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Abstract—The kinetics of amphetamine elimination were studied in healthy and
nephrectomized mongrel dogs and healthy swine. A similar dose of dl-amphetamine
sulfate (0-66 mg/kg, free base) was administered intravenously to each animal. The
drug concentration in the biological fluids was determined by a sensitive and specific gas
chromatographic method. Amphetamine was extracted from alkaline biologic fluid into
cyclohexane. The trichloroacetamide derivative was prepared and detected by electron
capture. The biological half-life of the drug (mean + S. E. M.) was significantly shorter
in swine (1-05 4 0-05 hr) than in dogs (4-50 + 0-24 hr) (Student’s r-test, P < 0-001).
This was believed to be due to the faster rate of biotransformation of the drug in swine.
Diffusion equilibrium was attained rapidly in both species, and the apparent specific
volumes of distribution were large. The disappearance of amphetamine from plasma
and the appearance of unchanged drug in urine and bile were first-order processes. An
appreciable amount of unchanged amphetamine was excreted in urine while the cumu-
lative amount in bile was small. The renal clearance values in dogs (2:80-5:07 ml
min~! kg~?*) provide evidence that amphetamine probably undergoes glomerular
filtration and tubular reabsorption. Extent of reabsorption was pH dependent. Anaes-
thesia with pentobarbital sodium (ca. 285 mg/kg) did not affect overall clearance
(9:18 ml min~! kg~') in intact dogs. The biological half-life of the drug (mean -+
S. E. M) was significantly longer in nephrectomized dogs (569 4 0-20 hr) than in intact
dogs (4-50 £ 0-24 hr) (Student’s r-test, P < 0-001). Nephrectomy did not significantly
change the extent of plasma protein binding or the apparent specific volume of distri-
bution of the drug. The mean biliary clearance values (0-012 ml min~! kg~!) were
similar in intact and nephrectomized dogs. The renal clearance value, the per cent of
dose excreted unchanged in urine and the highly significant increase in half-life after
nephrectomy provide evidence that in the dog renal excretion is important in the elimina-
tion of amphetamine. However, despite the importance of renal excretion, biotrans-
formation appears to play the major role in the elimination of this drug.

AMPHETAMINE is eliminated from the body by excretion and biotransformation. A
substantial portion of the dose was excreted in the urine of man unchanged,!:? and
urinary pH was an important factor in determining the rate of excretion of this
drug.*~® The metabolites of amphetamine isolated from urine, apart from the
unchanged drug itself, were p-hydroxyamphetamine and benzoic acid and their
conjugates,®-1°

The objective of this work was to elucidate the contribution of renal excretion to
elimination of amphetamine in the dog and the relative roles of renal and biliary
excretion in dogs and swine.

MATERIALS AND METHODS

The experimental subjects were healthy mongrel dogs (10-25 kg), nephrectomized
mongrel dogs (13-23 kg) and healthy swine (14-22 kg). A similar dose (0-66 mg/kg,
1967
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calculated as free base) of dl-amphetamine sulfate* was administered intravenously to
each animal. Venous blood samples were collected at precisely timed intervals;
dipotassium EDTA was the anticoagulant employed. Plasma was separated by
centrifugation and the samples were stored at —10° until assayed for amphetamine.

This study is most conveniently described as consisting of five experiments. The
specific aim and procedure followed in each experiment will be described separately.

Experiment I. To determine the biological half-life of amphetamine and the apparent
volume of distribution of the drug in normal dogs and swine. The experimental
subjects were six healthy, adult, randomly selected mongrel dogs designated by the
letters A—F, and six Yorkshire swine.

