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Abstract
Mechanisms of Cimetidine Renal Tramsport In Isolated
Membrane Vesicles And Renal Clearance Studies In Humans.
Lee G. Gisclon
The mechanisms of renal transport of the histamine Bz-
receptor antagonist cimetidine were studied in vitro using
isolated luminal membrane vesicles prepared from rabbit
kidney.1 Cimetidine was found to accumulate in the
vesicles with time. This uptake was responsive to changes
in the extravesicular osmolarity, indicating transport into
intravesicular space. Both saturable and nonsaturable
processes were required to characterize the uptake of
cimetidine. Michaelis-Menten parameters were obtained for
the saturable component of cimetidine uptake. An initial
outwardly-directed proton gradient was found to stimulate
cimetidine uptake and this enhanced uptake was inhibited by
other organic bases and cations as well as by the organic
anion probenecid. The effect of probenecid on cimetidine
transport was not due to effects on membrane binding,
vesicle volume, or membrane potential, and the data suggest
that the inhibition specifically involved the transport
system for cimetidine in the luminal membrane. Subsequent
studies have confirmed that probenecid competitively
inhibits the transport of other organic cations across the
luminal membrane of the renal proximal tubule.

The effect of creatinine on the transport of
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cimetidine across the luminal membrane of the proximal
tubule was evaluated directly using isolated membrane
vesicles.2 Creatinine was found to produce concentration
dependent inhibition of the proton gradient stimulated
transport of cimetidine in luminal membrane vesicles
prepared from rabbit kidhey. These data are consistent
with the observation that cimetidine inhibits the renal
secretion of creatinine in vivo and suggest that cimetidine
and creatinine may share a common transport system in the
luminal membrane. Creatinine concentrations required to
inhibit cimetidine transport were high (i.e. 0.0l to 0.5
M), suggesting that the affinity of creatinine for the
transport system is low compared to that of cimetidine.
Because of our finding that probenecid inhibited
cimetidine transport in luminal membrane vesicles, we
sought to determine the relevance of this inhibition to
drug therapy. Accordingly, we examined the interaction
between probenecid and cimetidine in humans.3 In a
randomized crossover study of six healthy male subjects,
probenecid was found to transiently decrease the renal
clearance of cimetidine. 1In the first hour after
cimetidine administration, probenecid significantly
decreased both the glomerular filtration rate (GFR) and the
net renal secretory clearance of cimetidine without
increasing its nonrenal clearance. The transient nature of

this inhibition resulted in no significant changes in the
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overall elimination kinetics for cimetidine. These data
are consistent with our findings from in vitro studies, and
suggest that interactions between other concurrently

administered anion-cation drug combinations may occur.
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Introduction

Cimetidine is a histamine Hz-receptor antagonist
widely used in the treatment of gastric acid hypersecretory
disease. The drug is eliminated from the body by both
biotransformation and renal excretion. Although there have
been a number of studies elucidating the mechanisms
involved in the biotransformation of cimetidine and its
effects on the biotransformation of other compounds, there
have been only a few studies on the mechanism(s) of the
renal excretion of this drug.

Overall Thesis Objectives and Scope

The overall objectives of this thesis are to determine
the cellular mechanisms involved in the renal transport of
cimetidine and to ascertain the ramifications of these
mechanisms on drug therapy.

Specific Objectives

The specific objectives of this thesis are:

1. To characterize the mechanisms involved in the
transport of cimetidine across the luminal membrane of the
renal proximal tubule.

2, To determine the effect of creatinine on
cimetidine transport in luminal membrane vesicles prepared
from rabbit renal cortex.

3. To determine the effect of probenecid on the renal

clearance of cimetidine in humans.






Chapter I

Cimetidine Background Information

A) Development

Folkow et al.4

(1948) first suggested the possibility
of more than one histamine receptor based on studies in
which available antihistamines were not found to be
effective in blocking histamine stimulated increases in
gastric acid secretion or heart rate. Black et al.5 (1972)
were the first to define and specifically antagonize the
histamine H,-receptor, as determined by inhibition of
histamine-stimulated gastric acid secretion by burimamide.
However, this compound, which was the 200th synthesized, was
not marketed because it was not active when administered
orally. Metiamide was subsequently found to have oral
potency and was used in human clinical trials, but its use
was stopped because of fatal granulocytopenias thought to be
due to the thiourea moiety of the compound.6 After
synthesis and testing of another 500 compounds, cimetidine
(Smith Kline and French) was developed and approved for
human use in England in 1976 and in the U.S. in 1977 and is
now one of the most widely prescribed drugs in the world.
Currently, ranitidine (Glaxo) and famotidine (Merck Sharp &
Dohme) have also been approved for use in the U.S. Figure

I-1 contains the structures of several Hz-receptor

antagonists. Burimamide, metiamide, and tiotidine, are no



Figure I-1. Structures of histamine Hz-receptor antagonists.
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longer used in humans; etintidine, oxmetidine, and

nizatidine are undergoing clinical trials.

B) Clinical Use.

Cimetidine is approved for use in the U.S. by the Food
and Drug Administration for treatment of duodenal ulcers,
gastric ulcers, and pathological hypersecretory disease
(i.e. Zollinger-Ellison syndrome, systemic mastocytosis,
multiple endocrine adenoma).7 In addition, it is widely
used to prevent stress induced ulceration and bleeding (i.e.
from trauma, surgery, infection, or renal failure), to
alleviate symptoms of gastroesophageal reflux, as an adjunct
therapy to enzyme supplementation in pancreatic
insufficiency, to neutralize stomach acid in order to
prevent complications of gastric aspiration during
anesthesia, and for various allergic and urticarial
conditions.7 Doses of cimetidine range from 1200 mg per day
for treating uncomplicated duodenal ulcer, to as high as
3600 mg per day for treating pathological hypersecretory

disease.7

C) Adverse Effects.

Among the adverse reactions reported to be associated
with cimetidine use are central nervous system (CNS)
toxicities, cardiovascular effects, endocrine effects, and
hematological toxicities. Comprehensive evaluation of the

incidence of these reports has revealed that adverse effects



8,9,10 CNS

resulting from cimetidine are extremely rare.
toxicity has been observed in 7.3 in 100,000 patients,
mental confusion in 1.1 in 100,000, and hematologic
toxicities in 2.3 in 100,000. Recent evidence has been—~
presented to show that the cardiovascular effects associated
with rapidly administered intravenous doses of cimetidine
may be due to a reduction in total peripheral resistance

11 Patients with

with no effect on cardiac performance.
compromised ability to eliminate cimetidine, i.e. the
elderly, those with multiple organ failure, and shock and
trauma patients appear to be most susceptible to the drug's

adverse effects and must be closely monitored.12
D) Cimetidine Pharmacokinetics.

1. Absorption Site.
Studies in the rat have shown that cimetidine is poorly
absorbed in the stomach and is differentially absorbed in

the intestine according to the following order, ileum >

13

duodenum > jejunum > colon. Active membrane transport for

cimetidine has been demonstrated in the rat using small

14 In humans, the

intestinal membrane preparations.
importance of the ileal and duodenal absorption sites has
been shown in studies in which absorption was not affected

by partial gastrectomy,15 or by jejunostomy.16

In addition
to the oral tablet and the intravenous dosage forms,

cimetidine is also marketed in intramuscular (IM) and oral
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liquid dosage forms. The IM dosage form is rapidly and

17,18 The oral liquid dosage form is

18

completely absorbed.

equivalent in absorption to the oral tablet.

2) Dual Plasma Peak.
A dual peak is often present in the plasma cimetidine

concentration vs time profiles of fasted subjects dosed

18-24 ppe gual peak is reported not

19,21

orally with cimetidine.

to be present when subjects are fed. In subjects

taking metoclopramide, a stimulant of upper GI motility, the

dual peak is not observed but bioavailability declines.zs'26

Although the precise mechanism for this observation is
not known, several theories have been proposed to explain

the dual peaks. The theories include; a) discontinuous or

13

site specific absorption of cimetidine, b) storage of

unchanged cimetidine in hepatic parenchymal tissue or gall

bladder with spontaneous or food stimulated release,24'27

and c) enterohepatic recycling in which the sulfoxide

metabolite is reduced back to cimetidine by fecal bacteria

and reabsorbed as such.20

3) Bioavailability.

The biocavailability of orally administered cimetidine

18,20 in patients with

28,29

has been studied in healthy subjects,

ulcer disease,19 in patients with cirrhosis, and in

30,31

patients with renal disease. Biocavailability has

generally been reported to range from 70 to 90%,12 except in






some individuals in whom unspecified disease or intrinsic

factors cause a substantial reduction (i.e. 25-30%

bioavailability ).29’32
Food does not affect the extent of absorption but does

21,33,34 Antacids of

cause delayed absorption of cimetidine.
high neutralizing capacity (26-41 mmol/10ml) have been
reported to decrease the AUC of cimetidine by 20-

35%.25,35,36

4) Distribution.

Cimetidine is a weak base (pKa 6.8) and a very polar
molecule with a high degree of water solubility (11.4 gm/L)
and a relatively low octanol/water partition coefficient
(2.5).37 These physicochemical characteristics would favor
partitioning of cimetidine into aqueous physiologic space.
Data to support this argument comes from a limited number of
tissue distribution studies performed in animals and in

38-40 1. these

postmortem samples obtained from humans.
studies, 70% of the total amount of cimetidine in the body
was determined to be in skeletal muscle, which, because of
its large contribution to total body weight, was the primary
tissue storage site. The liver, kidney, and lung were
found to have tissue/plasma concentration ratios for
cimetidine greater than 1.0. Ratios for the kidney and
gallbladder were from 10 to 15, for liver and lung from 2 to

5, and for skeletal muscle from 1 to 2.

The accumulation of cimetidine in fat was found to be






negligible, reflecting the hydrophilic nature of the
molecule. However, cimetidine does penetrate the blood-
brain barrier, resulting in mean CSF/serum concentration

ratios ranging from 0.03 to 0.24 in patients without hepatic

38-42

or renal disease. Certain disease states may enhance

the penetration of cimetidine into, or decrease the
elimination of cimetidine from the CNS. For example,
patients with liver disease have been reported to have
higher CSF/serum concentration ratios.38 Cimetidine

distributes into red blood cells attaining concentrations

19

equal to those in plasma. Cimetidine is secreted in the

breast milk of humans, achieving concentrations 5 to 12

times higher than those in plasma.43

Cimetidine is approximately 10 to 20% bound to plasma

proteins (albumin) over the concentration range of 0.05 to

19,44

50 ug/ml. Binding of cimetidine to alpha-l-acid

12

glycoproteins has not been thoroughly studied. The steady

state volume of distribution of cimetidine is 1.0 L/Kg,
which is approximately equal to total body water, and
apparently remains constant in a variety of disease states

including renal failure and hepatic disease.lz'45

19

Somogyi
et al. have reported that the Vdss declines with age. The
decrease in Vdss with age may be related to the relative
increase in body fat and decrease in muscle mass which

occurs with aging.



5) Metabolic Pathways.

Detailed studies of cimetidine metabolism in humans
have been limited, and the metabolic fate of the compound
has not yet been precisely determined. Studies by Taylor et

44 and Mitchell et al.,46

al. have positively identified
three metabolites of cimetidine in man (Figure I-2). The
primary metabolite is cimetidine sulfoxide, which accounts
for 10 to 15% of the dose. The 5-hydroxymethyl derivative
is a minor metabolite, accounting for 4% of the dose.
Guanylurea cimetidine is also a minor metabolite in normal
individuals (1-2%), however, its formation has been reported

47 In the studies by both

46

to be increased in burn patients.

Taylor et al.44 and Mitchell et al.,

an additional polar
metabolite was found which accounted for as much as 24% of
the cimetidine dose. The latter group tentatively
identified the metabolite as the N/-glucuronide of
cimetidine. If confirmed, this would be the major

metabolite of cimetidine in man.

6) Elimination.

When cimetidine is administered intravenously to
healthy subjects, about 70% (range, 50-80%)45 of the dose is
recovered as unchanged drug in the urine, another 15% is
recovered in urine as the three metabolites, while 15%
remains unaccounted for but may be the, as yet unconfirmed,

12 Oral administration results in

45

glucuronide metabolite.

less unchanged drug being excreted in the urine, with the



Figure I-2. Metabolites of cimetidine formed in humans.
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amount of the unidentified metabolite rising to as high as

40% of the dose.12

45

Only about 2% of a dose is excreted in
the bile.

It is thus apparent that renal excretion is the primary
route of elimination for both cimetidine and its metabolites
and that renal function will determine the rate at which
these compounds are removed from the body. Total body
clearance (CLS) of cimetidine in healthy young adults was
reported to be 500 to 600 ml/min in a review of the

45 This high systemic clearance

literature by Somogyi et al.
is accounted for primarily by high renal clearances (CLr)
which were reported to range from 400 to 600 ml/min in the

45

reviews by Ziemniak et al.,12 Somogyi et al., and Abate et

48 Recent studies are included in a summary of the

al.
clearance data (mean +/- SD) for cimetidine obtained from
humans (Table 1). When the data for healthy young adults is
averaged, the mean +/- SEM for systemic clearance is 595 +/-
20 ml/min and for renal clearance is 409 +/- 21 ml/min from
24 and 20 separate studies respectively (Table 1). Renal
clearances three to four times greater than GFR indicate
that cimetidine is extensively secreted by the renal tubules
in addition to being filtered by the glomerulus.

It should be noted that a great deal of variability has
been reported in the systemic and renal clearances of
cimetidine and that studies are difficult to compare unless

patients are carefully matched for age and renal function.

In addition, evidence has recently been presented to show
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that obese subjects who are otherwise healthy and who have
normal serum creatinine levels exhibit much higher systemic

63 Thus, the additional

and renal clearances for cimetidine.
variable of lean body weight should be considered when
comparing clearances for cimetidine obtained from different
studies.

Data for the nonrenal clearance of cimetidine are also

12

variable. In literature reviews, Ziemniak et al. and

45 report mean values of 144 and 200 ml/min

Somogyi et al.,
respectively. The mean +/- SEM for nonrenal clearance of
cimetidine after intravenous administration in normal or
healthy subjects from 11 studies in Table 1 was 209 +/- 29
ml/min.

The elimination half-life for cimetidine reported in

12 45 is 2

the reviews by Ziemniak et al. and Somogyi et al.,
hours. A half-life of 1.94 +/- .05 hr (mean +/- SEM) was
calculated from data compiled for healthy subjects in 20

studies (Table 1).
E) Pactors Affecting Elimination.

1) Age.

There is little data on the pharmacokinetics and
pharmacodynamics of cimetidine in neonates and children.
Although cimetidine might be expected to exhibit low renal
clearances in these populations because of depressed tubular

69,70

development,45 a few studies in neonates have shown
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that these patients have an enhanced ability to eliminate

cimetidine and may require higher doses. Studies in

61,65,71,72

children have also demonstrated that they have

ability to eliminate cimetidine more rapidly (10 to 14

ml/min/kg CLS) than adults (7 to 8 ml/min/kg CLS).lz'45

19,73

Both total systemic clearance and renal

clearance74'75

have been reported to be inversely correlated
with age and are decreased in the elderly. The changes in
these parameters have been attributed to declining renal

76 In the elderly, the elimination

function (GFR) with age.
half-life is also correlated with age, however, the
magnitude of change is not as great as would be expected, in
part because of a proportional decline in both VdSS and
CLS.45

2) Renal Disease.

As would be expected for a compound which is cleared
primarily by the kidney, the CLS of cimetidine is
drastically reduced in renal failure. The CLS was reported
to be reduced to 20 to 50% of normal in the review by

45 depending on the degree of renal failure.

Somogyi et al.,
In severe renal failure, the CLr of cimetidine may be
reduced to less than 10% of normal (Table 1), and it is the
drastic reduction in this clearance, often to less than 5
ml/min, which primarily affects CLS. Substantial increases

in the half-life are observed in patients with severe renal

failure or in patients with both renal and hepatic
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disease.12 The literature is conflicting as to whether

38,45,50

metabolic clearance remains unchanged, or is

decreased by renal disease.31'56

Unlike the parent compound, the sulfoxide and

hydroxymethyl metabolites of cimetidine are cleared from the

12,46

body almost exclusively by the kidney. With normal

renal function, these metabolites have elimination half

45

lives similar to cimetidine, while in severe renal failure

the half life of the sulfoxide may rise to as much as 27

51 (Table 1).

hours.
3) Hepatic Disease.
The effect of hepatic diseases on elimination of

12,45 (Table

cimetidine has not yet been precisely defined.
1). An approximately equal number of studies argue for and
against hepatic diseases decreasing total systemic and

nonrenal clearance of cimetidine.12

It is likely that
difficulties in classification of hepatic impairment
contribute to differences in interpretation of the effects
of these diseases on cimetidine disposition. It is clear
however that patients with both hepatic and renal failure
have greatly diminished ability to eliminate the drug and
often are subject to accumulation and attendant adverse

effects.38
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F) Drug Interactions.

