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Abstract This pxpcr dtxcrlbea the conditions under which the hydroxylation of ampheta- 
mme to p-hydroxyamphetamine can be studied in isolated rat liver microsomes. The rcac- 
tion depends on the concentration of NADP. The optimal pH is 69-7.0. As MichaelIs 
parameters 1.5 x 10 -’ M (K,,) and 2.16 nmoles (mg of microsomal protein)- ’ (IO min)- I 
(1 ,.,,) were calculated. The production of p-hydrox~amphetaminc is not restricted to the 
microsomcs but 3 smaller biotransformation of amphetamine ~~3s also found in mitochon- 
drix 

NUM~KOCS investigations have been presented concerning the catabolism of amphe- 
tamine in rats in 2:ico.‘~ ’ It can be concluded. that the dominant pathway involves 

ring-hydroxylation at the 4-carbon atom, but deamination of the aliphatic side-chain 
also occurs. 

While isolated microsomes of rat liver did not exhibit enzyme activity, Dingell and 
BasslO showed by perfusion of rat liver that this organ catabolizes amphetamine. 

Subsequently, Beckett and Al-Sarra_j ‘I found conversion of the side-chain using 
10.000 <j supcrnatant preparations of rat liver. In this paper we present an assay by 

which the hydroxyl?tion of amphetamine to p-hydroxyamphetamine can bc studied 
in isolated rat liver microsomes. 

MATERIALS AND METHODS 

EJI-_JW pcp~~tions. Six grams of liver from male Wistar-rats (aged about 4 
months) were homogenized with a four-fold volume of ice-cold sucrose (0.25 M) 
in a motor-driven Teflon-glass homogenizer. All succeeding tissue manipulations 
were performed at O-4 The homogenates were centrifuged twice, at 6000 y first and 
then at 10.000 9 (10 min each time). The supernatant was centrifuged at 78,000 y for 
60 min in a Spinco Model L ultracentrifuge. The pellet was washed with a Krebs- 
Ringer phosphate buffer (KRPB), pH 7.4. After recentrifugation (78,000 y. 60 min) the 
supernatant was discarded and the pellet was suspended in 15 ml of the phosphate 
buffer by gentle manual homogenization. All enzyme assays were performed imme- 
diately following the preparation of the microsomes. For each experiment the micro- 
somes of the livers of three animals were pooled. 
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The mitochondria were prepared according to the method described by Neubert 
et al.‘” After the last centrifugation the pellet was suspended in a Krcbs-Ringer phos- 
phate buffer. pH 7.4. 

En:!~llc~ u.s.sa~~.s. One millilitre of the suspension dcscribcd abobe was mixed \vith 
I ml of KRPB. pH 7.4. containing NADP (08 tnM if not stated other\\;ise in the text) 
and a NADPH-generating mixture [glucose-6-phosphate (5 tnM), glucose-6-phos- 

phatc dehydrogcnase (4 IU)]. magnesium chloride (5 mM) and M ith I ml of ;I sotu- 
tion containing I>-amphetamine (r)-amphetamine was calculated as free base). As ;I 
substrate I,-amphctaminesulf2lte (Merck. D-61 Darmstadt) and I)-~~m1~1~ctaminc-3H 
(G) sulfato (5 Ci:m-molt: New England Nuclear Chemicals, D-6072. I)rcicichenhain) 
were used. It was found to bc ncccssary to rcmo\c from the ,‘H-amphctaminc ;I small 
proportion of radioactive impurit) \+ith properties similar to those of the hydrox!,- 
lated metabotitc. This was done first bq separating the pure OH-~lrnphet;~rnir~c frac- 
tion by thin layer chromatography on commercial ccllulosc plates and then cluting 
a narrow area1 of the amphetamine bq 0, I N HCI. After this manipulation the radio- 
chemical purity was > 99 per cent). 

Prior to the addition of microsomes the assay was preincubatcd in a metabolic 
shaker at 37 under air for 15 min to ensure reduction of all of the NADP to 
NADPH. The incubation was started by adding 1 ml of the microsomal suspension. 
When the incubation time was over the enzymic activities were stopped by 3 ml of 
1 N perchloric acid. The inclusion of control tubes during incubation showed that 
there was no measurable non-enzymatic degradation. 

Extractiorl and separation of D-arnphrtamine awl its metaholites. The incubation 
mixture was centrifuged (18,000 Q for 5 min) to remove the precipitated protein. 
Thereafter the supernatant was adjusted with 2 N KOH at pH 12. Then about 98 per 
cent of amphetamine was extracted by benzene (30 ml for an aliquot of 5 ml of the 

incubation sample). In this organic phase 0.4”,,,, of the p-hydroxyamphetamine 
(p-OHA) was detected. The remainder ivas in the aqueous phase. 