Experiment II. To compare quantitatively the amphetamine excreted in urine and
bile. A dose of pentobarbital sodium sufficient to produce medium surgical anaes-
thesia was administered intravenously. The dogs were labeled R, T, V, X and Z. The
ureters and common bile duct were cannulated and the neck of the gall bladder was
occluded by a ligature. After collecting blood, urine and bile samples which served as
blank biological fluids for the experimental subject, the computed dose of ampheta-
mine was administered intravenously. Urine and bile were collected continuously,
the sample tubes were changed each half-hour during the experiment. The volumes of
urine, bile and the urinary pH (pH Metre 26, Radiometer, Copenhagen) were
measured, the tubes were then sealed. Blood samples were also collected at half-hour
intervals.

A similar experiment was performed in three swine (PB, PC and PX).

Experiment III. To determine the rate of elimination of amphetamine in animals
with no renal function. Five randomly selected mongrel dogs were bilaterally nephrec-
tomized (NA-NE). Amphetamine was administered 42-48 hr after removal of the
kidneys. Venous blood samples were collected at regular intervals.

Experiment IV. To determine the effect of nephrectomy upon biliary clearance of
amphetamine. Under pentobarbital anaesthesia the common bile ducts were cannu-
lated in three nephrectomized dogs (NF, NG and NL). Amphetamine was adminis-
tered, bile was collected continuously and a blood sample was drawn each half-hour.

Experiment V. To determine quantitatively the proportion of the dose excreted as
unchanged amphetamine in cumulative (24 hr) urine. The computed dose (1:32 mg/kg)
was administered to six healthy dogs (11-5-23 kg); the animals were retained in
metabolism cages for the duration of this experiment. The final volume and pH of the
urine were measured.

The amphetamine concentration in the biological fluids was measured by a sensitive
and specific gas chromatographic method.’* Amphetamine was extracted from alka-
line biologic fluid into cyclohexane. The trichloroacetamide derivative was prepared
with trichloroacetyl chloride in the organic phase. This derivative was chromato-
graphed on 3% OV-1 and detected by electron capture (Beckman Gas Chromato-
graph, model GC-5).

The concentration of p-hydroxyamphetamine in urine was determined by the
colorimetric method of Axelrod.® The glucuronide and sulfate conjugates of
p-hydroxyamphetamine were also assayed by the method of Axelrod® following
incubation of urine with appropriate enzyme in a suitable buffer.

* Amfetasul, Pitman-Moore, Indianapolis, Ind.
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Glucuronide conjugate. To 3 ml of 0-2 M acetate buffer (pH 4-6) was added 3 ml of
urine and 50 mg B-glucuronidase (beef liver, salt free, 70,000-100,000 units per 10 g,
(Nutritional Biochemicals Corp., Cleveland, Ohio). Sulfate derivative: to 3 ml
of 0-2 M acetate buffer (pH 5-0) was added 3 ml of urine and 1 unit of sulfatase
{Sulfatase, type III: from Limpets, Sigma Chemical Co., St. Louis, Mo). The
mixtures were incubated for 1 hr at 37° in a Dubnoff metabolic shaking incubator.
Following this period the hydroxyamphetamine concentration was determined in
2-5 ml of the incubated mixture.

The extent of plasma protein binding was determined in vitro by the equilibrium
dialysis technique using *H-d-amphetamine (New England Nuclear Corp., Boston,
Mass.) and Liquid scintillation counting (Packard TriCarb model 3380 liquid scintil-
lation spectrometer). The specific activity of the amphetamine sulfate was 9-8 ¢/m-mole
(radiochemical purity > 98 per cent). Extent of protein binding was determined at a
drug concentration of 1 x 107% M.}?2

RESULTS AND DISCUSSION

The body may be described as a two-compartment open model, that is, a drug
contained within the body behaves as though it were contained in two kinetically
distinguishable compartments; the central compartment being the bleod plasma and
the other compartment the rest of the body tissues.

