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Abstract-Acid secretion is conducted by the parietal cell of the gastric mucosa. The H+,K+-ATPase 
has been shown to be specifically located to this cell and during recent years been recognized as the 
gastric proton pump. Omeprazole, a known inhibitor of acid secretion, administered in vivo was found 
to bind specifically to the H’,K*-ATPase of the rabbit gastric mucosa. A stoichiometry of 2.1 mol 
radiolabel per mol phosphoenzyme was calculated at total inhibition of the H+,K+-ATPase enzyme 
activity. In isolated gastric glands prepared from omeprazole-treated animals, the secretagogue-induced 
increase in oxygen consumption, related to acid secretion, was inhibited to the same level as the H+,K+- 
ATPase activity. Both the degree of acid secretion inhibition induced by omeprazole and the amount 
of inhibitor bound to the H+,K+-ATPase were found to be dependent on the stimulation state of the 
parietal cell. Inhibition of secretion by the H-receptor blocker ranitidine prior to omeprazole treatment 
prevented both the inhibition of H+,K+-ATPase and oxygen consumption normally observed with 
bmeprazole and, furthermore, reduced the binding levels of radiolabel to-the enzyme. inhibition of acid 
secretion bv the H+.K+-ATPase inhibitor SCH 28080 totallv orevented the bindine of radiolabel to the 
H+,K+-Aease. The inhibition by omeprazole could be f&iy reversed in gastric glands and H+,K+- 
ATPase isolated from omeprazole-treated animals by addition of /3-mercaptoethanol. The major product 
formed during reactivation was the reduced form of omeprazole, compound H 168/22. Neutralization 
of the gastric glands in vitro with imidazole totally prevented the inhibitory action of omeprazole. These 
experiments demonstrate the necessity of acid for the inhibition of gastric acid secretion by omeprazole 
and the binding of the inhibitor to the H+.K+-ATPase, both in vivo and in vitro, and also the specificity 
of omeprazole for the H+,K+-ATPase. 

The substituted benzimidazole, omeprazole,* rep- 
resents a new class of potent, long-acting and specific 
inhibitors of gastric acid secretion [l-4]. Omeprazole 
is under extensive clinical evaluation and has shown 
significantly better healing results when compared to 
Hz-receptor antagonists in peptic ulcer patients [5- 
81, Zollinger-Ellison patients [9], and in patients 
with erosive reflux oesophagitis [lO-121. 

Omeprazole reduces acid secretion by a novel 
mechanism of action. The compound inhibits the 
proton pump of the gastric mucosa, the H+,K+- 
ATPase, situated in the secretory membrane of the 
parietal cell [4,13]. In the rat, a strict relationship 
between inhibition of acid secretion and blockade of 
H+,K+-ATPase by omeprazole has been demon- 
strated [14]. The high specificity of omeprazole for 
inhibition of gastric acid secretion is suggested to 
depend mainly on three factors. Firstly, there is 
the localization of the H+,K+-ATPase in the apical 
membrane of the parietal cell, which separates the 
neutral cell cytosol from the very acidic secretory 

* Abbreviations used: PEG, polyethylene glycol; AP, 
[dimethylamine-‘%]aminopyrine; dbcAMP N6 O*-dibu- 
turyl cyclic adenosine monophosphate; PIPE’s, piberazine- 
NJ’-bis(2-ethanesulfonic acid); Tris; tris (hydroxy- 
methyl)aminomethane; Na,ATP, adenosinetriphosphate 
disodium salt; SDS, sodium dodecyl sulfate; PAGE, 
polyacrylamide gel electrophoresis; H+,K+-ATPase, mag- 
nesium-dependent, hydrogen ion-transporting, and pot- 
assium-stimulated adenosine triphosphatase (EC 3.6.1.3); 
omeprazole, 5-methoxy-2-[[(4-methoxy-3,5-dimethyl-2- 
pyridinyl)-methyl]-sulfinyll-lH-benzimidazole. 