The information presented on drug interactions in this

section was collected from the reviews by Somogyi et al.,77

79 80

Bauman et al.,78 Greene et al., Sorkin et al., Powell et

8l and Gerber et al.,82 as well as a review of the most

66-68

al.,
recent literature. For an extensive listing of all
drug interactions reported with cimetidine, the reader is
referred to the review by Ziemniak et al.12
Cimetidine drug interactions in theory can occur by

82 1) by altering gastric pH, cimetidine may

four mechanisms:
affect absorption of acid labile drugs, or drugs which have
pH dependent solubility, 2) cimetidine may inhibit the
cytochrome p-450 or p-448 mediated metabolism of other
drugs, 3) by decreasing hepatic blood flow, cimetidine may
decrease the hepatic extraction of drugs which exhibit flow
dependent clearance, and 4) compounds which are secreted by
the renal proximal tubules may compete with cimetidine for
membrane mediated transport processes.

Among the extensive list of drug interactions reported,
the following are considered to be most clinically
significant.77'80

1. The absorption of ketoconazole, a drug which
exhibits increasingly poor water solubility with increasing
pH, is decreased when administered concurrently with
cimetidine.

2. Cimetidine induced inhibition of metabolism or

decreased hepatic blood flow results in altered elimination
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kinetics of the following drugs which are cleared by hepatic
metabolism: 1) warfarin, 2) benzodiazepines including
diazepam, desmethyldiazepam, and chlordiazepoxide, 3)
phenytoin, 4) B-blockers including propranolol, metoprolol,
and labetalol, and 5) theophylline.

3. The renal clearance of the bases procainamide
and N-acetylprocainamide are decreased by cimetidine due to
competition for renal proximal tubular transport.

Cimetidine also inhibits the renal clearance of creatinine

without affecting the GFR.SO’83
Drugs which have been shown to alter the

pharmacokinetics of cimetidine include antacids of high

25,35,36

neutralizing capacity, anticholinergics,26 and

25,26 all of which decrease the

metoclopramide,
bioavailability of cimetidine. Phenobarbital pretreatment
has been shown to cause enhanced enzymatic biotransformation
of cimetidine in humans, resulting in an increased nonrenal

clearance of cimetidine.84

G) Cimetidine Renal Transport.

Evidence for net renal secretion of cimetidine in
humans has been obtained from in vivo studies in which the
renal clearance of cimetidine in healthy adults has been
shown to exceed GFR by a factor of three or four fold.45
These findings suggest that cimetidine is actively secreted

from plasma into urine against a concentration gradient.

Based on a limited number of in vivo studies in which
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cimetidine has been shown to inhibit the renal clearance of

organic bases: ranitidine,66 triamterene,68

85, 86 85, 86

procainamide, and N-acetylprocainamide, and one

study in which cimetidine renal clearance was inhibited by

the organic base ketoconazole,67

cimetidine is thought to be
secreted by the organic cation transport system in man.

More definitive studies of the renal tubular transport
of cimetidine have been conducted in animals. These studies

are discussed in detail below.

l. In Vivo Studies In The Rat.

87 studied the renal clearance of

Weiner et al.
intravenously administered cimetidine in anesthetized rats.
Renal clearances were determined under steady state
conditions following administration of loading doses and
sustaining infusions of cimetidine. The ratio of cimetidine
renal clearance to GFR (determined by inulin clearance)
decreased from 2.6 to 1.3 with plasma concentrations
increasing from 2 to 200 ug/ml, indicating that the renal
secretion of cimetidine was saturable. The renal clearance
of cimetidine was decreased by 30% with concurrent infusion
of bicarbonate, suggesting that cimetidine may be reabsorbed
by nonionic diffusion in the kidney. There was no evidence
for urine flow dependent renal clearance.

The effect of cimetidine on the renal clearances of

radiolabeled forms of the organic anion para-aminohippurate

(PAH) and the quaternary cation tetraethylammonium (TEA)
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were determined at steady state. Cimetidine did not affect
the renal clearance ratio of PAH, but completely eliminated
net secretion of TEA (renal clearance ratio TEA/GFR < 1).
These experiments suggest that the renal transport of
organic cations but not organic anions is inhibitable by
cimetidine, and imply that cimetidine is transported by the
renal organic cation system and is not transported by the
PAH transport system.

This study was important because saturability of
cimetidine renal secretion was demonstrated, providing
evidence for carrier mediated renal transport. However, it
should be noted that the clearance ratios for renal
elimination were determined at cimetidine plasma
concentrations of approximately 2, 50, 90, and 200 ug/ml.
Because therapeutic concnetrations of cimetidine are at or
below 2 ug/ml, it would be of interest to more precisely

define the saturable renal elimination process.

2. In Vitro Studies With Perfused Proximal Tubules From
Rabbit Kidney.

McKinney et a1.88'89

studied the renal transport of
cimetidine in isolated perfused superficial proximal tubules
from rabbit kidney. The individual tubules were perfused
while in a bath containing radiolabeled cimetidine. Fluid
from the perfused tubule was collected and the concentration

of labeled cimetidine in the tubular fluid determined.

Cimetidine concentrations were found to be 15 to 26 times
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higher in the tubular fluid than in the bath, indicating
that active secretion had occurred. Temperature and
concentration dependent cimetidine secretion was also
demonstrated. The rate of cimetidine transport from lumen
to bath, determined by adding labeled cimetidine to the
perfusate, was 10-20% of the bath to lumen transport rate
and this transport was only slightly temperature dependent
and was not inhibitable by ouabain. These findings suggest
that the reabsorption was passive in nature.

The organic bases quinine, quinidine, tolazoline,
procainamide, N-acetylprocainamide, and cimetidine
sulfoxide, at bath concentrations ranging from 10"5 to 10-3
M, produced concentration dependent inhibition of cimetidine
transport from bath to lumen. Similarly, the organic
anions, probenecid and PAH, produced concentration dependent
inhibition of the bath to lumen transport of cimetidine.
Creatinine also was found to inhibit cimetidine transport,
although to a lesser extent than the other compounds tested.
Ouabain, at 10"5 M, when added to the highest concentration
of each inhibitor tested, was found to produce further
inhibition of cimetidine transport for all inhibitors except
quinine. Quinine had, by itself, virtually eliminated
cimetidine transport.

These studies are important for understanding the
mechanisms of cimetidine renal transport because they were
the first studies in isolated renal tissue. The observed

effect of quinine on cimetidine transport is particularly
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relevant because quinine is known to be a potent and

90 The

specific inhibitor of renal organic cation transport.
results with the other basic compounds confirm that
cimetidine transport is inhibited by organic cations and
suggest that cimetidine is transported by the organic cation
system.

The effects of probenecid and PAH on cimetidine
secretion are more difficult to explain because the organic
anion and organic cation transport systems are thought to be

90 The authors speculated that

separate and distinct.
cimetidine could be transported by either the organic cation
or the organic anion transport systems, but was
preferentially transported by the cation system. However,
this conclusion was based on data obtained from transport
across intact cells involving two functionally distinct
membranes (discussion in Chapter II), and is premature

because no effort was made to investigate the mechanism of

the interaction and thus substantiate the conclusion.

3. In Vitro Studies With Canine Renal Cortical Slices.

91

Cacini et al. conducted experiments in which the

6 M) was studied in

uptake of radiolabeled cimetidine (at 10
thin cortical slices prepared from canine kidney.

Cimetidine accumulated in the slices with time, achieving a
slice to medium concentration ratio of three at equilibrium,
thus demonstrating concentrative uptake. No evidence was

found for metabolism when tissue extracts were analyzed by
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thin layer chromatography. To distinguish transport from
membrane binding, the uptake studies were also performed in
the presence of nitrogen and sodium cyanide, inhibitors of
active transport processes. These inhibitors reduced the
uptake of cimetidine by 60 and 70% of control respectively,
indicating that the majority of uptake of cimetidine was
dependent on metabolic energy.

The specific inhibitors of organic cation transport,

0 3

quinine and cyanine 863,9 at 10~ and 10'4 M respectively,

produced 60-70% inhibition of the equilibrium uptake of

5

cimetidine. 1In similar experiments probenecid (10 ~ M)

inhibited equilibrium cimetidine uptake by 20%, but produced
only minimal additional inhibition at higher concentrations

3 M). PAH (10'3

(to 10~ M) did not inhibit cimetidine uptake
at either initial times or at equilibrium. Inhibition of
the equilibrium uptake of radiolabeled PAH (10'6 M) by
cimetidine (10_4 M) was shown, however, no inhibition was

observed for cimetidine at 10"5 M. Inhibition of uptake of

radiolabeled TEA (10~°

M) by probenecid was also shown,
although concentrations higher than those which produced
inhibition of cimetidine uptake were required

(i.e. 5 x 1074

M).

Conclusions reached from this study were: 1) that
cimetidine uptake was saturable and energy dependent, 2)
that the uptake of cimetidine was mediated by the organic

cation transport system, 3) that cimetidine transport was

sensitive to probenecid but not PAH and that the inhibition
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by probenecid was not due to a transport system shared with
PAH, and 4) that the basolateral membrane was responsible
for cimetidine transport.

This study confirms the previous findings for
cimetidine transport relative to its carrier mediated nature
and the effects of organic cations and anions. In theory,
the study identifies a role for the basolateral membrane in
cimetidine transport because in renal cortical slices, the
lumen is thought to be occluded. The study was not
rigorously conducted in terms of the concentration dependent
effects of the inhibitors and the conclusions about the
absence of inhibition by PAH are not supported by

experimental evidence.

4. In Vivo Studies In The Sperber Chicken.

Rennick and coworkers92 studied tubular secretion of
cimetidine using the Sperber chicken model, in which all of
the venous return from one leg is routed to the peritubular
perfusion of one kidney before reaching the systemic
circulation. By measuring urinary excretion of a substance
infused into one leg and separately measuring urinary
excretion in each kidney, the tubular excretory function of
the infused kidney can be investigated.

Renal transport of radiolabeled cimetidine was found to
be saturable and was shown to occur at a rate 88% of that of
PAH, a compound which is completely secreted in one pass

through the kidney. The organic cations, cimetidine,
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ranitidine, thiamine, procainamide, guanidine, and choline,
produced concentration dependent inhibition of cimetidine
transport in order of decreasing potency. Surprisingly, the
organic cation, quinine, was ineffective as an inhibitor of
cimetidine transport. Cimetidine in turn produced
concentration dependent inhibition of transport of the
radiolabeled cations, thiamine, triamterene, and TEA.
Cimetidine was found to be metabolized by the kidney to the
sulfoxide and hydroxymethyl derivatives, and the amounts of
these metabolites in urine were highest from the infused
kidney.

These were well designed studies which clearly
demonstrated the in vivo inhibition of cimetidine transport
by endogenous cations (i.e. thiamine, guanidine, and
choline) known to be transported by the renal organic cation
transport system.90 The lack of effect of quinine on
cimetidine secretion is unexplained. The studies were also
the first to demonstrate that cimetidine could be
metabolized by the kidney. The hydroxymethyl and sulfoxide
metabolites were produced at 2.5 and 9% of the rate at which
cimetidine reached the kidney, rates which are in agreement
with the percentages of these metabolites formed in humans

after cimetidine administration.45

The very high extraction
efficiency of the kidney for eliminating cimetidine (88% of
PAH excretion) confirms the high renal clearance observed in
other species and directly demonstrates that cimetidine is

extensively secreted by the renal tubules. It would have
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been interesting if the investigators had tested the
specificity of cimetidine transport by examining the effect

of the anions, probenecid and PAH.

5. Studies In Basolateral and Luminal Membrane Vesicles

From Rat Renal Cortex.

93

Takano et al., studied cimetidine transport in

membrane vesicles prepared from rat kidney. Cimetidine

(10-2 M) was shown to inhibit the uptake of labeled TEA (5 X

-4

10 M) into both basolateral and luminal membrane vesicles.

Transport of TEA was at a higher rate in the luminal
membrane and inhibition by cimetidine was greater in the

luminal membrane than in the basolateral membrane.

4 4 3

Cimetidine (10~% to 1073 M) and TEA (1074 to 1073 M) were

reported to produce concentration dependent inhibition of
the initial proton gradient-stimulated uptake of labeled TEA

4 4

(10"% M). In the reverse experiment, TEA (6 X 10 ~ M)

inhibited the proton gradient-stimulated uptake of labeled

cimetidine (2.5 X 107>

M) in the luminal membrane.
These studies examined transport systems for organic
cations in both the luminal and basolateral membranes.

94 identified transport systems

Previously, Holohan and Ross
for organic cations in luminal and basolateral membranes and
demonstrated proton gradient-stimulated transport of the
quaternary cation, Nl-methylnicotinamide. These

investigators also advanced the theory that organic cation

transport in the luminal membrane is a secondarily active
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system driven by a proton gradient oriented from lumen to
cell and maintained by the Na+/H+ antiport system of the

luminal membrane.94

93 are made

Unfortunately, the studies by Takano et al.
less valid by lack of adequate controls, i.e. no effort was
made to demonstrate saturability, or intravesicular uptake,
and the studies purporting to demonstrate concentration
dependent inhibition of proton gradient driven TEA transport
in the luminal membrane only show that inhibition was

maximal at the lowest concentration (10-'4 M) of inhibitor

(cimetidine) tested.

6. Conclusions.

The studies presented in this section as well as the
work in humans have clearly demonstrated that cimetidine is
secreted in the proximal tubule via a saturable transport
system. There is evidence for mediated transport for
cimetidine in luminal membranes as well as in antiluminal
membranes. The inhibitor studies with organic cations have
shown that the renal organic cation transport system is
involved in cimetidine renal secretion. The effects of the
organic anions, probenecid and PAH, are unusual and were not
explained in these studies. Major questions remaining to be
answered are: 1) What are the mechanisms of cimetidine
transport in the luminal membrane, the theoretical site of
active transport for organic cations;94 2) Are the effects

of probenecid and PAH due specifically to direct effects on
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the organic cation transport system; 3) Can the inhibition
of organic cation transport by organic anions be
demonstrated in vivo in humans; and 4) What are the clinical
implications of this interaction. These questions form the

basis for the majority of this thesis project.
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Chapter II
Renal Transport Studies Using

Isolated Membrane Vesicles

A) Background.

An understanding of the important role of the renal
proximal tubule in the conservation and elimination of
electrolytes, endogenous substances, and exogenously
administered compounds has brought about an awareness of the
need to understand the cellular mechanisms by which these
transport processes occur. Historically, non-invasive renal
clearance and isolated perfused kidney techniques have
provided an overall analysis of tubular transport

functions.95

With development of in vivo micropuncture and
microperfusion methods, transport functions of individual
nephrons accessible from the kidney surface could be
studied, and with simultaneous perfusion of the tubular
lumen and the peritubular capillaries, driving forces for

transport could be analyzed.95

In vitro microperfusion
methods have allowed transport studies in nephron segments
which are not accessible at the kidney surface.95 Non-
invasive techniques including ion and gas selective
microprobes, optical spectroscopy, and nuclear magnetic
resonance are now also being used to study renal

96

transport. With development of monoclonal cell lines, it

is possible to study renal transport in homogeneous cell

types isolated from various renal tissues.97
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The renal proximal tubule is comprised of a conical
monolayer of epithelial cells which forms the tubular lumen.
The transporting membrane on the plasma surface of the
tubular cell is the basolateral membrane and on the luminal
surface is the brush border (luminal) membrane. The
directional transport of solutes from plasma to lumen and
vice versa requires that these membranes be functionally

98 With development of methods to fractionate and

polar.
separate these functionally distinct membranes into isolated
membrane vesicles, it has become possible to study the
mechanisms of solute transport in the membrane of interest

via radiotracer techniques.

B) Advantages and Disadvantages of Using Membrane Vesicles
For Transport Studies.99

1. Advantages.

a) Transport in the membrane of interest can be studied
separately from the effects of other transporting membranes
of the cell.

b) Because cytoplasmic components are eliminated in
membrane isolation steps, substrate transport can be studied
without interference from substrate metabolism. Also, the
energy sources available to the intact cell are removed and
conditions can be controlled by the the investigator in
order to determine the driving forces for solute transport.

c) The intravesicular and extravesicular environments

of membrane vesicles can be precisely controlled by the



33

investigator, thus the effect of changing a single variable
can be determined for one membrane without influence from
the other membranes and cellular organelles.

d) The kinetic properties of the transport system can
be evaluated because the concentrations of substrate and
cosubstrate on both sides of the membrane are known at time
zero. These properties cannot be determined in intact cells
because essentially all substrates are either metabolized,
sequestered in the membrane or the cell, or transported by
different transport systems in different membranes.98

2. Disadvantages.

a) Due to the traumatic and prolonged physical methods
for preparing membrane vesicles and the in vitro fusion of
the membrane to form the vesicle, alterations of
permeability and transport properties are possible.

b) Inactivation of transport systems can occur in the
membrane vesicle preparation. Therefore, the absence of a
particular transport phenomenon in membrane vesicle studies
does not absolutely exclude its in vivo presence. On the
other hand, the presence of a transport phenomenon in
vesicle studies usually is convincing evidence for its
presence in the intact tissue of origin.

c) Membrane vesicle isolation and transport studies are
generally carried out in artificial solutions which may
quantitatively and qualitatively affect the functioning of

transport systems as compared to the in vivo situation.



34

C) Methods of Membrane Isolation.

