Q)

americaS U PHYSIOLOGICAL
Physiol Genomics 56: 634—647, 2024. . .
First published July 22, 2024; doi:10.1152/physiolgenomics.00119.2023 Eggiﬂf\',?g'ca' GENOMICS

RESEARCH ARTICLE

Genetic drivers of age-related changes in urinary magnesium excretion

Wouter H. van Megen,! © Jeroen H. F. de Baaij,' Gary A. Churchill,2 © Olivier Devuyst,3

Joost G. J. Hoenderop," and © Ron Korstanje?
'Department of Medical Biosciences, Radboudumc, Nijmegen, The Netherlands; 2The Jackson Laboratory, Bar Harbor,
Maine, United States; and 3Institute of Physiology, University of Zurich, Zurich, Switzerland

Abstract

Although age-dependent alterations in urinary magnesium (Mg“) excretion have been described, the underlying mechanism
remains elusive. As heritability significantly contributes to variations in urinary Mg2+ excretion, we measured urinary Mg2+ excre-
tion at different ages in a cohort of genetically variable Diversity Outbred (DO) mice. Compared with animals aged 6 mo, an
increase in Mg?™ excretion was observed at 12 and 18 mo. Quantitative trait locus (QTL) analysis revealed an association of a
locus on chromosome 10 with Mg®" excretion at 6 mo of age, with Oit3 (encoding oncoprotein-induced transcript 3; OIT3) as
our primary candidate gene. To study the possible role of OIT3 in renal Mg®" handling, we generated and characterized Oit3
knockout (Oit3~/7) mice. Although a slightly lower serum Mg®" concentration was present in male Oit3~'~ mice, this effect was
not observed in female Oit3~'~ mice. In addition, urinary Mg2+ excretion and the expression of renal magnesiotropic genes
were unaltered in Oit3~’~ mice. For animals aged 12 and 18 mo, QTL analysis revealed an association with a locus on chromo-
some 19, which contains the gene encoding TRPM6, a known Mg?" channel involved in renal Mg?" reabsorption. Comparison
with RNA sequencing (RNA-Seq) data revealed that Trom6 mRNA expression is inversely correlated with the QTL effect, implying
that TRPM6 may be involved in age-dependent changes in urinary Mg?" excretion in mice. In conclusion, we show here that
variants in Oit3 and Trpm6 are associated with urinary Mg2+ excretion at distinct periods of life, although OIT3 is unlikely to
affect renal Mg?" handling.

NEW & NOTEWORTHY Aging increased urinary magnesium (Mg?") excretion in mice. We show here that variation in Oit3, a
candidate gene for the locus associated with Mg?" excretion in young mice, is unlikely to be involved as knockout of Oit3 did

not affect Mg? ™"
nary Mg®" excretion in older mice.

genetic analysis; magnesium; mouse; OIT3; TRPM6

INTRODUCTION

Magnesium (Mg?") is a crucial cofactor for many enzymatic
processes and hence influences numerous physiological proc-
esses, including muscle contractility, immune system function,
and neurotransmission (1). The serum Mg>" level is kept
within a narrow range of 0.7-1.1 mmol/L through the interplay
between intestinal uptake, storage in bone, and excretion by
the kidneys (1). Importantly, although the serum Mg>* level
generally does not change upon aging, several studies do imply
alterations in Mg?* homeostasis in the elderly (2-5).
Indeed, inadequate dietary Mg?* consumption, reduced
intestinal Mg?" absorption, and increased urinary Mg?*
excretion have been proposed (2, 6). In addition, elderly
people might be more susceptible to hypomagnesemia fol-
lowing treatment with the thiazide class of diuretics (7).
Experiments using rats showed decreased urinary Mg>*
excretion upon aging, whereas clinical data from elderly
subjects also indicates increased renal Mg>" retention (4,
8). In addition to these alterations in Mg?>* homeostasis in
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excretion. Differences in the expression of the renal Mg?

* channel TRPM6 may contribute to the variation in uri-

elderly subjects, alterations in serum and urinary Mg+
levels have also been found in children: the serum Mg>" con-
centration is inversely corrected with age in children, whereas
the fractional urinary excretion of Mg?" is positively corre-
lated with age in children (9). However, the mechanisms
underlying alterations in urinary Mg>" excretion at different
ages are currently unclear. Nevertheless, in aging rats, the uri-
nary excretion of orally administered copper and zinc was not
significantly different compared with younger rats, whereas
urinary Ca®t excretion increased with age (8). Furthermore,
in elderly people, no delay in urinary Mg?* excretion was
observed after an oral Mg?* load compared with controls (4).
This suggests that the lower urinary Mg** excretion upon
aging does not reflect a decline in kidney function.