canaliculus (pH < 1). Secondly, there are the per- 
meable weak-base properties of omeprazole, which 
enable the compound to concentrate in the acidic 
region of the parietal cell [3]. Thirdly, in the acidic 
environment at the canalicular face of the secretory 
membrane in the parietal cell an intramolecular 
rearrangement of omeprazole into an inhibitor of 
the H+,K+-ATPase is initiated by acid [15]. As a 
consequence, the degree of acid secretion inhibition 
is expected to be related to the stimulatory state of 
the parietal cell. The inhibitor reacts with SH groups 
within the H+,K+-ATPase, since binding of acid- 
transformed omeprazole is parallelled with modi- 
fication of these groups. F~irthermore, sulfhydryl- 
reducing agents can both prevent and reverse ome- 
prazole inhibition induced under in vitro conditions. 
From such studies it has been possible to estimate 
the stoichiometry between binding and inhibition of 
the H+,K+-ATPase [16,17]. 

The present study was undertaken to investigate: 
(1) the binding stoichiometry and specificity of ome- 
prazole for the H+,K+-ATPase under these in vivo 
conditions; (2) the influence of the stimulatory state 
of the parietal cell on inhibition of acid secretion and 
H+,K+-ATPase by omeprazole. 

MATERIALS AND METHODS 

Study design. Female rabbits of New Zealand 
white strain were given 10 pmol/kg omeprazole dis- 
solved in polyethylene glycol 400 (PEG 400) as a 
subcutaneous injection in the neck. In some experi- 
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ments 0.75 mCi [‘H]omeprazole/kg was included in 
the dose. Control animals received PEG400 as 
vehicle. The HZ-receptor blocker ranitidine was 
given in physiological saline and the H+,K+-ATPase 
inhibitor SCH 28080 was dissolved in PEG 400. Ran- 
itidine and SCH 28080, 400 pmol/kg, respectively, 
were given 60 min prior to and 15 min after ome- 
prazole or vehicle. Two hours after omeprazole 
administration gastric glands and H+,K+-ATPase 
were prepared from the gastric mucosa. 

Gastric content pH. Stomach content pH was 
measured with a pH meter (Radiometer. Copen- 
hagen) after dilution with distilled water. 

Preparation of gastric g1and.s. Gastric glands were 
prepared from the corpus region with minor modi- 
fications of the method described previously [18]. 
Briefly, after vascular perfusion of the stomach in 
situ, the corpus mucosa was separated from the 
underlying muscular layer. The mucosa was then 
minced with a pair of scissors and the tissue incubated 
with collagenase. Following digestion, the glands 
were washed and diluted to a concentration of about 
10 mg gland dry weight/ml in the incubation medium 
(in mM: NaCl, 132.4; KCl, 5.5; Na2HPOJ, 5.0; 
NaH2POJ, 1.0; MgSO,, 1.2; CaC12, 1.0) pH 7.4 to 
which albumin 1 .O mg/ml and glucose 11 mM were 
added. 

Oxygen consumption measurements in gastric 
glands. Oxygen uptake was monitored at 37” in a 
differential respirometer (Gilson). A 20% KOH 
solution on a filter paper was used as CO? absorber 
and placed in the central cup. One millihter of the 
above gland suspension was added to 2 ml incubation 
medium containing test agents and equilibrated with 
the reference chambers for 30 min. When imidazole 
was used for neutralization of the glands, omeprazole 
was added from the sidearm after the initial 30-min 
equilibration period. Oxygen consumption was then 
recorded at lo-min intervals during the following 90- 
min period. The mean Oz consumption during the 
90-min period was calculated and expressed as ~1 O,/ 
mg gland dry wt. hr. The data were corrected for 
ambient temperature and atmospheric pressure. 

Purification of H+,K+-ATPase. About 5 g of gas- 
tric mucosal tissue prepared after vascular perfusion 
as described above was homogenized in 10~01. of 
5 mM PIPES/Tris buffer pH 7.4 containing 0.25 M 
sucrose. The homogenization was performed in a 
Potter-Elvehjem homogenizer by 20 passes of a 
tight-fitting Teflon piston at 2400rpm. The homo- 
genate was fractionated by differential centrifuga- 
tion. Nuclei and cell debris were spun down at 1000 g 
for 10 min. the mitochondria at 20,000 g for 20 min. 
and the crude microsomal fraction was finally 
obtained at 100,OOOg for 60 min. The pellets were 
resuspended in 10,5 and 3 ml, respectively, of 5 mM 
PIPES/Tris buffer (as above). The H+ ,K+-ATPase- 
containing vesicles were purified from the micro- 
somal fraction by step gradient centrifugation. A 
volume of 2.5 ml of the crude microsomal suspension 
was loaded on a step gradient consisting of 7.5% 
Ficoll@, 30 and 60% sucrose (w/w) in 5 mM PIPES/ 
Tris buffer, and centrifuged at 100,OOOg for 60 min. 
One-milliliter fractions were collected from the three 
different interfaces and designated GI, GII and GIII, 
starting from the top of the gradient. 

