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Abstract Proton pump inhibitors (PPIs) are potent blockers
of gastric acid secretion, used by millions of patients suffer-
ing from gastric acid-related complaints. Although PPIs have
an excellent safety profile, an increasing number of case
reports describe patients with severe hypomagnesemia due
to long-term PPI use. As there is no evidence of a renal Mg?**
leak, PPI-induced hypomagnesemia is hypothesized to result
from intestinal malabsorption of Mg?". The aim of this study
was to investigate the effect of PPIs on Mg”" homeostasis in
an in vivo mouse model. To this end, C57BL/6J] mice were
treated with omeprazole, under normal and low dietary Mg*>*
availability. Omeprazole did not induce changes in serum Mg*"
levels (1.48+0.05 and 1.54+0.05 mmol/L in omeprazole-
treated and control mice, respectively), urinary Mg>" excretion
(35+3 pmol/24 h and 30+4 pumol/24 h in omeprazole-treated
and control mice, respectively), or fecal Mg*" excretion (84+-
4 umol/24 h and 76+4 pumol/24 h in omeprazole-treated and
control mice, respectively) under any of the tested experimental
conditions. However, omeprazole treatment did increase the
mRNA expression level of the transient receptor potential
melastatin 6 (TRPM6), the predominant intestinal Mg”>" chan-
nel, in the colon (167+15 and 100+7 % in omeprazole-treated
and control mice, respectively, P<0.05). In addition, the expres-
sion of the colonic H",K'-ATPase (cHK-c1), a homolog of the
gastric H',K'-ATPase that is the primary target of omeprazole,
was also significantly increased (354443 and 100+24 % in
omeprazole-treated and control mice, respectively, P<0.05).
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The expression levels of other magnesiotropic genes remained
unchanged. Based on these findings, we hypothesize that omep-
razole inhibits cHK - activity, resulting in reduced extrusion of
protons into the large intestine. Since TRPM6-mediated Mg>*
absorption is stimulated by extracellular protons, this would
diminish the rate of intestinal Mg>* absorption. The increase
of TRPM6 expression in the colon may compensate for the
reduced TRPM6 currents, thereby normalizing intestinal Mg*"
absorption during omeprazole treatment in C57BL/6J mice,
explaining unchanged serum, urine, and fecal Mg”" levels.

Keywords Hypomagnesemia - Mg”" - Omeprazole - PPI -
ATP12a -H" - K'-ATPase - TRPM6

Introduction

Proton pump inhibitors (PPIs) are indicated for gastric acid-
related diseases like gastroesophageal reflux disease,
Zollinger—Fllison syndrome, Barrett's esophagus, duodenal
peptic ulcers, and gastritis [22]. All PPIs have a similar chem-
ical structure and an identical mode of action. They are ad-
ministered in the form of lipophilic, membrane-permeable,
inactive pro-drugs [25]. PPIs are absorbed from the small
intestine into the blood, after which they accumulate in the
highly acidic canaliculi of the parietal cells of the stomach.
Here, PPIs are protonated, which induces covalent binding
between the PPI and specific cysteine residues of the gastric
H',K"-ATPase (gHK-o), resulting in potent inhibition of acid
secretion [25]. Although PPIs are generally considered to have
an excellent safety profile, over 65 cases of PPl-induced
hypomagnesemia (PPIH) have been reported since 2006 [3,
6, 7, 9-13, 16-18, 21, 29]. In addition to these case reports,
reduced serum Mg>" levels associated with the use of PPIs
were reported in a cohort of hospitalized patients [14]. A
recently published study, based on reports submitted to the
Adverse Event Reporting System of the US Food and Drug
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Administration, suggests that PPIH might concern several
hundreds of patients since 2004 [36].

PPIH typically manifests after years of chronic PPI use,
and patients present with symptoms common to severe Mg”"
depletion such as tetany, seizures, convulsions, and cardiac
arrhythmia, often coinciding with secondary hypocalcemia.
The causal link between the use of PPIs and the development
of hypomagnesemia was shown in PPIH patients by a clas-
sical challenge—dechallenge—rechallenge protocol, leading
to fast recovery from hypomagnesemia during dechallenge
and fast reappearance of hypomagnesemia after rechallenge
[3, 10, 29]. Intravenous Mg”" loading tests indicate that
PPIH patients are severely Mg”" depleted, and determination
of fractional Mg®" excretion shows appropriate renal reten-
tion of Mg®" [3, 6, 18, 29]. These findings implicate that
intestinal malabsorption of Mg®" plays a central role in the
etiology of PPTH. This sets PPIH apart from many other forms
of drug-induced hypomagnesemia which most frequently re-
sult from renal Mg®" losses [19]. However, the exact molec-
ular mechanisms underlying PPIH remain unknown.