Previous research has revealed the existence of a strong
genetic contribution to variations in serum and urinary
Mg?* levels (10-12). For serum Mg**, twin studies and fam-
ily-based cohorts originating from the general population
suggested a heritability of 27%-32% (10, 12). Heritability for
urinary Mg®*t was reported to be around 28% for urinary
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clearance and fractional excretion and 29%-34% for total
urinary excretion (11, 12). Previous genome-wide association
studies (GWAS) have linked single-nucleotide polymor-
phisms (SNPs) in TRPM6, which encodes a Mg?>™ channel in
the colon and kidney that facilitates Mg?* (re)absorption, to
variations in serum Mg?>" and urinary Mg?* excretion (13-
16). Moreover, one of these studies also linked ARL15 to renal
Mg*" handling, illustrating the capability of GWAS to dis-
cover novel genes associated with a phenotype. However,
TRPM6 and ARLI15 variants explained only 2.3% of the varia-
tion in urinary Mg?* excretion, suggesting that currently
undiscovered genetic variants also contribute to the genetic
component of urinary Mg?" excretion (13).

To better understand the mechanism underlying changes
in urinary Mg?>* excretion with age, we used a large cohort of
Diversity Outbred (DO) mice, which were derived from eight
founder inbred strains (17). In contrast to commonly used
inbred mice, the high genetic variation in the DO mice
allows for the association of genetic variants with a pheno-
type, akin to human GWAS (17). The goal of our study was to
identify the underlying genes responsible for the variation in
urinary Mg?>* excretion and thereby provide insight into the
mechanism of changes in excretion with age. We therefore
performed quantitative trait locus (QTL) analysis in mice at
6, 12, and 18 mo of age to find loci that could explain part of
the variation in urinary Mg®* excretion at these different
ages.

MATERIALS AND METHODS

Animals and Phenotypes in the Diversity Outbred
Population

Our discovery cohort consisted of J:DO mice (JR No.
009376) from The Jackson Laboratory. Animals were main-
tained on pine shavings and given a rodent diet (LabDiet
5K12 with 0.23% wt/wt Mg, St. Louis, MO) and acidified
water in a room without pathogens. Spot urine was collected
around 7:00 AM at 6, 12, and 18 mo of age. All animal experi-
ments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (National Research Council) and were approved by
The Jackson Laboratory’s Animal Care and Use Committee.

Genetic Analysis in the Diversity Outbred Population

All mice were fully genotyped for 143,259 single-nucleotide
polymorphisms (SNPs) using the Giga Mouse Universal
Genotyping Array (GigaMUGA) built on an Illumina Infinium
platform (GeneSeek, Neogen Genomics, Lincoln, NE).
Founder haplotype mosaics were reconstructed using a
Hidden Markov Model of array intensity data generated
from Illumina’s BeadStudio algorithm. QTL mapping in
DO mice requires the use of a mixed-linear regression
model accounting for kinship using the R/qtl2 R package
(available from https://kbroman.org/qtl2) (18). R/qtl2 was
used to calculate a QTL model (Mg ~ sex + generation -+
cohort + In(Cr + 10) + QTL), which accounted for sex, gen-
eration, and creatinine (Cr) as additive covariates for the uri-
nary Mg?>* phenotype. Used in conjunction with QTL
mapping, R/qtl2 was also used to calculate SNP association
with urinary Mg?* levels. LOD scores of individual SNPs
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under the QTL peaks of interest were calculated to further
increase our resolution to the gene level.