Assay of ATPase activities. The GI fraction was 
used for analyses of Mg2+- and K+-dependent 
ATPase activities. The incubation conditions were 
as follows: 5 fig samples of protein from the different 
subcellular fractions were incubated in 40 mM Tris 
buffer pH7.4 containing 180mM sucrose, 2mM 
Na:-ATP, 2 mM MgClz with or without 10 mM KC1 
and gramicidin 5 pg/ml (total volume 1.1 ml). The 
hydrolysis of ATP was allowed to proceed for 10 min 
at 37”, whereafter the reaction was stopped by adding 
1 ml of 3.6% ammonium molybdate in 12% per- 
chloric acid. Hydrolysis of ATP was measured by 
determination of the release of inorganic phosphate 
(Pi) according to published procedure [19]. 

incubation of H+.K+A TPase with /Smercapto- 
ethanol. A sample of 1OOug protein/ml of the GI 
fraction was incubated with 100 mM p-mercapto- 
ethanol in 40 mM Tris buffer pH7.4 containing 
180 mM sucrose for 30 min at 37”. The enzyme was 
then diluted to 2 pg protein/ml and 2 mM p-mer- 
captoethanol, whereafter the ATPase activity was 
assayed as above. 

Phosphoenzyme levels in subcellular fractions. A 
5Opg sample of the crude microsomal membrane 
fraction or the GI fraction were incubated for 15 set 
at 22” in 40 mM PIPES/Tris pH 7.4 containing 2 mM 
Mg’+, 5 ,uM [y-“P]ATP in the absence or presence 
of 100 mM K+. Determination of the concentration 
of phosphoenzyme (EP) was as described elsewhere 

]201. 
Determination of protein concentrations. Protein 

was determined according to the method of Bradford 

WI. 
Electrophoresis of protein. Samples for elec- 

trophoresis were alkylated with 25 mM iodoace- 
tamide for 15 min prior to solubilization in a cocktail 
consisting of 62 mM Tris-HCl pH 6.8, 10% glycerol 
(v/v), 2% SDS (w/v) and 0.001% (w/v) bromphenol 
blue. Ten to 3Opg samples of protein were elec- 
trophoresed at pH 8.3 on 1.5 mm SDS-PAGE slab 
gels in a discontinuous buffer system according to 
Laemmli [22]. The separating gel consisted of an 
acrylamide gradient ranging from 5 to 20% with 
a stacking gel of 4% at the top. The crosslinker 
concentration was 2.67%. Gels were run at constant 
current usually at 35 mA overnight. Staining and 
fixation were performed in 0.1% Coomassie blue 
R250 in 40% methanol 10% acetic acid in water for 
1 hr followed by destaining in the same medium 
without Coomassie blue. H+,K+-ATPase isolated 
from hog stomachs was used as a standard in parallel 
with commercial molecular weight standards. 
Finally, the protein distribution in gels was quantified 
by a 2202 Ultrascan Laser densitometer (LKB) con- 
nected to a Varian 4270 integrator. The area under 
the 92 kDa peak was identified as the H+,K+-ATPase 
[23] and this area was expressed as a percentage of 
the area of the total protein in the sample loaded on 
the gel. Radiolabel incorporation into gel proteins 
was determinated after slicing the gel and extracting 
the radioactivity with Lumasolve/Lipoluma@ 1: 10 
prior to counting in a liquid scintillation counter 
(LKB Rackbeta 1219). 

