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Abstract—Imidazole and isocytosine-furan derivatives inhibited H, receptor activity in HGT-1 cells, in
accordance with the following relative potencies (1Cs, = 2.3uM cimetidine as reference): SKF 93479 =
cimetidine = 100 > metiamide = 62 > SKF 92408 = 2 > SKF 91581 = 0.07). The Schild plot for cime-
tidine was linear (slope = 0.97) with a pA, value of 6.72 £ 0.12 (K, = 0.18 uM cimetidine), suggesting
competitive inhibition. Preincubation of HGT-1 cells for 10 min with H, antagonists at 2uM concentration
resulted in 90-100% inactivation (SKF 93479 and oxmetidine) and 65% inactivation (ranitidine) which
persisted for 30 min, even after a washout period. Accordingly, the Kinetics of 2 uM [*H] SKF 93479
binding to HGT-1 cells revealed a half-time for association of 10 min and a dissociation half-time of
120 min. There was a good correlation between the kinetics and relative potencies of cimetidine and
SKF 93479 in inhibiting H, receptor activity in purified plasma membranes (40 nM) as well as in intact
HGT-1 cells preincubated for 2 hr with SKF 93479 before histamine addition (45 nM). Chronic treatment
of HGT-1 cells for 6 days with 2 uM SKF 93479 specifically blocked H; receptor activity since cyclic
AMP generation induced by other hormones and agents such as VIP, glucagon, GIP and sodium fluoride
was unaltered. In contrast, short term and chronic treatment by cimetidine was readily reversible.
The isocytosine-furan derivative SKF 93479 differs from the imidazole analogue cimetidine by its
apparent irreversible action, due to the slow onset of association from HGT-1 cells. The isocytosine
ring in SKF 93479 and oxmetidine seems to play a preponderant role in their apparent long-lasting,
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irreversible actions.

Gastric acid secretion is partially controlled by his-
tamine, acting through the H; receptor in parietal
cells [1]. The direct action of histamine on these acid-
secreting cells results in binding to specific rec-
ognition sites [2, 3], leading in turn to adenylate
cyclase and cyclic AMP-dependent protein kinase
activation [4,5]. These biochemical events are
directly related to oxygen consumption {6], amino-
pyrine uptake (as an index of acid formation), and
to the morphological transformations of the parietal
cells associated with the onset of acid secretion ({7, 8]
and Review in ref. 9). Previous investigations [1-20}
indicated that gastric H, receptor activity may be
blocked by a variety of compounds bearing an imi-
dazole (burimamide, metiamide, cimetidine, oxme-
tidine), a triazole (AH 2216, AH 23844), a thiazole
(tiotidine, YM 11170}, a thiadiazole (L-643,441),
furan and/or isocytosine rings (SKF 93479, ranit-
idine, oxmetidine). Compared to the classical H;
antihistamine cimetidine, a number of these antag-
onists exhibit the following pharmacological dif-
ferences in vive and in vitro: (1) increased inhibitory

* Abbreviations used: I, impromidine; PEA, 2-(2-pyri-
dyl)ethylamine; H, histamine; VIP, vasoactive intestinal
peptide; GIP, gastric inhibitory peptide; IBMX, 3-isobutyl-
1-methylxanthine; PMSF, phenylmethyl-sulfonyl-fluoride;
KRP, Krebs Ringer phosphate buffer; BSA, bovine serum
albumin; HMT, histamine methyltransferase.

potency {3,7,12-19], (2} more prolonged action
[14, 16, 18, 19], (3) noncompetitive antagonism [14]
and, (4) apparently irreversible blockade [14, 16].

The present study was undertaken to establish a
pharmacological basis for these differences by using
cimetidine and its imidazole analogues metiamide,
SKF 92408, SKF 91581 and the isocytosine-furan
derivatives ranitidine, oxmetidine and SKF 93479
(Fig. 1). We therefore measured cyclic AMP pro-
duction after adding histamine or its antagonists
separately or together to intact HGT-1 cells or
purified plasrna membrane preparations. The HGT-
1 cell line, derived from a human gastric cancer
localized in fundus [20], possesses histamine H,
receptors [13,20] with pharmacological properties
remarkably similar to those we established in human
fundic glands using selective histamine agonists or
antagonists [9, 12]. The specificity of the action of
the H, antagonists studied here on gastric receptors
was determined with regard to their immediate or
prolonged effects (3 hours—6 days) on the receptors
sensitive to vasoactive intestinal peptide (VIP), giu-
cagon and gastric inhibitory peptide (GIP) in HGT-
1 cells [13,21]. These peptide hormone receptors
have already been characterized in gastric glands
isolated from man and laboratory animals
[11,22-25]. A portion of this work has been
described as abstracts 26, 27].
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Fig. 1. Chemical structure of SKF 91581, SKF 92408, meti-
amide, cimetidine, impromidine, SKF 93479, oxmetidine
and ranitidine.

MATERIALS AND METHODS

Chemicals. SKF 93479, [*H] SKF 93479 (41 uCi/
umole), SKF 92408, SKF 91581, cimetidine, impro-
midine (I), metiamide, 2-(2-pyridyl) ethylamine
(PEA), and oxmetidine were generously donated by
Dr R. Brimblecombe of Smith, Kline and French
Laboratories Ltd. (Welwyn Garden City, Herts,
U.K.). Ranitidine was a generous gift from Dr R.
T. Brittain (Glaxo Group Research Ltd., Welwyn
Garden City, Herts., U.K.). Histamine dihydro-
chloride (H), cyclic AMP, 3-isobutyl-1-methyl-
xanthine (IBMX), dithiothreitol, phenylmethyl-sul-
fonyl fluoride (PMSF), GTP and pure ATP were
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from Sigma Chemical Company (St. Louis, MO).
Creatine phosphate (A grade) was from Calbiochem
and phosphocreatine kinase from Boehringer.
Purified natural porcine VIP (lot 79.4.25) and GIP
were purchased from Pr. V. Mutt (GHI Laboratory
Stockholm, Sweden). Crystallized, highly purified
porcine glucagon (lot 42306) was from Novo
Research Institute (Bagsvaerd, Denmark). N-
methyl-[*H] cimetidine (24 Ci/mmol), [*H]cyclic
AMP (20-30 Ci/mmol) and [***I] Na (IMS 300, 600
800 mCi/mmol) came from the Radiochemical Cen-
tre (Amersham, U.K.). All other chemicals were of
the purest available grade.