The basolateral and luminal membranes of the proximal
tubule differ with respect to properties other than their
functional polarity. These membranes are known to have
different buoyant densities and negative surface charge
densities, properties which allow for their separation by
differential precipitation, and/or density gradient
centrifugation.98

l. Luminal Membrane Isolation.

Because luminal membranes have a high density of
negative surface charge relative to basolateral and other
membranes, they can neutralize the positive charges of

100 Cytoplasmic and

divalent cations without aggregating.
basolateral membranes cannot compensate for the two positive
charges and cross-linking occurs, allowing separation by
centrifugation. The differential precipitation-
centrifugation scheme for isolation of luminal membrane
vesicles shown in Figure II-1 is a modification of the

100 .nd was used to prepare

method of Booth and Kenny,
luminal membrane vesicles from rabbit renal cortex for the
cimetidine transport studies described in Chapters III and
IV of this thesis. EGTA (Ethyleneglycol-bis-(p-aminoethyl
ether)—NNN/N/-tetraacetic acid) was added to remove calcium,
the presence of which causes the vesicles to be leaky due to
calcium dependent hydrolytic enzymes released during

101

homogenization. Magnesium was added to provide divalent

cation. The sealed luminal membrane vesicles shown in
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Figure II-1. Schematic diagram of the differential
precipitation/centrifugation method for isolation of
luminal membrane vesicles from rabbit renal cortex.
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Figure II-2 are an electron microscope photograph (magnified
25,000X) of vesicles prepared by the divalent cation method.
For a more detailed report of various methods used to
prepare luminal membrane vesicles, the reader may consult
the review by Murer and Gmaj.98

2. Basolateral Membrane Isolation.

The basolateral membrane does not have the rigid
cytoskeletal structure that the luminal membrane does.
Therefore, isolation techniques using a more gentle

98 In contrast to the

homogenization procedure are required.
luminal membrane, no selective method is available for
isolation of basolateral membranes and the membrane vesicles
will represent a mixture of plasma membranes from all the
cells present in the original tissue.g8 However, enzyme
methods are available by which to determine the tissue
source of the majority of the basolateral membranes.98
Methods utilizing centrifugation in self-orienting Percoll
gradients are currently favored for isolation of the

98

basolateral membrane. Additional methods for isolation of

basolateral membrane vesicles are presented in the review by

Murer and Gmaj.98

D) Enzyme Markers For Membrane Identification.

Other differences between the luminal and basolateral
membranes include the enzymes known to be more or less
selectively associated with each membrane. By monitoring

enzyme activities, the purity and/or cross-contamination of



Figure II-2. Electron microscope photograph (magnified X
25,000) of sealed luminal membrane vesicles prepared from
rabbit renal cortex by the divalent cation precipitation-
differential centrifugation method.

37
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the desired membrane can be determined. Enzymes used to
identify the presence of the luminal membrane include:
maltase, trehalase, gamma-glutamyltranspeptidase,

98 Enzymes

aminopeptidase M, and alkaline phosphatase.
associated with the basolateral membrane include: Na/K
ATPase, Ca-ATPase, and hormone-stimulated adenylate

98 Enrichment of activities of maltase and Na/K-

cyclase.
ATPase from the original homogenate to the final fraction
were used to monitor purity of separation of the luminal
membranes for the studies described in Chapters III and 1IV.
Detailed methods for the enzyme assays are presented in the

appendices to this thesis.

E) Methods Used to Measure Solute Transport.

Uptake of radiolabeled tracer into membrane vesicles
followed by rapid filtration is the most commonly used
method to study solute transport. With practice and
experience it is possible to measure uptakes with precision
at times as low as 5 seconds. Uptakes can be accurately
measured at 2 seconds if two investigators participate.

With automatic mixing and diluting devices, uptakes at times

02 The uptake

of less than 1 second have been reported.1
reaction is stopped without loss of intravesicular solute by
rapid dilution with a large volume of iced stop mix,
generally consisting of the same buffer in which the

vesicles were suspended. The schematic diagram in Figure

II1-3 shows the general method of performing uptake
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Figure II-3. Schematic diagram of the physical methods used
in conducting radiotracer uptake studies with membrane
vesicles.
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measurements.

Intravesicular solute uptake can be distinguished from
membrane binding by osmotically shrinking the vesicles with
varying concentrations of an impermeable solute such as

sucrose, then comparing uptakes at equilibrium.1

In theory,
at infinite extravesicular osmolarity the vesicles will
shrink until no intravesicular volume exists, and any tracer
remaining associated at equilibrium is due to membrane
binding. Osmotically induced lysing of vesicles may also be
used to determine intravesicular solute uptake. In the
lysis method, the uptake reaction is stopped with iced
deionized distilled water (DDW) in place of buffer. The DDW
creates an osmotic gradient causing the vesicles to swell
and burst, thus releasing intravesicular contents into the
extravesicular medium where they are greatly diluted.
Radioactivity remaining associated with the vesicles after
lysis may be presumed to be bound to membranes. By
comparing the uptakes stopped with buffer to those stopped
with DDW, the degree of membrane binding can be determined.
Optical methods are also available for studying
specific transport systems. Examples include the study of
electrogenic transport systems using hydrophobic dyes, the
study of proton transport with the fluorescent dye, acridine
orange, and the study of osmotic flow of solutes using light

scattering techniques.98
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P) Criteria Used To Demonstrate the Existence of a Transport
Systen.

A number of criteria are usually used to confirm the
presence of a transport system in membrane vesicles. These
criteria include:

1. Saturability.

Carrier mediated membrane transport systems exhibit
saturability, as opposed to simple diffusion systems which

98 Thus, nonlinearity in saturation

are not saturable.
experiments supports the presence of a saturable transport
system.

2, Specificity.

Concentration dependent inhibition of uptake of labeled
substrate by an unlabeled form of a chemically similar
compound on the same side of the membrane (cis-inhibition)
provides evidence that the two compounds are transported

98 Lack of

simultaneously by the same transport system.
inhibition by chemically dissimilar compounds provides
additional evidence that the membrane carrier is selective
for substrates of a particular chemical class.

3. Countertransport.

A property of a carrier mediated transport system is
that it exhibits the phenomenon of countertransport or

8 This can be demonstrated by preloading

trans-stimulation.
vesicles with a high concentration of unlabeled substrate
and then measuring uptake of a tracer of the same or a

chemically similar substrate. An overshoot of the
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equilibrium value of uptake attained in the absence of
unlabeled substrate demonstrates countertransport.

4. Temperature Dependence.

Carrier mediated transport systems exhibit a greater
dependence on temperature than simple diffusion systems and
their activities are nonlinear with respect to
temperature.98 An Arrhenius plot of the natural logarithm
of uptake rate vs 1/T in theory should exhibit two slopes

for a carrier mediated transport system, the slopes changing

at the phase transition of membrane lipids.

Summary.

Despite the disadvantages listed for studies conducted
with membrane vesicles, they have proven invaluable as a
means of establishing the mechanisms of solute transport in
renal as well as intestinal and other organ systems. The
mechanisms for glucose and amino acid transport are now
understood because of the use of isolated membrane vesicles.
In this thesis, membrane vesicles were used to elucidate the
characteristics of cimetidine transport in luminal membranes

according to many of the criteria listed above.
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Cimetidine Transport Studies In Luminal Membrane
Vesicles Prepared From Rabbjit Repal Cortex

A) Background

As described in Chapter I, prior to this work
cimetidine renal transport had been studied in cortical
slices from canine kidney,91 in the Sperber chicken

87

preparation,92 in vivo in the rat, in luminal membrane

vesicles from rat cortex,93 and in isolated perfused

proximal tubules from the rabbit.88'89

With the exception
of the work conducted with rat cortical vesicles, which was
of limited scope, these studies were carried out with
preparations using intact tissue. As discussed in Chapter
II, the transport of cimetidine observed in such
preparations is a composite of the transport events
occurring at both the basolateral and luminal membranes as
well as the transport and/or metabolic events occurring at
the intracellular organelles. Because the currently
accepted theory for organic cation transport in the proximal
tubule predicts that the active transport step occurs in the
luminal membrane,94 we chose to study the mechanisms
involved in cimetidine transport across the luminal membrane
of the renal proximal tubule.1

Since cimetidine is a basic compound (pKa 6.8) and

exists in part as the monocation at physiologic pH, the

organic cation transport system of the renal proximal tubule
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might be expected to be involved in its secretion. Several
studies have demonstrated that, as expected, cimetidine
transport can be inhibited by organic bases and cations and
is thought to occur by the organic cation transport
system.87°89'91'93

However, investigators have also demonstrated that
cimetidine transport in renal cortical slices prepared from

91 and in isolated perfused proximal tubules of

88

dog kidney,
rabbit kidney can be inhibited by the organic anion,
probenecid, and to a lesser extent by PAH. Phloridzin, a
compound which inhibits organic anion but not organic cation
transport, has also been observed to inhibit cimetidine

88 Since cimetidine

secretion in the rabbit proximal tubule.
does not exist in an anionic form in the physiologic pH
range, the inhibition of secretion caused by the organic
anions, and phloridzin is unexplained. The organic anion
and cation transport systems of the renal proximal tubule
appear to be distinct, and cross-inhibition between systems

30 Collectively, these findings

is not thought to occur.
suggest that a heterogeneous group of compounds including
bases, quaternary cations, and some organic acids can affect

the renal secretory transport of cimetidine.

B) Objectives.
The specific objectives of this study were to:
1. Characterize the transport of cimetidine in luminal

membrane vesicles isolated from rabbit renal cortex.
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2, Determine the effect of an initial, oppositely-
directed proton gradient on cimetidine transport.

3. Determine the effects of the organic cations, Nl-
methylnicotinamide (NMN), ranitidine, and cimetidine
sulfoxide, as well as the effect of the organic anion,

probenecid, on cimetidine luminal membrane transport.

C) Methods.
l. Isolation of Luminal Membrane Vesicles.
Luminal membrane vesicles were prepared by the method

100 103-105 and

of Booth and Kenny, as modified previously,
adapted as noted here. A male New Zealand white rabbit,
weighing 2 to 3 Kg, was sacrificed by concussion followed by
decapitation and each kidney was flushed jn situ with 40 ml
of ice-cold homogenizing buffer consisting of 10 mM HEPES
(N-Z-hydroxyethylpiperazine-N,-Z-ethanesulfonic acid), 150
mM KCL, and 5 mM EGTA, adjusted to pH 7.4 with KOH. The
buffer used for all other steps of the procedure was 10 mM
HEPES with 150 mM KCL, pH 7.4, (called HK buffer). The
membranes and buffers were kept ice cold during the entire
procedure. The cortex was removed, coarsely minced, and
homogenized for 4 minutes in 150 ml homogenizing buffer with
a Sorvall Omni-Mixer Model 17105 set at high speed.
Magnesium sulfate was added to the homogenate to achieve a
final concentration of 16 mM, and the mixture was rapidly

stirred for 20 minutes. The luminal membranes were

separated according to the differential
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precipitation/centrifugation scheme outlined in Figure II-1,
using a Beckman refrigerated centrifuge Model J2-21 with a
JA-20 rotor. Vesicles were prepared the day before use and
stored at 40 C overnight. For transport studies, the
membranes were diluted to a protein concentration of 20
mg/ml.

2. Protein Determination.

Protein concentrations were determined by a

106 which is

modification of the method of Lowry et al.,
presented in detail in the appendices.
3. Enzyme Determination.

107,108,109

The enzyme methods for maltase and Na/K

ATPase110 used to determine the purity or contamination of
the luminal membrane preparation are presented in detail in
the appendices. Briefly, for maltase, an enzyme marker for
the luminal membrane, the activity was assessed by a coupled
enzyme assay system in which the rate of reduction of NADP
to NADPH was monitored spectrophotometrically. Na/K ATPase,
also determined by a coupled enzyme assay, was used to
assess contamination of luminal membrane vesicles by
basolateral membranes.

4) Transport Methods.

The general physical method of uptake studies was
presented in Figure II-3 and is outlined briefly below.

a) For cimetidine uptake studies in the absence of

an initial proton gradient, the reaction was initiated by

adding 20 ul of reaction mix to 5 ul of luminal membrane
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vesicles (protein concentration 20 mg/ml) with immediate
vortexing. The reaction mix consisted of 50 uM cimetidine

(as 0.225 uCi 3

H-cimetidine, specific activity 15-30
Ci/mmol, plus unlabeled cimetidine) in HK buffer at pH 7.4,
and inhibitor if used. The uptakes were stopped by rapid
dilution with 4 ml iced buffer and were immediately filtered
by vacuum using a Hoefer filter manifold, Model FH 225V,
with 0.3 um cellulose nitrate filters , type PHWP,
Millipore/Waters Corporation. Two additional 4 ml rinses of
iced buffer were filtered before removing the filters for
scintillation counting. Blanks were prepared by carrying
out the above procedures using the same reaction mix used in
the methods discussed in this section. The radioactivity
associated with the blank filters was averaged and
subtracted from the radioactivity associated with the
filters containing vesicles. The filters were placed in 10
ml Amersham ACSR scintillation fluid and the radioactivity
was determined with a Beckman Scintillation Counter, Model
LS 7800. The counting efficiency ranged from 36 to 40%.

b) For cimetidine studies with an initial proton
gradient, vesicles were suspended in 20 ml of 10 mM MES (2-
[N-morpholino]ethanesulfonic acid), 150 mM KCL buffer, pH
6.0 (MK buffer). After 1 hr equilibration at

40

C, the vesicles were centrifuged for 20 min at 20,000
RPM. The supernatant was removed and the vesicles were
resuspended in MK buffer and adjusted to a protein

concentration of 20 mg/ml. To start the uptake reaction,
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20 ul of HK buffer, pH 7.4, containing labeled and unlabeled
cimetidine as before, and inhibitors if used, were added to
5 ul of luminal membrane suspension. The uptake was stopped
with iced HK buffer as before.

c) Cimetidine countertransport studies were
conducted both in the presence and in the absence of an
initial proton gradient. The studies were performed by

4

incubating the vesicles with 2.4 X 10  ° M unlabeled

cimetidine in HK buffer, pR 7.4, or in MK buffer, pH 6.0,

for 1 hr at 47 C. The uptakes were initiated by adding 30

5 M unlabeled cimetidine

ul of HK buffer containing 1.4 X 10~
and the same amount of labeled cimetidine as previously
used. These studies were conducted both in the presence and
in the absence of an initial proton gradient.

d) For glucose uptakes, 35 ul of vesicles (20
mg/ml protein) were added to 140 ul of reaction mix. The

4 M D-[3H]-glucose

mix consisted of HK buffer with 1.44 X 10~
(as 9.5 uCi 3H-glucose plus unlabeled D-glucose), pH 7.4.
Reaction mix for Na'-stimulated glucose uptakes was
identical except that 150 mM NaCl was used in place of 150
mM KCl. After combining vesicles with the reaction mix,
samples of 25 ul were removed periodically and quenched as
described for cimetidine uptakes.

4) Data Analysis.

For each experiment five replicate determinations were

made to generate each data point. Unless otherwise

specified, the results are presented as the means +/- SE of
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three separate experiments. Statistical significance of
differences for the proton gradient inhibition studies of
NMN and probenecid (Figure III-6a,6b) was analyzed using the
Student's unpaired t-test. 1In the countertransport studies,
the data were paired and were analyzed by the Student's
paired t-test. 1In the inhibitor studies where multiple
comparisons were made, the data, representing absolute
uptake values, were analyzed by analysis of variance to
determine whether differences were present. A Newman-Kuels
multiple range test was then used to determine significant
differences between pairs of groups. Differences were
considered significant at the P < .05 level.

5) Materials.

All chemicals, except those noted below, were obtained
from Sigma Chemical Co. (St. Louis, MO). Ranitidine was
provided by Glaxo Research (Ware, Hertfordshire, UK).
Cimetidine sulfoxide was provided by Smith Kline and French
(Philadelphia, PA). 3g-cimetidine (15-30 Ci/mmol) was
purchased from Amersham (Arlington Hts., IL). 3H—D—glucose
(15 Ci/mmol) was purchased from New England Nuclear (Boston,

MA).

D) Results.

1) Vesicle Preparation.

The enhancement of maltase activity (mean +/- SD) in
the luminal membrane vesicles, determined in 15

preparations, was 8.9 +/- 2.7. Na/K ATPase activity was not
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enhanced, indicating minimal contamination with basolateral
membranes. In the presence of an inwardly-directed sodium
gradient, a characteristic overshoot phenomenon for the
uptake of D-glucose was evident, documenting the presence of
functional and sealed luminal membrane vesicles.

2) Transport Studies.

The uptake of cimetidine into the luminal membrane
vesicles is shown in Figure III-1. Uptake occurred at a
rapid rate for approximately 1 min and then more slowly over
4 hr. Because of the rapid initial rate of uptake, all
inhibition and kinetic studies were carried out at times of
6 sec or less. Samples for equilibrium determinations were
taken at 4 hr.