Some authors speculate that PPIH might result from ge-
netic variants in the epithelial Mg”" channel transient recep-
tor potential melastatin 6 (TRPMO) [3, 6, 18]. The vital role
of TRPMG in the maintenance of Mg”" homeostasis has been
well established [31]. The Mg2+ channel is expressed at the
apical membrane of epithelial cells in the distal convoluted
tubules of the kidney and at the luminal side of the gastroin-
testinal epithelium [1]. Recently, several magnesiotropic
hormones including epidermal growth factor, estrogen, and
insulin have been described to influence Mg*" absorption via
TRPMG6 [15, 23, 38]. In addition to the hormonal regulation,
it is known that the presence of extracellular protons en-
hances inward currents via TRPM6, meaning that Mg*>*
influx via this channel is strongly dependent on the extracel-
lular pH [20].

The primary target of omeprazole, gHK-o, has a homo-
logue named the colonic H",K"-ATPase (cHK-a)), which
extrudes protons into the lumen of the intestine in exchange
for potassium ions [5]. In vitro studies using guinea pig
colonic crypts or colon tissue in Ussing chambers indicate
that PPIs do not only reduce the activity of the gastric H",K"-
ATPase (gHK-o), but also that of the colonic H",K"-ATPase
(cHK-x) [28, 39]. Based on these observations, we hypoth-
esize that omeprazole inhibits cHK-a activity, resulting in a
lower amount of protons being extruded into the large intes-
tine, subsequently leading to a reduced rate of intestinal
Mg*" absorption via TRPM6.

The aim of our study was, therefore, to create a mouse
model of PPIH to test our hypothesis that omeprazole re-
duces TRPM6-mediated colonic Mg”* absorption. To this
end, we investigated the effect of omeprazole treatment on
Mg2+ homeostasis in vivo by means of serum, urine, and
fecal Mg®" measurements and by determination of mRNA
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expression patterns of TRPM6 and cHK-a in the intestine
and kidney.

Methods
Animal studies

C57BL/6J mice (8 weeks old) were purchased from Charles
River, the Netherlands. Animals were housed in a temperature-
and light-controlled room with pelleted chow (SSNIFF
Spezialdidten GmbH, Germany) and drinking water available
ad libitum. Omeprazole (Fagron, the Netherlands) was dispersed
in a solution containing 0.5 % (w/v) methylcellulose and 0.2 %
(w/v) NaHCOj; (pH 9.0). Mice received a daily dose of 20 mg
omeprazole per kilogram body weight, which was administered
via oral gavage. For urine and feces collection, animals were
individually housed in metabolic cages for 24 h. Blood was
sampled from the submandibular facial vein at the end of the
stay in the metabolic cages, and sera were collected for Mg
measurements. All experiments were performed in compliance
with the animal ethics board of Radboud University Nijmegen.

For the first experiment, animals were randomly divided
into an omeprazole group (n=10) and a control group
(n=10), receiving vehicle only. They were fed a standard
chow with normal Mg®" content (0.2 % w/w Mg**, SSNIFF
Spezialdidten GmbH, Germany) during 28 days. A second
experiment was performed, in which both groups of mice
were fed a Mg -deficient diet (0.02 % w/w Mg*", SSNIFF
Spezialdidten GmbH, Germany) for 22 days followed by a
recovery period of 2 days in which the mice were reintroduced
to a diet with normal Mg*" content.

Tissue collection and pH measurements

At the end of each experiment, blood was collected and animals
were sacrificed via cervical dislocation under isoflurane anes-
thesia. Kidneys, duodenum, and colon segments were
extracted, cleaned, and snap frozen in liquid nitrogen. In addi-
tion, stomach pH was analyzed using diagnostic test strips
(Merck, Germany).

