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Abstract—The Sperber preparation in the chicken was used to study the effects of
B-diethylaminoethyl diphenylpropylacetate (SKF 525A) and N-methyl-3-piperidyl-N’,-
N’-diphenylcarbamate (MPDC) on the morphine~-morphine ethereal sulfate system. Both
SKF 525A and MPDC had the pharmacologic effect of opening the venous valve, which
caused more blood to bypass the peritubular capillary network of the kidney. This
effect was manifested by a decrease in the apparent tubular excretion fraction (ATEF)
for p-aminohippuric acid. In spite of the presence of this effect, SKF 525A and MPDC
produced a large fall relative to PAH in the ATEF for !*C excretion during [14C]-
morphine infusion. The results meant that SKF 525A and MPDC blocked the access of
[**C]morphine into the renal tubular cell. Because of the presence of this block, excre-
tion of [**C]morphine and [!*Clmorphine ethereal sulfate decreased. In this situation,
the decrease in metabolite formation was not due to inhibition of metabolism, but was
the result of inhibition of transport of morphine into the cell. Since this block extends
to tetraethyl-1-['*C] ammonium transport, both SKF 525A and MPDC act on the
cationic transport system. The implications of this finding deserve emphasis. It was
further demonstrated that [*#C]pentobarbital was neither transported nor metabolized
by the kidney. But, SKF 525A and MPDC did inhibit metabolism of [**C]pentobarbi-
tal, metabolism which was taking place in organs other than the kidney.

HARGREAVES! reported that -diethylaminoethyl diphenylpropyl-acetate (SKF 525A)
inhibited excretion of certain compounds into the bile at the same time that meta-
bolism of the compounds was inhibited in the liver. Therefore, he suggested that in
the liver a close link occurred between metabolism and transport of certain compounds.
Earlier work by numerous investigators had shown that SKF 525A inhibited a variety
of enzymatic reactions such as N-demethylation, deamination, hydroxylation, glu-
curonide formation, side chain oxidation and ether cleavage.?—¢ Also, metabolites of
SKF 525A, among them 2,2-diphenylvalerate (SKF 2314), have been identified and
shown to possess inhibitory activity.”-® Since there exists a tendency for congruence to
occur in hepatic and renal functions,® the present investigation was undertaken to
study the effect of SKF 525A on metabolism and transport of morphine in the kidney.
Another inhibitor, N-methyl-3-piperidyl-N’,N'-diphenylcarbamate (MPDC) was in-
cluded in the study because it possesses some of the same inhibitory activity that
SKF 525A possessed on the liver.10-1!

The primary system under study, the morphine-morphine ethereal sulfate (MES)
system, is unique in that the phenomena of transport and intracellular metabolism of
morphine can be delineated in a preparation in vivo in the kidney of the chicken.

* This research was supported by United States Public Health Service Grant GM 16503 from the
National Institutes of Health.
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Study of the morphine-MES system was initiated by May et al.'? Details of its
characteristics were refined by isolation of the metabolite, MES;!3 the transport
system for MES itself was defined by Watrous ef al.** Recently, Watrous and Fuji-
moto'® showed that metabolism of morphine was inhibited by catechol without any
effect on transport of morphine. Thus, the purpose of the present study was to see
whether SKF 525A, MPDC and possibly SKF 2314 would inhibit the metabolism of
morphine without effects on transport of morphine. The results are particularly
interesting since exactly the opposite was found. These agents inhibited the transport
of morphine without any effect on the metabolism of morphine to MES. It is suggested
that SKF 525A and MPDC produce this inhibition by acting on the cationic organic
base transport system. A few experiments were done for comparative purposes, using
pentobarbital in place of the primary system under stady.

METHODS

Renal tubular transport and metabolism of morphine were studied in unanesthe-
tized Rhode Island Red laying hens (2-2-3-0 kg). They were prepared according to the
technique described by Sperber?® and presently in use in this laboratory.!%:17 Plastic
tubes with sponge rubber cuffs were sutured on the ureteral orifices for urine collection.
The tubes were rinsed continuously at a rate of 0-246 ml/min with sodium bicarbonate
buffer (2 g/l.), pH 8-4-8:6, to avoid clogging with uric acid as well as buffering the
urine sample for countercurrent analysis. The urine samples and rinse were collected
for 10-min periods; the final volume of each sample was brought up to 10 ml by adding
buffer.

A control solution of morphine-N['*C]H; hydrochloride, 3-10 uc, in 100 ml of
0-85 or 0-45 % sodium chloride containing p-aminohippuric acid (PAH; 0:125 umole/
kg/min), morphine sulfate (0-129 pmole/kg/min) and inulin (50 ug/kg/min) was infused
into one saphenous vein at a rate of 0-388 ml min with a Harvard pump. Morphine-
N[**C]H; hydrochloride (17:6 and 57-0 mc¢/m-mole), hereafter designated as [**C]-
morphine, was obtained from Amersham/Searle. To test the inhibitors, SKF 525A,
MPDC or SKF 2314 was added at varying doses to the control solution. In later
experiments, tetracthyl-1-[**Clammonium bromide ([**CITEA; 3 mc/m-mole from
New England Nuclear Corp.) was used in place of [**C]lmorphine to assess the effect
of SKF 525A and MPDC on the cationic organic base transport system.