The initial rate of uptake of cimetidine as a function
of its concentration in a representative experiment is
presented in Figure III-2. The uptake appeared to be
comprised of a saturable component and a nonsaturable
component. Assuming that the saturable component could be
described by simple Michaelis-Menten kinetics, the data were

111

fit by computer to the equation:

Rate of uptake = (V X + (kn X C)

&=+ C)

where Vha and Km are the Michaelis-Menten constants, k_ is

X n

a first-order rate constant for nonsaturable processes, and
C is the concentration of cimetidine in the reaction mix.
The computer generated curve of the saturable process is

also shown in the figure. For four separate experiments,
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Figure III-1. Cimetidine uptake in luminal membrane
vesicles as a function °§ time. Cimetidine concentration
was 50 uM (as 0.225 uCi "H-cimetidine plus unlabeled
cimetidine) in BK buffer, pH 7.4. Bach point is the mean
+/- SE of data obtained from 3 separate membrane
preparations.
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Figure III-2. Rate of uptake of cimetidine in luminal
membrane vesicles as a function of cimetidine
concentration. Data are from a representative experiment.
Uptake was determined at 2 sec. Each data point is the mean
of 5 determinations at each concentration. Curves were
generated by computer as described in Results. The
ascending curve is the computer fit to total uptake. The
horizontal curve is the saturable component determined by
subtracting nonsaturable uptake from total uptake.
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the Km (mean +/- SD) was 4.6 +/- 4.0 uM and the Vha (mean

X
+/- SD) was 6.9 +/- 2.3 pmol/sec/mg protein. It should be
noted that both the saturable and nonsaturable components
may represent either binding or transport processes.

3) Osmolarity Studies.

To determine whether the uptake of cimetidine was due
to intravesicular accumulation or binding to membranes,
uptake of cimetidine was determined at 4 hr in the presence
of varying concentrations of the impermeable solute,
sucrose. Theoretically, at infinite sucrose osmolarity,
intravesicular volume is negligible and cimetidine
associated with the vesicles represents membrane bound
compound. Thus the intercept of a linear plot of cimetidine
uptake vs inverse sucrose osmolarity, divided by cimetidine
uptake in the absence of sucrose, represents the fraction of
cimetidine bound to the membranes. Cimetidine uptake was
sensitive to media osmolarity as shown in Figure III-3, and
was 25% membréne bound at equilibrium.

4) Inhibition Studies.

The inhibitory effects of 3 organic cations on
cimetidine uptake are shown in Figure III-4. 1In order to
differentiate inhibition of transport from inhibition of
binding or effects on intravesicular volume, uptakes were
carried out at initial times and at equilibrium. At initial
times, statistically significant (P < .05) inhibition was

2

shown for cimetidine sulfoxide at 102 and 10”3 M, while

ranitidine and NMN inhibitions were significant at 10-2 M.
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25— R2 =097
intercept = 31
Slope = 16.2
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Figure III-3. Equilibrium uptake of cimetidine as a
function of inverse osmolarity of sucrose in the
extravesicular media. Uptake of 50 uM cimetidine was
determined in luminal membrane vesicles in HK buffer
containing sucrose at varying osmolarities. Bach point is
the mean +/- SE of data obtained from 3 separate membrane
preparations. Membrane binding was determined to be 25%, as
calculated by (intercept X 100)/(uptake in absence of
sucrose).
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Figure III-4. Inhibition of cimetidine uptake in luminal
membrane vesicles by organic cations. Uptake of 50 uM
cimetidine was determined at 6 sec and at 4 hr. Bffects on
cimetidine uptake of inhibitors are expressed as a percent
of uptake in the absence of inhibitor (mean +/- SE). Data
represent at least 3 preparations of 5 determinations each.
Significant differences are noted by asterisks.
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None of the compounds produced significant inhibition at

1074 u.
At equilibrium, cimetidine sulfoxide and ranitidine

2 M, although less

produced significant inhibitions at 10~
than that observed at initial times in both cases. The
inhibition of equilibrium uptake by these compounds suggests
that the membrane bound cimetidine was displaced by
compounds of close structural similarity. Cimetidine itself

2 M produced 70% inhibition at initial times and, like

at 10
its sulfoxide metabolite, produced 25% inhibition of
equilibrium uptake (data not shown).

In control experiments, equiosmolar concentrations of
sucrose were used in place of inhibitor to determine if
inhibitor effects were due, in part, to osmotic effects. No
decrease of cimetidine uptake was observed in the presence
of sucrose at the concentrations tested.

5) pH Gradient Studies.

Cimetidine uptake was driven to values exceeding its
equilibrium accumulation by an initial outwardly-directed

proton gradient (or inwardly-directed hydroxide ion

gradient) (Figure III-5). The proton gradient-stimulated

2

uptake of cimetidine was inhibited significantly by 10 < M

NMN at times ranging from 2 through 60 seconds, but not at
later times (Figure III-6a).

Similar results were obtained in 3 separate experiments
with ranitidine and cimetidine sulfoxide, in which the

initial uptake of cimetidine, 82.4 +/- 13.0 pmol/mg protein,
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Figure III-5. Uptake of 50 uM cimetidine in luminal
membrane vesicles in the presence (filled circles) and
absence (open circles) of an initial outwardly-directed
proton gradient. Bach point represents the mean +/- SE of
data obtained from 5 separate membrane preparations.
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Figure III-6. (a). Proton gradient stimulated uptake of 50
uM cimetidine in the prgsence (open circles) and absence
(filled circles) of 10 “ M NMN. (b). Proton gradient-
stimulated uptake of 50 uM cimetidine in thgzpresence (open
circles) and absence (filled circles) of 10 M probenecid.
Bach point is the mean +/- SE of data from 5 separate
membrane preparations. Significant differences noted by
asterisks.
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was reduced to 23.5 +/- 3.9 (P < .05) and 30.7 +/- 6.6

(P < .05) pmol/mg protein respectively (Figure III-7). The
uptake of cimetidine at equilibrium was not significantly
reduced by either of these compounds.

It was of particular interest to determine the effect
of probenecid on proton gradient-stimulated cimetidine
uptake. As shown in Figure III-6b, probenecid significantly
inhibited the stimulated uptake of cimetidine from 2 through
30 seconds. Preliminary experiments have also demonstrated
that the anion, furosemide, at 10”2 M, inhibited the proton
gradient-stimulated uptake of cimetidine. The effects of
varying probenecid concentrations over a 40 fold range (2.5

x 10”4

to 1 X 10-2 M) on proton gradient-stimulated
cimetidine uptake are presented in Figure III-S8.
Concentration dependent inhibition of cimetidine uptake in
the presence of probenecid is evident and statistically
significant (P < .05) for the three highest concentrations
of probenecid.

6) Countertransport Studies.

Experiments were conducted to determine if loading the
vesicles with a higher concentration of unlabeled cimetidine
could increase the initial rate of uptake of cimetidine.
Proton gradient-stimulated uptake of cimetidine was enhanced
by preloading the vesicles with a 5 fold higher
intravesicular concentration of cimetidine. The uptake was

significantly greater at 15 and 30 sec in the preloaded as

compared to unloaded vesicles (Figure III-9). Similar
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Figure III-7. Inhibition by ranitidine and cimetidine
sulfoxide of proton gradient driven cimetidine uptake in
luminal membrane vesicles. Data are the mean +/- SE from 3
separate preparations of 5 determinations each.

60



20 1
)
b,
o
E
©
E
=

g 10 1
(2}
<
<
[+ o
=
W
o

E 4
<
[+ o

|
|
0

0.00 025 0.64 4.0 10

PROBENECID (M) X 1000

Figure III-8. Inhibition of the proton gradient-stimulated
uptake of cimetidine by probenecid. Uptake of cimetidine in
the absence of probenecid is shown in the first column,
followed by uptake in the presence of increasing probenecid
concentrations. Data represent the mean +/- SE of 3
separate membrane preparations.
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Figure III-9. Uptake of cimetidine in luminal membrane
vesicles (open circles) and in luminal membrane vesicles
preloaded with cimetidine (filled circles). Uptake in the
presence of a proton gradient (top 2 curves) and in the
absence of a proton gradient (bottom 2 curves). Each point
is the mean +/- SE of data from 3 separate preparations.
Significant differences were obtained at 15 and 30 sec in
the presence of a proton gradient.
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studies were conducted in the absence of an initial proton
gradient. Although uptakes tended to be enhanced for
preloaded vesicles in the absence of a proton gradient, the
differences were not statistically significant

(Figure III-9).

F) Discussion.

The renal transport of the organic base, cimetidine,
has been studied in various whole animal and intact renal
cell preparations from the rat, rabbit, dog, chicken, and

85-89,91-93  geveral of these studies have shown that

man.
cimetidine transport in the kidney can be inhibited in a
concentration dependent manner by compounds different in
chemical nature from the organic bases or quaternary

88,91 These non-cationic inhibitors have included

cations.
diverse chemical groups such as the organic anions PAH and
probenecid, the neutral compound creatinine, and phloridzin,
an inhibitor of D-glucose and PAH renal transport.

In whole cell preparations, it is difficult to
determine whether inhibition of transport occurs as a result
of the effect of an inhibitor on the transporter per se, or
as a result of indirect effects on cellular function.
Furthermore, the effects of specific driving forces for
transport such as ion gradients are not easily interpreted
in such preparations. Accordingly, we have studied the

mechanisms of cimetidine transport in isolated luminal

membrane vesicles. Studies of time dependent cimetidine
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uptake, saturation experiments, membrane binding
experiments, and studies of inhibitors were conducted in the
absence of an initial proton gradient to determine whether
cimetidine was transported intravesicularly and to elucidate
the characteristics of this transport in the absence of a
secondary driving force.

The uptake of cimetidine as a function of time was also
studied in vesicles in which an initial outwardly-directed
proton gradient was present. Because the transport of the
organic cations NMN and TEA is known to be driven by an
initial outwardly-directed proton gradient in renal luminal

membrane vesicles,93'94:112

we performed these studies with
cimetidine. We also carried out inhibitor studies and
studies of countertransport in vesicles in which an
outwardly-directed proton gradient was present. Presumably,
in the presence of the gradient, a greater proportion of
cimetidine is transported via the exchange pathway. In the
absence of this driving force, passive or nonionic diffusion
might play a greater role in the intravesicular accumulation
of cimetidine.

There have been two previous studies of cimetidine
transport in isolated luminal membrane vesicles. The first,

93 was carried out in luminal and

by Takano et al.,
antiluminal membrane vesicles from rat kidney. These
investigators demonstrated an overshoot phenomenon for
cimetidine uptake in the presence of an outwardly-directed

proton gradient in luminal membrane vesicles. Cimetidine
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was reported to inhibit the luminal membrane transport of
TEA, but not to affect D-glucose or PAH transport,
suggesting that cimetidine and TEA share a common transport
system in the luminal membrane. Neither countertransport
nor the degree of membrane binding of cimetidine was
reported. |

In the second study, published in abstract form,113
cimetidine transport was examined in luminal membrane
vesicles prepared from rabbit kidney. An outwardly-directed
proton gradient was reported to drive cimetidine uptake
above its equilibrium accumulation, and the bases,
cimetidine, procainamide, and quinidine were found to
inhibit the proton gradient-stimulated uptake. Cimetidine
uptake was reported to be enhanced by preloading the
vesicles with procainamide. Saturability studies defining
Michaelis-Menten parameters were not performed in either of
the previous investigations. Furthermore, the effect of the
organic anion probenecid on cimetidine transport was not
investigated in the previous studies.

In the present study we observed that cimetidine
accumulated in luminal membrane vesicles as a function of
time (Figure III-1l). The slow accumulation of cimetidine
from 30 min to 4 hr, as seen in Figure III-1, may imply a
slow passive diffusion or binding process. Of the total
cimetidine uptake, 75% could be accounted for by
intravesicular accumulation, and 25% was due to membrane

binding (Figure III-3).
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The rate of uptake of cimetidine as a function of
concentration could be described by an equation with both
saturable and nonsaturable components (Figure III-2). This
suggests that cimetidine may be transported into the
vesicles by both saturable transport and by passive
diffusion. With a pKa of 6.8, cimetidine would exist
primarily (80%) as the uncharged species at pH 7.4, and thus
nonionic diffusion down its concentration gradient into the
vesicles could account for a portion of the initial uptake.
This interpretation is consistent with the data in Figure
III-2 and may also explain the lack of complete inhibition
of the initial uptake by high concentrations of inhibitors
(Figure III-4).

The finding of an enhanced uptake of cimetidine into
vesicles preloaded with a higher concentration of cimetidine
strongly suggests the presence of a facilitated transport
system (Figure III-9). The enhanced uptake of [3H]-
cimetidine may have been due to a direct exchange of
unlabeled cimetidine for [3H]—cimetidine, or the unlabeled
cimetidine may have exchanged with a proton, thus creating a
proton gradient that in turn drove IBH]-cimetidine uptake.
The latter mechanism was proposed previously by McKinney et

114 when studying transport of the organic base

al.
procainamide in isolated luminal membrane vesicles.
Regardless of the mechanism, the enhanced uptake observed in
this study suggests that a facilitated transport mechanism

is present.
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In this study we found that the luminal membrane
transport of cimetidine in the absence of an initial proton
gradient could be inhibited by the organic bases ranitidine
and cimetidine sulfoxide, and the quaternary cation NMN
(Figure III-4). The observation that none of the
inhibitors, even at 10_2 M, could inhibit more than 45% of
the initial cimetidine uptake is consistent with a passive
diffusion component as previously discussed. Our

experiments, in which cimetidine itself, at 1072

M, could
not inhibit more that 70% of its initial uptake support this
possibility, i.e. that 30% of the initial uptake may not be
inhibitable. All of the inhibitors studied exhibited a
higher degree of inhibition when cimetidine transport was
driven by an outwardly-directed proton gradient, suggesting
that under these conditions, a larger fraction of cimetidine
may be transported by a saturable or inhibitable process.
The fact that unlabeled cimetidine at 1072 o could inhibit
70% of its initial uptake, whereas NMN and ranitidine could
maximally inhibit 35% suggests that a component of
cimetidine uptake (about 35%) may not be inhibitable by
cations other than cimetidine itself. Support for this
argument is provided from the inhibition data in Figure III-
4, in which cimetidine sulfoxide, the structurally similar
major metabolite of cimetidine, was capable of inhibiting
45% of the initial cimetidine uptake. Alternatively, the

organic cations and bases may simply have a lower affinity

for the transporter than cimetidine. The Km for NMN
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transport in isolated luminal membrane vesicles prepared

112

from rabbit kidney is 100-fold greater than the Km that

we observed for cimetidine in this study.
Organic cation transport from the proximal tubule cell

across the luminal membrane and into the luminal f£1luid has

94

been described by Holohan and Ross as an active process

requiring a driving force. It is postulated that the proton
gradient from luminal fluid to tubule cell provides the

driving force, with an organic cation exchanging for a

proton.94 In the presence of an initial outwardly-directed

proton gradient, accumulation of the quaternary cations

NMN“'I12 and TEA,93 114 and

93,113

and the bases procainamide
cimetidine, have been reported to temporarily exceed
equilibrium accumulation in luminal membrane vesicles. The
proton gradient driven overshoot phenomenon was also
observed for cimetidine in this study (Figure III-5). The
overshoot presumably was caused by protons inside the
vesicles exchanging for external cimetidine, as mediated by
the proton/organic cation transport mechanism. An
alternative explanation for the overshoot could be that
increased ionization of a base would occur at the lower
intravesicular pH, resulting in trapping of the ionized
species and producing a temporary overshoot. Because
Ccimetidine is a base, either mechanism may have produced the
observed overshoot phenomenon. However, the proton/organic
cation exchange mechanism is increasingly well documented

94,112,114

for quaternary cations which can not be subject to
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pH gradient trapping.

In this study, the proton gradient-stimulated
uptake of cimetidine was inhibited by the quaternary cation
NMN, by the bases cimetidine sulfoxide and ranitidine, and
by the anion probenecid (Figures III-6a,6b,7,8). Proton
gradient-stimulated uptake of the cations NMN, TEA and
procainamide have been reported to be inhibited by various
other cations and bases in agreement with the proton/organic
cation exchange mechanism,3r94,112-114

As discussed before, several investigators have
observed inhibition of cimetidine transport by probenecid in

whole tissue preparai:ioms.aa'g1

Because probenecid is an
anion, it might not be expected to inhibit the transport of
the base cimetidine via competition for the same carrier.
McKinney et al.88 demonstrated that the observed inhibition
of cimetidine transport in isolated perfused tubules was not
caused by nonspecific toxic effects of probenecid. 1In the
present study, probenecid did not significantly affect the
sodium gradient driven uptake of D-glucose (Figure III-10).
These findings suggest that the inhibition of cimetidine
uptake by probenecid was not caused by nonspecific effects
on membranes or membrane transporters. Furthermore, because
sodium gradient driven transport of D-glucose is sensitive
to potential differences, the lack of effect by probenecid
would indicate that probenecid does not generate potential

differences and therefore could not affect cimetidine

transport by this mechanism. Equilibrium uptake of
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cimetidine was unchanged in the presence of probenecid,
indicating that vesicle volume or membrane binding of
cimetidine was not changed by probenecid. Thus it can be
concluded that probenecid has a direct effect on the proton
gradient-stimulated uptake of cimetidine at the luminal

membrane.
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Chapter 1V
Inhibition of Cimetidine Transport By Creatinine In Luminal

Membrane Vesicles Prepared From Rabbit Kidney

A) Background

Creatinine, an endogenous imidazole compound, is the

115

end product of creatine metabolism in muscle tissue. The

rate of creatinine production is considered to be constant
in most individuals and is closely related to body weight,

116,117 118 exists in

age, and sex. Creatinine, pKa of 4.83,
the uncharged state at physiologic pH although it is often
referred to as an organic cation.