HGT-1 cells. The HGT-1 cells, generously pro-
vided by Dr C. Laboisse (INSERM U.239, Faculté
de Médecine Xavier Bichat, Paris, France), were
routinely cultured in Dulbecco’s modified Eagle
medium, as described previously [20]. Cultured cells
between passages 63 and 105 were washed (X3 at
37°) with calcium-free phosphate buffer saline and
removed from culture flasks after cell exposure to
0.02% EDTA for 1min at 37°. Isolated cells were
then washed three times at 20° with 40 ml Krebs
Ringer phosphate buffer (KRP, pH 7.4) and resus-
pended after centrifugation (200g, 3 min). Cell
viability, determined by trypan blue exclusion, was
about 95%.

Cyclic AMP assay. (1) In a standard assay, 150 ul
from the HGT-1 cell suspension (1-2 x 10° cells/ml)
was preincubated at 20° for 10 min in 250 ul KRP
buffer containing 1% Bovine Serum Albumin (BSA,
Fraction V) and 2 mM of the cyclic AMP phospho-
diesterase inhibitor, IBMX [13]. The reaction was
initiated by the addition of 100 ul of appropriate
hormones or chemicals. It was stopped at the time
indicated by adding 50l 11 N HCIQy, and cyclic
AMP was determined by the radioimmunoassay
method already described in detail [11, 13]. None of
the agents tested in the present study interfered with
the assay of cyclic AMP. Recovery of tritiated cyclic
AMP added to the cells before extraction was 83%.
Absolute values are expressed as picomoles of cyclic
AMP produced per 10° HGT-1 cells.

(2) Prior to the addition of histamine or VIP,
HGT-1 cells were preincubated with cimetidine, ran-
itidine, oxmetidine or SKF 93479 under the following
conditions: Cell suspensions of 150 ul were pre-
incubated for 10-180 min at 20° in 250 ul of KRP
buffer containing 1% BSA and 2 mM IBMX, either
in the presence of 50 ul of H, antagonists or with an
additional 50 ul of buffer. Cyclic AMP generation
was initiated by addition of histamine, either alone
or mixed with the final concentration of the pre-
incubated antagonists. Incubation was terminated as
described above.

(3) Cultured HGT-1 cells between passages 82 and
100 were exposed to either 10 uM cimetidine or 2 uM
SKF 93479 during 6 days. Concentration of drugs for
culture in sterile conditions has been monitored by
addition of [*H] SKF 93479 and [*H] cimetidine dur-
ing filtration of nonradioactive drugs on 0.2 ym
disposable syringe filters (Sartorius). Results were
corrected for recovery of radioactivity after filtration.
From seeding to confluency, the culture medium was
changed every 24 hr.

(4) To eliminate the H, receptor antagonists cim-
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etidine, ranitidine, oxmetidine and SKF 93479 pre-
incubated or cultured with HGT-1 cells, we washed
the cells at 20° by four serial additions of 40 ml of
KRP buffer and centrifugations (200 g for 3 min).
Those cells as well as the control HGT-1 cells were
then exposed to histamine for the standard cyclic
AMP assay described above. At the concentrations
and under the conditions described, none of the
agents tested modified HGT-1 cell viability.
Interaction of [*°H] SKF 93479 with HGT-1 cells.
HGT-1 cells (2-2.5 x 10°cells) were incubated at
20° for various periods from 0 to 180 min in 0.5 ml
KRP buffer containing 2 uM [*H] SKF 93479 in the
absence or presence of a 1000-fold excess of
SKF 93479 or a 5000-fold excess of histamine. The
assay was terminated by centrifugation for 30 sec of
300 pul aliquots of cell suspension through 1 ml ice-
cold KRP buffer in a Beckman microfuge B. After
washing the microfuge and the cell surface pellet
by adding 1ml ice-cold buffer, HGT-1 cells were
solubilized in 200 ul 1 N NaOH for 20 min at 50°.
The digested cells were transferred into 5 ml Aquasol
(New England Nuclear) and counted in a Packard
Model 3375 liquid-scintillation spectrometer. Each
determination was performed in duplicate or trip-
licate. Total and nonspecific binding (i.e. binding not
displaced by the 1000-fold excess of SKF 93479 or
the 5000-fold excess of histamine) are indicated in
the figures as the percentages of maximal binding
observed during incubation. To assess the rate of
dissociation of [*H] SKF 93479 from HGT-1 celis,
2 uM [*H] SKF 93479 was incubated at 20° with cell
suspensions (20-25 x 10° cells/ml) for 1hr in KRP
buffer, pH 7.4. The HGT-1 cells were then washed
3 times at 4° with centrifugations at 200 g for 3 min
and resuspended at 2-2.5 x 10 cells/ml in 500 pl
fresh standard solution (see above) in the absence
or presence of 2mM SKF 93479 or of 0.1-10 mM
histamine. About 97% of the [*H] SKF 93479 associ-
ated with HGT-1 cells prior to the washing step
remained bound after washing for the dissociation
rate experiments. The decline in [*H] SKF 93479
binding and recovery of H, receptor activity were
followed at 20° from either 0 to 60 or 180 min after
serial separations in microfuges, as described above.
Membrane-bound adenylate cyclase preparation
and assay. After EDTA treatment, isolated HGT-1
cells were washed and resuspended (20 x 10° cells/
ml) in 10 mM Tris-HCIl buffer (pH 7.5) containing
1mM EDTA, 30 mM NaCl, 1 mM dithiothreitol and
S uM PMSEF. Cells were disrupted with a Polytron
homogenizer (Kinematica, Luzern, Switzerland)
using three bursts of 5sec. The homogenate was
layered over 10 ml of a 41% sucrose solution dis-
solved in the homogenization buffer and centrifuged
at 95,000 g for 1 hr at 4°in a Beckman SW27 swinging
bucket rotor [28]. The white interfacial band of mem-
branes was collected and diluted 4 times in homo-
genization buffer. Membranes were obtained by cen-
trifugation at 4° (40,000 g, 30 min, 4°) in a Sorvall
centrifuge RC-5B (Newton, CT). They were then
stored frozen at —80° for 1 week. Adenylate cyclase
activity was measured by a modified version of the
method previously described [11, 28]. The standard
incubation mixture (final volume: 250 ul) contained
1mM ATP, 5SmM MgCl,, the ATP-regenerating
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system (20 mM creatine phosphate, 1 mg/ml phos-
phocreatine kinase), 0.2 mM IBMX, 1 mg/ml BSA,
1 mM EGTA, 200 ug/ml bacitracin, 20 yM GTP and
test substances in 25 mM Tris—HCI buffer (pH 7.5).
The reaction was initiated by addition of 10 ug mem-
brane protein per tube, and the mixture was incu-
bated for 15 min at 20 or 30°. Data are expressed as
picomole of cyclic AMP produced per min per mg
membrane protein.