The experimental protocol usually consisted of infusing the [**C]morphine control
solution into a saphenous vein while three to five 10-min urine collections were taken
as controls. Then, the [**Clmorphine solution with one of the inhibitors was infused
for 30-90 min (3-9 urine collection periods). In some experiments a single dose and in
others progressively higher doses of the inhibitor were infused. In a few of the latter
experiments, several periods of control infusion of [**C]morphine without inhibitor
were interspersed between periods with the inhibitor.

Total radioactivity in the urine samples was determined by plating 0-1-1-0 ml and
counting on a Tracerlab low background system. In a few experiments, samples were
counted on a Packard Tri-Carb scintillation spectrometer by placing 01 or 0-2 ml
urine in 15 ml of scintillation fluid prepared with 5 g 2,5-diphenyloxazole (PPO) and
50 mg 1,4-bis-2-(5-phenyloxazolyl)-benzene (POPOP) in a mixture of 1000 ml toluene
and 500 ml Triton X-100. Details of the counting procedure were as described pre-
viously.!?



Renal tubular transport of morphine and SKF 525A 2649

In a number of experiments with morphine, the total radioactivity was fractionated
by countercurrent distribution in order to determine the amount of the excreted
radioactivity that was [**Clmorphine and {**C]morphine-3-ethereal sulfate, 12-14.15
Two ml of the urine samples was adjusted to a pH of 8-4-8-6 by addition of concen-
trated ammonium hydroxide with a 10-ul Hamilton syringe. The countercurrent
distribution analyses consisted of 2 ml of each phase of an NaHCO,; (2 g/l.) buffer,
pH 8-4-8-6, and chloroform (with 1%, v/v, N-butanol) in a 9-tube (8-transfer) system
as described previously. The chloroform phase was the mobile phase and was trans-
ferred manually with a syringe equipped with a long needle. One ml of each phase was
plated and the radioactivity counted. In the urine samples, PAH was estimated by the
method of Smith et a/.;*® inulin was determined by the method of Schreiner.!®

The apparent tubular excretion fraction (ATEF) was calculated as a measure of
morphine transport!2-** by the formula proposed by Sperber?® and modified by
Lindahl and Sperber2! where

EXC, — EXC,
TNE % 100 = ATEF.
EXCy was the amount excreted from the infused side EXC; was the amount excreted
from the contralateral side, and INF was the amount infused during the period. ATEF
values larger than 10 per cent have been taken as indicating active transport,21-22
A few experiments were done using pentobarbital-2-[**C] (obtained from New
England Nuclear Corp.) in place of [**Clmorphine. The pentobarbital (sp. act., 28
mc/m-mole) infusion solution was prepared as above for the morphine solutions.
Samples were collected for 5-min periods and the volumes brought up to 5 ml with
water. Total *C-radioactivity was measured as above. The !*C-radioactivity was
separated into parent compound and metabolite fraction by countercurrent distribu-
tion. Two ml urine was acidified with 1 ml of 209/ acetic acid in distilled water. The
solvent system consisted of two phases of an equilibrated mixture of ethyl ether-glacial
acetic acid—distilled water (10:1:10, by vol.). A 7-tube (6-transfer) distribution was
performed using 3 ml of each phase. The mobile aqueous phase was transferred
manually as above. Two-tenths ml of each phase was placed in 15 ml of scintillation
fluid and the radioactivity counted.

RESULTS

Effect of SKF 5254 and MPDC on inulin and PAH excretion. Since PAH was to be
used as a marker substance for our transport studies, it was necessary to see whether
SKF 525A and MPDC affected the transport of PAH. In Table 1 during control
periods of infusion, the PAH ATEF was high and this ATEF was indicative of the
active renal tubular transport of PAH. Infusion of either SKF 525A or MPDC led to
a fall in this ATEF. Since PAH is known to be transported by the anionic organic acid
transport system in the chicken, it was unlikely that this fall in ATEF was a direct
effect on PAH transport. Both SKF 525A and MPDC are organic bases and would
not be expected to affect the anionic system which transported PAH. It was more
likely that the fall in PAH ATEF was caused by an opening of the venous bypass valve
in the renal portal system because the per cent recovery of PAH during all periods was
near 100 per cent. Even though the ATEF fell, the recovery did not fall. Further
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Tasie 1. Errecr oF SKF 525A anp MPDC oN INULIN AND PAH EXCRETION*

No. of PAH Inulin
Chicken Dose 10-min %
No. Compound (mg/kg/min)  periods Recovery ATEF Inf/Non-inf
44 Controlt 0 3 101 4+ 3 9241 0-96 &+ 0-09
SKF 525A 0-02 3 103 £ 3 76 +£3 096 £ 0-05
SKF 525A 01 3 98 42 5743 1-00 =005
SKF 525A 02 4 98 +2 46 + 1 094 + 0-05
45 Controlt 0 3 98 4-3 3411 099 4+ 0:02
MPDC 0-02 3 97 4+ 2 26 +1 0-98 + 003
MPDC 01 3 96 43 11 +£1 099 4 0-09
MPDC 0-2 3 95 4+ 3 5+4 0-91 + 0-05
Controlt 0 3 95 43 19 +3 1-05 4 0-03
46 Controlt 0 3 98 - 1 6541 093 + 0-02
MPDC 02 4 9742 41+ 3 099 4- 0:03
MPDC 0-02 4 98 41 5843 1-02 + 003
MEDC 01 4 96 4 2 49 L1 1-08 4- 004