The central compartment is open in the sense that elimination occurs from this
compartment by excretion and/or biotransformation. Thus, the entire system is open
since the drug passes reversibly from plasma to tissues. A drug administered intra-
venously will underge simultaneous elimination and distribution processes. If the
distribution of drug throughout the body is very rapid relative to the rate of elimina-
tion, then the disappearance of drug from plasma (i.e. the plasma-concentration time
curve) may be approximated by a monoexponential expression: Cp = Be™5* where Cp
is the concentration of drug in plasma, B is the zero time intercept of the data plotted
on semilogarithmic paper and —p the slope of the first-order plot. The term B is an
estimate of the concentration of drug that would have been present initially in plasma
if all the injected dose had been distributed in the volume of distribution ultimately
attained. The apparent volume of distribution (¥d) may be defined as the volume of
body fluids which holds the substance in solution at the same concentration as the
plasma (dose/B). The apparent specific volume of distribution (¥'d) is obtained by
dividing the apparent volume of distribution by the weight of the animal, that is
Vd/body wt. (1./kg). The distribution of amphetamine was rapid relative to the rate of
elimination so the disappearance of the drug from plasma was considered mono-
exponential. The biological half-life (7},) was calculated from the overall elimination
rate constant (8). A clearance value may be defined as the volume of plasma cleared of
drug by an elimination process during a given time interval. The clearance values were
expressed on a unit weight basis (ml min~* kg~?!). The apparent overall clearance
value is an estimate of the sum of the metabolic and excretory clearances and was
computed as follows: C” overall = 8 X V'd’, where B is the overall elimination rate
constant and V’d’ is the apparent specific volume of distribution corrected for extent
of plasma protein binding. The latter correction is considered desirable as protein
binding is reversible. Estimates of renal and biliary (i.e. excretory) clearance values

8P, 21/14—F
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were obtained experimentally, whereas the apparent overall clearance value was
computed. Constant intravenous infusion of the drug at a rate equal to the rate of
elimination would lead to more precise renal clearance values. The concentration of
drug in the blood would remain constant during infusion and therefore the value of
P, in the denominator of the equation:

C (ml/min) = (amount eliminated per unit time (mg/min)) ¢/P, (mg/ml)

could be calculated with greater accuracy. However, these experiments provide useful
basic information and the groundwork for further investigation. It must be understood
that the apparent overall clearance value was computed merely to indicate the
relative magnitudes of metabolic and excretory clearances; the former may be obtained
by difference.

Experiment I. The biological half-life (mean + S. E. M. n = 6) under normal condi-
tions of fluctuating urinary pH in this randomly selected group of healthy dogs was
4-56 -1- 0-29 hr (Table 1). Extravascular distribution of the drug was complete in less
than 30 min (Fig. 1), and the apparent specific volume of distribution was large (2-65 +
0-06 1./kg). This indicates an ability of the tissues to concentrate and/or bind ampheta-
mine. Axelrod® examined the distribution of d-amphetamine in representative tissues

TasLe 1. PHARMACOKINETIC CONSTANTS (MEAN + S. E. M.) DESCRIBING DISTRIBUTION AND
ELIMINATION OF AMPHETAMINE IN DOGS AFTER LV. INJECTION OF d/-AMPHETAMINE SULFATE (0-66
mg/kg, FREE BASE)

Experi- Dogs B* Tt Bt V'd§

+
ment (no.) (ng mi~ Y (hr) (hr= 1) (. kg™

I A-F (6) 275 + 74 4-56 + 0-29 0152 + 0012 265 - 006

1 R, T,V X,Z 248 + 13-4 4-42 + 044 0-157 4+ 0013 269 £ 015
)

IIT NA-NE 262 + 447 5-81 £+ 028 0-120 +— 0-005 2:53 + 004
(&)

v NF,NG,NL 251 + 7-00 547 + 0-30 0127 4 0-007 2:63 4 0-07
3

* Theoretical drug concentration in plasma at time zero, assuming instantaneous distribution.
T Biological half-life.

+ Overall elimination rate constant.