Extraction and chromatography of omeprazole and 
its sulfide derivative. Fifty to 350~~1 samples of the 
incubation medium or the membrane pellet were 



extracted with 500 ~1 dichloromethane for 10 min. 
Following 10 min centrifugation, the aqueous phase 
was sucked off and 60-100~1 of the organic phase 
were injected into the chromatographic column. 
Analyses were performed on a high-performance 
liquid chromatograph (HPLC) to which an 
absorbance detector operating at 302 nm was fitted. 
The column support consisted of Lichrosorb S 160 
(5 pm). The precolumn support was Brownlee GSS- 
013 (7 pm). The mobile phase was 2% methanol 98% 
dichloromethane (v/v). 
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400 pmol/kg x 2 inhibited acid secretion and, conse- 
quently, raised the pH of the gastric content. When 
omeprazole and ranitidine were given in combi- 
nation, the pH increased further. This might indicate 
that neither omeprazole nor ranitidine at the dose 
levels used in this study completely inhibited acid 
secretion (Fig. 1). 

Oxygen uptake in gastric glands 

The fractions containing [3H] omeprazole and [3H] 
H168/22 (the sulfide derivative) were collected and 
analyzed for radioactivity in a liquid scintillation 
counter. (For structures of omeprazole and H 168/ 
22, see Ref. 24.) 

Chemicals. Collagenase (type lA), dbcAMP and 
Na*ATP were obtained from Sigma Chemicals (St 
Louis, MO). [Y-~*P]ATP was purchased from Amer- 
sham International, U.K. 

Omeprazole and [3H]omeprazole were synthes- 
ized by AB Hbsle (MGlndal, Sweden). The specific 
radioactivity was 3.6 mCi/mg (45.6 GBq/mmol) and 
the radiochemical purity >97%. 

Other reagents were from the usual commercial 
sources and of the highest purity available. 

Statistics. Values are mean values ? SEM. Num- 
bers in parentheses indicate the number of experi- 
ments (i.e. number of rabbits). The normality 
distribution in each group was examined with the 
Wilk-Shapiro test. Comparisons between groups 
were done with either the Mann-Whitney U-test 
(non-parametrical samples) or the pooled variance 
r-test for normal distributed samples. 

Gastric glands incubated in a respirometer exhibit 
a basal oxygen uptake which, to a large extent, is 
unrelated to acid secretion, since it is insensitive to 
inhibitors of acid secretion [24]. In contrast, when 
an acid secretagogue is added, the oxygen con- 
sumption is increased as a consequence of the 
increased ATP demand for the proton translocation 
by the H’,K+-ATPase [24,25]. In this study, the 
oxygen consumption was stimulated by 1 mM db- 
CAMP. Administration of 10 pmol omeprazole/kg 
decreased the stimulated component of oxygen 
uptake by 67% in glands isolated from omeprazole- 
treated animals. In contrast, ranitidine treatment did 
not significantly decrease the db-CAMP-stimulated 
oxygen consumption. When the H2-blocker was 
given prior to omeprazole administration, the inhi- 
bition of the stimulated oxygen uptake was sig- 
nificantly reduced as compared to the experiments 
when omeprazole was given alone (Fig. 1). Thus, 
the HZ-blocker largely prevented the omeprazole- 
induced inhibition. 

H+,K+-A TPase activity 

RESULTS 
Gastric content pH 

Both omeprazole 10 pmol/kg and ranitidine 

The ATPase activity was measured in the density 
gradient fraction (GI see above). The Mg*+-stimu- 
lated ATPase activity was not influenced by any of 
the dose regimes (data not shown). However, the 
K+-stimulated ATPase activity was decreased by 
60% after treatment with 10pmol omeprazole/kg 
(Fig. 1). Ranitidine did not influence the H+,K+- 