* Values are given + S.E. PAH = p-aminochippuric acid; ATEF = apparent tubular excretion
fraction; MPDC = N-methyl-3-piperidyl-N’,N'-diphenylcarbamate.
+ Control solution: PAH, 10 mg; inulin, 50 mg; NaCl, 450 mg in 100 ml of distilled water.

support for suggesting that the fall in PAH ATEF is not an effect on PAH transport
but an effect on blood flow will be provided after results of the [**C]TEA experiments
are presented. Returning to Table 1, the inulin excretion data indicated that glomerular
filtration of the two kidneys remained unchanged. Thus, these experiments suggested
that PAH would still serve as a useful marker of the anionic transport system, even
though SKF 525A and MPDC had effects on the venous valve.

Effect of SKF 5254, MPDC and SKF 2314 on morphine transport. Since ['*C]mor-
phine, like PAH, is actively transported by the renal tubules of the chicken,'? high
[t*C]JATEF values were obtained as seen during the initial control infusion periods in
Tables 2, 3 and 4. The effects of SKF 525A, MPDC and SKF 2314 were evaluated by
infusing these agents along with the [1*C]morphine. At the smaller doses of SKF 525A,
if the ATEF for PAH fell, a parallel fall in ATEF for **C from the morphine occurred.
Thus, the 1*C/PAH ATEEF ratio remained unchanged from control conditions. These
findings meant that SKF 525A at small doses was not having any differential effect on
morphine transport compared to PAH transport.

At larger doses of SKF 525A, the expected fall in PAH ATEF occurred due to
opening of the venous valve. But now a more drastic effect on '*C ATEF was seen.
Thus at the high dose range of 0-32-2-25 mg/kg/min infusion rate of SKF 523A, a
greater fall in *C ATEF than in PAH ATEF led to decreases in the '“C/PAH ATEF
ratio. These were interpreted to indicate that SKF 525A inhibited transport of ['*C]-
morphine into the cell. The reason why such an effect could not be due to inhibition
of metabolism of morphine is given in subsequent sections.

Once the SKF 525A infusion was terminated and the control morphine solution
infused again, the 1*C ATEF returned toward control values, implying that the effect
of this compound on morphine transport was reversible. The same can be said about
the effect on the venous valve.
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TasLE 2. ErrecT oF SKF 525A oN ['*C]MORPHINE AND PAH TRANSPORT*

No. of Apparent tubular excretion fraction
Chicken Dose 10-min

No. Compound (mg/kg/min)  periods R PAH 14C/PAH
34 Controlf V] 3 42 +2 73+ 3 0-54 4- 0-02
SKF 525A 0-02 3 4341 78 41 0-55 1+ 0-02

Controlt 0 4 34 +4 72+£2 047 + 0-05

SKF 525A 0-04 4 21 +1 3943 0-55 + 0-06

32 Controlt 0 3 39£2 7243 0-56 + 0-07
SKF 525A 01 3 19 £ 1 53L£5 037 + 0-04
Controlf 0 5 31 +5 62 + 8 049 + 0-10

SKF 525A 0-5 3 8+6 31+6 0-20 £ 0-09
38 Controlt 0 3 35+£3 47 +2 0-81 + 0-04
SKF 525A 225 2 745 26 -+ 4 027 £ 0-10

Controlt 0 4 341 1042 0-30 £ 0-02

40 Control} 0 3 33+3 72 +1 047 + 0-04
SKF 525A 016 3 27 +£1 60 4 4 045 + 0-01

SKF 525A 0-32 3 2241 60 41 0-37 + 0-01

SKF 525A 0-64 3 16 41 56 +2 0-27 4- 0-02

96 Controlt 0 5 319 43 559463 057 + 0-03
SKF 525A 0-5 9 64423 311425 0-17 4- 0-06

98 Controlf 0 5 11-5+ 25 150+ 40 094 + 0-20
SKF 525A 0-5 9 78+ 06 273425 0-30 £ 0-02

100 Controlt 0 5 299 +19 622448 048 4002
SKF 525A 05 9 13-1 413 574 +27 0-23 + 002

* Values are given + S.E. See Table 1 for abbreviations.
1 Control solution as in Methods.

In Table 3, experiments performed with MPDC show results similar to those seen
with SKF 525A. A fall in 1*C ATEF to below 10 and a fall in the *C/PAH ATEF
ratio were found. Thus MPDC, like SKF 525A, inhibited renal tubular transport of
[**C]morphine. Also, a tendency to return to initial control values, seen in experiment
47 performed with the lower doses of MPDC, pointed to a reversible effect of MPDC
on morphine transport and on opening of the valve.