Analytical procedures

Before analysis, fecal samples were homogenized and
digested in 65 % nitric acid (Sigma-Aldrich, USA) for 2 h at
70 °C, followed by an overnight incubation at room temper-
ature. Serum, urinary, and fecal Mg2+ concentrations were
determined by a colorimetric xylidyl-II blue method (Cobas
Roche Diagnostics, UK) on a Nanodrop 2000c spectropho-
tometer (Thermo Fisher Scientific, USA) at 600 nm wave-
length and were verified using a commercial serum standard
(Precinorm U, Roche, Switzerland).
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Quantitative real-time PCR

Total RNA was extracted from tissues using TRIzol® reagent
(Invitrogen, UK) according to the manufacturer's protocol. The
obtained RNA was subjected to DNase treatment (Promega,
USA) to prevent genomic DNA contamination. Subsequently,
RNA was reverse transcribed with murine leukemia virus reverse
transcriptase. The obtained cDNA was used to determine mRNA
expression levels of various magnesiotropic genes and H' K-
ATPases, as well as mRNA levels of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as an endogenous control.
The mRNA expression levels were quantified by real-time PCR
on a CFX69 real-time detection system (BioRad, USA) using
SYBR Green (BioRad, USA). Primers (Biolegio, the Nether-
lands) were designed with Primer 3 software (Whitehead Insti-
tute for Biomedical Research, USA) and are listed in Table 1.

Statistics

Values are expressed as means = SEM. Differences between
single groups of omeprazole-treated mice and controls were
tested using a two-tailed, unpaired Student's ¢ test. Compari-
son of multiple groups was performed by a one-way ANOVA
with a Bonferroni correction. Differences between groups
were considered to be statistically significant when P<0.05.
Analysis of the datasets was performed using GraphPad Prism
(Macintosh version, 4.51).

Results

Effect of omeprazole on serum Mg”" levels as well as 24-h
urinary and fecal Mg®" excretion under normal and low dietary
Mg?" availability

To study the effect of omeprazole on serum Mg*" levels as well
as 24-h urinary and fecal excretion of Mg®", mice were treated

with 20 mg/kg body weight omeprazole (or vehicle) via oral

Table 1 Primer sequences used for real-time PCR

gavage once a day. Serum Mg>" levels, 24-h urinary Mg
excretion as well as 24-h fecal Mg®" excretion were determined
at the start of the experiment and after 28 days of treatment.
There were no significant differences in body weight, food and
water intake, diuresis, and fecal weight between the
omeprazole-treated mice and vehicle-treated controls (P>0.2
for all parameters) during their stay in the metabolic cages
(Table 2). Serum Mg*" levels (Fig. 1a) were unaltered in
omeprazole-treated mice compared to the vehicle-treated con-
trols (1.48+0.05 and 1.54+0.05 mmol/L in omeprazole-treated
versus vehicle-treated mice, respectively, P>0.2). The urinary
excretion of Mg”" (Fig. 1b) did not significantly differ between
the omeprazole group and the control group (35+3 umol/24 h
and 30+4 pumol/24 h for omeprazole-treated and vehicle-
treated mice, respectively, P>0.2). In addition, fecal Mg*"
excretion (Fig. lc) was not significantly different in
omeprazole-treated mice compared to the vehicle-treated con-
trols (76+4 umol/24 h and 84+4 pumol/24 h in omeprazole-
treated and control mice, respectively, P>0.2)

To determine whether the effect of omeprazole on Mg*"
homeostasis is influenced by dietary Mg”" availability, a
subsequent experiment was performed in which mice were
fed a Mg”*-deficient diet in addition to the treatment with
omeprazole or vehicle. This diet induced a significant decline in
serum Mg2+ values; however, no differences were observed
between omeprazole- and vehicle-treated mice after 8 or 20 days
of treatment (Fig. 2). After 22 days on the Mg*"-deficient diet, the
animals were reintroduced to a diet with normal Mg®" content, to
investigate the recovery rate between the two groups of mice.
Within 2 days, serum Mg”" levels normalized to baseline values
with no differences between omeprazole-treated animals and
controls (1.42+0.02 and 1.44+0.02 mmol/L for omeprazole-
treated and vehicle-treated controls, respectively, P>0.2).