Processing of the data and statistical analysis. Data
are derived from representative experiments, each
of which was repeated at least 3 times in duplicate or
triplicate. Results are expressed as means * S.E.M.
The significance of the differences observed was
assessed using Student’s r-test. Regression lines were
fitted to the linear portions of the concentration-
response curves derived from individual experiments
and the apparent ECsy and 1Csy potencies, i.e. the
doses respectively required to produce half-maximal
stimulation or inhibition, were calculated by the least
square method. Antagonism against a fixed con-
centration of histamine (S) by different concen-
trations of SKF 93479, SKF 92408, SKF 91581, meti-
amide or cimetidine, was analyzed [29] according to
the following equations: K = 1C5o/(1 + S/ECs;) and
Ki=1/(K'a/Ka) —~ 1, where Ka and K'a are respect-
ively the mean histamine concentrations required to
produce half-maximal cyclic AMP stimulation in the
absence and presence of the antagonist, and I is the
concentration of antagonist. Histamine inhibition by
cimetidine was analyzed by Schild plot [30] in which
antagonism is expressed by the dose ratios (DR) of
histamine needed to produce half-maximal responses
in the absence and presence of different con-
centrations of cimetidine:

log (DR ~ 1) = nlog (antagonist) — log Ky,

For a simple competitive antagonism, the Schild
plot yields a straight line with a slope of unity. The
intercept with the abscissa (DR = 2) is the pA, value
(—log Ky,), i.e. the negative log of the receptor—
antagonist apparent dissociation constant. All cal-
culations were performed on a HP-85 microcomputer
(Hewlett-Packard).

RESULTS

Effect of time, phosphodiesterase inhibitor, histamine
and its antagonists on cyclic AMP levels in HGT-1
cells

When HGT-1 cells were incubated in the absence
of phosphodiesterase inhibitor, cellular cyclic AMP
levels were 1.47 = 0.22 pmoles/105cells (N = 3)
throughout the 10 min incubation at 20° (Fig. 2, left).
After the addition of 0.1 mM histamine, basal cyclic
AMP levels rose to a maximum of 2.55=
0.22 pmoles/10 cells (i.e. a 1.7-fold increase over
the basal level), and remained constant for up to
10 min. These results are in agreement with our
previous observations [12] indicating that in human
fundic glands, histamine effectively stimulates cyclic
AMP production in the absence of phospho-
diesterase inhibitor, in contrast with the IBMX
dependence of histamine stimulation in the rat
stomach [10]. In cells incubated for 5min in the
absence of phosphodiesterase inhibitor, cyclic AMP
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Fig. 2. Effects of time and histamine concentrations on
cyclic AMP production in HGT-1 cells incubated in the
absence of phosphodiesterase inhibitor. Left: Cells (0.6-
1.2 x 10%/ml) were preincubated at 20° for 10 min in KRP
buffer containing 1% BSA and then incubated for the time
indicated in the absence (basal cyclic AMP levels: O) or
presence of 0.1 mM histamine (@). Right: After 10 min
preincubation, HGT-1 cells were incubated for 5 min with
various concentrations of histamine (@). Data are
means * S.E.M. of the results of 3—4 experiments per-
formed in duplicate or triplicate.

production was stimulated here by histamine con-
centrations ranging from 0.1 uM to 0.1 mM (Fig. 2,
right). Half-maximal stimulation was observed at
8 uM histamine, and raising the histamine con-
centration to 1 mM did not produce more stimulation
than that observed at 0.1 mM. In the presence of
1 mM IBMX as phosphodiesterase inhibitor (Fig. 3,
left), basal and histamine-stimulated cyclic AMP
levels were 1.95+0.22 and 26.1 = 2.8 pmoles/
106 cells respectively (N =9). Under these
conditions, half-maximal and maximal cyclic AMP
stimulation by 0.1 mM histamine were observed by
3 and 15 min, respectively, and a steady state was
reached between 10 and 30 min incubation. The time
required to obtain the maximal response to histamine
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Fig. 3. Time course of control and histamine-stimulated
cyclic AMP production in HGT-1 cells incubated in the
absence or presence of the H, receptor antagonists cime-
tidine or SKF 93479. Lefr: Histamine (0.1 mM, @) alone
or together with cimetidine (10 uM, A) or SKF 93479
(2 M, &) was added to HGT-1 cells incubated at 20°
in the presence of 1mM IBMX as a phosphodiesterase
inhibitor. Cyclic AMP production in control HGT-1 cells
(O). Right: Cells were suspended in standard incubation
buffer containing 1 mM IBMX and incubated at 20° in the
presence of histamine (0.1 mM, @) alone or together with
SKF 93479 at a concentration of 0.2 uM (A), 2 uM (),
20uM (O) or 0.2mM (V). Cyclic AMP production in
control HGT-1 cells (O). Data are means = S.E.M. from
3 (right) to 9 experiments (left) performed in duplicate or
triplicate.
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is not dependent on its concentration, since cyclic
AMP levels become maximal and constant 10-30 min
after the addition of 1 uM, 10 uM or 0.1 mM his-
tamine (data not shown). Simultaneous addition of
histamine and the H, receptor antagonist cimetidine
at 10 uM reduced histamine stimulation by 45% at
3 min, and by 65% during the remaining incubation
time (Fig. 3, left). In contrast, when the H, receptor
antagonist SKF 93479 (2 uM) was added simul-
taneously with 0.1 mM histamine, there was a 5 min
lag phase during which no inhibition was observed,
and the rises in cyclic AMP levels evoked by his-
tamine were reduced by 46% at 10 min, 55% at
15 min and 72% at 30 min. At 60 min, basal cyclic
AMP levels were only increased 2-fold, representing
85% inhibition by 2 uM SKF 93479 (Fig. 3, right).
The relation between the SKF 93479 concentration
(0.2-200 uM) and the rate and extent of inhibition
is analyzed in Fig. 3, right. Four different inhibition
curves were obtained; in the presence of 0.2 uM
SKF 93479, inhibition occurred with a lag phase of
10 min and was increasing linearly with time from 15
to 60 min of incubation. In contrast, there was no
lag phase when histamine was added together with
20 or 200 uM SKF 93479.