The experiments in which SKF 2314 was infused are shown in Table 4. This com-
pound appeared to affect the venous valve in a manner similar to SKF 525A and
MPDC. However, the effects were generally not convincingly manifested on transport
of morphine.

Effect of SKF 5254, MPDC and SKF 2314 on morphine metabolism. Table 5 sum-
marizes the data of four experiments in which countercurrent distribution analyses
were performed on the *4C excreted in the urine by the infused and noninfused kidney.
From previous work it is known that the excess of morphine ethereal sulfate (MES)
found in the urine from the infused side compared to the noninfused side arises from
the intracellular metabolism of morphine in the renal tubules of the infused kidney,!2:14
For example, 30,989 minus 9690 gives 21,299 counts/min excess during the control
period in chicken 32; this excess represents intracellularly formed MES. If SKF 525A
were to inhibit this intracellular metabolism, a decrease in this excess would be ex-
pected. Since less of the intracellular morphine would then be converted to MES, a
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TaBLE 3. ErfecT oF MPDC oN [4C]MORPHINE AND PAH TRANSPORT*

No. of Apparent tubular excretion fraction
Chicken Dose 10-min

No. Compound (mg/kg/min)  periods 14C PAH 14C/PAH
30 Controlt 0-0 3 3142 75+ 8 0-38 4- 0-03
MPDC 05 4 7+5 3345 0-19 4 0-05

Controlt 0-0 3 4+2 30+1 0-13 £ 0-05
31 Controlf 0 3 30+5 70 = 10 0-49 4 0-02
MPDC 05 3 10 -2 5043 0-20 4+ 0-02

Controlt 0 3 441 5342 0-07 + 0-01

47 Controlf 0 3 49 4+ 1 5941 0-83 4+ 0-02
MPDC 0-05 4 3244 47 42 0-70 + 0-02

MPDC 01 4 21 +£1 49 £ 1 043 £ 0:06

MPDC 0-2 4 11 43 3045 0-35 4+ 0-06

Controlt 0 3 26 +4 45+ 4 0-58 + 0-02

102 Controlt 0 5 33:94+19 260+30 135010
MPDC 05 9 55421 176 +56 034 +0-10
104 Controlt 0 5 31'4 430 301 +28 104 + 0-04
MPDC 0-5 9 67+23 140422 017 +010

106 Controlt 0 5 42:6 =46 660+ 64 064 +002
MPDC 0-5 9 88+08 316436 029 =001

* Values are given -+ S.E. See Table 1 for abbreviations.
t Control solution as in Methods.

TasLE 4. EFrecT oF SKF 2314 onN ['*C]MORPHINE AND PAH TRANSPORT*

No. of Apparent tubular excretion fraction
Chicken Dose 10-min
No. Compound (mg/kg/min) period e PAH “C/PAH
41 Controlt 0 3 5141 81 +2 0-63 4 0-03
SKF 2314 0-015 3 3243 5142 0-64 4 0-04
SKF 2314 0:03 3 27 +1 4541 0-60 4 0-01
SKF 2314 0-06 3 3441 57T+2 0-60 £ 0-02
42 Controlf 0 4 2842 43 4+ 3 0-64 + 0-01
SKF 2314 0-016 3 1542 17 +2 0-87 -+ 0-:07
SKF 2314 0-08 3 13+1 2041 0-70 + 0-02
SKF 2314 016 3 942 12+2 0:74 £+ 0-03
43 Control} 0 3 26 +2 45 4+ 3 0-56 + 0-01
SKF 2314 012 4 20+ 3 3844 0-51 + 0-02
Controlf 0 16 29 4.2 45+ 3 0-61 4 0-03
SKF 2314 0-48 4 26 +3 54+6 048 £ 0:02

* Values are given 4+ S.E. See Table 1 for abbreviations.
1 Control solutions as in Methods.
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relative rise in excess of morphine by the ipsilateral kidney should result. The data do
not support such a mechanism. Examining the data during infusion of 0-1 mg/kg/min
of SKF 525A shows that now the excess in MES is 26,393 minus 15,383 or 11,010
counts/min. Therefore, half as much MES (11,010 vs. 21,299 counts/min) is now being
excreted by this kidney. But, note that total 1*C ATEF also went down during this
period (as discussed earlier) so that less morphine was available within the cell for
metabolism to take place. In fact, all the drop in MES can be accounted for by this
latter mechanism, since the per cent of the total *#C excreted during this time as MES
was 57 per cent compared to 52 per cent in the absence of SKF 525A. The proportion
of the metabolite MES did not go down. Therefore, the only conclusion possible under
these circumstances is that SKF 525A inhibited transport of morphine into the cell,
but did not inhibit its metabolism.

From a dose response point of view, the experiment on chicken 34 showed that
little change occurred in the relative amount of morphine and metabolite excreted with
the infusion of 0-02 mg/kg/min of SKF 525A. When the dose of SKF 525A was
doubled, a decrease in absolute amount of both morphine and MES was found on the
infused side. This inhibitory effect was more marked in the other experiments per-
formed with higher doses of SKF 525A. These decreases went hand in hand with the
decrease in *C ATEF. Also, the percentage of **C excreted as '*C MES did not fall.
Therefore, this metabolism was not affected by SKF 525A. Yet transport of morphine
had been inhibited as indicated earlier.