Creatinine is eliminated from the body by the kidney,

primarily by glomerular filtration.l17

It generally fits
the requirements of a marker for GFR, which are: 1) that it
is freely filtered at the glomerulus; 2) that it is
biologically inert and not metabolized; 3) that it is not
protein bound; and 4) that it is neither secreted nor
reabsorbed by the tubules. Thus creatinine clearance, or
its clearance as estimated from serum concentrations, is
extensively used in clinical practice to estimate the

GFR,l17 which is considered to be the best single parameter

available for determining renal function.119

Creatinine deviates from being an ideal marker for GFR
because it is secreted to a limited extent by the proximal

117

tubules. The extent to which GFR is overestimated

because of creatinine secretion is the subject of two
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120,121

thorough studies recently published. Creatinine has

also been reported to be reabsorbed by the renal

122,123 123,124

tubules, and to be eliminated by metabolism,

although the precise extent to which these pathways of
elimination affect creatinine clearance is not clear.117
The renal secretory transport of creatinine has been
reported to occur by both the organic anion and the organic
cation transport systems of the proximal tubule in various

125,126 5 aiscussed in Chapters I and III,

species.
cimetidine also contains an imidazole ring, and has been
reported to be secreted by the organic cation transport
system. In the rabbit, cimetidine transport is inhibited in

88

a concentration dependent manner by creatinine. In

humans, cimetidine at therapeutic concentrations decreases

83

creatinine clearance. A striking example of the extent to

which creatinine secretion is inhibited by cimetidine was

121 in which secretion

given in the study by Shemesh et al.,
of creatinine in humans with renal disease was virtually
eliminated by one 300 mg intravenous dose of cimetidine.

These reports, as well as reports of inhibition of
creatinine clearance by other cationic drugs,127 suggest
that creatinine may share the same transport system with
organic cations in the proximal tubule. These interactions
are important from a clinical perspective, and, because

creatinine is not charged at physiologic pH, the interaction

is interesting from a transport perspective. We studied the
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nature of this interaction at the luminal membrane, a site

of active transport for organic cations.

B) Objective.
The objective of this study was to determine whether
creatinine directly inhibits cimetidine transport across the

luminal membrane of the renal proximal tubule.

C) HMethods.
Luminal membrane vesicles were prepared from rabbit
renal cortex by a modification of the method of Booth and

100 as reported in detail previously.(Chapter III)

Kenny,
The transport of cimetidine in luminal membrane vesicles was
studied under conditions in which cimetidine transport was
driven by an initial outwardly-directed proton

gradient.1 Briefly, luminal membrane vesicles were
equilibrated and resuspended in buffer containing 10 mM MES,
150 mM KCL, at pH 6.0, and adjusted to a protein
concentration of 20 mg/ml. To initiate the transport
reaction, 20 ul of reaction mix containing 10 mM HEPES, 150
mM KCL, 50 uM cimetidine as unlabeled cimetidine with 0.225

uCi 3

H-cimetidine (specific activity 15-30 Ci/mmol), pH 7.4,
were added to 5 ul of membrane vesicles. Inhibition studies
were conducted with varying concentrations of creatinine in
the reaction mix. The remainder of the procedures for
conducting transport studies are described in detail in

Chapter III of this thesis.
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D) Materials.

3H-c:lmetidine (15-30 Ci/mmol) was obtained from
Amersham (Arlington Hts., IL). All other chemicals were

obtained from Sigma Chemical Co, (St. Louis, MO).

E) Results and Discussion.

The time course of cimetidine uptake in the absence of
creatinine and in the presence of 0.05 M creatinine is shown
in Figure IV-1l. Each point represents the mean +/- SEM of
data from 3 separate experiments. Uptake of cimetidine into
the vesicles was decreased significantly in the presence of
creatinine (P < 0.05, Student's paired t-test) at all times
except 5 min and 60 min. These data demonstrate that the
observed inhibition of cimetidine uptake produced by
creatinine was not due to alterations of cimetidine membrane
binding or vesicle volume and strongly suggest that
inhibition of cimetidine transport was the mechanism
involved.

Concentration dependent inhibition experiments were
conducted by adding creatinine in varying amounts to the
reaction mix. The initial rate of cimetidine uptake,
assessed at 6 sec, was measured in the presence of
creatinine ranging in concentration from 0.0125 to 0.5 M.
The results of these studies, presented as a Dixon plot in
Figure IV-2, demonstrate concentration dependent inhibition

of the initial rate of cimetidine transport by creatinine.
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Each data point represents the mean of data from 3 separate
experiments. Extrapolation of the regression line to the X
axis gives a value of 0.123 M, which represents the negative
of the creatinine concentration required to produce 50%
inhibition of the initial rate of cimetidine transport.

Prom these data, we conclude that creatinine inhibits
the transport of cimetidine in luminal membrane vesicles and
that the inhibition occurs in a concentration dependent
manner. It is difficult to explain mechanistically why an
uncharged molecule such as creatinine would inhibit the
transport of cimetidine. Both molecules contain an
imidazole ring, and it is possible that the interaction may
involve displacement of the imidazole ring from a binding
site on the transport carrier.

Creatinine was not a potent inhibitor of cimetidine
transport (IC50 approximately 0.12 M) in comparison to

Nt

-methylnicotinamide, ranitidine, or cimetidine

sulfoxide. (Chapter III). These organic cations, at
concentrations of 0.01 M, inhibited at least 50% of the
proton gradient-stimulated uptake of cimetidine in luminal
membrane vesicles. (Chapter III). The high concentrations of
creatinine (much higher than those present physiologically)
that were required to inhibit the transport of cimetidine in
this study suggest that cimetidine has a much higher
affinity for the carrier than creatinine. This higher
affinity may explain, in part, the effective inhibition of

creatinine secretion produced by cimetidine in vivo.
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Chapter V
Inhibition of Cimetidine Renal Elimination

By Probenecid In Humans

A) Background.

Considerable progress has been made in understanding
the physiologic and pharmacokinetic mechanisms involved in
drug-drug interactions. For drugs that are transported in
the renal tubules, important drug interactions may occur
when one drug inhibits the renal secretion of another drug.
These interactions, such as the interaction between
probenecid and the penicillins, may be exploited for
therapeutic purposes. More commonly, the interactions may
result in adverse drug effects. It is generally assumed
that the system involved in the transport of organic cations
in the proximal tubule is distinct from the system(s)
involved in the transport of organic anions and that organic
anions do not inhibit the transport of organic cations and

vice versa.90

This assumption is based upon a number of
studies, performed in vivo as well as in vitro, using renal
cortical slices and isolated luminal and antiluminal
membrane vesicles, demonstrating a lack of cross-inhibition
between substrates of the organic cation and anion
systems.90 Accordingly, the drug-drug interactions in the
kidney that have been observed clinically have been anion-

anion or cation-cation interactions.
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In apparent conflict with these observations, a few

studies in the literature suggest that, in fact, there may
be interactions between organic cations and organic anions
in the proximal tubule. For example, McKinney and co-
workers have demonstrated that the organic anion probenecid,
a classical inhibitor of organic anion transport, inhibits
the secretion of the organic cation cimetidine in isolated

88

perfused tubules from rabbit kidney. Probenecid has also

been observed to inhibit the uptake of cimetidine in

cortical slices prepared from canine kidney.91

Recently, we
have observed that this interaction occurs, at least in
part, at the luminal membrane (Chapter III). Collectively,
these studies suggest that organic anions may inhibit renal
tubular transport of organic cations in vitro. Major
questions that have not been addressed are whether organic
anion-cation interactions occur in vivo, whether these
interactions may be clinically relevant to rational drug

use, and the nature of the mechanism which produces the

interaction between these compounds.

B) Objectives.

The purpose of this study was to determine whether
organic anions may inhibit the renal excretion of organic
cations in humans. For this purpose, we used the organic
anion, probenecid and the organic cation, cimetidine. These

compounds were selected as model compounds primarily because
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of the in vitro evidence suggesting that the two compounds

may interact in the kidney.

C) HMethods.

l. Experimental Procedures.

This study was approved by the Committee on Human
Research, University of California, San Francisco. Six male
subjects ranging in age from 22 to 29 years gave informed
consent and participated in the study. They were of normal
weight for height and age according to the weight tables of

128 mpe

the Metropolitan Life Insurance Company, 1983.
subjects had normal medical histories and had no evidence of
disease as determined by physical examination, ECG,
urinalysis, and blood chemistry (SMA-25). Serum creatinine,
and the ratio of blood urea nitrogen to serum creatinine
vere within normal limits for all subjects.

The subjects were instructed not to take any drug,
other than those used in the study, for a period from one
week prior to the first study day and extending until the
last study day was completed. None of the subjects used
tobacco. No caffeine or alcohol containing beverages were
allowed on study days. Food, including dextrose containing
beverages, was withheld from midnight prior to study day
until two hours after cimetidine dosing. Food was then
allowed ad 1ib.

The study involved a two-period (A and B) randomized

crossover design with seven days separating the first study
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day from the second. On each study day, an intravenous
catheter was placed in the cephalic vein of each forearm.
One catheter was used for drug infusion and the other was
used for blood sampling. 1In period A, an oral fluid load of
1000 ml water was given 2.5 hours before administration of
cimetidine in order to maintain urine flow and to prevent
crystallization of inulin in the renal tubules. Thirty
minutes later, 500 ml of water was administered orally,
followed by 500 ml/hr for the next three hours. After this,
fluids were allowed ad 1lib. Two hours prior to cimetidine
dosing, a bolus dose of 2 gm inulin in normal saline was
given intravenously, and an intravenous infusion of inulin
in normal saline (9.5 mg/ml) was started by infusion pump
and continued at a rate of 9.5 mg/min for four hours.
Cimetidine, 300 mg in 45 ml normal saline, was administered
intravenously at a constant rate over 15 minutes via an
infusion pump. In period B, subjects were dosed to steady
state with probenecid by administering a 500 mg oral dose
every six hours for 13 doses prior to cimetidine
administration. The last dose of probenecid was given 3
hours before cimetidine administration. The rest of the
protocol for period B was identical to period A.

Blood samples were collected in 10 ml heparinized
V'enojectR vacuum tubes, Terumo Medical (Elkton, MD). Plasma
was harvested by centrifugation and stored at -20° C until
analyzed. Blood samples were collected at 0 hour just prior

to cimetidine dosing, and at 5, 10, 15, 30, and 45 minutes,
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and at 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 7, and 9 hours after
the start of the cimetidine infusion.

Urine was collected at the following intervals; 0-.5,
.5-1, 1-1.5, 1.5-2, 2-4, 4-6, 6-8, and 8-10 hours after the
start of the cimetidine infusion. After each collection,
volume and pH were recorded and a 10 ml aliquot was frozen
at -20°C until analyzed.

2. Chemical Analysis, Cimetidine.

Plasma and urine were analyzed for cimetidine by a

modification of the method of Guay et a1'129

Twenty ul of
the internal standard, ranitidine, in methanol (0.05 ug/ul),
80 ul methanol, 100 ul 1 N NaOH, and 5 ml methylene chloride
were added to 500 ul plasma in a 15 ml centrifuge tube. The
tube was tightly sealed and rotated for 20 minutes on a
rotary mixer. The mixture was centrifuged for 5 min at 2000
rpm and the upper layer was removed by vacuum suction. A
4.5 ml aliquot of the organic phase was transferred to a new
test tube and evaporated to dryness under nitrogen. Samples
were reconstituted in 100 ul mobile phase just before
injection onto the chromatograph.

A similar procedure was used for urine except that
urine sample volumes were 20 ul, which were diluted with 480
ul deionized distilled water. Twenty ul ranitidine in
methanol (0.075 ug/ul) was added as the internal standard.

The remainder of the extraction procedure was identical to

that for plasma.
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Samples were chromatographed using a Waters

Microbondapak C18 reversed phase column, 3.9 mm X 30 cm,
Millipore Waters Corp (Bedford, MA), a Waters variable
wavelength UV detector Model# 481 set at 228 nm, and a
Waters pump Model # M-45. The mobile phase was 93% 10 mM
K28P04, pH 4.8, and 7%, by volume, acetonitrile. A flow
rate of 2 ml/min was used. 1In this system, cimetidine
eluted at 7.5 min and ranitidine eluted at 10.5 min in
regions of the chromatograph free from interference from
endogenous compounds. Cimetidine sulfoxide, the primary

45 eluted near the solvent front.

metabolite of cimetidine,
In addition, this metabolite did not extract well in
methylene chloride and therefore did not interfere with the
assay of cimetidine. No interference from probenecid or
from inulin was detected. Standard curves were prepared
daily from blood bank plasma and from blank (0 hour) urine
from each subject. Standard curves prepared from plasma
were linear over the range of cimetidine concentrations from
0.1 to 20 ug/ml and were linear for urine over the range of
concentrations from 20 to 200 ug/ml.
The limit of assay sensitivity, defined as a peak height
five times baseline noise, was approximately 100 ng/ml from
500 ul plasma. This assay method produced inter- and intra-
day coefficients of variation of less than 10%.

3. Chemical Analysis, Inulin.

Inulin was assayed in urine and plasma by the
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130

spectrophotometric method of Heyrovsky. The method is

presented in detail in the appendices.

D) HMaterials.

Ranitidine HCl1 was obtained from Glaxo LTD (Ware,
Hertfordshire, England), cimetidine for analytical use was
purchased from Sigma Chemical Co (St Louis, MO), probenecid
tablets (lot # J2702) were manufactured by Merck Sharp and
Dohme (West Point, PA), and cimetidine for injection ( lot ¢#
245T17) was manufactured by Smith Kline and French
Laboratories (Carolina, PR). Sodium Chloride Injection 0.9%
USP (lot # 7C016N7) was manufactured by Travenol Labs Inc.
(Deerfield, IL), and Inulin and Sodium Chloride Injection
USP (lot # 30012) was purchased from American Critical Care
(McGaw Park, IL). Methylene chloride, acetonitrile, and
methanol were all of HPLC grade and were purchased from
Fisher Scientific (Fair Lawn, NJ). All other chemicals and

reagents were obtained from Sigma Chemical Co.

E) Pharmacokinetic Analysis

The pharmacokinetic parameters for cimetidine were
determined as follows: area under the plasma concentration
vs time curve (AUC) by the linear trapezoidal rule with
extrapolation to infinity; total systemic clearance (CLS) as
Dose/AUCo_oo; the amount of unchanged cimetidine excreted in
the urine in a collection interval (Aeo_t) as urine

cimetidine conc X urine vol; renal clearance (CLr), unless
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noted otherwise, as the slope of a plot of the renal
excretion rate vs midpoint plasma concentration forced
through the origin; nonrenal clearance (CLnr) as CLs minus
Ae/AUC; and net clearance by renal secretion (CLrs)
estimated as CLt minus fu X glomerular filtration rate
(GFR) , where fu is the fraction unbound and is equal to

0.8,43

and GFR as inulin clearance (urine inulin conc X
urine vol)/(plasma inulin conc X interval time (min))
measured in the first urine collection interval after
cimetidine administration. The plasma concentration vs time

131 to a two

data of cimetidine were fit by computer
compartment model with a zero order infusion of 15 minutes
duration. The steady-state volume of distribution (vass) was
calculated by a model independent method using the area
under the first moment of the plasma concentration vs time

curve, correcting for the 15 minute infusion time.132'133

F) Statistical Analysis.

Unless otherwise specified, results are presented as
the mean +/- SD of the data obtained from six subjects.
Statistical significance of differences was determined by
the Student's paired t-test and was considered significant
at the .05 level.

G) Results.
Semi-logarithmic plasma cimetidine concentration vs

time plots following administration of cimetidine alone and
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Figure V-1. Semilogarithmic plasma cimetidine
concentration vs time plots for 6 subjects who received 300
mg cimetidine intravenously over 15 minutes ( O ), or
300 mg cimetidine intravenously following steady-state
administration of probenecid (500 mg po gq6h) ( & ).
Curves were generated by computer fit of the data to a two
compartment model.

87
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with probenecid are shown in Figure V-1 for each subject.
The actual data points as well as the computer generated
curves are shown. The data for each individual were highly
reproducible between study days and there was no apparent
change in the overall elimination kinetics of cimetidine
between treatments. The plasma concentration curves
declined bi-exponentially in each subject. A slight hump
was apparent after 2 hours in the curves of subjects 1 and
6, which coincided with the time the subjects were fed. The
mean +/- SD of the pharmacokinetic parameters for cimetidine
including vd_., AUC, t1/2' Aeq_jonr’ Clgr €l r CL.s GFR,
and CLrs are presented for the two treatments in Table V-1,
There were statistically significant decreases in GFR, CLr’
and CLrs of cimetidine when probenecid was administered.
Data for each individual are presented in tabular form in
the appendices.

