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Abstract
Background: Alkaline tide is the transient increase in

blood and urine pH following stimulation of gastric acid

secretion. It is attributed to HCO3
- release from parietal cells

in parallel with H+ secretion. The enzyme carbonic anhydrase

is thought to be responsible for HCO3
- production from CO2

and OH- in the parietal cell.

Objective: To examine the effect of pretreatment with the

carbonic anhydrase inhibitor, acetazolamide, on the alkaline

tide phenomenon.

Methods: Ten patients with dyspepsia and demonstrable

alkaline tide were tested on three separate days. The pH and

base excess were determined in arterialized venous blood

before and 45 minutes after an intramuscular injection of

pentagastrin. The pH of the urine was measured before and

120 min after pentagastrin injection. Measurements were

performed after pentagastrin alone on day 1, following

pretreatment with acetazolamide 60 min before pentagastrin

on day 2, and after the administration of acetazolamide alone

on day 3.

Results: Following the administration of pentagastrin

alone, the blood base excess increased by 1.61+0.2 mEq/L

(mean+standard deviation) and the calculated alkaline tide at

45 min was 33.99+4.49 mEq. On day 2 with prior adminis-

tration of acetazolamide, base excess decreased by

0.21+0.39 mEq/L, and the calculated alkaline tide was

-3.28+7.57 mEq, which was significantly lower than on day

1 (P=0.0001). On day 3, following acetazolamide alone, the

base excess values decreased by 0.53+0.2 mEq/L and the

alkaline tide was -10.05+3.33 mEq; there was no significant

difference compared with day 2 (P=0.44).

Conclusion: Pretreatment with acetazolamide abolished

the alkaline tide induced by pentagastrin. This finding supports

the view that carbonic anhydrase has a major role in the

alkaline tide phenomenon.
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The transient increase in blood and urinary pH following
gastric secretion [1±4] has been termed the alkaline tide
phenomenon [5]. Carbonic acid, formed in the presence of the

enzyme carbonic anhydrase, neutralizes intracellular hydroxyl
ions produced as a result of luminal acid secretion. The
bicarbonate generated is removed from the cell via the
basolateral chloride bicarbonate exchanger [6]. The signifi-
cance of the effect of bicarbonate produced during acid
secretion on changes in plasma and urinary pH is still
controversial [7]. There are conflicting data concerning the
relationship between gastric acid secretion and the post-
prandial decrease in urine acidity [3,8]. In addition, it has
been argued that pancreatic bicarbonate secretion occurs in
parallel to acid secretion and should neutralize the effects of
gastric acid secretion [7]. However, we have shown in several
studies that this phenomenon parallels acid secretion [4,9].
Thus, stimulation of acid secretion with pentagastrin in-
creased base excess maximally after 45 minutes and these
changes parallel peak acid output measured in gastric
aspirate. Procedures that reduce acid output also reduce the
alkaline tide. Examples include vagotomy [4,10], H2-receptor
antagonists [11], and calcium channel blockers [12].

The measurement of alkaline tide is a potentially convenient
non-invasive and inexpensive test for gastric acid hypo- and
hypersecretory states. Arterialized venous blood has been
shown to accurately reflect pH in arterial blood, and serial
samples are easily obtained with this technique [13]. Studies
using this method have confirmed that the alkaline tide is
measurable in both blood and urine [4]. Since the production of
bicarbonate is dependent on the activity of carbonic anhydrase,
inhibition of this enzyme should prevent the alkaline tide
phenomenon. We used acetazolamide to investigate the role of
this enzyme in producing the alkaline tide.