Generation and Characterization of Oit3™'~ Mice

We deleted 803 base pairs in the Oit3 gene including
most of exon 2 using CRISPR/Cas9 with four guide RNAs in
the 129S1/SvImJ mouse strain (Supplemental Fig. S1). For
genotyping, gDNA was extracted from tail tips. Genotyping
was performed using the following primers: ACATCACCG-
GCTATCTCTGG and TTTCTCATGGCTCAGGGACT with a
standard PCR program and a 60°C annealing temperature
(Supplemental Fig. S1). In addition, knockout was validated
on mRNA level using liver tissue and primers spanning
exons 2 and 3 (Supplemental Fig. S1). The newly developed
0it3 knockout (0it3~/") strain was designated 129S1/SvIimJ-
0it3°™Rkor/RRorJ (JR No. 34668). Thirty-seven 0it3~/~
mice and 47 littermate controls [wild type (WT)] were
housed in standard cages in a temperature- and light-con-
trolled room. At 12 wk of age, animals were moved from our
standard LabDiet 5K12 diet to different Mg?" -containing
diets: either AIN-93M 5Z4K with 0.22% Mg>* (control diet;
TestDiet, Richmond, IN) [n = 23 for WT (12 females and 11
males) and n = 16 for 0it3~/~ (9 females and 7 males)] or a
challenge with the AIN-93M 5Z4J with 0.02% Mg>*" (low
Mngr diet; Richmond, IN) [n = 24 for WT (11 females and 13
males) and n = 21 for 0it3~/~ (12 females and 9 males)] for
14 days. At the end of the diet, animals were housed in indi-
vidual metabolic cages (Tecniplast, Buguggiate, Italy) with
ad libitum access to food and drinking water to collect 24-h
urine and feces. The next day, blood was collected (sub-
mental), mice were euthanized, and organs were collected.

High-Fat, Low-Mg?* Mouse Study

Liver samples from a previously published experiment
were used, in which mice were placed on a high-fat and low-
Mg?* diet (19). In brief, 17-wk-old male C57BL6/J mice were
placed on one of the following diets: normal Mg** and low
fat (0.21% wt/wt Mg2", 10% energy from palm oil), normal
Mg*" and high fat (0.21% wt/wt Mg®", 60% energy from
palm oil), low Mg?* and low fat (0.03% wt/wt Mg>* and 10%
energy from palm oil), or low Mg>" and high fat (0.03% wt/
wt Mg?" and 60% energy from palm oil) for 17 wk (n = 12/
group). This study was approved by the animal ethics board
of the Radboud University Nijmegen (RU DEC 2015-0073)
and the Dutch Central Commission for Animal Experiments
(CCD, AVD103002015239).

Biochemical Measurements

Serum was isolated from blood by allowing it to clot for 20
min at room temperature followed by 20-min centrifugation
(1,000 g). For the spot urine measurements in the DO mice,
urinary Mg®>" and creatinine concentrations were measured
using a Synchron CX5 Chemistry Analyzer (Beckman Coulter
AU680, Brea, CA). For the 0it3/~ mice, serum and urine
Mg?" concentrations were measured with a Xylidyl Blue-I-
based colorimetric assay according to the manufacturer’s pro-
tocol (Roche Diagnostics, Rotkreuz, Switzerland), whereas se-
rum and urine calcium (Ca?") concentrations were measured
with a colorimetric assay as described previously (20). Feces
was incubated in nitric acid (>65%, Sigma-Aldrich, Steinheim,
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Germany) for 10 min at room temperature and subsequently
incubated for 30 min at 50°C, followed by another 3-h incuba-
tion at room temperature. Fecal Ca>" and Mg>" concentrations
were measured as described earlier. Urinary creatinine concen-
trations were measured using a Jaffé-based assay according
to the manufacturer’s protocol (Labor + Technik, Berlin,
Germany), and serum creatinine concentrations were per-
formed using an enzymatic assay according to the manu-
facturer’s protocol (Crystal Chem, Inc., Elk Grove Village,
IL). Fractional excretion of Mg?™, i.e., the percentage of fil-
tered Mg?* that is excreted in the urine, was calculated

[Mg®" Jusine x [Creatinine]se, i
L T M X [Creatining x 100% (21, 22). Serum tri

glyceride levels and urinary sodium (Na") and potassium
(K") concentrations were measured in the Department of
Laboratory Medicine of the Radboudumc.

RNA Extraction, cDNA Synthesis, and qPCR

Kidneys and livers were snap-frozen in liquid nitrogen after
isolation and stored at —80°C until total RNA extraction. RNA
was extracted using TRIzol (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s protocol. Following DNAse treat-
ment according to protocol (Promega, Madison, WI), cDNA
was synthesized using Moloney murine leukemia virus
reverse transcriptase (Invitrogen, Carlsbad, CA) using 1.5 pg
total RNA. Then, qPCR was performed in triplicate for each
sample using iQ SYBR Green (Bio-Rad, Hercules, CA) and spe-
cific primers (Supplemental Table S1). Data analysis was per-
formed using the 22" method with 18s rRNA for reference.

