.2(0.2)° 1,019 (68.2)° - - 5.2(0.7)°
122-277 1.0-3.0 2.3-4.5 680.5-1,524 1.8-9.3
Oral 200 mg 301 (18)° 2.2(0.2)° 3.4 (0.2)° 1,976 (119.5° - - 43 (1.1)°
227-408 1.0-4.0 2.6-4.2 1,176-2,930 1.3-17.4

*Data are typically means of # = 14. There was a dose effect for all listed parameters (except for EME T,.), with P values ranging from <0.0001 to 0.027.

Values within each analyte that do not share a letter are significantly different.

COC = Cocaine; BZE = Benzoylecgonine; EME = Ecgonine methyl ester; NA = Not applicable.
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Figure 2. Area-under-the-curve (AUC) oral 100 mg:IV 40 mg and oral 200 mg:IV
40 mg ratios for cocaine (COC) and major metabolites, benzoylecgonine (BZE)
and ecgonine methyl ester (EME). AUC ratios for each oral/lV dose were calcu-
lated for each participant and averaged to determine dose-proportionality of
cocaine and metabolite profile across the three dosing conditions. ’AUCs for
cocaine and metabolites after 40 mg IV cocaine = 1, Pdose-adjusted AUC esti-
mate for 100 mg dose = 2.5-fold higher than IV 40 mg dose, °dose-adjusted
AUC estimate for 200-mg dose = 5-fold higher than IV 40 mg dose. Both
Cocaine and BZE AUCs were lower than the dose-proportional estimated val-
ues. Cocaine AUCs were 0.8 and 2.1 for oral 100 and 200 mg relative to IV
40 mg, and BZE AUCs were 2- and 3.9-fold higher than the IV dose. EME AUCs
after oral cocaine exceeded the dose-proportional estimated values, with AUCs
after the 100 and 200 mg dose 5.6- and 10.9-fold higher than the IV dose.

sex differences were observed. The small sample size in this study
may have been insufficient to detect sex effects, if they are present.
This study is the first to report the pharmacokinetic parameters of CL

and Vy for oral cocaine. CL for the 100 and 200 mg oral cocaine doses
was 3.6- and 2.7-fold greater than for IV cocaine. Vy4 for the 100 and
200 mg oral cocaine doses was 3.2- and 2.2-fold greater than for IV
cocaine. The relative magnitude of both CL and V4 values relative to
cocaine dose administered was 100 mg oral > 200 mg oral > 40 mg IV.
Logically, CL and V4 were lowest after IV dosing because the cocaine
was more constrained to the vascular compartment, but it is less clear
why the lower oral cocaine dose would produce the highest CL and Vy4
values. It is possible that exposure to greater concentrations of cocaine
during absorption may have saturated hepatic/intestinal metabolism,
allowing more unchanged cocaine to reach systemic circulation after
200 mg. Though previous reports of oral cocaine bioavailability
(0.20-0.60) were calculated with data obtained from a combination
of oral and IV data obtained from different subjects and/or across dif-
ferent studies (5, 6), qualitatively similar values were obtained for bio-
availability in the current study (range: 0.15-0.93). Also of interest
(and supporting the existence of hepatic/intestinal metabolic satura-
tion at high oral cocaine doses) is that the mean bioavailability of the
200 mg dose (44.6 + 5.6) was significantly higher than the 100 mg
dose (32.4 + 3.8).

Cocaine behaves as a high-extraction drug (23) which undergoes
first-pass metabolism in the intestines and liver, and this may
explain the non-dose-proportional AUC values comparing IV and
oral dosing (40mg IV: 306 + 32.2; 100 mg oral: 235 + 30.0;
200 mg oral: 655 + 90.0). Cocaine is absorbed from the gut and
metabolized before reaching systemic circulation. If AUC was dose-
proportional regardless of route of administration (as would be
expected for high-extraction drugs primarily metabolized hepati-
cally), cocaine 100 and 200 mg should have produced AUC values
2.5 and 5-fold higher than 40 mg, but AUCs were actually 0.77 and
2.14 for oral 100 and 200 mg relative to IV 40 mg.



290 Coe et al.
__ 1000 Oral B Intravenous
D 4 . .
£ 8004 Cocaine Cocaine
5 1 -O- 100mg -O- 40mg
£ ] - 200mg ]
3 600 B |
c 4
Q
S ] ]
o ]
£ 400- ggg%gﬁ%iz%: i
E‘; <
g 200 . 08
=
& ]
0- |1,/l T T T |I//_|_—I — T T T |// T T T !IIIII T
0 025 0. 50 0. 75 100 2 4 6 8 12 24 0 025 050 075 100 2 4 6 8 12 24

400

3001
200-
100- gz;gt%lt%}c

Ecgonine Methyl Ester Concentration (ng/mlL)

IIII T T 7 /1

T
025 050 075 100 2 4 6 8
Time since administration (hours)

Figure 3. Mean + SEM (N =

12 24

/
1 1 1 7

T T T I/’l
0 025 050 075 100 2 4 6 8

Time since administration (hours)

12 24

14) plasma benzoylecgonine (top panels) and ecgonine methyl ester (bottom panels) concentrations for 24 h after administration of

100 and 200 mg oral cocaine (left panels) and 40 mg IV cocaine (right panels). Cocaine dosing occurred at time 0.