Effect of omeprazole treatment on gastric pH

To confirm the effect of omeprazole treatment on gastric acid
secretion in our mouse model, we measured the pH in the

Gene Species NCBI reference number  Forward primer Reverse primer

GAPDH  Mus musculus  NM_008084.2 5'-TAACATCAAATGGGGTGAGG-3' 5'-GGTTCACACCCATCACAAAC-3'
TRPM6  Mus musculus NM_153417.1 5'-AAAGCCATGCGAGTTATCAGC-3' 5'-CTTCACAATGAAAACCTGCCC-3'
cHK-oo  Mus musculus NM_138652.2 5'-GCTAAGGCAACGCGCGTCCT-3' 5-CTGTTTTCCGGCGCATACTGTGA-3'
TRPM7  Mus musculus NM_021450.2 5-GGTTCCTCCTGTGGTGCCTT-3' 5'-CCCCATGTCGTCTCTGTCGT-3'

EGF Mus musculus  NM_010113.3 5-GAGTTGCCCTGACTCTACCG-3' 5'-CCACCATTGAGGCAGTATCC-3'
EGFR Mus musculus  NM_207655.2 5'-CAGAACTGGGCTTAGGGAAC-3’ 5'-GGACGATGTCCCTCCACTG-3'
Kvl.1 Mus musculus  NM_010595.3 5'-CTGTGACAATTGGAGGCAAGATC-3" 5-GAGCAACTGAGCCTGCTCTTC-3’
CNNM2  Mus musculus  NM_033569.3 5'-GGAGGATACGAACGACGTG-3' 5-TTGATGTTCTGCCCGTACAC-3'
HNFIB  Mus musculus NM_009330.2 5'-CAAGATGTCAGGAGTGCGCTAC-3'  5-CTGGTCACCATGGCACTGTTAC-3’
gHK-a  Mus musculus NM_018731.2 5'-TCCAGCAGGGATTCTTCAGGAAC-3’" 5-AGCCAATGCAGACCTGGAACAC-3'
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Table 2 Characteristics of vehicle-treated controls and omeprazole-
treated mice

Control Omeprazole
Body weight (g) 30.1+£0.9 30.2+1.1
Food intake (g/24 h) 3.1+0.2 3.0+0.3
Water intake (mL/24 h) 4.2+0.3 42+0.2
Diuresis (mL/24 h) 1.2+£0.2 1.4+0.2
Fecal weight (g/24 h) 1.6+0.2 1.5+0.2

gastric lumen using pH indicator strips (Fig. 3). Four hours
after administration of omeprazole, the intragastric pH was
pH 6.7+0.2 indicating that gastric acid production was ef-
fectively inhibited by omeprazole. Twenty-eight hours after
the last dose of omeprazole was administered, the stomach
pH remained significantly elevated with a pH 4.4+0.4 in
omeprazole-treated mice compared to a pH of 2.6+0.3 in
vehicle-treated mice (P<0.05). These findings indicate that
the omeprazole treatment ensured a continuous suppression
of gastric acid secretion throughout the experiment.

Co-expression of TRPM6 and colonic H" K "-ATPase
in the colon

To confirm the co-localization of TRPM6 and cHK-a, their
mRNA expression levels were determined in a murine gas-
trointestinal tissue panel (Fig. 4). TRPM6 mRNA expression
was found predominantly in the cecum and throughout the
colon, while expression levels in the duodenum were negli-
gible. cHK-a mRNA expression was low in the duodenum
and cecum whereas in the colon, expression increased from
the proximal towards the distal end.

Omeprazole treatment specifically enhances mRNA
expression of TRPM6 and cHK-a in the colon

Next, we investigated whether omeprazole affected TRPM6
and cHK-a mRNA expression levels in the colon (Fig. 5a
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and b). Since the mRNA expression of both genes overlaps
in the proximal as well as the distal colon, TRPM6 and
cHK-o mRNA expression levels were analyzed in both co-
lonic segments, to determine if they are affected by omepra-
zole treatment. The expression of TRPM6 in the proximal
segment of the colon was not significantly increased (127+17
and 100+4 % in omeprazole-treated and control mice, respec-
tively, P>0.2). There was, however, a significant upregulation
of cHK-a in omeprazole-treated mice compared to vehicle-
treated controls (257+55 and 100+7 % in omeprazole-treated
and control mice, respectively, P<0.05).