Materials and Methods
Subjects

The study group comprised 12 consecutive patients with
negative serology for Helicobacter pylori, who were referred
for investigation of dyspepsia. Pregnant and lactating women,
patients less than 18 years of age and patients with renal or
pulmonary disease were excluded. Informed consent was
obtained before enrollment. The study was reviewed and
approved by the Institutional Review Board of the Rabin
Medical Center.
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Design

All subjects were asked to stop medication that affects
acid secretion or gastric acidity, for at least 30 days
prior to the study. After a fast of at least 9 hours,
blood and urinary pH were determined before and
after an injection of 6 mg/kg pentagastrin (Pepatava-
lon, Zeneca Limited, UK). Ten subjects who demon-
strated an alkaline tide of >20 mEq/L at 45 minutes
continued to days 2 and 3 [Figure 1]. On day 2, the
participants were tested following the administration
of 375 mg acetazolamide (URAMOX

1, Taro Pharma-
ceutical Industries, Israel) 60 min before the injection
of pentagastrin. On day 3, blood and urine pH were
measured following the administration of acetazola-
mide alone. On day 1, urine was collected before and 2
hours after pentagstrin injection. On days 2 and 3,
urine was collected immediately before the adminis-
tration of acetazolamide (60 min before the injection
of pentagstrin) and 2 hours after the pentagstrin
injection.

Blood and urine samples

The determination of the alkaline tide was performed
as previously described [9]. Briefly, a 21 gauge
``butterfly'' needle was introduced into a vein on the
dorsum of the hand. Before each sample was taken the
hand was immersed in a water bath at 43oC to
arterialize the venous blood. At each sampling, 5 ml of
blood were drawn and discarded. Two blood samples were then
drawn anaerobically in heparinized syringes and analyzed for
pO2 and base excess, within 5 min, in an automatic blood gas
analyzer (AVL OMNI, Graz, Austria). Only samples with pO2

>70 mm Hg (arterialized blood) were evaluated. Otherwise, the
hand was re-immersed and the procedure repeated. Base excess
recorded for each sample was the mean of two determinations.
Urinary pH was measured using a pH meter (pH-Meter, 3310,
Janeway, USA).

Data analysis

AT (mEq) was calculated as D BE (mEq) x 0.3 x body weight
(kg). Results are expressed as the mean + standard deviation.
Observations were compared by paired Student's t-test and
P<0.05 was considered significant.

Results

Of the 12 patients who agreed to participate in the study, one
withdrew after day 1 and another was excluded because his
alkaline tide was <20 mEq/L after pentagstrin injection. There
were four women and eight men in the original group; the final
group comprised three women and seven men aged 21±77 years.

Following pentagstrin injection alone on day 1, BE increased
by 1.61+0.2 mEq/L at 45 min (P=0.0001). Calculated alkaline
tide was 33.99+4.49 mEq (mean standard error) [Table 1].
There was no statistical difference between the alkaline tide

response among men and women. Urinary pH increased
significantly by 0.88+0.26 pH units (P=0.002) [Table 1]. On
day 2 (acetazolamide + pentagastrin), BE decreased by
0.21+0.39 mEq/L, which was a not a significant change
(P=0.7). The calculated alkaline tide was -3.28+7.57 mEq
(mean+ standard error) and the D was significantly lower than
on day 1 (pentagastrin alone) (P=0.0001). Urine pH increased
by 2.65+0.21 pH units (P=0.0001) [Table 1], which is the
expected independent effect on the kidney after acetazolamide.
This was also reflected in the results on day 3 (acetazolamide
alone) in which BE decreased by 0.53+0.2 mEq/L and alkaline
tide was -10.05+3.33 mEq, which was not significantly different
from day 2 (P=0.44). Urinary pH increased by 2.98+0.15 pH
units (P=0.0001).

Discussion

Pentagastrin induced a measurable alkaline tide (>20 mEq) in
10 of the 12 patients. The fact that not all patients responded to
pentagastrin is as yet unexplained. Acetazolamide, which
inhibits carbonic anhydrase, abolished this effect and caused a
metabolic acidosis. This was more marked when acetazolamide
was given alone than when given together with pentagastrin,
although the difference was not significant, probably due to the
small number of patients studied. Although it is difficult to
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Figure 1. Graphical representation of experiments on days 1, 2, and 3.
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dissect the renal from the gastric effects of acetazolamide, the
data suggest an interaction between them. Thus the metabolic
acidosis produced from decreased bicarbonate absorption in the
proximal tubule is partly neutralized by the alkaline tide.