Western Blotting

Urinary uromodulin excretion was determined by Western
blotting. A urine volume equivalent to 3.75 nmol creatinine
was prepared in Laemmli sample buffer [2% wt/vol sodium
dodecyl sulfate (SDS)] (MP Biomedicals, Santa Ana, CA),
0.01% wt/vol bromophenol blue (Bio-Rad, Hercules, CA),
6% vol/vol glycerol (MP Biomedicals, Santa Ana, CA), and
50 mM Tris pH 6.8 [provided by the Laboratory Support &
Media preparation group (LEM) of the Radboudumc] con-
taining 100 mM dithiothreitol (MP Biomedicals, Santa
Ana, CA) and protease inhibitors [174 ug/mL phenylmeth-
ylsulfonyl fluoride (Sigma-Aldrich, Steinheim, Germany),
1 ug/mL aprotinin (BioChemica, Darmstadt, Germany),
5ug/mL leupeptin (MP Biomedicals, Santa Ana, CA), and
1ug/mL pepstatin A (MP Biomedicals, Santa Ana, CA)] and
incubated for 30 min at 37°C. Subsequently, urine sam-
ples were used for SDS-polyacrylamide gel electrophore-
sis on a 10% SDS gel and Western blotting as described
previously (23). Goat anti-uromodulin (1:1,000 vol/vol;
Cappel Research Reagents, Solon, OH; No. 55140) and
peroxidase-conjugated rabbit anti-goat IgG (1:2,000 vol/
vol; DakoCytomation Denmark A/S, Glostrup, Denmark;
No. P044901) antibodies were used. Densitometry analy-
sis was performed using ImageJ (National Institutes of
Health, Bethesda, MD).

Statistical Analyses

Statistical analyses were performed using R (Figs. 1, 2, 3,
and 4) or GraphPad Prism 9 (other figures) (GraphPad soft-
ware, San Diego, CA). Two-way ANOVA was used for testing
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Figure 1. Increased urinary Mg2+ excretion upon aging in mice. A signifi-
cant increase in urinary Mg®" excretion was present after 18 mo of age
compared with 6 and 12 mo of age in both female (A) and male (B) mice of
the Diversity Outbred cohort. Data are shown as means + SE. *P < 0.05
by one-way ANOVA with Tukey—Kramer post hoc test.

the effect of two variables (e.g., diet and genotype); in case of
a significant interaction term, Tukey’s post hoc test was
used. For all analyses, a P value of <0.05 was considered stat-
istically significant. Data are presented as means * SE.

RESULTS

Urinary Mg?* Excretion Is Increased by Aging

To determine the effects of aging on urinary Mg?" excretion,
we collected spot urine samples in a cohort of Diversity
Outbred (DO) mice at 6 (353 females and 325 males), 12 (349
females and 299 males), and 18 mo (306 females and 260 males)
of age. Unfortunately, the collected volume of spot urine was
insufficient to measure both Mg?" and creatinine concentra-
tions in several animals. For the samples that we could measure
correctly (6 mo: 285 females and 264 males; 12 mo: 247 females
and 192 males; 18 mo: 232 females and 187 males), a significant
increase in urinary Mg?* excretion was observed on average in
animals 18 mo of age compared with 6 and 12 mo of age (Fig. 1,
A and B). For male mice, the average Mg?" to creatinine ratio
increased from 0.77 to 1.17 between 12 and 18 mo of age, whereas
for female mice, the average Mg?" to creatinine ratio increased
from 0.87 to 1.14 between 12 and 18 mo of age.

Association of Chromosomal Loci With Urinary Mg?™*
Excretion at Different Ages

We performed a genetic analysis on urinary Mg>" levels
with the log-transformed creatinine levels and sex as an
additive covariate at the three time points. The percent var-
iance explained by genetics after accounting for covariates is
24.4%, 15.7%, and 25.1% at 6, 12, and 18 mo of age, respec-
tively. At 6 mo, we observed a QTL on chromosome 10 that
almost reached the 95% significance threshold (Fig. 2A). This
peak was not present at 12 (Fig. 2B) and 18 mo of age (Fig.
2C). Instead, a peak on chromosome 19 was observed at 12
and 18 mo of age. This peak is above the 90% significance
threshold but below the 95% significance threshold at 12 mo
and is above the 95% significance threshold at 18 mo. The
chromosome 19 locus by itself explains 2.92%, 4.93%, and
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7.59% of the variance at 6, 12, and 18 mo of age, respectively,
and its contribution increases with age (P = 0.0301).