After shaking and centrifugation. the aqueous phase was separated and adjusted at 
pH 6.4 by addition of 1 N perchloric acid. After running down the perchlorate by cen- 
trifugation 5 ml of the sample was tyophilized. The solide residue was dissolved in 
a methanol-water mixture (1 + 1. 0.6 ml). Amphetamine and its metabolites were 
separated by iteration of thin layer chromatograph\; with cellutose as adsorbent 
using precoated sheets (Merck, Darmstadt). The multi-component solvent (butanol. 
toluene. glacial acetic acid. water. 2:2: I : 1) \vas described bb Wirkstram and Sal- 
versen.” Before starting the separation some “carrier” of amphetamine and its meta- 

bolites was added to the prior applied sample at the starting point. Amphetamine 
and its metabotites were etutcd b) 0.1 N HCI.‘” The radioactivity of the eluate was 
measured with ;I liquid scintillation spcctrometar (Packard). Each run included at 
least one sample the enLymic activities of which were stopped immediately after the 
start of the incubation. The metabolites of thcsc samples wet-c cxtractcd and scpar- 
ated simultaneously with the other mixtures. The values of the rcspcctivc Jones 
served as a background activit! and v,.crc subtracted from the gross cpm-\nlues of 
each sample. incubated ovc~- the whotc period. 

Considering that hydroxylation of amphctaminc rcsutts in ;I loss of one of the Ii 
tritium atoms of the gencratl! lahcltcd compound. wc‘ multiplied the net-counts min 
of /‘-OHA bq a factor of 1.08. 
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The amount of ~-hydroxyamphetamine produced was calculated using the fol- 
lowing formula: 

dis.:‘min p-OHA .I . 
.Y = 

SA 
__~ ; $A, = ‘I’~~~ A 

SA = specific activity of amphetamine 
nrA =I: amount of non-radioactive ampheta~nine 
disimin A =I dis/min amphetamine 
dis.imin p-OHA = dis/min p-OH amphetamine. 
The recovery for p-OHA was 94 per cent. 

It is known that p-OH norephedrine is formed from p-OHA. During the first 
10 min of incubation no metabolism of /‘-OHA was detected. After 30 min incubation 
p-OH norephedrinc and conjugated metabolites were formed. The conjugated meta- 
bolites were hydrolyzed by treating them with P-glucoronidase or HCl. The formed 
products were separated. /I-OHA could bc idcntificd as the deconjugated meta- 
bolite. The amount of formed p-OHA during a certain incubation period was calcu- 
lated by adding the yielded amount of [I-OH norephedrinc and that of the deconju- 
gated p-OHA. 

The protein content of the washed microsomal and mitochondrial suspensions, 
respectively. was determined in duplicates according to the method of Lowry et ~1.‘~ 
with crystalline bovine serum alhlimin used as a standard. 

RESL‘LTS AND DISCUSSION 

After development of a suitable and reproducibIe method by which amounts of 
0.1 pmole amphetamine and p-OHA were still detectabie,’ ’ we investigated the bio- 
transformation of amphetamine to p-OHA measuring the product formed. To find 
an optimal assay. the rate of hydroxylation was examined varying. the con- 
centration of one of the factors of the incubation mixture while the others were pre- 
sent in concentrations giving maximum activity. The effect of variations in NADP 
concentration is shown in Table 1. 

TABLE 1. INFLUENCEOF INCKEASINGC‘ONCENTKATIO~‘SOF NADPoN THE PKO- 
DUCTION OF p-OHA. THE COMPONLSTS OF THE ASSAY WEKE DISSOLVED IN 
KHERS--RINGER PHOSPHATE I~UFFEK (KRPB). pH OF THE ~ssnu:7&6~9. THE 
VALL'ESAKE MEASSOF AT LEAST TWO I~XPEKIMENTS. IVCUHATION TIME = 10 min 

NADP 

MM) 
Amphetamine 

(Ml 
nmoles p-OHA (mg of protein)- ’ 

(lOmin)-’ 