Effect of histamine H, receptor antagonists and agon-
ists on histamine-induced cyclic AMP production

The stimulatory effect of 0.1 mM histamine was
inhibited by the imidazole derivatives cimetidine,
metiamide, SKF 92408 and SKF 91581 as well as by
the isocytosine-furan analogue SKF 93479 (Fig. 4).
The order of inhibitory potencies (ICsy) was:
SKF 93479 = cimetidine (2.3 uM), metiamide (3.2
uM) > SKF 92408 (100 uM) > SKF 91581 (3.16 mM).
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Fig. 4. Effect of H, or H, agonists and antagonists on H,
receptor activity in HGT-1 cells. Cells were preincubated
for 10 min at 20° in the presence of 1 mM IBMX and
incubated for an additional 15 min after simultaneous
addition of histamine with one of its H, antagonists (left),
or its partial H; or H, agonists (right). Left: The K, values
[29] for the H, antagonists were : 0.2 uM SKF 93479 () or
cimetidine (A), 0.3 uM metiamide (O), 9.1 uM SKF 92408
() and 0.29 mM SKF 91581 (V). The inhibition curves
for SKF 93479, cimetidine, metiamide and SKF 92408 were
parallel. Right: The H, agonist PEA and the H, agonist
impromidine (I) were incubated alone or together with
histamine at the following concentrations: 0.1 mM hista-
mine, 10mM PEA, 1uM impromidine. Data are
means = S.E.M. of 3 (right) to 5 experiments (left), each
performed in duplicate or triplicate. Values are expressed
as the percentage of the control stimulation elicited by
0.1 mM histamine.

Histamine analogs
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Fig. 5. Schild plot representation of the effect of cimetidine
on H, receptor activity in HGT-1 cells. Left: HGT-1 cells
were incubated for 15min at 20° in the presence of his-
tamine alone (@) or together with cimetidine, at the con-
centrations indicated below. Data are means + SEM.
from a single experiment performed in triplicate. Com-
parable changes in cyclic AMP production were observed
in 5 other experiments. The following K; values [29] were
obtained for cimetidine in the presence of 3 yM (O, K, =
0.46 uM), 10 uM (V, K; = 0.15 uM) and 30 gM cimetidine
(©, K = 0.1 uM). Cyclic AMP production in control HGT-
1 cells (O). Right: Cyclic AMP values were obtained with
different concentrations of histamine in the absence or
presence of cimetidine at the 5 different concentrations
indicated, Dose ratios [30] were estimated graphically from
the parallel displacement of straight portions of five con-
centration—response curves similar to the data in Fig. 5
(left). HGT-1 cells were incubated in the standard KRP
buffer containing 1 mM IBMX.

The effect of histamine was completely inhibited
by 0.1 mM SKF 93479, cimetidine or metiamide or
by 10 mM SKF 92408. As shown in Fig. 4 (right),
stimulation of cyclic AMP production by histamine
was also inhibited by 1 uM of the partial histamine
H; agonist impromidine (38% inhibition) and by
10mM of the partial histamine H, agonist PEA
(26% inhibition}, both tested at maximally effective
concentrations in this system [13]. The inhibitory
action of PEA was consistent with the partial agon-
istic action of this H; receptor agonist acting at
pharmacological doses on the H; receptor in HGT-
1 cells and other tissues bearing H, receptors [9].

The dose-response curves for histamine
{potency = 10 yM) exhibited parallel shifts to the
right following treatment of HGT-1 cells with three
different concentrations of cimetidine (3 uM, 10 uM,
30 uM), but no change in the maximal response
to histamine (Fig. 5, left). The mean K; value for
cimetidine (0.24 uM) was calculated from the values
obtained in Fig. 5 (left). The data from 2-5 other
similar experiments were plotted in Fig. 5 (right) as:

log (DR-1) against — {log concentration of
cimetidine).

The dose-ratio was obtained from 3-6 point dose—
response curves. The Schild plot was linear for cim-
etidine (P < 0.001), with a regression coefficient r =
0.917. The slope of the regression line was 0.97 and
did not differ significantly from unity (95% con-
fidence limit = 0.86 —1), indicating a simple mech-
anism of competition between histamine and cim-
etidine. The affinity of cimetidine for the H, recep-
tor, expressed as the pA, value (the point of inter-
section of the regression line and abscissa) was esti-
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mated at 6.72 % 0.12 (X; = 0.18 uM). This inhibition
constant was in agreement with the mean K; values
determined from the experimental design of Fig. 4
(left) and Fig. 5 (left). It is noteworthy that half-
maximal activation of the H; receptor by histamine
was observed at 0.8 and 1 uM in the absence and
presence of IBMX, respectively, indicating that this
phosphodiesterase inhibitor does not change the
potency of histamine in HGT-1 cells, as observed
earlier for H, receptors characterized in human leu-
kemic HL-60 cells [31].