Acetazolamide affects bicarbonate production in many
tissues due to the widespread distribution of carbonic anhydrase
[14]. As a result, there are effects on the acid/base balance within
the cell and within different organs. In the gastric mucosa these
interactions are complex since bicarbonate is secreted into the
lumen by gastric mucosal cells and into the bloodstream by the
parietal cell during acid secretion [15]. While luminal bicarbo-
nate secretion may represent only 5±10% of acid secretion, it
may be of importance in mucosal protection against acid [16].
Interestingly, bicarbonate secretion in the stomach is not
affected by acetazolamide whereas acid secretion is diminished
following sham feeding [15]. However, different studies have
shown that bicarbonate secretion induced by prostaglandin E2

is reduced [17] and not affected by acetazolamide [18].

The basolateral Cl-/HCO3
- exchanger is important for

intracellular homeostasis in the parietal cell during acid
secretion [6]. Inhibition of the exchanger by stilbene derivatives
reduces acid secretion [19]. The inhibition of acid secretion by
acetazolamide may be twofold. Firstly, reduced bicarbonate
production reduces the availability for exchange with extra-
cellular chloride and thus the parietal cell becomes depleted of
this anion. Secondly, acetazolamide may directly inhibit the Cl-/
HCO3

- exchanger, as has been shown in the kidney [20].

Although the cellular effects of acetazolamide suggest that it
may be a useful drug for reducing acid secretion, the
pathophysiological effects are difficult to predict [21]. In high
doses it has been shown to cause gastric ulceration [22]. There
are conflicting data as to whether the ulceration is dependent, at
least in part, on the metabolic acidosis produced by the renal
effects of the drug [23,24]. Acetazolamide has also been shown
to aggravate indomethacin-induced gastric ulceration [17] but to

be protective against ethanol-
induced gastric mucosal damage
[25]. There appears to be a
cytoprotective effect that may
be mediated by an increase in
mucosal prostaglandin synthesis
[25].

We have shown that measure-
ment of alkaline tide is useful in
the determination of acid secre-
tion and follows predictable re-
sponse patterns. Inhibitors of
gastric acid secretion, such as
H2-receptor antagonists, vagot-
omy and calcium channel block-
ers, reduce the alkaline tide. The
effect of acetazolamide on alka-
line tide is in keeping with these
earlier data and confirms that
carbonic anhydrase plays an im-
portant role in acid secretion.
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Table 1. Alkaline tide and urine pH changes after pentagastrin injection (day 1), pentagastrin

following pretreatment with acetazolamide (day 2), and after acetazolamide alone (day 3)

Patient

no.

Alkaline tide (mEq) Urine pH change (pH units)

After

pentagastrin

injection

Pentagastrin

following

acetazolamide

Acetazolamide

alone

After

pentagastrin

injection

Pentagastrin

following

acetazolamide

Acetazolamide

alone

1 23.46 -36.72 0 0.51 2.39 2.67
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Mean

+SE

33.99

+4.49

-3.28

+7.57

-10.05

+3.33

0.88

+0.26

2.65

+0.21

2.98

+0.15

SE = standard error

249IMAJ . Vol 3 . April 2001 Alkaline Tide and Acetazolamide



17. Reichstein BJ, Cohen MM. Effect of acetazolamide on rat gastric mucosal

protection and stimulated bicarbonate secretion with 16,16-dimethyl PGE2.

J Lab Clin Med 1984;104:797±804.

18. Takeuchi K, Ohtsuki H, Okabe S. Mechanisms of protective activity of 16,16-

dimethyl PGE2 and acetazolamide on gastric and duodenal lesions in rats.

Dig Dis Sci 1986;31:406±11.

19. Horie S, Yano S, Watanabe K. Effects of drugs acing on Cl--HCO3- and

Na+-H+ exchangers on acid secretion in the gastric mucosa sheet

preparation. Eur J Pharmacol 1992;229:15±19.