The same conclusions were derived about the effect of MPDC as indicated by the
results in Table 6. The simultaneous fall of [**C]morphine and *C MES meant that
transport of morphine rather than metabolism was being affected by MPDC. A further
point of explanation is necessary in this case for results which are not evident in
Table 6. Countercurrent analyses of urine from chickens treated with MPDC showed
a shift of the peak for free morphine from tube 3 to tube 8. Since addition of MPDC to
[**C]morphine-containing urine produced the same effect, the [**C]morphine was
calculated from the fraction of '*C found in tubes 5-8 in the countercurrent system.
This unusual situation was thoroughly investigated.?*3

The experiments performed with SKF 2314 (Table 7) show no discernible change in
the amount of radioactivity excreted as morphine and MES at the different doses of
SKF 2314 used. The same was true in relation to the per cent of each component in
each sample. It appears that doses were insufficient to show effects either on transport
or metabolism.

Effect of SKF 5254 and MPDC on transport of [**C]TEA. Since the results suggested
that both SKF 525A and MPDC inhibited transport of morphine, these two com-
pounds were tested against [!*C]JTEA, a compound which is transported by the
cationic organic base system and which is not metabolized to any large extent.?* In
the five experiments in Table 8 with SKF 525A, the **C/PAH ratio was consistently
lowered by the SKF 525A. Similarly, MPDC lowered the **C/PAH ratio in all three
experiments. Thus, these results unequivocally demonstrate that SKF 525A and MPDC
differentially blocked the cationic system for [*“C]TEA transport as compared to the
PAH transport.

Effect of SKF 5254 and MPDC on pentobarbital metabolism. The results of experi-
ments in which the effect of SKF 525A and MPDC on pentobarbital-2-14C were
assessed are shown in Table 9. About equal amounts of 1#C were excreted from the



Ramses HAakiM and James M. FuimMoTo

2654

*SPOYISJA Ul Se uonnjos jonuo)
“ejins [ea1ay)e-g-surydiow = SHW ‘surydiow(D,,] = W |
*SPOYIA Ul SB SuoneudIsa(

89 43 9¢ 144 00£°91 €E9L 007°91 000°€T 3 +9:0 VTS 43S

oL 0¢ €S Ly €ESPI 00¢9 cEv'6l 00091 € Zt0 VSIs S

89 43 139 Ly 00971 00SS 99%°61 €ET'LY € 91-0 VT8 IS

9 9¢ IS (14 998L 99 £€0°61 €EE'81 € 0 flonuo) (L4

LL €C 69 I€ 0P64T o1g‘ol 0022 06£°CI 4 0 $ronuo)

9L 174 89 [43 006L 065¢ oIg‘LT ory8 4 §T-T VEIs 43S

9 9¢ 14 IS 067°91 0568 066'P€ obe‘seE € 0 tonuo) 8¢

89 (43 LS 134 0y9°LT 0918 01€°sT 088°s1 14 0-0 V&S 248

29 8¢ [4Y 8y 06511 0569 000°LT 089°¢€T 14 0 $1onuo)

L9 23 9¢ 124 098°01 (G749 011°6C 06L°TC € 20-0 VSIS 434S

<9 4 129 14 00SL 006¢ 0L6%T 0LL'0T € 0 $onuo) 123

89 [43 6S Iv £50°0C ovse6 9L6°TT 0£EST € S0 V<Zs 43S

<9 € 139 Ly €88°8[ weol $16°CE TIL'6t S 0 tlonuo)

9 9¢ LS 134 €8€°ST 658 £6£°9T 08261 € 1-0 VEI§ A4S

8¢ (44 (49 14 0696 060L 686°0€ $89°8C € 0 }1onuo) 4y
SAN W SN W SAN W SN 1IN spouad  (urw/Sy/Sw) punodwo)  "ON

g1 Isoq uaxpuD
%) &) (porrad/un/sjunod) (porrad/unutu/sjunod) JOON
oxd Dxd PLOXd «oxa

VETS AAS ANV mZH:.m&OE.._”.quH JO NOISLINI ¥914V ANIEN NI ANNOA ALIALLOVOIAVYH 40 SESATYNV NOLLOAGIMLSIA INS¥INDYIINNOD) *C TIdV ],



2655

Renal tubular transport of morphine and SKF 525A

*SPOYISIN Ul se suonjos jonuo)

-atefIns [earayje-¢-aurydiow = S ‘surgdiow(D,,;] = W +

*SPOYIOIA UI Se suoneudIsa(

$9 s¢ ¥s 9 00L°01 ££65 00091 SEV'El € 0 tlonuo)

99 143 $9 ¢ 00501 00s$ 0001 STLL % 0 OAdW

8 T ¥ 9 0s18 SZ6S 0ST°¢T 00¢‘ 1T ¥ 1-0 OAdN

8 T 132 LS $799 0081 00S°TT 00%'S1 1% $0-0 OAdN

(4 8y or 09 99¢$ 006 001°CI 99681 € 0 tronuop Ly

Ly (39 472 95 0£8P1 080°LI 08191 0€I'8T € 0 $1onuo)