Metabolite pharmacokinetics

Benzoylecgonine (BZE) and ecgonine methyl ester (EME) were the
primary metabolites detected in plasma following IV and oral cocaine
administration, but minor metabolites including BNE, p-HOBZE and
NCOC were also detected (though in lower concentrations). In
general, females had greater maximum plasma concentrations of
BZE and EME than males. All metabolites were detected in greater
concentrations after oral compared to IV cocaine. Only one study has
reported plasma metabolite concentrations after controlled oral
cocaine administration (15) and consistent with that report (i.e., AUC
ratios for: BZE/cocaine = 20; EMF/cocaine = ), the AUC ratios of
BZE and EME to cocaine observed here (i.e., AUC ratios for: BZE/
cocaine = 20-27; EME/cocaine = 4.3-5.2) were significantly greater
after oral than IV cocaine. This finding indicated that the rates of
elimination were slower than the rates of formation for BZE after
oral and IV cocaine administration and EME after oral cocaine
administration. As the previous study administered ascending doses
of cocaine every day for 16 days, the unique metabolic profile could
have been attributed to chronicity of dosing and/or the oral route; the
present data suggest that the oral route of administration is responsi-
ble for the unique metabolic profile. Interestingly, the AUC ratios of
BZE and EME to cocaine were highest after the low oral cocaine
dose; perhaps due to saturation of one or more metabolic pathways
(e.g., hCE1/hCE2 conversion of cocaine to BZE). This reduction in

the BZE/cocaine ratio at higher oral cocaine doses was previously
reported (15). A saturable metabolic pathway could also explain the
delayed BZE Ty, after 200 mg compared to 100 mg oral cocaine.

If first-pass metabolism to BZE occurs primarily in the liver, the
dose-adjusted AUC for BZE would be similar regardless of the route of
administration (i.e., cocaine 100 mg and 200 mg would have produced
BZE AUC values 2.5 and 5-fold higher than 40 mg). This parent-to-
metabolite relationship has been demonstrated for other high-extraction
drugs (e.g., morphine) (24). BZE AUCs for the two oral doses were
only 2- and 3.9-fold higher than the IV dose, indicating that an extra-
hepatic pathway may be partially responsible for pre-systemic meta-
bolism of cocaine. The fact that EME AUCs were higher than would
be expected for the two oral cocaine doses (4.5- and 8.7-fold higher
than the IV dose) suggests that hCE2 metabolism in the gut and small
intestine has an important role in oral cocaine metabolism.

Minor metabolites were detected at greater concentrations after
oral compared to IV cocaine. Animal studies with mice, rats and
guinea pigs have indicated that m- and p-HOCOC are formed by
hepatic microsomes (25); therefore, it is logical that a high-
extraction drug like cocaine would produce more of these metabo-
lites after oral compared to IV administration. NCOC is the only
active metabolite of cocaine, has been shown to contribute to overall
effects of IV and oral cocaine in rodents (26) and non-human pri-
mates (27), and is the precursor of other oxidative hepatotoxic
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Figure 4. Maximum plasma concentration of cocaine (top), benzoylecgonine
(BZE) (middle), and ecgonine methyl ester (EME) (bottom) for females (open
bars) and males (solid bars). Top panel: There was a significant effect of sex for
cocaine Cnax [A1,12) = 4.81, P = 0.049], but Tukey comparisons were non-
significant when comparing females and males within each of the three dosing
conditions, P > 0.05. While sex was not a significant factor, females also dis-
played higher Cax values than males for BZE (middle panel) and EME (bottom
panel).

metabolites (28, 29). NCOC is typically detected in very low con-
centrations (i.e., > 10 ng/mL) after parenteral and smoked cocaine
administration (16, 30); however, following repeated oral cocaine
administration in humans, NCOC was detected in plasma at con-
centrations exceeding 100 ng/mL (15). In the present study, maxi-
mum plasma concentrations of NCOC were 4.1 and 23.1ng/mL
after 100 and 200 mg oral cocaine, suggesting that the repeated dos-
ing in the earlier report (15) contributed to the high NCOC concen-
trations more than the oral route of administration.

Conclusion

The present study characterized the pharmacokinetics and bioavailabil-
ity of two single oral doses (100 and 200 mg) compared to an IV dose
(40 mg) of cocaine in 14 healthy participants. As expected, oral cocaine
produced a pharmacokinetic profile different from IV cocaine, which
appears as a rightward and downward shift in the concentration-time
profile. Cocaine AUC values were not dose-proportional when compar-
ing IV to oral doses, as oral cocaine AUCs were lower than dose-
adjustments would predict. Clearance and volume of distribution were
highest after 100 mg oral cocaine, perhaps due to initial saturation of
hepatic/intestinal metabolism after the 200 mg dose. Both BZE and
EME were detected in greater concentrations after oral cocaine than
what is observed after IV dosing. The less-than-dose-proportional AUCs
for BZE after oral IV and oral cocaine suggest that a metabolic pathway
(hCE1) is saturable, while the greater-than-dose-proportional AUCs for
EME suggests that the pre-systemic metabolism by hCE2 plays an
important role in oral cocaine metabolism. Finally, a unique meta-
bolic profile was observed after oral cocaine that resulted in the pro-
duction of substantial amounts of minor metabolites, some of which
have not been detected in plasma after IV cocaine administration.
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