;,,tric content Stimulated 
oxygen uptake 

H+ K+-ATPaee 
aciivity 

H+ K+-ATPaee 
coLsntration 

PH pl 02/mg h pmol Pi/mg h 96 92 kDa 

n Vehicle m Ranltldine 400 pmol/kg x 2 

fZ?I Omeprazole Ranitidlne 400 umol/kg x 2 + 
10 pmol/kg Omeprezole 10 umol/kg 

Fig. 1. Effect of omeprazole and ranitidine on gastric acid secretion parameters. Rabbits were given 
omeprazole 10 pmol/kg or ranitidine 400 pmol/kg as subcutaneous injections. Ranitidine was given 
60 min prior to and 15 min after the omeprazole or vehicle (PEG 400) treatment. Two hours after 
omeprazole administration gastric glands and H+,K+-ATPase-containing vehicles (GI-fraction) were 
isolated from the gastric mucosa. The pH of the gastric content was measured. Oxygen uptake was 
estimated in the isolated glands. Stimulated oxygen uptake is the difference between basal and maximally 
stimulated oxygen uptake in the presence of 1 mM db-CAMP. The H+,K+-ATPase activity is the activity 
in the presence of MgZ+ plus K+ minus the basal Mg*+-stimulated ATPase activity. The H+ ,K+-ATPase 
concentration in the vesicle preparation was determined after SDS-PAGE. *P < 0.05, **P < 0.01, 
***P < 0.001 compared to vehicle. tP < 0.05 compared to omeprazole treated. Mean ? SEM (N = 

4-16). 
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ATPase activity. Pretreatment with ranitidine pre- 
vented the omeprazole-induced reduction of the 
H+,K+-ATPase activity. These observations are in 
accordance with the oxygen consumption 
measurements. 

Protein content and gastric mucosal H+,K+-ATPase 
concentration 

No significant difference between the control 
group and the omeprazole-treated groups was found 
when the GI fraction was analyzed for H+,K+- 
ATPase concentration (Fig. 1). The same pattern 
was found in the microsomal fraction (not shown). 
These data suggest that the decrease in enzyme 
activity found after in oiuo administration of ome- 
prazole is not due to a decreased amount of H+,K+- 
ATPase in the fractions analyzed. Furthermore, 
when the protein concentration was estimated after 
fractionation into the microsomal and GI fractions, 
no significant difference between the groups was 
found. These findings indicate that no redistribution 
of H+,K+-ATPase between the fractions had 
occurred after adn-iinistration of omeprazole. 

Studies with neutralized gastric glands 

In order to mimic the in uiuo situation, where 
ranitidine was used to inhibit the acid secretion in 
the parietal cells, the permeable buffer imidazole 
was used. It has previously been suggested that the 
weak base imidazole dissipates stimulated amino- 
pyrine accumulation in isolated gastric glands by 
acting as a permeable buffer [26] and, thus, neu- 
tralized the acid in the acidic compartments of the 
gastric gland. The fact that imidazole at 3 mM 
inhibited AP-uptake without decreasing the oxygen 
uptake shows that this is the case [24]. Thus, under 
acidic conditions, i.e. stimulation of acid secretion 
with 1 mM db-CAMP, omeprazole dose-dependently 
inhibited the stimulated oxygen uptake in gastric 
glands isolated from control rabbits, the IC~(, values 
being -5.10e7 M. However, in the presence of 3 mM 
imidazole, the lcsO value was >l@ M (Fig. 2). These 
experiments demonstrate that acid transformation 
of omeprazole is necessary before it can exert an 
inhibitory effect on acid secretion. 

10-b 10-7 10-b 10-5 l@+ 

[Omeprazole 1 M Distance from top of gel, cm 

Fig. 2. Effect of imidazole neutralization on stimulated 
oxygen uptake in rabbit gastric glands. Oxygen con- 
su&$ion was stimulated from a basal uptake oi‘9.3 + 0.7 
to 24.9 2 0.5 ~1 O?/me. hr with 1 mM db-CAMP oresent. 
Stimulated m’inus basal uptake was set at 100%. Ome- 
prazole was added after a 30-min equilibration period in 
the absence or presence of imidazole. Means 2 SEM (N = 

Fig. 3. Binding of radiolabel to gastric mucosal protein 2 hr 
after in vioo [3H]omeprazole administration. Homogenate 
and H+,K+-ATPase-containing vesicles (GI-fractions) 
were loaded on the same gel and separated by SDS-PAGE. 
After electrophoresis the gel was stained and scanned for 
protein. Finally, the gel was sliced and the radioactivity in 
each slice was compared to the protein distribution in the 

3-7). 