9 S 9 ¥s 018vT 9LLLT 06¢°81 080°7T € $-0 DAdN

8¢ £9 ¥€ 99 001°01 00091 0S0°LT 050°cE € 0 t1onuo) {3

L9 €€ 09 o 95TV 97¢'C1 887°sT 95691 € 0 fronuo)

89 43 65 112 LESLT (4413 $T6TT 05091 ¥ S0 D2AdN

199 S LS 134 L1l 0628 068°8¢ 000°0¢ 3 0 flonuo) o¢
SHIN W SANW W SHN W 1SAN IN spowrad  (urw/3y/3w) punodwo) "ON

urw-Qf asoq usPIYD)
©) ) (porsad/urur/sjunoo) (porad/urm/sjunoo) 07N
oxd xg LOXT LOX7

OAdIN anv mZ—EQKOEHU¢L 40 NOISNANI JI14V INNIN NI ANNOA ALIAILOVOIAVY 40 SISATYNY NOLLNEINMLSIA INTHINDWALNNOD) "9 TV ],



Ramses HakiM and JaMeEs M. FuiMoTto

2656

*'SPOUIOA UI S Uorinjos [onuo) *
ayejns [edarsylo-g-ouydiow = AW duydiow[D,,,] = W |
‘SPOYIOIA Ul SB SUONBUSISA(] 4

8¢ w 6€ 19 0s¥°0T 0STST STE'6T ST9°9p 14 810 PIEC AAS

8¢ w ov 09 $L9°91 £9€°C1 £H9vC 895°L¢E 91 0 tronuo)

65 It 187 65 STE9Y 0SETY STS61 059°6¢ ¥ 710 PIET IS

4] 8¢ 147 65 00971 9968 99517 998°6C € 0 tronuo) (372

8¢ 44 Ly €5 €£6°ST 00L8T 0£8°97 00L°67 € 91-0 P1€T IAS

8¢ w 8% 43 00§°CT 00091 000°8¢ 001°0¢ £ 80-0 $1EC IS

LS £F 474 95 £EV'ST CETPI 990°€T 99%°67 € 910-0 $1€T IS

9 124 37 LS 0ST'sT 0sTTI 0S0°8T Scl‘Le 12 0 tronuop w

6 8% 6y IS 999°p1 ££9°01 €60 1€ €ELTIE € 900 Y1€T IS

6§ 8% s [<9 99L°91 CECTI 998°97 99I°T¢ € £0-0 PIET ANAS

9 24 47 99 €ETST 008°TT 001°8¢C £E9VE € S10:0 PIET IS

S 9 137 LS 796 0028 £E1CE £E9°IY £ 0 fronuop 8%
SIN W SN W SAN W s IN sporrad  (uruwi/3y/8w) punodwo) "ON

uIw-o | sso LS Slitie)
%) ©4) (pord/uru/syunod) (porrad/unu/syunoo) J0 0N
2oxH xda +OXH o) ¢/

$I1€C AMS ANV mZ:LmMOE_”UvL 40 NOISNANI ¥a14V ININN NI ANNOd ALIAILDVOIAVY 4O SESATYNVY NOLLOEIILSIA INTHINDYIINNOD) °/ T4V ],



Renal tubular transport of morphine and SKF 525A 2657

TasLE 8. EFrect oF SKF 525A Anp MPDC oN ['“C]TEA anD PAH TRANSPORT*

No. of Apparent tubular excertion fraction
Chicken Dose 10-min
No. Compound (mg/kg/min)  periods 14C PAH 14C/PAH
58 Control 0 4 241 +£3-5 403 +21 060 & 0-08
SKF 525A 02 11 174 + 45 481418 038 1011
60 Control 0 5 367+ 54 416149 087 005
SKF 525A 04 9 52+£132 4614+31 0164028
82 Control 0 6 620 +34 965455 0661006
SKF 525A 0-5 9 40-4 4 2-4 1009 + 56 0-40 4- 0-02
86 Control 0 6 433 L 17 456 +23 096+ 004
SKF 525A 0-5 9 153+ 20 347 423 0-44 4 0-04
88 Control 0 6 692 £ 56 6684028 1051010
SKF 525A 05 8 139 54 402 £ 62 0-29 + 0-10
90 Control 0 6 619 £22 662+26 094+ 004
MPDC 0-5 9 —13+£42 331426 —008-+010
92 Control 0 6 745 + 37 569445 1-33 4+ 0-07
MPDC 05 9 —27+39 41-5+38 —0-11 + 007
94 Control 0 6 682432 67932 1-01 4- 007
MPDC 0-5 9 —654-40 4734+43 —0-14 £ 011

* [**C]TEA = tetraethyl-1-'*C ammonium bromide. See Table 1 for other abbreviations..