Renal clearances of cimetidine were determined from the
slope of the renal excretion rate vs midpoint plasma
concentration plots forced through the origin with no
weighting of data (Figure V-2). The renal clearances (mean
+/- SD) for treatments of cimetidine and cimetidine with
probenecid were 417 +/- 109 and 324 +/- 103 ml/min,
respectively (p < .005). Renal clearances (mean +/- SD)
obtained from the renal excretion rate plots with weighting
of data (1/Y) were 377 +/- 74 vs 319 +/- 86 ml/min (p < .01)
for cimetidine and for cimetidine with probenecid

respectively. The greatest differences in renal clearances



Parameter
va__ (L/Kg)

Table V-1

AUC (ug-hr/ml) 10.1‘+/- 5

tllz (hr) 2.3

+/- .4

CL, (m1/min) 495
GFR (ml/min) 116
CL * (ml/min) 417
CL ** (ml/min) 377
CLI*** (ml/min) 393
CL__ (ml1/min) 102

nr

Clrs (ml/min) 310

+/- 25
+/- 8
+/- 109
+/- 74
+/- 53
+/- 48
+/- 117

0.96+/-.2

10.6
2.3
72
475

324
319
350
125
248

+/-

1.1
.4
10
52
20
103
86
60
52
106

89

Cimetidine Cimetidine plus probenecid P
1.00 +/- .2

NS
NS
NS
NS
NS
<.01
<.005
<.01
NS
NS
<.05

®*Calculated from the slope of the renal excretion rate vs
Cp mid plot with no weighting of data.

**Calculated from the slope of the renal excretion rate vs

Cp mid plot with data weighted 1/Y.

**%Calculated as AE/AUC.
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were associated with the first or second urine collection

intervals (one-half to one hour after cimetidine dosing).
During the first urine collection interval, both the renal
excretion rate (167 +/- 38 vs 107 +/- 44 mg/hr, P < .0l1l) and
the renal clearance (508 +/- 125 vs 364 +/- 106 ml/min, P <
.02) of cimetidine were markedly reduced by probenecid.
Renal clearances, calculated by averaging the fractional
clearances of all collection intervals (Aeo_t/AUCO_t), were
also significantly reduced by probenecid (376 +/- 47 vs 330
+/- 45 ml/min, p < .05).

Nonrenal clearances were not significantly different
between treatments (102 +/- 48 vs 125 +/- 52 ml/min) for
cimetidine and for cimetidine with probenecid. We chose to
calculate nonrenal clearance by subtracting renal clearance,
determined as AE/AUC, from total clearance because we
believed this method would minimize the bias apparent in the
renal excretion rate plots.

The GFR, determined by inulin clearance in the first
urine collection interval after cimetidine administration,
for the two treatments in five subjects is shown in Figure
V-3. Inulin clearance could not be determined for one of
the subjects due to analytical problems. A significantly
lower GFR was observed when probenecid was administered with
cimetidine as compared to cimetidine alone (83 +/- 20 vs
116 +/- 8 ml/min , P < .01). The renal clearance, and the
estimated net clearance by tubular secretion for cimetidine

in the individual subjects for both treatments are shown in
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Pigure V-3. Glomerular filtration rate as estimated by
inulin clearance during the first urine collection
interval, following intravenous administration of 300 mg

cimetidine (O ) or 300 mg cimetidine with probenecid
(6 ) to S subjects.
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Figure V-4. These data were obtained in the first urine

collection interval at the same time GFR was determined. 1In
addition to decreasing GFR, probenecid significantly reduced
the net secretory component of renal clearance (380 +/- 104
vs 314 +/- 100 ml/min, P < .001) in the first collection
period. A statistically significant reduction in the
secretory clearance was also observed when data from all
collection intervals were averaged (310 +/- 117 vs 248 +/-
106 ml/min, p < .05). It should be noted that GFR was
determined only in the first urine collection interval and

this analysis assumes that GFR remains constant.

G) Discussion.

The pharmacokinetics of cimetidine have been studied
frequently in humans, and several comprehensive reviews of
this literature have been published in recent years.12'45'48
The pharmacokinetic parameters obtained for cimetidine in
this study and those reported in recent literature

reviews12'45

are presented for comparison in Table V-2. It
can be seen that the data obtained in the present study are
in agreement with those obtained from healthy adults in many
other studies compiled from the literature.

In healthy young adults, the total systemic clearance

of cimetidine may be as high as 500 to 600 ml/min, %>

45 The

although considerable variation is known to occur.
high systemic clearance for cimetidine is largely accounted

for by its renal clearance which may be 3 or 4 times greater
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Table V-2
Reference V’dss CLs CLr CLnr tl/2 fe
(L/Kg) _ (ml/min) (ml/min) (ml/min) (hr) (% dose)
Somogyi®> .8-1.2 500-600 400-600 200 2.0 50-80
Ziemniak'? 1.0  500-600 400-600 144 2.0 70
Present 1+.2 495425 4174109 102448 2.3+.4 7648

Study
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45

than GFR. Therefore, cimetidine is secreted by the renal

tubules in addition to being cleared by filtration in the
glomerulus. Cimetidine, a weak base of pKa 6.8 is 20%

ionized at pH 7.4 and would be expected to be transported in

the renal tubules by the organic cation transport system.go

The renal proximal tubular transport of cimetidine has been

studied in vitro and in vivo in a variety of species

87,93 1,88,89 91 92

including the rat, rabbit, dog, and chicken.

Data from these studies, in which cimetidine transport was
inhibited by other organic bases and quaternary cations,
have suggested that the renal tubular transport of
cimetidine is mediated by the organic cation transport
system. Studies in humans, demonstrating that cimetidine

inhibits the renal clearance of the organic bases

85, 86 66 68

procainamide, ranitidine, and triamterene, and in

which the renal clearance of cimetidine was inhibited by the

67

base ketoconazole, have suggested that, in the human

kidney, cimetidine is also secreted by the organic cation
transport system.
Probenecid, pKa 3.4, is an organic acid which is widely

134 It is also used to

134

used for treating chronic gout.
inhibit secretion of penicillin by the renal tubules.

Probenecid is a classic inhibitor, and a substrate, of the

135 The compound is

135

renal organic anion transport system(s).
both secreted and reabsorbed in the proximal tubules,

however, only 5 to 11% of an orally administered dose is

134

actually eliminated unchanged in the urine. Probenecid
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metabolism, 70% oxidation of alkyl side chains and 20%
glucuronide conjugation, accounts for 90% of its total
systemic clearance.134
An early report, published as an abstract, presented
data showing that probenecid increased the elimination half-

136 Because cimetidine

life of cimetidine in vivo in rats.
is known to be eliminated primarily by the kidney, it can be
postulated that the increased half-life may have been due to
probenecid or its metabolite(s) causing a decrease in the
renal clearance of cimetidine, although renal clearances
were not actually reported in the study. Probenecid had
previously been reported to inhibit the renal secretion of a
series of basic catecholamine derivatives in the

137-139 1,88,91 have since

chicken. Several in vitro studies
demonstrated that probenecid can inhibit the renal proximal
tubular transport of cimetidine, and that the inhibition
occurs in part at the luminal membrane of the proximal
tubule (Chapter III).

The inhibition of renal tubular transport of an organic
base by an organic acid is unusual and contradicts our
current understanding of organic anion and organic cation

90 The question of whether this

transport mechanisms.
interaction is demonstrable in vivo is important from the

perspective of ascertaining the biological relevance of this
interaction to the whole animal and determining the clinical

importance of the interaction to drug therapy.
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In the present study, probenecid did not alter the
elimination of cimetidine sufficiently to cause clinically
significant differences in the plasma concentration vs time
profiles (Figure V-1). However, probenecid did cause a
significant reduction in the renal clearance of cimetidine.
This effect cannot be unequivocally assigned to probenecid
because it is possible that one or more of the probenecid
metabolites may have been involved. However, the inhibjition
of cimetidine transport by probenecid in renal luminal

1 which are virtually devoid of metabolic

membrane vesicles,
capability, would support the argument that probenecid
itself can produce inhibition.

The reduction in the renal clearance of cimetidine in
this study was particularly evident in the first hour after
cimetidine administration. Inspection of the renal
excretion rate plots of Figure V-2 reveals that the data for
the two treatments are in relative agreement for the later
time periods in which plasma cimetidine concentrations were
below 2 ug/ml. Probenecid levels would also be expected to
be low during this time. The most notable differences
occurred during the earliest urine collection intervals. 1In
this study, probenecid was administered 3 hours before

140 the

cimetidine. According to the data of Selen et al.,
time to peak probenecid concentrations for orally
administered doses of 500 mg is 3 hours. Therefore,
probenecid concentrations in plasma would have been at or

near maximum during the time when the renal clearance of



99

cimetidine was maximally decreased. Probenecid is

accumulated in the kidney,134'135

and it is probable that
renal concentrations of probenecid were also high during the
time of maximum inhibition of cimetidine renal clearance.
The expected half-life of probenecid at these doses is 4

134,140 Therefore, the probenecid concentrations

hours.
would have been declining in parallel with the diminishing
effect on cimetidine renal clearance and may explain the
transitory nature of the inhibition observed.

The short-lived nature of the inhibition of renal
clearance provides an explanation for the observation that
plasma cimetidine concentrations did not change
significantly between treatments. The similarity in the
amounts of cimetidine excreted unchanged in the urine in
each study period can be explained by the transient effect
of probenecid on the renal clearance of cimetidine.

Consistent with other researchers who have reported

141 .na 229142

decreases in GFR of 27% in humans after
probenecid administration, we observed a 28% reduction in
GFR with probenecid. The mechanism for this effect is not
known. Despite the contribution of the reduced GFR in
decreasing the renal clearance, the net clearance by renal
secretion of cimetidine was significantly decreased by
probenecid treatment (Figure V-4).

A decrease in the net renal clearance by secretion of
cimetidine in the presence of probenecid and/or its

metabolites could be explained by an increased plasma
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protein binding, an enhanced biotransformation in the
kidney, an increase in tubular reabsorption, or by a
diminished tubular secretion of cimetidine.
Cimetidine is approximately 20% bound to plasma
proteins over the range of concentrations from .05 to 50

ug/ml.45

To attribute the observed changes in renal
clearance to an effect of probenecid on the plasma protein
binding of cimetidine, one would have to postulate that
probenecid increased the binding of cimetidine to plasma
proteins. We feel this is an extremely unlikely mechanism
since protein binding interactions usually occur by
displacement as opposed to enhancement of binding.

Renal metabolism of cimetidine has been demonstrated in
the chicken,92 however, the renal biotransformation of
cimetidine has never been studied in man. Although the
effects of probenecid on the metabolic fate of other

134 we could find no evidence in the

compounds are complex,
literature to indicate that probenecid has ever been
observed to alter the metabolism of cimetidine. For these
reasons, and because there was no change in the nonrenal
clearance of cimetidine between treatments in the present
study, we feel that this mechanism for the decreased renal
clearance of cimetidine is unlikely.

Probenecid could theoretically have increased the rate
of reabsorption of cimetidine by increasing urine pH or

decreasing urine flow. However, the greatest effect of

probenecid on the renal clearance of cimetidine occurred
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within one hour after cimetidine administration. During
this interval, as well as during other intervals, there was
no significant effect of probenecid on either urine pH or
urine flow. Therefore, the most plausible explanation,
consistent with the in vitro findings discussed previously,
is that probenecid caused inhibition of the renal secretion
of cimetidine.

These findings provide an interesting contrast to the
conclusions reached in a recent study by van Crugten and co-

66 These investigators found that, in normal

workers.
subjects, the organic anion cephalothin had no effect on the
renal clearance of cimetidine and vice versa. Based on
these observations, and the fact that cephalothin is an
anion and is secreted by the renal organic anion
transporter, the authors concluded that organic anions and
organic cations do not interact in the human kidney. Our
data are in apparent conflict with these conclusions,
however, one must consider the relative inhibitory potencies
of probenecid and cephalothin and their concentrations in
relation to potency. It is possible that the concentrations
of cephalothin in their study were insufficient to inhibit
cimetidine transport.

88 and glucose1

Previous work with water and electrolyte
transport has provided evidence that probenecid does not
produce its inhibitory effect on tubular transport by toxic
mechanism(s). Rather, the inhibition of cimetidine renal

secretion by probenecid suggests an interaction with the
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carrier mediated mechanism(s) of membrane transport for
cimetidine. Further studies from this laboratory have
suggested that the interaction between the organic anion
probenecid and the organic cation cimetidine is
representative of a general interaction between organic

143 The

anions and organic cations at the luminal membrane.
actual mechanism by which the organic anions produce
inhibition of membrane transport of organic cations is now
being explored.

In summary, the results of this study have demonstrated
that probenecid inhibits the renal elimination of cimetidine
in humans. The inhibition was mediated by a reduction in
GFR as well as by an apparent inhibition of the tubular
secretory component of cimetidine renal excretion. This
interaction is of importance from a mechanistic standpoint

and it is the first demonstration of a renal interaction

between organic anions and organic cations in humans.
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Chapter VI

Conclusions

A) Cimetidine Transport In Luminal Membrane Vesicles.

Luminal membrane vesicles were isolated from rabbit
renal cortex by a differential precipitation-centrifugation
method. The functional integrity of transport systems in
the vesicles was demonstrated by Na+-gradient stimulated
uptake of D-glucose. These studies also have demonstrated
that the vesicles were tightly sealed and were osmotically
reactive. Purity of the membrane preparation was
demonstrated by monitoring the enzyme markers, maltase and
Na'/k? ATPase.

Transport of cimetidine in the vesicles was
characterized by studying the time course of uptake of
cimetidine into the vesicles, quantitating the degree of
membrane binding of cimetidine, ascertaining the effect of
concentration on the initial rate of uptake, and determining
the effect of an initial outwardly-directed proton gradient
on cimetidine uptake. The effects of inhibitors on the
uptake of cimetidine in the absence and in the presence of
the proton gradient were determined. The data indicate that
both saturable and nonsaturable processes were involved in
the uptake of cimetidine in the vesicles. The inhibition of
cimetidine transport by organic cations and the fact that a

proton gradient could stimulate the transport of cimetidine
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suggests that cimetidine transport is mediated by the
organic cation transport system in the luminal membrane.94
The finding that probenecid inhibited the proton
gradient-stimulated transport of cimetidine in luminal
membrane vesicles agrees with the data obtained in isolated

88 91 The

perfused tubules and in renal cortical slices.
studies in this thesis have demonstrated that this
interaction occurs at the luminal membrane of the proximal
tubule and appears to be a result of a direct effect of
probenecid on the cimetidine transporter and not related to
general inhibition of membrane transport or membrane
toxicity. These findings suggest that the transport of
organic cations may be affected by organic anions and are
contradictory to the theory that substrates of one system do
not affect transport of substrates of the other system.go
Subsequent studies in this laboratory have confirmed that
the organic anions, probenecid and furosemide, inhibit
transport of organic cations other than cimetidine.143
Inhibition studies with the endogenous neutral compound
creatinine have demonstrated that it inhibits proton
gradient-stimulated cimetidine transport in luminal membrane
vesicles in a concentration dependent manner. These data
suggest that cimetidine and creatinine may share a common
transport system in the luminal membrane of the proximal
tubule. This may be the mechanism for the inhibition of

creatinine secretion by cimetidine observed clinically in

humans.83 The high concentrations of creatinine required to
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produce inhibition indicate that cimetidine, in comparison
to creatinine, has a much higher affinity for the transport

system.

B) Inhibition of Cimetidine Renal Clearance By Probenecid In
Humans. |

The data for the cimetidine renal clearance studies of
Chapter V are in agreement with human clearance data

12,45 Cimetidine was

reported in recent literature reviews.
found to be eliminated primarily by renal routes in healthy
normal volunteers. Renal clearances approximately 3.5 times
GFR indicate that cimetidine is extensively secreted by the
renal tubules. Probenecid administered orally three hours
before cimetidine was found to significantly decrease the
renal clearance of cimetidine for up to one hour after
cimetidine administration. The decreased renal clearance of
cimetidine was determined to occur by inhibition of tubular
secretion as well as reduction of GFR.

These findings demonstrate that the effects of
probenecid on cimetidine transport are biologically relevant
and suggest that interactions between organic anions and
organic cations in the renal tubules may occur in vivo.
Probenecid did not alter the overall elimination kinetics of
cimetidine and the interaction is therefore not of clinical

significance for this combination of drugs. However, the

interaction between other concurrently administered anion-
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cation drug combinations could be clinically relevant and
has not been studied.

The findings of these studies are of great interest
from the standpoint of the mechanisms of renal transport of
organic bases and organic acids. The relevance of this
research applies not only to elimination of exogenously
administered compounds but also to elimination of endogenous

organic bases and acids.



107
References

1. Gisclon LG, Wong FM, Giacomini KM. Cimetidine
transport in isolated luminal membrane vesicles from rabbit
kidney. Am J Physiol. 1987;253 (Renal Fluid Elec

Physiol. 22):F1-10.

2. Gisclon LG, Giacomini KM. Inhibition of cimetidine
transport by creatinine in luminal membrane vesicles
prepared from rabbit kidney. Drug Metab Dispos., Submitted
for publication, Mar, 1987.

3. Gisclon LG, Giacomini KM. Probenecid inhibits
cimetidine renal elimination. J Clin Invest., Submitted for
publication, May, 1987.