Incorporation of radioactivity from [3H]omeprazole 
into mucosal proteins. Stoichiometry of binding and 
phosphoenzyme levels 

Following administration of radiolabelled ome- 
prazole to the animals, a crude homogenate was 
prepared from the fundic mucosa and a density gradi- 
ent fraction of this homogenate. The radioactivity 
distribution in these two fractions was analyzed by 
polyacrylamide gel electrophoresis and was confined 
to two regions: to the 92 kDa region (to which the 
standard hog H+,K+-ATPase also migrated) and in 
the front of the gel. The front radioactivity was 
washed out during the staining and destaining pro- 
cedures and was presumably not protein-bound. This 
radioactivity was found to correspond to about 50% 
of the loaded radioactivity. The same amount of 
radioactivity was extractable from the sample with 
dichloromethane and identified after HPLC as the 
sulfide derivative of omeprazole. Figure 3 shows the 
protein distribution in the gels after electrophoresis 
of pooled samples from eight omeprazole-treated 
rabbits. After staining and a densitometer scan, the 
same gels were sliced, and the radioactivity in each 
slice determined. Purification of the initial fundic 
homogenate showed a concomitant purification of 
the 92 kDa protein in the GI fraction in which the 
radioactivity was located. These data demonstrate 
that omeprazole specifically binds to the proton 
pump of the gastric mucosa. After dichloromethane 
extraction of the sulfide derivative of omeprazole the 
amount of radiolabel bound to the H+.K+-ATPase 
was calculated and based on the quantity of 92 kDa 
protein present in the fractions used for the binding 
studies. The binding levels, expressed as nmol 
radiolabel/mg 92 kDa protein, are shown in Table 
1. Omeprazole in a dose of lO,umol/kg inhibited 

dpm/ge )lAbs 5;O 
I,4 c HOMOGENATE 

,\ 

300 92 kDa , 050 

GI-FRACTION 0.20 

gel (pooled material from 8 rabbits). 
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Table 1, Binding of radiolabel to H+,K+-ATPase in the GI-fraction 2 hr 
after [3H]omeprazole treatment 

Treatment 

Omeprazole, 10 ,umol/kg 
Ranititidine, 400 nmol/kg X 2 
Omeprazole, 10 nmol/kg 
SCH 28080, 400 pmol/kg X 2 
Omeprazole, 10 nmol/kg 

nmol Radiolabel/mg 92 kDa 

2.0 2 0.18 (4) 
1.1 r 0.18 (4) 

0.02 f 0.007 (4) 

0.75 mCi/kg [‘Hlomeprazole was given in a total dose of 10 pmol/ 
kg S.C. Ranitidine and SCH 28080 were administered 15 min prior to and 
60 min after omeprazole. The incorporated radiolabel was calculated 
after dichloromethane extraction of the sulfide derivative of omeprazole 
and after estimation of the proportion of 92 kDa protein in each 
preparation. Mean + SEM. Numbers in parentheses indicate the 
number of experiments 

the enzyme activity by about 50%, which gives a 
stoichiometry of 2.0 nmol radiolabel/mg 92 kDa. 
Reduction of acid secretion by the Hz-blocker ran- 
itidine decreased the binding levels to 1.1 nmol/mg 
92 kDa. When acid production was inhibited prior 
to omeprazole administration by compound SCH 
28080, a known H+,K+-ATPase inhibitor [27], the 
amount of bound radiolabelled inhibitor to the 
92 kDa protein was close to zero O.O2nmol/mg 
92 kDa. Thus, inhibition of acid production in the 
parietal cell was paralleled by a decreased binding 
of radiolabelled inhibitor, generated from ome- 
prazole to the proton pump under in vivo conditions. 

In order to estimate the active site concentration 
of the H+,K+-ATPase, the GI-fraction from vehicle 
treated rabbits was phosphorylated with [Y-~‘P]ATP. 
The maximal phosphoenzyme level was 
0.47 f 0.03 nmol P/mg protein. The concentration 
of 92 kDa protein in the same preparation was esti- 
mated by SDS-PAGE to be 25 * 2% of total protein 
content, which gives a maximal phosphoenzyme con- 
centration of 1.9 nmo132 P/mg 92 kDa. Thus, extra- 
polation of binding data from 10 pmol/kg 
omeprazole, which gave about 50% inhibition of 

Stimulated oxygen uptake 

in gastric glands 

10 mM 
&merceptoEtOH 

enzyme activity, to 100% inhibition results in a bind- 
ing level of 2.1 nmol of bound inhibitor per nmol 
phosphoenzyme at complete inhibition. 