In the distal colon, the expression level of TRPM6 mRNA
was increased ~1.5 times in omeprazole-treated mice com-
pared to the vehicle-treated controls (16715 and 100+7 %
for omeprazole-treated and vehicle-treated mice, respectively,
P<0.05). Similar to our findings in the proximal colon, cHK-a
mRNA expression levels in the distal colon were ~3.5 times
higher in omeprazole-treated mice compared to controls
(354443 and 100+£24 % for omeprazole-treated and vehicle-
treated mice, respectively, P<0.05).

In the kidney (Fig. 5Sc), TRPM6 mRNA expression was
significantly lower in omeprazole-treated mice compared to
the controls (89+4 and 100+1 % for omeprazole-treated and
vehicle-treated mice, respectively, P<0.05). The levels of
cHK-o mRNA were unaltered by the omeprazole treatment
(112422 and 100+3 % for omeprazole-treated and vehicle-
treated mice, respectively, P>0.2).

The mRNA expression levels of magnesiotropic genes
other than TRPM6 could function as important negative
controls as they could demonstrate the specificity of the
upregulation of TRPM6 and cHK-a in the colon in reaction
to omeprazole treatment. Therefore, we determined the ex-
pression levels of the following well-known magnesiotropic
genes in the distal colon of omeprazole- and vehicle-treated
mice: TRPM?7, epidermal growth factor (EGF), EGF recep-
tor (EGFR), potassium voltage-gated channel subfamily A
member 1 (Kvl.1), Cyclin M2 (CNNM2), and hepatocyte
nuclear factor 1 homeobox B (HNF1B).
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Fig. 2 Effects of dietary Mg”>" restriction and omeprazole on serum
Mg?* in CB57BL/6]J mice. Vehicle-treated controls (white bars) and
omeprazole-treated mice (black bars) were fed a Mg**-deficient diet
(0.02 % wiw Mg%) for 22 days and then switched to a normal diet
0.2 % wiw Mg*") to monitor recovery. * # P<0.05 compared to the
corresponding group on day 0

The mRNA expression level of TRPM?7, the closest ho-
mologue of TRPM6 and therefore the most important nega-
tive control, was unaltered in the distal colon of omeprazole-
treated mice compared to the expression in vehicle-treated
controls (104+7 and 100+3 % for omeprazole-treated and
vehicle-treated mice, respectively, P>0.2). The expression
levels of the other tested magnesiotropic genes were also not
significantly altered by omeprazole treatment.

In addition to the magnesiotropic genes, we have also ana-
lyzed the expression levels of the gHK-a. There was a small but
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Fig. 3 Effects of omeprazole treatment on gastric acid production. Effect of
omeprazole treatment on gastric pH, 4 or 28 h (black bars) after adminis-
tration of the last dose. Data are presented as means + SEM. *P<0.05
compared to vehicle-treated controls (white bars)
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Fig. 4 Gastrointestinal expression pattern of TRPM6 and cHK-«
mRNA. mRNA expression levels of TRPM6 (black bars) and cHK-«
(white bars) in the different segments of the gastrointestinal tract of
CB57BL/6J mice as determined by real-time PCR. Expression levels
are shown as a percentage of total gastrointestinal expression and were
corrected for GAPDH expression. Data are presented as means = SEM

significant increase in the expression of gHK-o in omeprazole-
treated mice versus vehicle-treated controls (148+15 and
100£2 % in omeprazole-treated and control mice, respectively,
P<0.05).

Discussion

This study demonstrates for the first time that omeprazole treat-
ment enhances the colonic expression levels of both TRPM6 and
cHK-oo mRNA suggesting that omeprazole indeed influences
intestinal Mg®" absorption. However, prolonged exposure to
omeprazole had no effect on either serum Mg”" levels, urinary
Mg*" excretion, or fecal Mg®" excretion in C57BL/6] mice
under normal or low dietary Mg”" conditions. Moreover, omep-
razole did not affect the development of hypomagnesemia under
dietary Mg®" restriction, nor the recovery from hypomagnesemia
under normal dietary Mg*" conditions.