Effect of pre-exposure of HGT-1 cells to cimetidine,
ranitidine, oxmetidine and SKF 93479 on subsequent
histamine or VIP stimulation

When 2uM SKF 93479 (a concentration giving
half-maximal inhibition of the histamine effect,
10 min after its addition together with 0.1 mM his-
tamine) was preincubated for 10 min with HGT-1
cells, basal cyclic AMP levels remained unchanged
throughout the subsequent 30 min period of incu-
bation with 0.1 mM histamine (Fig. 6, left). This
inactivation after SKF 93479 preincubation was
specific for the H, receptor, since the drug did not
modify the time course of VIP-induced cyclic AMP
production in HGT-1 cells. The same observation
was made 10min after simultaneous addition of
SKF 93479 with VIP (Table 1). Preincubation of
HGT-1 cells with cimetidine (10 pM) did not sup-
press H; receptor activity, since this antagonist only
produced partial inhibition. The time course
obtained under these conditions was comparable to
that depicted in Fig. 3 (right), when cimetidine and
histamine were added simultaneously. As shown in
Fig. 6 (right), elimination of 2 uM SKF 93479 from
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Fig. 6. Effect of cimetidine, oxmetidine, ranitidine and
SKF 93479 preincubated for 10 min with HGT-1 cells on
the subsequent histamine or VIP receptor activity. Left:
Histamine (0.1mM; O, A, @) or VIP (0.1uM: O, W)
were added to HGT-1 cells previously incubated for 10 min
at 20° in the presence of 1 mM IBMX, without antagonist
(KRP buffer; &, 0) or with either 10 4M cimetidine (A)
or 2 uM SKF 93479 (¢, B). Data are means = S.E.M. from
a single experiment done in triplicate. Comparable cyclic
AMP changes were observed in 3 other similar experi-
ments. Right: HGT-1 cells were preincubated for 10 min
in the absence (KRP buffer: () or presence of 10 uM
cimetidine (A) or 2 uM ranitidine (@), oxmetidine (¥) or
SKF 93479 (@) and then washed 4 times at 20° with KRP
buffer before addition of 10 mM histamine for the standard
cyclic AMP assay, as indicated in Methods. Cyclic AMP
production in control HGT-1 cells (O). Data are means *
S.EM, from 3-7 experiments done in duplicate or
triplicate.
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Table 1. Effect of the H, receptor antagonists cimetidine and SKF 93479
on VIP receptor activity in HGT-1 cells

Substance Concentration Cyclic AMP (pmol/10° celis)
None 2.9%0.24
VIP 0.1 uM 19.5+2
VIP + cimetidine 0.1 mM 19423
VIP + SKF 93479 0.1 mM 1924

HGT-1 cells were incubated at 20° for 10 min in Krebs Ringer phosphate
buffer containing 1 mM IBMX and 1% BSA, plus the indicated additions.
Results are expressed as means + S.E.M. of 4 experiments performed

in duplicate.

the medium by serial washings after 10 min pre-
incubation with HGT-1 cells did not restore H,
receptor sensitivity to histamine. Such persistent
inactivation is also peculiar to SKF 93479, since
the time course of histamine-stimulated cyclic AMP
production was unchanged when 10 uM cimetidine,
preincubated for 10min with HGT-1 cells, was
removed from the incubation medium under the
same conditions. Similarly, pretreatment of HGT-1
cells with 2 uM oxmetidine and ranitidine for 10 min
before washing the cells resulted respectively in 90
and 65% inhibition of H, receptor activity during the
5~30 min incubation period with 0.1 mM histamine
(Fig. 6, right). As shown in Fig. 7, daily treatment
of HGT-1 cells for 6 days with 2 uM SKF 93479
resulted in a complete and homologous disap-
pearance of histamine H; receptor activity in the
system since the potency and the efficacy of the cyclic
AMP-inducing hormones VIP (ECso=1.9 +0.7-
2.3+0.6nM), glucagon (ECsg=13 +3nM) and
GIP (ECsp =13 £ 7-23 = 4nM) remained unaffec-
ted after this treatment. In contrast, chronic treat-
ment of HGT-1 cells with 10 uM cimetidine does not

30 rc',':«'__lﬁ T iy 1
»
—3 20‘ b
© - Histamine
e 1o ./:%1 1
i =
E ~— 1 L4 1 L
a L. S S SE BEnS S SN
~ L(IME'IDWE v
s 30 1
2 i
= 20] VP h
e s
= 10t ]
o
E O 188 Ba?ﬂ L 1 1 e 1 1 1.
Py —T T
20 9479 & Glucagon
10r WGIP R
¢} R )

2
[Hormones] ,- log M

Fig. 7. Effect of cimetidine and SKF 93479 cultured for 6
days with HGT-1 cells on the subsequent histaminergic
and peptidergic receptor activity. Control or HGT-1 cells
treated by 10 uM cimetidine or 2 uM SKF 93479 were
compared for their cyclic AMP formation capacity after
VIP (B), glucagon (A), GIP (O) or histamine (@®). Data
are means = S.E.M. from 3-4 experiments performed in
duplicate or triplicate.

change histamine H, receptor activity (ECsy=
13 = 4-15 = 5 uM) as well as the activation of cell
surface receptors by VIP (ECsp=1.7=0.3-
2.3 + 0.6 nM), glucagon (8 = 2-13 + 3 nM) and GIP
(ECsp = 13 = 7-23 = 4 nM).

Time dependency relationship between the potency
and degree of inhibition of SKF 93479 and its binding
to HGT-1 cells

This study was designated to compare the inter-
action of 2 uM [*H] SKF 93479 with HGT-1 cells and
the kinetics of the histamine inhibition obtained with
the same concentration of this H, antagonist, either
added simultaneously with histamine (Figs. 3 and 4,
left), or preincubated with cells before histamine
addition (Figs. 6 and 8). As shown in Fig. 8, pre-
incubation of HGT-1 cells with SKF 93479 con-
centrations ranging from 3.16 nM to 3 uM increased
the inhibitory potency of the drug, from 2.3 uM after
simultaneous addition (see Fig. 4) to 0.5 uM after
10 min preincubation, to 0.2 uM after 30 min, to
0.1 uM after 60 min, and to 45nM after 120 and
180 min preincubation. This is in agreement with the
kinetics of the [*H] SKF 93479 radioactivity associ-
ated with HGT-1 cells (Fig. 9, left). Half-maximal
and maximal binding of [*H] SKF 93479 to HGT-1
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Fig. 8. Effect of various concentrations of SKF 93479 pre-
incubated for 10 min (<>), 30 min (@), 60 min (O), 120 min
(@) and 180 min (A) with HGT-1 cells on the subsequent
H, receptor activity. Control () and histamine-stimulated
cyclic AMP levels (B) in HGT-1 cells incubated at 20° in
the presence of 1 mM IBMX. Results are expressed as the
percentage of cyclic AMP production evoked by 0.1 mM
histamine. Data are means + S.E.M. from 4-7 experiments
performed in duplicate.
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Fig. 9. Association and dissociation of PH] SKF 93479
from HGT-1 cells. Left: Time course of [*H} SKF 93479
association with HGT-1 cells. Cells (2~2.5 x 108 cells) were
incubated at 20° with 2 uM [*H] SKF 93479 in KRP buffer.
Total (), specific (O) and nonspecific binding were evalu-
ated at the times indicated, in the absence or presence of
2 mM SKF 93479 (@) or 10 mM histamine (@). Each point
represents the mean = S.E.M. of 4 determinations of
bound/total [’H] SKF 93479 radicactivity at the different
times indicated. Right: Time course of [’H] SKF 93479
dissociation from HGT-1 cells. HGT-1 cells (20~30 x 10°
cells/ml) were preincubated with 2 uM [*H]} SKF 93479 in
KRP buffer for 1hr at 20°, washed 4 times in the same
buffer (centrifugations at 200 g, 3 min, 4°) and resuspended
in fresh standard solution. HGT-1 cells were then incubated
at 20° in the absence (KRP buffer: $) or presence of 2 mM
SKF 93479 (@), or of 0.1 mM (O) or 10 mM (@) histamine.
Results are expressed as the percentage of the radioactivity
present at the beginning of the incubation. Results are
means * S.E.M. of one (10 mM histamine) or 4 experi-
ments performed in duplicate.