4. Folkow B, Haeger K, Kahlson G. Observations on reactive
hyperaemia as related to histamine, on drugs antagonizing
vasodilation induced by histamine and on vasodilator
properties of adenosine triphosphate. Acta Physiol Scand.
1948;15:264-78.

5. Black JW, Duncan WAM, Durant GJ, Ganellin CR, Parsons
ME. Definition and antagonism of histamine Hz-receptors.
Nature. 1972;236:385-90.

6. Forrest JAH, Shearman DJC, Spence R, Celestin LR.
Neutropenia associated with metiamide. Lancet.
197531:392-3.

7. Cimetidine. 1In: American Hospital Formulary Service,
56:40 Miscellaneous Drugs, Bethesda, MD, American Society of
Hospital Pharmacists, 1987; 1547-51.



108
8. Sawyer D, Conner CS, Scalley R. Cimetidine: adverse
reactions and acute toxicity. Am J Hosp Pharm.
1981;38:186-97.
9. Humphries TJ, Myerson RM, Gifford LM, Aeugle ME, Josie
ME, Wood SL, Tannenbaum PJ. A unique post market outpatient
surveillance program of cimetidine: report on phase II and
final summary. Am J Gastroenterol. 1984;79:593-6.
10. Davis TG, Pickett DL, Schlosser JH. Evaluation of
worldwide spontaneous reporting system with cimetidine. J
Am Med Assoc. 1980;243:1912-14.
1l. Totterman K, Markku K, Paakkari I, Nieminen MS. Acute
cardiovascular effects of intravenous cimetidine. Acta Med
Scand. 1985;217:277-80.
12, Ziemniak JA, Welage LS, Schentag JJ. Cimetidine and
ranitidine. 1In: Evans WE, Schentag JJ, Jusko WJ eds.
Applied Pharmacokinetics. San Francisco:Applied
Therapeutics;1986:783-825,
13. Griffiths R, Lee RM, Taylor DC. Kinetics of cimetidine
in man and experimental animals. In: Burland WL, Semkins MA
eds. Proceedings of the Second International Symposium on
Histamine Hz-receptor Antagonists. Amsterdam:Excerpta
Medica;1977:38-53.
14. Barber HE, BHawksworth GM, Turner SJ. The transport of
cimetidine across the rat small intestine. Br J Pharmacol.

1979;66:496-7.






109

15. Gugler R, Wolf H, Kliems G, Bioavailability of
cimetidine after partial gastrectomy. Munchn Med Wschr.
1980;122:1337-40.

16. Vionchet O, Farinotte R, Loirat P, Dauphin A. Jejunal
ileal absorption of cimetidine in man. (Abstract).
Gastroenterology. 1981;80:1310.

17. Rowley-Jones D,'Burland WL, Griffiths R.
Pharmacokinetics and pharmacological properties of
cimetidine. In: Creutzfeldt W Ed. Cimetidine, Proceedings of
an International Symposium on Histamine Hz-receptor
Antagonists. Amsterdam:Excerpta Medica;1978:72-80.

18. Walkenstein SS, Dubb JW, Randolph WC, Westlake WJ,
Stote RM, Intoccia AP. Bioavailability of cimetidine in
man. Gastroenterology. 1978;74:360-5.

19. Somogyi A, Rohner HG, Gugler R. Pharmacokinetics and
biocavailability of cimetidine in gastric and duodenal ulcer
patients. Clin Pharmacokinet. 1980;5: 84-94.

20. Grahnen A, von Bahr C, Lindstrom B, Rosen A.
Bioavailability and pharmacokinetics of cimetidine. Eur J
Clin Pharmacol. 1979;16:335-40.

2l. Bodemar G, Norlander B, Frasson L, Walan A. The
absorption of cimetidine before and during maintenance
treatment with cimetidine and the influence of a meal on the
absorption of cimetidine-studies in patients with peptic
ulcer disease. Br J Clin Pharmacol. 1979;7:23-31.



110

22. Larsson R, Bodemar G, Norlander B. Oral absorption of
cimetidine and its clearance in patients with renal failure.
Eur J Clin Pharmacol. 1979;15:153-7.

23. Bjaeldager PAL, Jensen JB, Larsen NE, Hvidberg EF.
Elimination of oral cimetidine in chronic renal failure and
during hemodialysis., Br J Clin Pharmacol. 1980;9:585-92.
24. Veng Pedersen P, Miller R. Pharmacokinetics and
bioavailability of cimetidine in humans. J Pharm Sci.

1980; 69:394-8.

25. Gugler R, Brand M, Somogyi A. Impaired absorption of
cimetidine due to antacids and metoclopramide. Eur J Clin
Pharmacol. 1981;20:225-8.

26. Kanto J, Allonen H, Jalonen H, Mantyla R. The effect
of metoclopramide and propantheline on the gastrointestinal
absorption of cimetidine. Br J Clin Pharmacol.
1981;11:527-30.

27. Colburn W. Pharmacokinetic analysis of concentration-
time data obtained following administration of drugs that
are recycled in the bile. J Pharm Sci. 1984;73:313-17.

28, Sonne J, Poulsen HE, Dossing M, Larsen NE, Andreasen
PB. Cimetidine clearance and bioavailability in hepatic
cirrhosis. Clin Pharmacol Ther. 1981;29:191-7.

29, Gugler R, Muller-Liebenau B, Somogyi A. Altered
disposition and availability of cimetidine in liver
cirrhotic patients. Br J Clin Pharmacol. 1982;14:421-9.



111
30. Ma KW, Brown DC, Masler DS, Silvis SE. Effects of

renal failure on blood levels of cimetidine.
Gastroenterology. 1978;74:473-6.

31. Larsson R, Erlanson P, Bodemar G, Walan A, Bertler A,
Fransson L, Strouth L. The pharmacokinetics of cimetidine
and its sulfoxide metabolite in patients with normal and
impaired renal function. Br J Clin Pharmacol.
1982;13:163-70.

32. Grahnen A, Jameson S, Loof L, Tyllstrom J, Lindstrom B.
Pharmacokinetics of cimetidine in advanced cirrhosis. Eur J
Clin Pharmacol. 1984;26:347-55.

33. Spence RW, Creak DR, Celestin LR. Influence of a meal
on the absorption of cimetidine. Digestion.

1976;14:127-32.

34. Burland WL, Darkin DW, Mills MW. Effect of antacids on
absorption of cimetidine. Lancet. 1976;2:965.

35. Bodemar G, Norlander B, Walan A. Diminished absorption
of cimetidine caused by antacids. Lancet. 1979;1:444-5.

36. Steinberg WM, Lewis JH. Mylanta II inhibits the
absorption of cimetidine. Gastroenterology. 1980;78:1269.
37. Brimblecombe RW, Duncan WAM, Durant GJ, Emmett JC,
Ganellin CR, Leslie GB, Parsons ME. Characterization and
development of cimetidine as a histamine Hz-receptor

antagonist. Gastroenterology. 1978;74:339-47.



112
38. Schentag JJ, Cerra FB, Calleri GM, Leising ME, French
MA, Bernhard H. Age, disease, and cimetidine disposition in
healthy subjects and chronically ill patients. Clin
Pharmacol Ther. 1981;29:737-43.
39. Ziemniak JA, Shank RG, Schentag JJ. The partitioning
of cimetidine into canine cerebral spinal fluid. Drug Metab
Dispos. 1984;12:217-21.
40, Berg MJ, Lantz RK, Schentag JJ, Vern BA. Distribution
of cimetidine in post-mortem tissues. J Forensic Sci.
1984;29:147-54.
41. Kimelblatt BJ, Cerra FB, Calleri G, Berg MJ, McMillen
MA, Schentag JJ. Dose and serum concentration relationships
in cimetidine-associated mental confusion. Gastroenterology.
1980;78:791-5.
42, Jonsson KA, Erikssen SE, Kagevi I, Norlander B, Bodemar
G, Walan A. Cimetidine, but not oxmetidine, penetrates into
the cerebrospinal fluid after a single intravenous dose. Br
J Clin Pharmacol. 1982;14:815-19.
43. Somogyi A, Gugler R. Cimetidine excretion into breast
milk. Br J Clin Pharmacol. 1979;7:627-8.
44, Taylor DC, Cresswell PR, Bartlett DC. The metabolism
and elimination of cimetidine, a histamine Hz-receptor
antagonist in the rat, dog, and man. Drug Metab Dispos.
1978;6:21-9.
45. Somogyi A, Gugler R. Clinical pharmacokinetics of
cimetidine. Clin Pharmacokinet. 1983; 8:463-95.



113
46. Mitchell SC, Idle JR, Smith RL. The metabolism of l4c-
cimetidine in man. Xenobiotica. 1982;12:283-92.
47. 1Ziemniak JA, Watson WA, Saffle JR, Smith IL, Russo J,
Warden GD, Schentag JJ. Cimetidine kinetics during
resuscitation from burn shock. Clin Pharmacol Ther.
1984;36:228-33.
48. Abate MA, Hyneck ML, Cohen IA, Berardi RR. Cimetidine
pharmacokinetics. Clin Pharmacy. 1982;1:225-33.
49, Krichman, KH, Cutler RE, Blair AD. Pharmacokinetics of
cimetidine in normal and uremic patients. Clin Res.
1979;27:73A.
50. Burgess E, Cutler RE, Blair AD. Cimetidine
pharmacokinetics in hemodialysis patients and inhibition of
creatinine secretion in healthy subjects. Clin Pharmacol
Ther. 1980;27:247.
51. Randolph WC, Osborne VL, Intoccia AP, Walkenstein SS.
Cimetidine sulphoxide: whole blood levels in normal human
subjects and patients with varying degrees of renal failure.
Pharmacologist. 1980;22:278.
52. Larsson R, Norlander B, Bodemar G, Walan A. Steady-
state kinetics and dosage requirements of cimetidine in
renal failure. Clin Pharmacokinet. 1981;6:316-25.
53. Bodemar G, Norlander B, Walan A. Pharmacokinetics of
cimetidine after single doses and during continuous

treatment. Clin Pharmacokinet. 1981;6:303-15.



114
54. Lebert PA, Mahon, WA, MacLeod SM, Soldin SJ, Fenje P,

Vandenberghe HM. Ranitidine kinetics and dynamics II.
Intravenous dose studies and comparison with cimetidine.
Clin Pharmacol Ther. 1981;30:545-50.

55. Pancorbo S, Burbick MP, Chin TWF, Miller K, Onstad G.
Cimetidine dynamics after single intravenous doses. Clin
Pharmacol Ther. 1982;31:83-8.

56. Guay DRP, Matzke, GR, Brockbader HN, Dancik J.
Comparison of biocavailability and pharmacokinetics of
cimetidine in subjects with normal and impaired renal
function. Clin Pharmacy. 1983;2:157-62.

57. Bianchi Porro G, Lazzaroni M, and Lodola E. Blood
levels of cimetidine in patients with liver cirrhosis. Int
J Pharmacol Ther Toxicol. 1983;7:374-7.

58. Bjaeldager PA, Jensen JB, Nielsen LP, Larsen NE,
Hvidberg EF. Pharmacokinetics of cimetidine in patients
undergoing hemodialysis. Nephron. 1983;34:159-63.

59. Ziemniak JA, Bernhard H, Schentag JJ. Hepatic
encephalopathy and altered cimetidine kinetics. Clin
Pharmacol Ther. 1983;34:375-82.

60. Cello JP, Oie S. Cimetidine disposition in patients
with Laennec's cirrhosis. Eur J Pharmacol. 1983;25:223-9.
6l. Ziemniak JA, Assael BM, Padoan R, Schentag JJ. The
bioavailability and pharmacokinetics of cimetidine and its
metabolites in juvenile cystic fibrosis patients: age
related differences as compared to adults. Eur J Clin

Pharmacol. 1984;26:183-9.



115
62, Abernethy DR, Greenblatt DJ, Matlis R, Gugler R.
Cimetidine disposition is obesity. Am J Gastroenterol.
1984;79:91-4.
63. Bauer LA, Wareing-Tran C, Edwards WAD, Raisys V,
Ferreri L, Jack R, Dellinger EP, Simonowitz D. Cimetidine
clearance in the obese. Clin Pharmacol Ther. 1985;37:425-30.
64. Martyn JAJ, Greenblatt DJ, Abernethy DR. Increased
cimetidine clearance in burn patients. J Am Med Assoc.
1985;253:1288-91.
65. Lloyd CW, Martin WJ, Taylor BD, Hauser AR.
Pharmacokinetics and pharmacodynamics of cimetidine and
metabolites in critically ill children. J Pediatr.
19853;107:295-300.
66. Van Crugten J, Bochner F, Keal J, Somogyi A.
Selectivity of the cimetidine-induced alterations in the
renal handling of organic substrates in humans. Studies with
anionic, cationic, and zwitterionic drugs. J Pharmacol Exp
Ther. 1986;236:481-7.
67. Christian CD, McKinney TD, Brown MW, Roberts RK, Speeg
KV. Ketoconazole inhibits the renal clearance of
cimetidine. Clin Research. 1985;33:19A.
68. Muirhead MR, Somogyi AA, Rolan PE, Bochner F. Effect
of cimetidine on renal and hepatic drug elimination: Studies
with triamterene. Clin Pharmacol Ther. 1986;40:400-7.
69. Chattriwalla Y, Colon AR, Scanlon JW. The use of
Cimetidine in the newborn. Pediatrics. 1980;65:301-2.



116
70. Ziemniak JA, Wynn RJ, Aranda JV, Schentag JJ. The

pharmacokinetics and metabolism of cimetidine in neonates.
Dev Pharmacol Ther. 1984;7:30-8.

71. Chin TW, MaCleod SM, Fenje P, Baltodano A, Edmonds JF,
Soldin SJ. Pharmacokinetics of cimetidine in critically ill
children. Pediatr Pharmacol. 1983;2:285-92.

72. Bradbear RA, Shepherd RW, McGuffie C, Grice J, Roberts
RK. The kinetics of oral cimetidine in children with cystic
fibrosis. Br J Clin Pharmacol. 1981;12:248-9.

73. Redolfi A, Borgofelli E, Lodda E. Blood level of
cimetidine in relation to age. Eur J Clin Pharmacol.
1979;15:257-61.

74. Somogyi A, Gugler R. Clinical pharmacokinetics of
cimetidine with observations on the plasma concentration-
response curve. Findings Exp Clin Pharmacol. 1981;3:835-7.
75. Drayer D, Romankiewicz J, Lorenzo B, Reidenberg MM.
Age and renal clearance of cimetidine. Clin Pharmacol Ther.
1982;31:45-50.

76. Ritschel WA. Prediction of cimetidine disposition in
the aged. Math Find Exp Clin Pharmacol. 1983;5:255-62.

77. Somogyi A, Gugler R. Drug interactions with
cimetidine. Clin Pharmacokinet. 1982;7:23-41.

78. Bauman JH, Kimelblatt BJ. Cimetidine as a inhibitor of
drug metabolism: therapeutic implications and review of the
literature. Drug Intell Clin Pharm. 1982;16:380-6.

79. Greene WL, Self TH, Levinson MJ. Cimetidine drug
interactions. J Pam Pract. 1983;16:1087-93.






117
80. Sorkin EM, Darvey DL. Review of cimetidine drug

interactions. Drug Intell Clin Pharm. 1983;17:110-20.

8l1. Powell JR, Donn KH. The pharmacokinetic basis for 82-
antagonist drug interactions; concepts and implications. J
Clin Gastroenterol. 1983;5:95-113.

82. Gerber MC, Tejwani GA, Gerber N, Bianchine JR. Drug
interactions with cimetidine: an update. Pharmacol Ther.
1985;27:353-70.

83. Burgess E, Blair A, Krichman K, Cutler RE. Inhibition
of renal creatinine secretion by cimetidine in humans. Renal
Physiol, Basel. 1982;5:27-30.

84. Somogyi A, Thielscher S, Gugler R. Influence of
phenobarbital treatment on cimetidine kinetics. Eur J Clin
Pharmacol. 1981;19:343-7.

85. Somogyi A, McLean A, Heinzow B. Cimetidine-
procainamide pharmacokinetic interaction in man: evidence of
competition for tubular secretion of basic drugs. Eur J Clin
Pharmacol. 1983;25:339-45.

86. Christian CD, Meredith CG, Speeg KV. Cimetidine
inhibits renal procainamide clearance. Clin Pharmacol Ther.
1984;36:221-7.

87. Weiner IM, Roth L. Renal excretion of cimetidine. J
Pharmacol Exp Ther. 1981;216:516-20.

88. McKinney TD, Myers P, Speeg KV Jr. Cimetidine
secretion by rabbit renal tubules in vitro. Am J Physiol.
1981;241 (Renal Fluid Elec Physiol. 10):F69-76.



118
89. McKinney TD, Speeg KV Jr. Cimetidine and procainamide

secretion by proximal tubules in vitro. Am J Physiol.
19823242 (Renal Fluid Elec Physiol. 11):F672-80.

90. Rennick BR. Renal tubule transport of organic cationms.
Am J Physiol. 1981;240 (Renal Fluid Elec Physiol. 9):F83-9.
91. Cacini W, Keller MB, Grund VR. Accumulation of
cimetidine by kidney cortex slices. J Pharmacol Exp Ther.
1982;221:342-6.