Under conditions of normal dietary Mg”" availability, the
majority of intestinal Mg>" absorption takes place in the small
intestine via a passive, paracellular pathway. When dietary
Mg”" concentrations are low, or when bodily needs are high,
active transcellular transport via TRPM6 becomes more im-
portant [27]. By performing our experiments both under nor-
mal and low dietary Mg®" availability, we aimed to distinguish
between the effect of omeprazole on the paracellular and
transcellular absorption pathways. Although there was no ef-
fect of omeprazole treatment on serum Mg*" levels nor on
urinary and fecal Mg®" excretion, there was a significant
increase in both TRPM6 and cHK-a. mRNA levels in the distal
colon of omeprazole-treated mice. The difference in the effect
of omeprazole on TRPM6 mRNA expression in the proximal
and distal colon is most likely the result of the lower baseline
cHK-a expression in the proximal segment (as shown in
Fig. 4); the net increase in cHK-o expression is therefore much
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Fig. 5 Effects of omeprazole
treatment on mRNA expression
levels of various 500
magnesiotropic genes and H'-
K'-ATPases in the colon and
kidney. Relative mRNA
expression levels (corrected for
GAPDH) of TRPM6 and cHK-
« in vehicle-treated controls
(white bars) and omeprazole-
treated mice (black bars) in the
proximal (a) and distal (b)
colon, as well as in the kidney
(¢). Expression levels of various
magnesiotropic genes and the
gHK-« in the distal colon of
vehicle-treated controls and
omeprazole-treated mice (d).
Data are presented as means +
SEM, *P<0.05 compared to
vehicle-treated controls
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lower in the proximal colon, consequently resulting in a less
robust effect on TRPM6.

The mRNA expression levels of several other known
magnesiotropic genes, including the TRPM6 homologue
TRPM?7, were not affected, indicating that the effect of omep-
razole treatment on TRPM6 expression in the colon is highly
specific.

In addition to the effect in the colon, omeprazole treatment
also slightly decreased TRPM6 mRNA expression in the
kidney; however, the renal expression of cHK-o remained
unchanged. Importantly, the unaltered urinary Mg”" excre-
tion of the mice indicates that the final renal Mg”* balance
was not compromised by the slight decrease of renal TRPM6
expression.

The increased expression of cHK-oo mRNA in the colon
upon treatment with omeprazole was very distinct. We also
found a small, but statistically significant, increase in gHK-a
mRNA expression in the distal colon of omeprazole-treated
mice compared to the vehicle-treated controls. The expres-
sion levels of gHK-a in the colon are, however, very low, so
the functional relevance of this small increase is disputable.
Previous studies have described an increase in mRNA ex-
pression level of the gHK-a in the stomach induced by
omeprazole treatment [37]. Most likely, the increased mRNA
levels of the H', K "-ATPases in the colon represent an adap-
tation mechanism to restore acid secretion. There is clear
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evidence from in vivo models that omeprazole can indeed
accumulate in the colonic epithelium, although this accumu-
lation is not as strong as in the stomach [24, 26]. As de-
scribed before, omeprazole is a lipophilic pro-drug which
easily passes the plasma membrane. In the presence of pro-
tons, the pro-drug is converted into an active form, trapping
it into the cell. The conversion of the PPI, which causes its
accumulation in the cell, also enables the binding of the PPI
to intracellular cystein residues of the gHK-a, thereby
inhibiting the extrusion of protons [30]. The fact that omep-
razole accumulates in the colon indicates that the colonic
cells have a sufficiently low pH to allow for omeprazole
activation, potentially leading to inhibition of cHK-a. The
function and pharmacological sensitivity of the various
HK-as depends on the species, tissues, and systems in which
they are studied [33, 35]. The inhibitory effect of omeprazole
on cHK-a was shown in fractionized membranes of guinea
pig distal colon, in which omeprazole was found to reduce
cHK - activity by 30 % [39]. Furthermore, studies in Ussing
chambers indicated that omeprazole inhibits cHK-c activity
in the colon [28]. Inhibition of cHK-o by omeprazole would
lead to a reduction of proton secretion into the lumen of the
colon. Importantly, it has been shown that extracellular pro-
tons enhance inward currents via TRPM6, indicating that
Mg*" influx via TRPM6 is strongly dependent on the extra-
cellular pH [20]. We therefore hypothesized that the effect of
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omeprazole on intestinal Mg®" absorption is the result of an
indirect effect of omeprazole on TRPMS6, elicited via a
reduction of cHK-a-mediated proton secretion. This hypoth-
esis is in line with findings from previous studies which
show that fermentable substrates, such as carbohydrates,
stimulate intestinal Mg?" absorption [4]. The fermentation
of these substrates by bacteria leads to an acidification of the
cecum and colon, without influencing systemic acid/base
homeostasis. Interestingly, increasing the amount of fer-
mentable substrate in the food results in increased intestinal
Mg*" absorption, whereas the absorption of other minerals
such as calcium, iron, and zinc remains unchanged. Several
human studies have confirmed the enhancing effect of fer-
mentable oligo- or polysaccharides on Mg>" absorption [4].
These findings are in line with our hypothesis that changes in
pH can influence Mg®" absorption in the colon.