cells (27 pmoles per 10° cells) occurred within 10 and
30 min, respectively. Cell-associated radioactivity
remained constant up to 120 min. Nonspecific bind-
ing represented 2.12 £ 0.18% of the total radio-
activity added, and 34 * 4% of the maximal binding
observed at 60min. Specific binding of [*H]
SKF 93479 to HGT-1 cells was maximal at 60 min
(14 pmoles/10¢ cells), and stayed constant until
180 min. As shown in Fig. 9 (right), spontaneous
dissociation of [*H] SKF 93479 from HGT-1 cells
was relatively slow and did not follow a first-order
process. At 20°, 30% of the radioactivity was dis-
sociated after 30 min incubation and 40% after
60 min. In agreement with the kinetic data in Figs.
3 and 6, addition of 0.1mM histamine did not
increase this spontaneous dissociation rate. In con-
trast, 10 mM histamine slightly increased dissociation
rates. Only the compound SKF 93479 at 2 mM sig-
nificantly accelerated [*H] SKF 93479 dissociation
rates from HGT-1 cells, half-maximal dissociation
was observed at 15min and 85% dissociation at
60 min.

Time dependency relationship between the spon-
taneous dissociation of bound [*H} SKF 93479 and
the recovery of H, receptor activity

Figure 10 shows that over a 120 min incubation
period, the spontaneous dissociation of [*H]
SKF 93479 (half-life: 120 min) from HGT-1 cells pre-
exposed to 2 uM SKF 93479 for 60 min, was biphasic
and was not associated with the recovery of H,
receptor sensitivity to histamine until 120 min. After
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Fig. 10. Relationship between dissociation of bound [*H]
SKF 93479 from HGT-1 cells and recovery of H, receptor
activity. HGT-1 cells were preincubated for 1 hr at 20° in
the absence {control HGT-1 cells) or presence of either
unlabelled or tritiated SKF 93479 at 2 uM. The 3 batches
of cells were then washed and incubated for 3hr, as
described in Fig. 8, right. At each time considered, ['H]
SKF 93479 radioactivity () and H, receptor activity (A)
were measured in control and SKF 93479-treated HGT-1
cells. Cells were incubated for 15 min in the absence (con-
trol) or presence of 0.1 mM histamine for the standard
cyclic AMP assay described in Materials and Methods.
Data are means = S.E.M. of results from 3 experiments
performed in triplicate.

180 min, basal cyclic AMP levels in HGT-1 cells were
only doubled by 0.1 mM histamine, when 60% of
[*H] SKF 93479 initially bound was dissociated from
HGT-1 cells.

Kinetics and potencies of cimetidine and SKF 93479
inhibition against histamine-induced adenylate
cyclase activation in HGT-1 cells

Asshown in Fig. 11, half-maximal linear inhibition
of histamine-induced adenylate cyclase activation
was already produced at 3 min by 0.1 4M SKF 93479
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Fig. 11. Effect of time and temperature on basal and
histamine-induced adenylate cyclase activation in purified
plasma membranes from HGT-1 cells, incubated in the
absence or presence of the H, receptor antagonists cime-
tidine or SKF 93479. Membranes were incubated at 20°
(left), or 30° (right) in the absence (basal activity: O) or
presence of 0.1 mM histamine alone (@) or together with
3 uM cimetidine (A) or 0.1 uM SKF 93479 (). Data
are means = S.E.M. from 3 experiments performed in
duplicate.
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Fig. 12. Inhibition by cimetidine and SKF 93479 of his-
tamine-stimulated adenylate cyclase activity in HGT-1
cells. Purified plasma membranes were incubated for
15 min at 30° in the presence of various concentrations of
histamine (@) or in the presence of 0.1 mM histamine
together with various concentrations of cimetidine (A) or
SKF 93479 (). We verified that adenylate cyclase activi-
ties under basal or stimulated conditions (1 mM histamine
or 10 mM sodium fluoride) were linear with time (0-3-5-
10-15-30 min) and protein concentrations (3-15 ug mem-
brane protein per tube). Neither 0.1 mM cimetidine nor
10 uM SKF 93479 inhibited adenylate cyclase activation by
0.1 uM VIP or 10 mM NaF. Basal, sodium fluoride- and
histamine-stimulated adenylate cyclase activities were
respectively 455 + 76; 4400 £ 619 and 1960 + 237 pmol
cyclic AMP produced per min per mg membrane protein.,
Data are means * S.EM. from 4-6 experiments
performed in duplicate.

or 3 uM cimetidine in purified plasma membranes
incubated for 20 min at 20° (left) or at 30° (right). In
membranes incubated at 30° for 15 min, stimulation
of adenylate cyclase by histamine (Fig.12) was
observed for concentrations ranging from 1 uM to
0.1 mM (K, = 8 uM histamine). This potency of his-
tamine on adenylate cyclase was consistent with the
ECsg value of 8-10 uM histamine measured on intact
HGT-1 cells (see Figs. 2 and 5). Histamine stimu-
lation of adenylate cyclase activity was gradually and
completely inhibited by increased concentrations of
cimetidine and SKF 93479. The two inhibition curves
were parallel. When added simultaneously with
0.1 mM histamine to membranes incubated at 30°,
SKF 93479 (1C5q = 40 nM) was 25 times more potent
than cimetidine (ICsq = 1 uM). In one experiment
conducted at 20°, we observed that the inhibitory
potency of SKF 93479 was 100 nM, in the presence
of the same concentration of histamine.