0.2 5 x lo-’ 0~0101 
0.4 5 x IOF QO104 
@8 5 x lo-‘ 0~0101 

0.2 5 x 1o-1 1.47 
0.4 5 x 10-A 1.75 
0.X 5 x 10-j 1.87 

The highest turnover rate was detectable at 0.8 mM NADP. It was, however, 
possible to improve the enzyme activity with higher concentrations of coenzyme, 
provided that the optimal pH range is preserved. This was only possible with a 
higher molar buKer. Thercforc, a O”1 M Siirensen-phosphate buffer was used for the 
following two experiments listed in Table 2. 
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TAtlLt ?. INbl.LI NCt Ot th(‘tlt AMUC. (‘O>(‘t h ,,<A 1102s Ot u;\L)I’ O\ Itll t’t<O- 

t)tl(.nolu 0t ~OHA. Sikt ust N ~f’HOSI’HATI ttwt-K wzs I St t). pH 0t tttt 

ASA> = 6.9. Tttt coN(‘t ‘u tk,\Tto\ ot Tttt NADPH-(;t \t K,\~IY<; clstt \I tot< 
3.2mM I\iADPwi~5t\( tu *st I) = 11.5 mM (it I (‘ost -6twowtt.xtt. IO 111 cIt t 
(c)St -6t’tiOSt’lt,~TI -11, tI\I t)Ko(;t h,,st. Ttit \,‘,t t’t s At<t \tt AZ’; 01 t\\o t \t’t tct- 

NADP Amphctaminc ntnoles pOHA (mg of prokin) ’ 
(mM) (MI II0 mtn) I 

0.X 5 x IO J I ‘)I 

3,2 5 x IO J ‘42 

From the results shown in Table 2 it may be concluded that the maximal effect 

is almost reached at a concentration of 0.X mM NADP. 
Boot and Boyland” also found a dependence between enyymc hydroxq’lation bq 

liver microsomes and the concentration of NADPH. Schenkman c’t a/.” found no 
further increase with NADP concentrations higher than 0.3 mM. 

An enhancement of the regenerating system does not improve the enl-yme activity. 
c\amincd up to a concentration of I3 IU glucose-(1-phosph~~tc dehvdrogcnasc and 
I2 mM glucose-h-phosphate. respectively, As shown in Table 1 /‘-OHA V,X produced 
at a concentration of 5 x lo-’ M amphetamine which can be expected approxima- 
tely after injection of IO mg/kg amphetamine in the liver irl ~.iro.~ 

In Fig. 1 the rate of /‘-OHA produced within 30 min has been plotted as ;I function 
of amphetamine concentration. The activity of hydroxylasc rose with increasing con- 

FIG. I. Relationship between increasing concentrattons of amphctamtnc and rhe production ot’ pOHA 
KRPB. 0.X mM NADP. pH of the assay 6.9. Incubation time 2 30 mtn. 
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FIG. 2. Relationship between the incubation time and the production of p-OHA at two concentrations 
of amphetamine [(O) 5 x 10e4, (0) 5 x IO-‘]. Routine assay. 

centration of the substrate. The dependence between enzyme activity and ampheta- 
mine concentration may be expressed in a saturation curve. Experimental details 
are iisted in the legend of the graphs. 

In Fig. 2 the enzyme activity versus the incubation time was plotted. It shows a 
linear relation at least during the first 10 min for both concentrations of substrate 
examined. Therefore, in the following experiments the incubation period was limited 
to 10 min. 

The effect of pH on the amphetamine hydroxylase activity is shown in Fig. 3. The 
optimal pH was 6.9-7.0. The microsomcs and the factors of the assay were suspended 
in a Sijrensen-phosphate buffer (0.1 M). The NADP concentration was 0.8 mM. 

60 6.5 7.0 75 

Pfl - 

FIG. 3. Effect of pH on production of p-OHA. Sorensen-phosphate buffer, 0.1 m. 0.8 mM NADP. Incuba- 
tion time = 10 min. 
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In Table 3 the concentration of the hydroxylating enzyme was varied. 

TAHLL 3. I\ILL;l YCL OF I)\C’RLASING C’0hC’t.N I‘RATIONS Ot MICROSOSIAL PROI’LIS Oh THI, PROI~~I~‘l’IO~ Ot 

/J-OHA. RWTIW. ASSA). 0.8 mbl NADP. 5 x IO ’ M AMl’Ht,TA~flNt. KRPB. II 4NS OF rHRl I kXI’I,RI- 

UIIUTC. IN(‘I’IIA no*\. TIMI. = IO min 

Microsomcs. 

cqui\alcnt of 
nmolcs pOHA (mg ol’protein) ’ 

(lOmin)-’ 

The production of /‘-OHA was the same between 2.4 and 3.6 mg of protein/ml 
incubation mixture. At 7.1 mg of protein,‘ml a cleat- dccreasc of cnzymc activity 
occurred. This may be due to a more rapid decline in cnzymc activity ‘T or to a 
non-specific binding of substrate. lx 

In Fig. 4 a typical course of one experiment is plotted according to the method 
of Lineweaver and Burk.‘” The apparent Michaelis parameters for the metabolism 
of amphetamine by microsomal preparations from rat liver wcrc calculated from the 
results of five experiments. I.5 x 10e5 M (k’,,J was found as the amphetmine con- 

centration at half maximal velocity. As the maximal production of p-,OHA (L”,,.J 
2.16 x nmoles./mg of microsomal protein and IO min was calculated. 