A tissue panel of the mouse intestinal tract shows abun-
dant TRPM6 mRNA expression in the cecum as well as the
colon, which is in line with earlier observations from our
group [15]. cHK-ao mRNA expression was predominantly
found in the colon, where its expression increases towards
the distal end, that is in accordance with the fact that active
potassium absorption predominantly takes place in the distal
part of the colon [34]. The co-expression of TRPM6 and
cHK-« along the entire colon supports our hypothesis. The
concurring upregulation of TRPM6 and cHK-o¢ mRNA ex-
pression could represent a compensatory mechanism aiming
to maintain sufficient Mg”" absorption by counteracting the
inhibitory effects of omeprazole on cHK-a-mediated proton
secretion and TRPM6-mediated Mg”" absorption. This would
explain the lack of an effect of omeprazole on serum Mg**
levels as well as urinary and fecal Mg®" excretion in our
mouse model.

Recently, a mathematical model simulating intestinal Mg**
absorption has been described, aiming to explain PPIH.
According to this model, PPI treatment reduces Mg”" absorp-
tion, leading to a 5 % decrease of serum Mg”* [2]. In a study
with healthy volunteers, administration of omeprazole (40 mg)
once a day for 7 days reduced Mg”" absorption by 1 % [32].
Bai et al. showed that a 1 % reduction of Mg>" absorption
could lead to an 80 % depletion of Mg*" stores over the course
of 1 year. The minute changes described might go undetected
in clinical practice or experimental conditions but could, over
longer periods, result in PPIH. This is in line with the fact that
most PPIH patients described so far are indeed long-term
(>1 year) PPI users [7].

Several questions concerning the development of PPIH in
human patients remain unanswered. The incidence of PPIH is
still unknown, although there are indications that the case
reports only represent the tip of the iceberg [36]. A simple
explanation may be found in the dietary intake of Mg*"; as the
changes in Mg®" absorption due to omeprazole treatment are
small, they are easily corrected by a higher intake of Mg>",

which could explain why certain patients develop PPIH where-
as others do not [2]. The low incidence could, however, also
indicate that patients will only develop PPIH if they are in
some way predisposed. For example, a recent study shows a
strong correlation between PPIH and the combined use of PPIs
and diuretics [8]. Another possibility, outlined in case reports,
is that the presence of mutations or single-nucleotide poly-
morphisms (SNPs) in magnesiotropic genes such as TRPM6
contributes to the development PPIH. In a single case of PPIH,
TRPM6 was sequenced, but no abnormalities were found in
exonic regions of TRPM6 [12]. Another study excluded the
presence of mutations in SLC12A3, which is one of the genes
involved in Gitelman syndrome [18]. However, these individ-
ual cases do not exclude the involvement of SNPs in
magnesiotropic genes, and larger studies are needed in order
to confirm or exclude the involvement of predisposing factors
in the development of PPIH.

In conclusion, this study provides new insights in the effect
of omeprazole on Mg?" homeostasis in an in vivo setting,
which could potentially shed light on the molecular aspects of
the etiology of PPIH. A significant and specific effect of
omeprazole treatment on TRPM6 and cHK-o. mRNA expres-
sion levels in the distal colon was found, while the serum
Mg*" levels, 24-h urinary Mg”" excretion as well as 24-h fecal
Mg?" excretion were not affected. The stimulation of mRNA
levels was distinct in the colon, whereas in the kidney, little or
no changes occurred. This is in line with the clinical findings
indicating that PPIH results from reduced intestinal Mg”"
absorption and not from renal Mg”" wasting. Further research,
both on a clinical as well as a fundamental level, is needed to
fully understand and prevent PPIH in the near future.
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