92. Rennick B, Ziemniak J, Smith I, Taylor M, Acara M.
Tubular transport and metabolism of cimetidine in chicken
kidneys. J Pharmacol Exp Ther. 1984;228:387-92.

93. Takano M, Inui KI, Okano T, Hori R. Cimetidine
transport in rat renal brush border and basolateral membrane
vesicles. Life Sci. 1985;37:1579-85.

94. Holohan PD, Ross CR. Mechanisms of organic cation
transport in kidney plasma membrane vesicles: 2. " pH
studies. J Pharmacol Exp Ther. 1981;216:294-8.

95. Murer H, Greger R. Membrane transport in the proximal
tubule and thick ascending limb of Henle's loop: mechanisms
and their alterations. Klin. Wochenschr. 1982;60:1103-13.
96. Balaban RS. Non-invasive techniques for the
investigation of renal metabolism and transport. In:
Biochemistry of Kidney Functions. Morel F. (Ed.) 1982.

Elsevier Biomed Press, Amsterdam. 337-5l.



119
97. Brown CDA, Bodmer M, Biber J, Murer H. Sodium-

dependent phosphate transport by apical membrane vesicles
from a cultured renal epithelial cell line (LLC—PKI).
Biochim Biophys Acta. 1984;769:471-8.

98. Murer H, Gmaj P. Transport studies in plasma membrane
vesicles isolated from renal cortex. Kidney Internat.
1986;30:171-86.

99. Murer H, Kinne R. The use of isolated membrane
vesicles to study epithelial transport processes. J Membr
Biol. 1980;55:81-95.

100. Booth AG, Kenny AJ. A rapid method for the
preparation of microvilli from rabbit kidney. Biochem J.
1974;142:575-81.

101. sabolic I, Burckhardt G. Effect of the preparation
method on Na+/H+ exchange and ion permeabilities in rat
renal brush border membranes. Biochim Biophys Acta.
1984;772:140-8.

102, stieger B, Stange G, Biber J, Murer H. Transport of L-
cysteine by rat renal brush border membrane vesicles. J
Membr Biol. 1983;73:25-37.

103. Biber J, Stieger B, Haase W, Murer H. A high yield
preparation for rat kidney brush border membranes: different
behavior of lysosomal markers. Biochim Biophys Acta.

1981;647:169-76.



120
104, Mircheff AK, Ives HE, Yee VJ, Warnock DG. Na+/ﬂ+

antiporter in membrane populations resolved from a renal
brush border vesicle preparation. Am J Physiol. 1984;246
(Renal Fluid Elec Physiol. 15):F853-58.

105. Warnock DG, Yee VJ. Chloride uptake by brush-border
membrane vesicles isolated from rabbit renal cortex:
coupling to proton gradients and & diffusion potentials. J
Clin Invest. 1981;67:103-115.

106. Lowry OH, Rosebrough NJ, FParr AL, Randall RJ. Protein
measurement with the Folin phenol reagent. J Biol Chem.
1951;193:265-75.

107. Anonymous. The quantitative enzymatic determination of
glucose in serum, plasma, CSF or urine at 340 nm. In: Sigma
Technical Bulletin #15-UV. 1981; Sigma Chemical Co., Saint
Louis, MO:1-11l.

108. Turner RJ, Moran A. Heterogeneity of sodium-dependent
D-glucose transport sites along the proximal tubule:
evidence from vesicle studies. Am J Physiol. 1982; 242
(Renal Fliud Elec Physiol. 11):F406-14.

109. Wiesmeyer H. Amylomaltase. In: Methods In Enzymology.
1962; Academic Press, New York and London, Vol V:141-42.
110. Schoner W, Von Ilberg C, Kramer R, Seubert W. On the
mechanism of Na® and K stimulated hydrolysis of adenosine

triphosphate. Eur J Biochem. 19673;1:334-43.



121
111. Fitfun. 1In: Prophet Statistics. A guide to
statistical analysis on the Prophet system. U.S. Dept of
Health and Human Services, PHS, NIH. 1980; NIH publication
# 80-2169:6-30 to 6-34.
112, Wright SH. Transport of Nl-methylnicotinamide across
brush border membrane vesicles from rabbit kidney. Am J
Physiol. 1985; 249 (Renal Fluid Elec Physiol. 18):F903-11.
113. McKinney TD, Kunneman ME. Cimetidine uptake by rabbit
renal cortical brush border membrane vesicles. (Abstract).
Kidney Int. 1986;29:420.
114. McKinney TD, Kunnemann ME. Procainamide transport in
rabbit renal cortical brush border membrane vesicles. Am J
Physiol. 1985;249 (Renal Fluid Elec Physiol. 18):F532-41,
115. Guyton AC. In: Textbook of Medical Physiology.
Saunders, Philadelphia. 1976;5th ed.:444.
116. Cockroft DW, Gualt MH. Prediction of creatinine
clearance from serum creatinine. Nephron. 1976;16:31-41.
117. Bjornsson TD. Use of serum creatinine concentrations
to determine renal function. Clin Pharmacokinet.
1979;4:200-22.
118. Kenyon GL, Rowley GL. Tautomeric preferences among
glycocyamidines. J Am Chem Soc. 1971;93:5552-60.
119, Kassirer JP. Clinical evaluation of kidney function-
glomerular function. N Engl J Med. 1971;285:385-9.
120. Bauer JH, Brooks CS, Burch RN. Clinical appraisal of
creatinine as a measurement of glomerular filtration rate.

Am J Kid Dis. 1982;11:337-46.



122
121. Shemesh O, Golbetz H, Kriss JP, Myers BD. Limitations
of creatinine as a filtration marker in glomerulopathic
patients. Kidney Internat. 1985;28:830-8.
122. Berglund F. Urinary excretion patterns for substances
with simultaneous secretion and reabsorption by active
transport. Acta Physiol Scand. 1961;52:276-90.
123. Chiou WL. Nonrenal elimination, extensive renal
tubular reabsorption and secretion of creatinine in humans
and animals. In: Pharmacokinetics, A Modern View. 1984;
Benet LZ, Levy G, Ferraiolo BL (Eds.) Plenum Press, New York
and London: 442-44.
124. Jones JD, Burnett PC. Creatinine metabolism in humans
with decreased renal function: creatinine deficit. Clin
Chem. 1974;20:1204-12.
125, O0'Connell JMB, Romeo JA, Mudge GH. Renal tubular
secretion of creatinine in the dog. Am J Physiol.
1962;203:985-90.
126. Arendshorst, WJ, Selkurt EE. Renal tubular mechanisms
for creatinine secretion in the Guinea pig. Am J Physiol.
1970;218:1661-70.
127. Berglund F, Killander J, Pompeius R. Effect of
trimethoprimsulfamethoxazole on the renal excretion of
creatinine in man. J Urol. 1975;114:802-8.
128. Height and weight tables. 1983. Metropolitan Life

Insurance Company. New York.



123
129. Guay DRP, Bockbader HN, Matzke GR. High-performance
liquid chromatographic analysis of cimetidine in serum and
urine. J Chromatogr. 1982;228:398-403.
130. Heyrovsky A. A new method for the determination of
inulin in plasma and urine. Clin Chim Acta. 1956;1:470-4.
131. Holford N. DRUGFUN. In: Prophet Public Procedures.
1982, U.S. Dept. of Health and Human Services, Public Health
Service, National Institutes of Health. 4/63-4/79.
132. Oppenheimer JH, Schwartz HL, Surks MI. Determination
of iodothyronine metabolism and distribution in man by
noncompartmental analysis. J Clin Endocrinol Metab.
1975;41: 319-24.
133. Benet LZ, Galeazzi RL. Noncompartmental determination
of the steady-state volume of distribution. J Pharm Sci.
1979;68:1071-4.
134. Cunningham RF, Israili ZH, Dayton PG. Clinical
pharmacokinetics of probenecid. Clin Pharmacokinet.
1981;6:135-51.
135. Moller JV, Sheikh MI. Renal organic anion transport
system: pharmacological, physiological, and biochemical
aspects. Pharmacol Rev. 1983;34:315-58,
136. Sewing K, Kaplowitz N. Drugs affecting the

14

pharmacokinetics of C-cimetidine in rats. (Abstract).

Gastroenterology. 1979;76:1242,

137. Yoss N, Rennick BR. Renal tubular excretion of dl-

14

epinephrine-2-C in the chicken. J Pharmacol Exp Ther.

1962;138:347-50.



124
138. Rennick BR, Pryor MZ. Effects of autonomic drugs on

renal tubular transport of catecholamines in the chicken. J
Pharmacol Exp Ther. 1965;148:262-9.

139. Quebbemann AJ, Rennick BR. Effects of structural
modifications of catecholamines on renal tubular transport
in the chicken. J Pharmacol Exp Ther. 1969;166:52-62.

140. Selen A, Amidon GL, Welling PG. Pharmacokinetics of
probenecid following oral doses to human volunteers.

J Pharm Sci. 1982;71:1238-1242,

141. 0dlind B, Beermann B, Selen G, Persson AEG. Renal
tubular secretion of piretanide and its effects on
electrolyte reabsorption and tubuloglomerular feedback
mechanism. J Pharmacol Exp Ther. 1983;225:742-746.

142, 0dlind B, Beermann B, Lindstrom B. Coupling between
renal tubular secretion and effect of bumetanide. Clin
Pharmacol Ther. 1983;34:805-809.

143. Hysu PH, Gisclon LG, Hui AH, Giacomini KM.
Interactions of organic anions with the organic cation
transporter in renal brush border membrane vesicles. Am J

Physiol., Submitted for publication, Aug, 1987.



125

Appendices

1. Protein Assay Procedure.

A) Reagents.

1) 2% Na,CO4 in 1 N NaOH, 50 ml.

2) 1%Na/K tartrate in deionized distilled H,0 (DDW) ,
0.5 ml.

3) 1% CuSO4 in DDW, 0.5 ml.

4) One-half strength Polin-phenol reagent, in DDW,

300 ul.

B) Dilutions Por Luminal Membrane Vesicle Assay.

1) First homogenate, dilute 1/2 with DDW, use 15 ul and
30 ul sample volumes, and dilute 1/4 with DDW, use 30 ul and
60 ul sample volumes. Samples are further diluted to 600 ul
with DDW before adding assay reagents.

2) Final pellet (luminal membrane vesicles), dilute
1/25 with DDW, use 15 ul and 30 ul sample volumes, and
dilute 1/50 with DDW, use 30 ul and 60 ul sample volumes.
Samples are further diluted to 600 ul with DDW.

c) Assay Procedure.

Reagents may be prepared separately and stored tightly
sealed for several months. Just before performing the
assay, 50 ml NaOH/Na2C03 solution is combined with 0.5 ml
Na/K tartrate and 0.5 ml CuSO4. If the samples are cloudy
after addition of CuSO4, a poor standard curve results and
this can be corrected by preparing and rerunning with fresh

NaOH/Na2CO3. The diluted samples are placed in a 5 ml test
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tube and 3.0 ml of the combined reagents are added, vortexed
and allowed to stand for at least 15 min to solubilize the
proteins. While vortexing, 300 ul Folin-phenol reagent are
rapidly added to the combined sample/reagent mix and allowed
to stand at least 30 minutes. Absorbance is read at 650 nm
with a spectrophotometer, using disposable plastic cuvettes
or an automatic sipper. Blanks are prepared by adding
buffer in the same dilutions used for membrane samples and
their absorbance is subtracted from samples and standards.

D) Standard Curve.

Bovine serum albumin in DDW (lmg/ml) is used as a
protein standard. Volumes of 5, 10, 15, 30, and 50 ul are
prepared for the standard curve as described above for the
samples. Protein concentrations are determined from the

linear regression curve of the standards.
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2. Enzymatic Determination of Purity/Contamination of

Isolated Luminal Membrane Vesicles.

A) HMaltase Enzyme Assay.

Activity of the enzyme maltase is used as a marker for
determining the relative concentration of luminal membranes
in the final centrifuge fraction, compared to other cortical
membranes which are present in the first homogenate.

Quantitation of maltase activity is performed using a

coupled enzyme assay systemlo-,-lo9 as follows:
Maltase
Maltose » 2 Glucose
Hexokinase
Glucose + ATP » G-6-P + ADP
G-6-PD
G-6-P + NADP > 6-PG + NADPH

The activity of maltase is monitored by determining the rate
of reduction of NADP (no absorbance at 340 nm) to NADPH
(high absorbance at 340 nm).

1) Reagents.

All reagents except maltase (present in the luminal
membrane fraction) and maltose are contained in the Sigma

glucose assay kit,107

which is reconstituted just before the
assay by adding 31 ml DDW. An aliquot of this is saved for
blanks. With the remainder, a 1.0 mg/ml solution of maltose
is prepared.

2) Sample Dilutions.

Samples are prepared as:
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25 ul first homogenate (undiluted) + 1.0 ml assay mix,

25 ul final luminal membrane diluted 1/10 with DDW + 1.0 ml
assay mix, and 25 ul luminal membrane diluted 1/20 + 1.0 ml
assay mix. Blanks are prepared with buffer + assay mix
containing maltose.

3) Assay Procedure.

The spectrophotometer is set at 340 nm, with the

0 ¢ or at 37° c.

temperature control set either at 25
Regardless of which temperature is used, the assay mix must
remain refrigerated until just prior to use. Use the
autosipper to aspirate the samples. The reaction is allowed
to proceed for 10 minutes, and the reaction rate is
determined from a linear portion of the curve as change in
absorbance/min for the sample minus change in absorbance/min
of the blank.

4) Calculations.

Enzyme activity was calculated as:

A/mi 0
(ul sample volume) (6.2)

where Change A/min is the slope of the rate plot with blank
subtracted, dilution is the dilution factor, and 6.2 is the
molar extinction coefficient of NADPH.

Enrichment of maltase activity is calculated as:

cti
(Activity of first homogenate/mg protein)

The mean +/- SD of enrichment of maltase activity for
15 separate luminal membrane preparations prepared in this

laboratory was 8.9 +/- 2.7.
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B) Na/K ATpPase Assay.
Contamination of the luminal membrane vesicles with
basolateral membrane vesicles was monitored by a
modification of the optical method for quantifying Na/K

110 This assay is also a

ATPase activity of Schoner et al.
coupled enzyme system by which the activity of ATPase can be
determined by monitoring the rate of production of NAD from
NADH as follows:

Na+/K+ ATPase
ATP > ADP + Pi

Pyruvate Kinase
PEP + ADP —> Pyruvate + ATP

Lactate Dehydrogenase +
Pyruvate + NADH -> Lactate + NAD .

1) Reagents (final molar concentrations required).
Buffer A.

62.5 mM Imidazole HC1l, pH 7.3

62.5 mM NH4C1
3.125 mM MgCl2
1.25 mM EGTA

pPH to 7.5 with HC1l, keep at room temperature.
Buffer B.

50.0 mM Imidazole HCl, pH 7.3

Reaction Mix.

18.75 ml Buffer A
2.813 ml 1 M NaCl
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QS to 30 ml with DDW, divide into equal volumes, add
sufficient ouabain to deliver a concentration of 1.25 mM to
one portion.

Cofactor HNix.

NADH .36 mM

ATP 1.51 mM

PEP .21 mM

PK 10.0 mM

LDH 11.0 mM

Dissolve in Buffer A, QS to 3.33 ml, keep iced.

2) Assay Procedure.

Pipette 800 ul reaction mix with and without ouabain
into separate test tubes and add 100 ul cofactor mix.
Determine the sample volume required (usually 5 to 100 ul)
and add sufficient quantity of Buffer B to the mixture above
to give a total 1.0 ml after addition of the sample. Add 5
to 100 ul sample, vortex well and use the autosipper to take
up the sample.

The spectrophotometer is set at 340 nm and the reaction
is run at 37o C. The reaction is allowed to run 5 to 10
min.

3) Calculations.

The rate is determined from the slope of a linear
portion of the curve as Change A/min sample minus Change
A/min for reaction mix with ouabain. The remainder of the

calculations are identical to the assay for maltase.



131
3. Inulin Assay Procedure.

A) Reagents.

1. Indole-3-acetic acid 0.5% in 95% ethanol. Keep
refrigerated.

2, Concentrated HC1 (37% w/w).

3. Trichloroacetic acid 10% in DDW.

4. Inulin standard (0.05 ug/ul) in DDW. Add inulin to
boiling DDW to dissolve, cool and bring to volume. Prepare
fresh daily.

B) Sample dilutionms.

Plasma samples may be assayed undiluted. Urine samples
are diluted 1/100 with DDW.

C) Assay procedure.

To 250 ul of plasma or diluted urine add 1.0 ml TCA,
vortex and allow to stand for 10 minutes. Centrifuge at
5000 RPM for 5 minutes. To 250 ul of the supernatant add 50
ul indole-3-acetic acid and 2.0 ml HCl. Vortex and place
samples in a shaking water bath for 75 minutes at 370 C.
Cool the samples to room temperature. Absorbance of the
samples is read at 520 nm on the spectrophotometer.

D) Standard curves.

Plasma or diluted urine are spiked with 5, 10, 20, 30,
and 50 ul of inulin standard solution. Blanks are prepared
by adding DDW to plasma or urine, instead of the inulin
standard, and are subtracted from standards and samples.
Inulin concentrations are determined from the li<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>