§ Apparent specific volume of distribution.

of a dog which was given 10 mg/kg of the drug intraperitoneally. The animal was
sacrificed 1 hr after the drug was administered. The drug was found to be distributed
in most organ tissues but only negligible amounts were present in fat and bile. Similar
tissue distributions of this drug were reported in the mouse,'® cat'* and rat.'> Most
of the drug was shunted toward tissues of high blood perfusion, that is, kidneys, lungs,
brain and liver.

Experiment II. The dose of amphetamine administered, the urinary pH, the
biological half-life of the drug, and the cumulative amounts of unchanged ampheta-
mine excreted in urine and bile for the duration of the experiment in individual dogs
are tabulated (Table 2). No attempt was made to control urinary pH, the observations
are within the range of normal values for the canine species. Despite individual
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FiG. 1. Disappearance of amphetamine from the blood plasma of intact (lower line) and nephrectom-

ized (upper line) dogs following the intravenous injection of amphetamine sulfate (0-66 mg/kg, free

base). Each point represents the mean plasma amphetamine concentration and each vertical bar is

1 8. D. The mean values of the pharmacokinetic parameters were calculated : intact dogs (n = 11),

B =263 ngml~!, T, = 450 hr, V'd = 2:67 L. kg~!, C’ overall = 9-18 ml min~* kg~!; nephrecto-

mized dogs (z = 8), B = 258 ngml~*, T, = 569 hr, V’d = 2-571. kg~ !, C’ overall = 6-88 ml min~1
kg,

TABLE 2. DOSE OF AMPHETAMINE INJECTED 1.V., THE BIOLOGICAL HALF-LIFE OF THE DRUG
AND THE CUMULATIVE AMOUNTS OF AMPHETAMINE EXCRETED IN URINE AND BILE OF DOGS

Cumulative amount of
amphetamine (4 hr)

Total Urine pH
Subject dose mean value Ts Urine Bile
(dog) (mg) (range) (hr) (mg) (ug)
R 13 7-50 613 1-25 379
(7-38-7-76)
T 10 596 3-67 2:10 5-00*
(592-6-00)
v 10 6-55 4-25 1-77 5-50
(6-48-6-61)
X 10 6:51 4-18 1-80 6:87
(6-48-6-54)
Z 13 628 3-85 3-25 6-50
(6-20-6-38)
* Three hr.

variation in biological half-life there appears to be a direct relationship between urinary
pH and the half-life of this drug, the more acidic the urine the shorter the biological
half-life. The urinary pH determines the proportion of drug in the renal tubular fluid
which exists in the nonionized form and thus the amount of this lipid-soluble fraction
which is available for reabsorption by passive nonionic diffusion. The lipid-solubility
of the neutral form of amphetamine is reflected in the so-called true partition coeffi-
cient (heptane-water, 1-88, chloroform-water, 146).16

There is an inverse relationship between the renal clearance values observed and the
biological half-lives obtained (Table 3). While the renal clearance values of ampheta-
mine were all within the normal glomerular filtration rate range in dogs, there appeared
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TABLE 3. CLEARANCE VALUES OF AMPHETAMINE IN INTACT
AND NEPHRECTOMIZED DOGS*

Subject T ' renal C’ biliary

3
(dog) (hr) (mi/min/kg) (ml/min/kg)
R 613 2-80 0-006
T 3-67 427 0-012
Vv 4-25 4-38 0-013
X 4-18 4-03 0-017
Z 3-85 5-07 0011
NF 6-03 0-012
NG 5-37 0-013
NL 502 0-010