An experiment was carried out to determine whether the breakdown of 
amphetamine to p-OHA was restricted to the microsomes or whether mitochondria 
were also able to hydroxylate this amine. Mitochondria of liver of rats were pre- 

pared by the method described by Neubert et aLzo The substrate concen- 
tration was 5 x 10m4 M. Krebs-Ringer phosphate buffer (pH 7.4) was used as a 
medium. In six experiments a turnover of 0.36 _i 0.06 nmoles (mg of protein)- ’ (lo- 
min)- ’ was found. Therefore, in mitochondria the production of p-OHA is detectable 
in citro which is much smaller (54-fold) than the turnover in microsomes related to 

mg of protein. 
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We think that the method described abose is suitable and reproducible and can 
be used to study the activity of the amphetamine hydroxylase under different condi- 
tions. 

REFERENCES 

I. J. AXELRUIX .I. Pltu~~r~cc. L’.Y~. Thrr. 110, 315 ( 19541. 
2. J. J. ALL-EVA. J. Mrd. Chew. 6, 6 (1963). 
3. M. G~LIXT~.IN and B. AKA~;N~STI.. 5ioc.h~~ hio[‘h!~ rlcrtr 107, 166 ( 1965). 

4. T. ALLISON. L. GUIZAIT and E. J. VAN LOON. J. Phar,nrrc. UP. ‘I&r. 152, 383 (1966). 
5. L. VALZELLI. E. DOLFINI. M. TKXS~LLA and S. GARATT~I. J. Phum Pharnroc. 20, 595 (1968). 
6. T. LLWANUER, in Ahusr ujC~r?ztral S~~~}II~~~~~~I.S. Almyuist & Wiskell, Stockholm (1969). 
7. L. G. DKINC;, R. L. SMITH and R. T. WILLIAMS. ~i~~~~~~~tt. J. 116,425 (1970). 
8. M. ZIEM. H. Coren, 1. BROERMAKN and S. STRAI‘SS. Nalrn~~~-St‘l~i,~i~d~h~~y’.s Arch. P~u~~t~~~~. 267, 208 

(1970). 
9, H. ROMM~LSPACHER and H. HO~KXI:K. .~rru,l?,n-S~irt,rie~~hr~H’s Arch. Phu~nrrir. 277, R 63 (1973). 

10. J. V. DINC~LL and A. D. BASS. Bioch~tn Phurtnnt. 18, 15% (1969). 
1 I. A. H. B~CKFTT and S. AL-SAKRAJ. J. Phurr~. Plrumuc. 24, 174 (1972). 
12. A. WIRKSTRBM and B. SALVERSEN. J. Phum. Phtrrrnuc~. 4, 63 1 (1952). 
13. T. LEWANDCR, Ps~cho~,harrt~ucolo~icc (50%) 13, 394 (1968). 
14. 0. LOWRY. H. ROSEBROUGH, N. J. FARR and R. J. RANIXLL., J. hiol. Chm 193, 265 (1951). 
15. H. ROMMELSPACHEK. H. HONKKI.K and S. STK~LISS. manuscript in preparation. 
16. J. BOOTH and E. BOYLANU, Biochrm. J. 66, 73 (1957). 
17. J. B. SCHCNKMAN, J. B. BALL and R. W. ES~AHROOK;. B~OC/IC~UI. Phurrnac. 16, 1071 (1967). 
18. J. R. GILETTE. PKK. 2nd Iw. Phurrrr. Mrei~t~~, Vol. 4, p, 9 ( 1965). 
19. H. LIN~W~AVER and D. BURK. J. Anz. chrrn. SOC. 56, 658 (1934). 
20. D. NELIBER’I‘, E. OBERDISSE and R. BASS, in Bju~~~,f?fi~~~/ .&KI~ c$‘Gw Biogenrsis of ~~f~~ffc~~~d~~~, pp. 

123. Adriatica Edictrice. Bari (1968). 