two sides, even though the **C-pentobarbital was infused on one side. Therefore, no
active transport for **C-pentobarbital occurred and the ATEF was near zero. Table 9
also shows that, after infusion of SKF 525A, there was a marked decrease in the
amount of total '*C as well as 1*C-metabolite appearing in the urine of both the
infused and noninfused sides; a decreased recovery in total radioactivity occurred.
The result of the countercurrent analyses (expressed as a ratio of the pentobarbital/
metabolite) showed that little pentobarbital (5-15%) was excreted unchanged and
most of the radioactivity found in the urine (85-95%) was metabolite. Thus, the
decrease in total '*C excreted after SKF 525A infusion was due mainly to a decrease
in the amount of !*C-metabolite. This change is indicated by the increase in the
pentobarbital/metabolite ratio with SKF 525A infusion while the '4C excretion fell
markedly. This effect on metabolite excretion was still present 90 min after discon-
tinuing the SKF 525A infusion,

The experiment with MPDC showed the same effects as with SKF 525A. The main
difference between these drugs was that MPDC had a less persistent effect than
SKF 525A, since after 90 min the amount of total 1*C appearing in the urine was back
to control values.

DISCUSSION

Both SKF 525A and MPDC opened the venous valve to cause shunting of the blood
away from the ipsilateral renal peritubular capillary system into the systemic cir-
culation. This shunting resulted in a fall in PAH ATEF; a proportional fall in *4C
ATEF for morphine must be attributed to this shunting. That the fall in PAH ATEF
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was largely an effect on the valve is indicated by the following evidence. Sperber?°
demonstrated that PAH was extracted completely on its initial pass through the
peritubular capillary network and any PAH that appeared in the systemic circulation
had bypassed the tubular system. Thus, ATEF for PAH was considered to reflect the
patency of the valve, a high ATEF indicating a closed valve and a low ATEF indi-
cating an open valve. The validity of this view has been supported by Rennick and
Gandia,?® who showed that the valve was under cholinergic control for contraction
and under adrenergic control for relaxation. Atropine decreased the excess PAH
excreted by the infused kidney through an effect on the valve. Since SKF 525A and
MPDC have been shown to possess atropine-like activity,?'2¢:27 such activity would
explain the effect of these drugs on the venous valve in the present experiments. Since
the total recovery of PAH during our experiment did not change under the influence
of these drugs, it would be unlikely that tubular transport of PAH was affected. These
arguments are consistent with the results of the [1*C]TEA experiment. Since both PAH
and TEA are actively transported, opening of the venous valve alone should have
caused a parallel fall in the ATEF of both PAH and ['*C]TEA. However, a greater fall
occurred in the ['*C]JTEA than in the PAH ATEF. Although these results do not
completely rule out an effect of SKF 525A and MPDC on PAH transport, the obvi-
ously greater sensitivity of the cationic transport system to SKF 525A and MPDC is
evident. Even though opening of the valve complicated the results, the interpretation
of the effect of these drugs on morphine transport was clear.

The data indicated that SKF 525A and MPDC inhibited transport of morphine in
the chicken kidney. This interpretation was deduced from the decrease in the 1*C ATEF
for **C-morphine infusion and also from the decrease in the ATEF ratio of **C/PAH.
The fall in the latter values can be accepted as a preliminary indication of blockade in
transport of morphine. The general concept of using the differential fall in the ATEF
of a compound relative to a marker has been widely applied by others,2%:28-31 The
countercurrent analyses showed a marked decrease in the excretion of the morphine
fraction by the ipsilateral kidney. The fraction corresponding to the morphine-3-
ethereal sulfate was decreased proportionately. In these and in additional cases where
total **C excretion was measured, a dramatic drop in total radioactivity occurred. In
the remaining discussion, the arguments for and evidence supporting the site of action
of SKF 525A and MPDC on the transport of morphine will be presented. Arguments
against other sites of actions such as on metabolism of morphine and transport of the
metabolite will be developed.

At this point, the reader should refer to the work by May ef al'? and Watrous
et al.**15 regarding the mechanism of renal tubular transport of morphine and the
intracellular metabolism of morphine to MES. Since SKF 525A and MPDC do not
inhibit the transport of MES (administered by infusion), any fall in 1*C-MES excre-
tion after [**C]morphine administration and SKF 525A and MPDC infusion must be
attributed to lack of access of morphine into the cell. That is, we know that if there is
any MES formed within the cell, its translocation from the cell to the tubular lumen
should still be unimpeded (since MES transport is unaffected). An alternative would
be to argue that inhibition of metabolism of morphine by SKF 525A and MPDC
within the cell not only leads to a decrease in formation of MES (which results in
decreased MES excretion) but also somehow results in a decrease in [!*C]morphine
transport. These actions would then result in decreased '*C ATEF and decreased
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excretion of ['#*C]morphine and [1*C]MES. This alternate argument does not fit the
expectations. From the work of Watrous and Fujimoto,!? it is established that inhibi-
tion of metabolism of morphine to MES is not in itself sufficient to inhibit morphine
transport. In their experiment, inhibition of metabolism of morphine to MES (by
catechol) led to an increase in excretion of unchanged [**C]morphine with the total
[*4C]ATEF not being decreased. Since catechol did not block transport of MES nor
block access of morphine into the cell, inhibition of the metabolism of morphine to
MES resulted in the excretion of the excess morphine within the cell as unchanged
morphine; the total amount of ['*C]morphine transported across the peritubular
membrane of the renal tubular cell was still the same. With these results in mind, one
would expect in the present experiment that if SKF 525A and MPDC were inhibiting
metabolism of morphine to MES, the results should be identical to those in which
catechol was used. The results are obviously different; therefore the alternate hypo-
thesis is incompatible with the results. SKF 525A and MPDC did not inhibit meta-
bolism.