*Renal clearance {(ml min™!) =
amphet. conc. in urine (ug mi~!} x urine vol. {ml min~*%)

amphet. conc. in plasma (ug mi™ %)

to be a relationship between urinary pH and amphetamine clearance. The clearance
values obtained (2:80-5-07 ml min~* kg~!) suggest that amphetamine probably
undergoes glomerular filtration and tubular reabsorption. The extent of reabsorption
appeared to increase with increasing urinary pH. The clearances in adult dogs of
inulin, creatinine and p-aminohippurate (PAH) were 3-77 (1-74-5-86),'7 429 (2-15-
8:32)*% and 13-5 (8-05-22-4)'® ml min~! kg~ ! respectively. Anesthesia with pento-
barbital sodium in dogs had no influence on the glomerular filtration rate,*®=2* while
the effective renal plasma flow (i.e. PAH clearance) was unchanged?® or slightly
decreased.'® In contrast, barbiturates or other anesthetics when used in the human
caused a considerable reduction both in glomerular filtration and renal blood
flow.2?=24 In man, amphetamine was cleared from blood more rapidly than could be
accounted for by glomerular filtration under acid conditions, but when urinary pH
fluctuated, clearance of the drug could be accounted for by this route.?¥ The cumu-
lative amounts of amphetamine in urine and bile varied among dogs; however, the
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FiG. 2. The cumulative appearance of amphetamine in urine A~ A (mg) and bile ®——® (ug) of

dogs following the intravenous injection of amphetagnine sulfate (0-66 mg/kg, free base). Each point
represents the mean amount of amphetamine in the biological fluid of five dogs.
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amount of unchanged drug in urine was approximately 500 times the amount present
in bile in the same experimental subject (Table 2). The appearances of amphetamine in
urine and bile are shown (Fig. 2). The biliary clearance values (Table 3) indicate that
this route of elimination, or perhaps distribution, plays a minor role in the overall
pharmacokinetics of the drug. The cumulative amount of drug recovered in bile
{Table 2) supports this hypothesis. The mean apparent overall clearance value in
intact dogs was 9-18 ml min~* kg~*. Thus, the metabolic clearance in intact dogs
varied from 4-10 to 6-37 ml min—! kg~!. Anesthesia with pentobarbital sodium (ca.
28-5 mg/kg, i.v.) did not affect overall clearance in intact dogs.

The disappearance of amphetamine from blood plasma of swine was exponential
(Fig. 3). The biological half-life of the drug (mean 4 S. E. M.) was significantly
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F1G. 3. Disappearance of amphetamine from the blood plasma of swine following the intravenous

injection of amphetamine sulfate (0-66 mg/kg, free base). Each point represents the mean (# = 9)

plasma amphetamine concentration and each vertical bar is -4 1 S. D. The mean values of the pharma-

cokinetic parameters were calculated: B = 330 ng ml~!, Ty = 1-05 hr, ¥'d =193 1. kg~*, C’
overall = 40:6 ml min—! kg~ 1.

shorter in swine (1-05 4 0-05 hr) than in dogs (4-50 + 0-24 hr) (Student’s s-test,
P < 0-001). The apparent overall clearance of the drug in swine was 40-6 ml min—!
kg~1. The clearances of inulin, endogenous creatinine, urea and PAH in swine were
21 (18-25), 22 (15-34), 12 (9-18) and 64 (52-84) ml/min/10 kg respectively.?® Sedation
with pentobarbitone had no effect on the clearances of these substances in swine.?”
Assuming similar renal clearance values in the animals used in these experiments, it
is apparent from the overall clearance that metabolic clearance was dominant. The dose
of amphetamine administered, the urinary pH, the biological half-life and the cumula-
tive amounts of amphetamine in urine and bile of individual swine are tabulated
(Table 4). The mean cumulative amounts of unchanged amphetamine excreted in
urine and bile were 8-18 and 0-12 per cent of the dose respectively. The appearance of
the drug in urine and bile followed first-order kinetics (Fig. 4).

Experiments Il and IV, The plasma amphetamine concentration vs. time profiles in
intact and nephrectomized dogs are shown (Fig. 1). The half-life (mean + S. E. M.)