Effect of mercaptans on omeprazole-inhibited glands 
and H+,K+-A TPase 

The inhibitory effect of omeprazole in the isolated 
gastric gland preparation was found to be prevented 
when 10 mM Pmercaptoethanol or DTI was present 
before omeprazole was added. In a concentration of 
20 mM, the mercaptan could also reverse already 
established inhibition [3], However, in the isolated 
H+,K+-ATPase preparation, low concentrations 
(10 PM) of /5mercaptoethanol were found to protect 
the enzyme when added before omeprazole, whereas 
high concentrations, 0.1 M, were required to par- 
tially reverse already established inhibition [17]. The 
effect of /3-mercaptoethanol on gastric glands and 
H+,K+-ATPase exposed to omeprazole in vivo is 
shown in Fig. 4. /3-Mercaptoethanol, in a con- 
centration of 10 mM decreased the db-CAMP-stimu- 
lated oxygen uptake per se. When the mercaptan 
was added to glands which had been exposed to 
omeprazole in ;ivo, it was possible to restore the 

H+,K+-ATPaSe activity 

c 

f 50. 

i; 
‘r 

2 - 
\ 

h - 

5 _ 
E 
= o- J ( 00 mM 

I-marcsptoEtOH 

tl Vehicle m Omeprazole 10 pmol/kg 

Fig. 4. Effect of pmercaptoethanol on stimulated oxygen consumption in gastric glands and H+,K+- 
ATPase activity in vesicles (GI) isolated from rabbits treated with 10 ~01 omeprazole/kg. Stimulated 
oxygen uptake is the difference between basal and maximally stimulated uptake in the presence of 1 mM 
db-CAMP. H+,K+-ATPase activity is the activity in the presence of Mg2+ plus K+ minus the basal Mg*+- 
stimulated ATPase activity. Means 2 SEM. Numbers in parentheses indicate the number of experiments. 

*P < 0.05, ***P < 0.001 compared to vehicle. 
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n GI-protein+medium 

m GI-protein 

% of 
Medium 

total dpm 

I 
Control 1OOmM &mercaptoEtOH 

37”C, 30 min 

Fig. 5. Radioactivity distribution between the GI-protein 
and the medium. H+,K’-ATPase-containing vesicles were 
isolated from in uioo [“Hlomeprazole-treated rabbits. The 
GI-protein was incubated in the presence or absence of 
100 mM p-mercaptoethanol. After 30 min at 37” the protein 
was spun down at 100,OOOg for 2 hr. and the radioactivity 
in the supernatant and pellet determined. The supernatants 
were extracted with hichloromethane and analyzed by 

HPLC (see text). Pooled material from 8 rabbits. 

oxygen uptake. Inhibition of the H+,K+-ATPase 
activity by about 50% with lO,~mol/kg omeprazole 
could be fully restored with 100 mM of the mercap- 
tan, in agreement with earlier observations derived 
from in vitro effects of omeprazole [17]. 

The pooled GI-fractions obtained from eight ome- 
prazole-treated rabbits were incubated with or with- 
out 100 mM /3-mercaptoethanol. After 30 min of 
treatment at 37” the membrane protein was separated 
from medium by centrifugation at 100,000 g for 2 hr. 
The distribution of the radioactivity in the GI-mem- 
brane fraction protein and the supernatant medium 
following separation are shown in Fig. 5. Thus, the 
radioactivity was confined to the membrane fraction 

dpm/slice 

2000 

92kDs 

Displaced by 
100 mM 0 -mercaptoEtOH 
37”C, 30 min 

0 5 lo cm 
Distance from top of gel 

Fig. 6. Effect of b-mercaptoethanol treatment on 92 kDa- 
bound radiolabel. Microsomes isolated from [‘HJome- 
prazole-treated rabbits (10 pmol/kg) were in&bated in 
the presence or absence of 100mM /3-mercaptoethanol 
at 37”. After 30min the microsomes were spun down at 
100,OOOg for 2 hr, and the same amount of protein was 
loaded on the gel. After SDS-PAGE the gel was scanned 
for protein, sliced and counted in a liquid scintillation 

counter. 