More direct evidence is available to support the hypothesis that SKF 525A and
MPDC are acting on the cationic transport system. {*“C]TEA transport was differen-
tially reduced over that of PAH transport as shown in Table 8. Since TEA is meta-
bolized little if at all, differential reduction in its ATEF over that of PAH must be an
effect on transport of TEA. In this sense, the effect of SKF 525A and MPDC in
blocking transport of morphine would be due to competition as organic bases. Other
organic bases such as mepiperphenidol and cyanine 863 block morphine transport.1°-14
Since it was surmised that one probable location of the base transport system was on
the peritubular side of the renal tubular cell,’” competition between SKF 525A and
MPDC for morphine transport might be occurring at a peritubular site. Such a site of
action would be highly conformable with our present results. In this context, it is
interesting that one of the earliest suggestions for a site of action of SKF 525A in
another system (hepatic microsomes) was on a membrane.* More recently, Lee et al.3?
showed that SKF 525A had several effects on red blood cell membranes and Gaurez-
Kurtz and Bianchi®?® noted the similarity in action between SKF 525A and local
anesthetics. Permeability may be affected in a more general sense as shown by Mar-
chand et al.3* on the gastrointestinal absorption of CCl,; the surface active properties
of SKF 525A have been studied by Florence.?° It is indeed intriguing that Henderson
and Dewaide3® found that inhibition by SKF 525A of glucuronidation of p-nitro-
phenol occurred in the intact hepatocyte but not in homogenates. They suggested that
for UDP-glucuronidation, SKF 525A produced a nonspecific change in the properties
of the membranes. One wonders how much of the effects of SKF 525A are explainable
on the basis of an action of a translocation process associated with a membrane
rather than direct inhibition of an enzyme.

Since SKF 2314 was reported to be an enzyme inhibitor,” it was logical to test this
compound. Being an acid, it should not compete with morphine for transport, since
morphine is transported only by the base system.!2-14 SKF 2314 had no effect on
transport and no effect on metabolism of morphine to MES. These data were not
helpful in clarifying the present situation, but were consistent with our proposed
mechanism.

The insensitivity of morphine metabolism to inhibition by SKF 525A, 2314 and
MPDC may arise from the fact that the enzyme responsible for this conjugation
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process, formation of ethereal sulfates, are located probably in the soluble fraction of
the cell37+38 rather than in the endoplasmic reticulum. The main inhibitory action of
SKF 525A, MPDC and SKF 2314 appears to be on microsomal enzymes systems,2®
and SKF 525A can act as alternative substrate for drug-metabolizing microsomal
enzymes.

In the experiments with pentobarbital-14C, metabolism was blocked by SKF 525A
and MPDC. When pentobarbital-14C was infused into one saphenous vein, the ATEF
for *C excretion was near zero. The acidic pH (4-5-6-5) of chicken urine favors the
reabsorption of pentobarbital (pK, 8-:0) and excretion of free **C-pentobarbital was
low in the urine. Between 85 and 95 per cent of the excreted **C-radioactivity was
metabolite, with from 5 to 15 per cent being pentobarbital-1*C by countercurrent
analyses. The pentobarbital that may diffuse into the renal cell was not metabolized
very rapidly. Based on a nonionic mechanism, one may except an excess of pento-
barbital-*#C to be present in the renal tubular cells on the ipsilateral side. Yet no excess
of metabolite was excreted from the infused side compared to the noninfused side.
Thus, metabolism of the major portion of pentobarbital occurred in organs other than
the kidney. This metabolism of pentobarbital by other organs was blocked by SKF
525A and MPDC. The block in metabolism brought about a decrease in the amount of
metabolite being excreted from both sides. Increase in the pentobarbital fraction did
not occur. The results were compatible with the known effects of SKF 525A and
MPDC barbiturate metabolism in the liver,10-11

The duration of action of SKF 525A and MPDC on some of the described effects
is of interest. The blocking action of SKF 525A and MPDC on morphine transport
was short; the block decreased after stopping their infusion. In contrast, the effect of
these drugs on inhibition of pentobarbital metabolite excretion was relatively long
lasting. These findings would be compatible with two different inhibitory sites of
action for SKF 525A. One was blockade of transport as exemplified by morphine,
and the other inhibition of metabolism as exemplified by pentobarbital.

Finally, others have demonstrated an effect of SKF 525A on the kidney. Marshall
and Williamson3® and Hook and Williamson*® demonstrated a natriuretic effect of
SKF 525A in the dog after intra-arterial injection; they reported that the duration of
this effect was very brief.

Acknowledgement—The authors gratefully acknowledge Smith, Kline & French Laboratories for the
SKF 525A and SKF 2314, Lakeside Laboratories for the MPDC, and Mrs. Rosalie Zamiatowski for
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