1974 J. DEsMOND BAGGoT and Liroyp E. Davis

TABLE 4. DOSE OF AMPHETAMINE INJECTED 1.V., THE BIOLOGICAL HALF-LIFE OF THE DRUG
AND THE CUMULATIVE AMOUNTS OF AMPHETAMINE EXCRETED IN URINE AND BILE OF SWINE

Cumulative amount of
amphetamine 3 hr)

Total Urine pH
Subject dose mean T, Urine Bile
(pig) (mg) (range) (hr) (mg) (ng)
PB 132 5-87 093 1-08 14-4
(5-71-6-05)
PC 16-2 5-82 1-14 136 20-3
(5-61-5-76)
PX 11-8 6-07 092 0-93 14-9
(5-88-6-34)

AMPHETAMINE pig.

AMPHETAMINE , mg.
(@]
e

04
0 ; T ; T . r
Q 1 2 3
TIME, hr.
FIG. 4. The cumulative appearance of amphetamine in urine ©——© (mg) and bile A A (ng)

of swine following the intravenous injection of amphetamine sulfate (0-66 mg/kg, free base). Each
point represents the mean amount of amphetamine in the biological fluid of three animals.

was significantly longer in nephrectomized dogs (5-69 4 0-20 hr) than in intact dogs
(4-50 & 0-24 hr) (Student’s t-test, P < 0-001). The pharmacokinetic parameters
describing distribution and elimination of amphetamine in intact and nephrectomized
dogs are tabulated (Table 1). Nephrectomy did not significantly alter the apparent
specific volume of distribution of the drug. The mean biliary clearance values were
similar (0-012 ml min~* kg~!) in intact and nephrectomized animals (Table 3). The
low biliary clearance supports the observation that interruption of the potential
enterohepatic cycle by cannulation of the common bile duct had no significant effect
upon the biological half-life of the drug. The apparent overall clearance in nephrecto-
mized dogs (6-88 ml min~! kg~ !) reflects mainly metabolic clearance.

The extent of protein binding was independent of amphetamine concentration
within the range of plasma levels observed in vivo (25-400 ng ml~').*? The per cent of
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TABLE 5. AMOUNT OF AMPHETAMINE AND METABOLITES IN 24-hr URINE OF DOGS

p-Hydroxyamph. + conjugates

Amphet-
Dose Urine amine p-OH Glucuronide  Sulfate
Dog (mg/kg) pH (mg) (mg) (mg) (mg)
A 15 7-75 4-49 1-04 0-46 0-61
B 20 7-60 5-13 2-85 1-:20 0-88
C 15 7-67 4-74 2-96 0-72 0-49
D 15 7-48 4-26 0-70 0-21 0-33
E 25 6-65 7-44 2-79 0-93 0-62
F 30 7-56 10-32 3-20 1-00 0-70
Mean 20 7-45 6:07 2-26 0-76 0-61
S. E. M. 1-2 22 06 0-4
% of dose 30 11 4 3

amphetamine protein bound (mean 4 S. E. M.) was 39-69, 4 3-0 in swine plasma.
The extent of protein binding (mean 4 S. E. M.) in intact (23-1% 4 1-7) and nephrec-
tomized uremic (24-39, + 1-5) dogs was not significantly different.!?

Experiment V. The quantities of unchanged amphetamine, p-hydroxyamphetamine
and its conjugates were measured in 24-hr urine samples. This time period represents
five half-lives of amphetamine in the dog. The amount of each fraction recovered is
tabulated (Table 5). Thirty per cent of the dose administered was excreted unchanged
in urine; this finding is an agreement with that of Axelrod.® The relatively low per cent
of dose (48 per cent) recovered may be explained by the fact that the dog was shown
to have two major pathways for biotransformation of amphetamine, namely
p-hydroxylation and deamination.®-3-1¢

In conclusion, the renal clearance values, the per cent of dose excreted unchanged
in urine and the highly significant increase in biological half-life following nephrectomy
provide evidence that in the dog renal excretion is important in the elimination of
amphetamine. However, metabolic clearance, represented by the apparent overall
clearance minus the renal clearance in intact dogs and the apparent overall clearance
in nephrectomized dogs, appears to play the major role in the elimination of this drug.
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