and displaced by /~-mercaptoethanol. Dichloro- 
methane extraction of the medium from these experi- 
ments and separation of the extracted compounds 
by HPLC showed -90% of the radioactivity in the 
supernatant consisted of the sulfide derivative of 
omeprazole. Less than 4% of the radioactivity was 
omeprazole. Figure 6 shows the distribution of pro- 
tein bound radioactivity in a microsomal fraction 
isolated from a rabbit treated with [‘Hlomeprazole. 
The radioactivity in the 92 kDa protein band was 
displaced by incubation with 100 mM /J-mercapto- 
ethanol for 30 min. prior to SDS-PAGE. These data 
show that the reactivation of the H’,K+-ATPase 
activity observed following P-mercaptoethanol treat- 
ment of omeprazole inhibited enzyme is paralleled 
by a decreased binding of inhibitor to the 92 kDa 
protein and, furthermore, that the displaced inhibi- 
tor is the sulfide derivative of omeprazole. 

DISCUSSION 

Previous autoradiographic studies have revealed 
that the radioactivity following [‘Hlomeprazole 
administration is bound to the secretory canaliculi 
and to the tubulovesicles of the parietal cell [28]. 
Furthermore, with the aid of immuno-histochemical 
techniques, it has previously been demonstrated that 
these cellular structures contain the H+,K+-ATPase 
1131. The present study showed that the radioactivity 
in the gastric mucosa homogenate following 
[“Hlomeprazole administration was confined to pep- 
tides in the 92 kDa molecular weight region. Puri- 
fication of the homogenate produced an enrichment 
of the 92 kDa protein, and since this protein was 
resolved from other protein on the SDS-PAGE, it 
could be demonstrated that it was the sole site of 
radioactivity. That this 92 kDa protein(s) holds the 
catalytic subunit of the gastric H+,K+-ATPase has 
been shown by phosphorylation experiments (231. It 
can therefore be concluded that omeprazole. when 
given in vioo, selectively binds to the gastric H+.K+- 
ATPase. 

It has been shown both in permeable and ion tight 
vesicle membrane H+.K+-ATPase preparations and 
in H+ ,K+-ATPase containing vesicles that there is a 
direct correlation between the degree of inhibition of 
H’,K+-ATPase activity and the amount of inhibitor 
bound to the preparation [16, 17,291. 

The binding data for omeprazole in the present 
study will give 2.1 mol inhibitor bound/mol phospho- 
enzyme at full inhibition of the H+,K’-ATPase 
activity. These data are in accordance with the in 
uitrcr binding studies of Lorentzon ef ul. [16] who 
found 2 mol inhibitor bound/niol phosphoenzyme in 
hog gastric vesicles, and Keeling et al. [29], who 
found 1.8 mol per phosphorylation site. 

Omeprazole undergoes rearrangement into an 
inhibitor of the H+.K’-ATPase in acid and accord- 
ingly inhibits acid secretion. Thus, both the amount 
of protonated omeprazole that accumulates in the 
acidic compartments of the parietal cell, due to its 
weak base properties, and the rate at which the active 
inhibitor is formed from omeprazole will depend 
on the proton concentration in these compartments 
[3, 151. In the present study, omeprazole admin- 
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istered in uiuo inhibited both the H+,K+-ATPase 
activity, and the stimulated oxygen consumption in 
gastric glands by about 50% without affecting the 
concentration of the H+,K+-ATPase, pretreatment 
with ranitidine reduced acid secretion and largely 
prevented the inhibition of the H+,K+-ATPase and 
the stimulated oxygen consumption normally 
induced after omeprazole treatment. These experi- 
ments are in agreement with studies on gastric acid 
secretion in gastric fistula dogs, in which somatostatin 
or cimetidine infusion during omeprazole adminis- 
tration reduced and pentagastrin infusion increased 
the inhibitory effect of omeprazole [30]. The neces- 
sity of acid for the conversion of omeprazole was 
clearly shown by the fact that the compound failed 
to decrease the stimulated oxygen consumption, i.e. 
the H+,K+-ATPase activity, under conditions in 
which the secretory compartment of the parietal cell 
was neutralized by imidazole. 
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