DISCUSSION

In this paper, we compared the ability of the
four imidazole cimetidine analogs, metiamide,
SKF 92408, SKF 91581 and the isocytosine-furan
derivatives ranitidine, oxmetidine and SKF 93479 to
antagonize the action of histamine in gastric cancer
HGT-1 cells originating from the human fundus. This
is therefore the first investigation of pharmacological
control by H, antagonists of the H; receptor media-
ting acid secretion in the human stomach.

When the above H, receptor antagonists were
added to intact HGT-1 cells or plasma membrane

S. EMaMI and C. GESPACH

preparations either before histamine or together with
it, they exhibited remarkable differences in relative
inhibitory potencies, duration of action, reversibility
and type of antagonism. Increasing concentrations
of cimetidine caused a parallel shift of the histamine
dose-response curve and the Schild plot fulfilled the
criteria of competitive antagonism with respect to
histamine (slope = 0.97). The pA, value of 6.7 (K; =
0.18 uM) calculated for cimetidine, was in good
agreement with the estimations derived from inhi-
bition curves for a fixed concentration of histamine
(K; = 0.2-0.24 uM cimetidine). These results suggest
that the affinity of cimetidine for the histamine recep-
tor in HGT-1 cells is higher than has been reported
(K;=0.8-1uM) for H, receptor-mediated stimu-
lation of cyclic AMP formation in the gastric mucosa
in man or guinea pig [3, 12]. In contrast, comparable
values for cimetidine (pA; = 6.4-6.9) were found
on H, receptors mediating cyclic AMP production,
aminopyrine accumulation and oxygen consumption
in gastric parietal cells [6, 7,10, 11, 32, 33], cyclic
AMP generation in human neutrophils [34] and the
chronotropic action of histamine on the guinea pig
right atrium [35]. The difference noticed for the
potency of cimetidine on H, receptors might be
related (1) to the origin of the tissues; (2) to the
gastric cell types bearing histamine H, receptors [33];
(3) to the method [9, 11, 33] used for gastric gland
or cell preparation (EDTA or enzyme treatment
of the mucosa); (4) to the absence or presence of
endogenous histamine [36] during cell isolation or
incubation, leading to H, receptor desensitization
[9, 28]; and (5) to the activity of the enzymes forming
or degrading histamine [36], since some H, receptor
antagonists such as burimamide are potent inhibitors
of histamine-N-methyl transferase, HMT [37], the
principal enzyme for histamine degradation in
tissues. In this connection it is noteworthy that HGT-
1 cells are devoid of endogenous histamine and of
histidine decarboxylase, HMT and monoamine
oxydase activities (S. Emami ef a/., manuscript in
preparation).

When added simultaneously with histamine, the
relative potencies of the antagonists were, if we
assign a value of 100 to cimetidine inhibition: SKF
93479 = cimetidine = 100 > metiamide = 62 >
SKF 92408 = 2 > SKF 91581 = 0.07. These differen-
ces in potency were comparable to those observed
for gastric acid secretion in the rat or for the contrac-
tion of atrial smooth muscle in the guinea pig: cimet-
idine = 100 > metiamide = 85-87 > SKF 92408 =
5-11. They were also comparable to the inhibitory
potencies noted for adenylate cyclase activation in
guinea pig heart ventricule or hippocampus: cime-
tidine = 100 > metiamide = 66-80 > SKF 91581 =
0.1. In contrast, the isocytosine-furan derivative
SKF 93479 was found to be up to 20 times more
potent than cimetidine in reducing gastric acid
secretion stimulated by histamine in Heidenhain
pouch of conscious dog [18, 19]. This apparent dis-
crepancy was due to several striking differences in
the kinetics and characteristics of the interaction of
SKF 93479 and cimetidine on intact HGT-1 cells: (1)
When 2 uM SKF 93479 was added simultaneously
with histamine, the onset of its action was slow
with a lag phase of 3-5 min and its inhibitory effect
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increased with time, reaching complete blockade at
60 min. Under the same conditions, 10 uM cime-
tidine produced rapid inhibition which was apparent
at 3min, but remained constant and partial up to
60 min. At these above concentrations, SKF 93479
and cimetidine respectively produced 50% and 65%
inhibition, 10 min after their simultaneous addition
with histamine (see Figs. 3 and 4), (2) After sim-
ultaneous addition of 0.2-200 uM SKF 93479, there
was no equilibrium time for its inhibition (Fig. 3,
right). Transformation of the inhibition curves indi-
cated that the initial rate of inhibition was not linear
with the SKF 93479 concentration, but was saturated
by increasing concentrations of the H, antagonist.
This suggests the involvement of an association-dis-
sociation reaction prior to an irreversible-slowly dis-
sociable-attachment to the receptor. Progressive
occupancy of the inhibitory site by SKF 93479
resulted in an obvious increase of blockade of H,
receptor activity, leading to the progressive dis-
appearance of cyclic AMP in HGT-1 cells. This
process can be ascribed to the cyclic AMP-dependent
phosphodiesterase activities previously determined
in this gastric cancer cell line {13]. Indeed, the equi-
librium conditions obtained after addition of 0.1 mM
histamine, either alone or together with 10 uM cime-
tidine are due to the equivalence between cyclic
AMP generation and degradation (Fig. 3, left). (3)
Preincubation of 2 uM SKF 93479 with HGT-1 cells
for 10 min prior to the addition of 0.1 mM histamine
caused a complete and persistent inactivation of H,
receptor activity lasting at least 60 min. (4) Elim-
ination of SK¥ 93479 from the medium after 10 min
preincubation or chronic treatment of HGT-1 cells
for 6 days resulted in a complete and persistent inac-
tivation of H; receptor activity. This effect, which
was not observed after cimetidine is specific for the
H, receptor (Figs. 6 and 7). In agreement with the
above observations, the time-dependent interaction
of [3H] SKF 93479 with HGT-1 cells showed a slow
association process (half-life: about 10 min) with a
slow dissociation rate (half-life: 120 min). The fact
that the [*H] SKF 93479 disappearance curve was
not linear (Fig. 9, right) and was not related to the
recovery of H; receptor sensitivity to histamine until
120 min (Fig. 10), suggested the involvement of two
dissociating components respectively corresponding
to binding sites with low affinity (rapid extracellular
component) and high affinity for the drug (slowly
dissociating or intracellular component). In agree-
ment with the presence of a transport-uptake system
for histamine in tissues bearing histamine H, recep-
tors [38, 39], we observed that [*H} SKF 93479 bind-
ing to HGT-1 cells did not reach saturation over a
concentration range of 0.2 uM-0.1 mM. However,
the data shown in Fig. 12 indicate that 10 nM-1 uM
SKF 93479 completely inhibited H, receptor acti-
vation induced by 0.1 mM histamine, a dose giving
the maximal stimulation. It is therefore likely that
the binding sites involved in the pharmacological
control of the H, receptor activated by physiological
doses of histamine are completely saturated at
SKF 93479 concentrations above 1 uM. (5) It is note-
worthy that SKF 93479 was 15-25 times more potent
than cimetidine in inhibiting H, receptor activity
after 120 min preincubation with intact HGT-1 cells
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and also in inhibiting adenylate cyclase activity after
its simultaneous addition with histamine to purified
plasma membranes. In the latter case, 0.1uM
SKF 93479 or 3 uM cimetidine produced a rapid
onset of inhibition at 3 min which remained constant
and persisted for at least 20 min. Therefore, there
was a good correlation between the relative pro-
tencies of those drugs as regards gastric acid secretion
in vivo [18, 19], membrane-bound adenylate cyclase,
and intact HGT-1 cells preincubated for 120--180 min
with SKF 93479, before histamine addition. The pre-
sent results raise the possibility that human gastric
HGT-1 cells possess a receptor-mediated histamine-
sensitive system for the inhibition of H, receptor
activity by the isocytosine-furan analogue
SKF 93479. The differences in the kinetics and inhibi-
tory potency of SKF 93479 in intact HGT-1 cells
and in purified plasma membranes might be due to
differences in the accessibility of the inhibitory site
to the drug, which may be intracellular. If true, this
might explain why the inhibition by SKF 93479 has
a faster onset (no lag phase), and increased potency
in cell-free preparations.