20. Seki G, Fromter EA. Acetazolamide inhibition of basolateral exit in rabbit

renal proximal tubule S2 segment. Pfluegers Archiv 1992;422:60±5.

21. Kivilaakso E, Silen W. The role of mucosal carbonic anhydrase in the

protection of gastric mucosa against luminal H+. Scand J Gastroenterol

1981;16(Suppl. 67):219±21.

22. Cho CH, Chen SM, Chen SW, Chow CK, Lai KH, Pfeiffer CJ. Pathogenesis

of gastric ulceration produced by acetazolamide in rats. Digestion 1984;29:

5±11.

23. Cho CH, Ogle CW. The possible role of metabolic acidosis in acetazolamide-

induced gastric lesions formation in rats. Pharmacology 1989;38:201±4.

24. Kumagai J, Kaneko E, Honda N. The role of carbonic anhydrase in gastric

mucosal protection with special reference to H+ back diffusion and

concomitant metabolic acidosis induced by acetazolamide. Gastroenterol

Jpn 1986;21:203±7.

25. Konturek SJ, Brozowski T, Piastucki I. Gastric cytoprotection by acetazo-

lamide: role of endogenous prostaglandins. Digestion 1983;28:125±31.

Correspondence: Dr. Y. Niv, Dept. of Gastroenterology, Rabin Medical

Center (Beilinson Campus), Petah Tiqva 49100, Israel. Phone: (972-3)

937-7245, Fax: (972-3) 921-0313, email: yniv@clalit.org.il

Original Articles

Capsule

Cellular phones and brain tumors

Concern has arisen that the use of hand-held cellular
telephones might cause brain tumors. Inskip et al. examined
the use of cellular telephones in a case-control study of
intracranial tumors of the nervous system conducted between
1994 and 1998. They enrolled 782 patients through hospitals
in Phoenix, Boston, and Pittsburgh; 489 had histologically
confirmed glioma, 197 had meningioma, and 96 had acoustic
neuroma. The 799 controls were patients admitted to the
same hospitals as the patients with brain tumors for a variety
of non-malignant conditions. The results showed that as
compared with never, or very rarely, having used a cellular
telephone, the relative risks associated with a cumulative use
of a cellular telephone for more than 100 hours were 0.9 for

glioma, 0.7 for meningioma, 1.4 for acoustic neuroma, and
1.0 for all types of tumors combined. There was no evidence
that the risks were higher among persons who used cellular
telephones for 60 or more minutes per day or regularly for 5
or more years. Tumors did not occur disproportionately often
on the side of head on which the telephone was typically used.
These data do not support the hypothesis that the recent use
of hand-held cellular telephones causes brain tumors, but they
are not sufficient to evaluate the risks among long-term heavy
users and for potentially long induction periods.

N EngI J Med 2001;344:79

Capsule

Battling pancreatic cancer

Adenocarcinomas of the pancreas are among the deadliest
cancers because most are diagnosed at an advanced stage and
there are no effective therapies. Jaffee et al. (J Clin Oncol
2001;19:145) report early but promising results of a phase I
trial of a pancreatic tumor vaccine. The vaccine was
composed of pancreatic tumor cell lines genetically engi-
neered to secrete granulocyte-macrophage colony-stimulating
factor, a cytokine that stimulates the immune system. There
were no serious side effects in the 14 patients treated with the
vaccine, and 3 of the patients showed evidence of an immune
response to the tumor cells and enjoyed a longer disease-free
survival time.

In an independent work, Wagner et al. (Genes Dev
2001;15:286) address an important problem that has re-
stricted the understanding of the pathogenesis of pancreatic
cancer ± the absence of an animal model that mimics the
human disease. These researchers report that mice that
overexpress transforming growth factor-alpha (TGF-a) and
are deficient in the tumor suppressor protein p53 rapidly
develop pancreatic tumors with histologic and molecular
genetic features similar to those seen in human tumors. This
new model may facilitate identification of the genetic and
environmental forces that drive the growth and metastatic
spread of human pancreatic tumors.
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