The pharmacological properties of the imidazole
and isocytosine-furan analogues studied as H, recep-
tor antagonists on HGT-1 cells were analyzed in
relation to their chemical structure (Fig. 1). Thus, in
the case of SKF91581, extending the side chain
by introduction of a thioether sulphur atom and
introducing a methy! substituent into the imidazole
ring in position 4 to form metiamide increases the
potency of the drug 900-fold possibly because these
substitutions favor the 1-4 tautomerism of the imi-
dazole ring in metiamide [40]. For SKF 92408, on
the contrary, replacement of the thiourea sulphur
atom of metiamide by the iminonitrogen provides a
very basic guanidine derivative (pK, > 13}, but also
reduced this antagonist’s inhibitory potency 30-fold.
The guanidine derivative impromidine which con-
tains the entire structure of SKF 92408 plus an imi-
dazole ethyl substituent, possesses mixed agonistic-
antagonistic properties in HGT-1 cells. On H; recep-
tors, impromidine has been found to act as a partial
histamine agonist {2, 6, 12, 13] and to exhibit 30-50
times more potency than histamine both in vivo [41]
and in vitro (2,12, 13, 31, 34]. Accordingly, impro-
midine behaved like a competitive antagonist on
the action of histamine (K; =0.21-0.25 uM) on H,
receptors in gastric {2] and nongastric cells [31].
Replacement of one of the hydrogen atoms of the
guanidine group in SKF 92408 by the powerful elec-
tron withdrawing cyano group to form cimetidine
considerably reduces the basicity of the drug, avoids
the side-effects of the thiourea group in metiamide
[40], and increases 30- to 50-fold the potency
of cimetidine and metiamide. The compound
SKF 93479, which possesses an isocytosine ring (as
oxmetidine, with a different substituent in the posi-
tion 5), a dimethylaminomethyl furan group (as ran-
itidine) and the CH y—S—CHy—CH, side chain (as
oxmetidine, ranitidine and cimetidine), was proved
here to be equipotent to cimetidine when added to
HGT-1 cells simultaneously with histamine. Under
the same conditions, oxmetidine and ranitidine were
9 times more potent than cimetidine or SKF 93479
in HGT-1 celis {13]. The conjunction of the above 3
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radicals with the pyridyl group conferred particular
originality to the action of SKF 93479, both in HGT-
1cells and in vivo. Intravenous or oral administration
of SKF 93479 to the Heidenhain pouch of conscious
dog has been reported to produce much more lasting
inhibition than cimetidine [18,19], and by both
routes, SKF 93479 was 16-20 times more potent.
The present studies indicate that SKF 93479
belongs to a new class of H, receptor-blocking drugs
which include AH 22216 [7, 18, 19] and L-643, 441
[16]. These three drugs possess greater inhibitory
potency than cimetidine and more prolonged action
in vivo and in vitro. In the case SKF 93479, this is
due to its relatively slow rate of dissociation from
the inhibitory site located in the plasma membrane of
HGT-1 cells. Comparison of the action of cimetidine,
ranitidine, oxmetidine and SKF 93479 on H, recep-
tor activity after preincubation or culture with HGT-
1 cells, suggests that the isocytosine ring in
SKF 93479 and oxmetidine is the major constituent
of the molecules responsible for their apparent long
lasting, irreversible actions. The molecular and the
pharmacological properties of the histamine-depen-
dent [*H] SKF 93479 binding site identified in these
cells are not known. Despite the intensive inves-
tigation on histamine H, receptors over the past
10 years, little is known about their structure and
subcellular localization [38, 42, 43]. The search of
suitable agonist or antagonist reproducing all the
pharmacological and biological properties of his-
tamine stimulation or blockade would be expected
for ligand binding study at physiological H, recep-
tors. Further studies with radiolabeled SKF 93479
should help to establish the connection between this
inhibitory site and the histamine H, receptor.
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