Identification of Oit3 as a Candidate Gene for Urinary
Mg?* Excretion

The allele-effect plot shows that DO mice inheriting the
locus on chromosome 10 from B6, 129, and WSB have high
urinary Mg?" levels, whereas animals inheriting the locus
from PWK and CAST have low urinary Mg?* levels (Fig. 3A).
There were not enough animals in the cohort with A, NZO,
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and NOD alleles at this locus to determine their effect. The
locus contains several genes, and we compared the genome
sequences in the eight founder strains to look for variants that
match the allele effect (B6 = 129 = WSB vs. PWK = CAST).
The only SNP matching this pattern is 7s226054110, which is
in exon 5 of the Oit3 gene. This SNP results in an amino acid
substitution at position 243 of the protein: mice that inherited
the 0Oit3 allele from CAST and PWK founder strains have AAG
(lysine), whereas mice that inherited the Oit3 allele from any
of the other five founder strains have GAG (glutamic acid)
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Figure 3. Allele-effect plots for quantitative trait locus (QTL) on chromosome 10. A: for the QTL on chromosome 10, mice inheriting alleles from B6, 129,
and WSB have high urinary Mg®" levels compared with mice inheriting alleles from PWK and CAST. B: localization of single-nucleotide polymorphism
(SNP) rs226054110 in exon 5 of the Oit3 gene, with mice inheriting alleles from CAST and PWK founder strains having glutamic acid (GAG) resulting in a
lysine residue at protein position 243 and mice inheriting alleles from any of the other founder strains having GAG, resulting in a glutamic acid residue at
this position. C: comparison of previously performed kidney RNA-Seq and eQTL data showed that Oit3 expression was cis-regulated. D: mice inheriting
alleles from the PWK and CAST strains had lower renal Oit3 mRNA expression compared with the other strains.

(Fig. 3B). To consider the possibility that this SNP affects Oit3
mRNA expression, we used previously published kidney
RNAseq and expression QTL (eQTL) data from a subset of ani-
mals of this cohort (24). This showed that Oit3 expression
is cis-regulated (Fig. 3C), and the allele effect plot shows
that the PWK and CAST alleles are associated with low
0it3 expression (Fig. 3D). This matches the observed Mg>*
QTL effects for the PWK and CAST alleles. OIT3 has been
reported to be located in the renal tubule, and knockout
leads to increased water, uric acid, and uromodulin excre-
tion (25). Since uromodulin regulates renal Mg** homeo-
stasis through TPRM6 (26), we considered Oit3 as a
candidate gene worth exploring further.

0it3~’~ Mice Have Unaltered Renal Mg?* Handling

To examine the role of 0it3 in Mg?* excretion, we generated
0it3~/~ mice using CRISPR/Cas9 technology. Interestingly,
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several attempts to generate the knockout in the C57BL/6J
genetic background failed, whereas we had no problems gener-
ating the knockout in the 129S1/SvImJ background. WT and
0it3~/~ mice were fed either a normal or a low-Mg?* diet for
14 days. No significant differences were present in the serum
creatinine concentration or urine volume (Supplemental
Fig. S2). For male mice, dietary Mg?* restriction resulted
in a 20% decrease in serum Mg>" concentrations in both
WT and 0it3~/~ mice (Fig. 4A). A slight but statistically
significant reduction of ~10% in serum Mg>* was present
in male 0it3~/~ mice compared with WT males for both
the normal and the low-Mg2+ diets (Fig. 4A). In contrast,
although dietary Mg?" intake significantly reduced se-
rum Mg>*t by ~12% in female mice, no significant differ-
ences were present between female 0it3~/~ mice and
female WT mice (Fig. 5A). Urinary Mgt excretion was
significantly reduced in both WT and 0it3~/~ male mice
on a low-Mg?* diet, but no significant effect of genotype
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Figure 4. Mg? " homeostasis in male Oit3~~ mice. A: serum Mg?" levels were significantly lower in male Oit3~/~ mice and upon a low-Mg?* diet

(Pgenotype and Pgiet < 0.05) (n = 7-13) . B: low dietary Mg2+ content reduced urinary Mg2+ excretion, but no effect of Oit3~~ was present (Pgiet <
0.0001) (n = 7-13). C: fractional excretion of Mg>" (FEM92+) was significantly reduced on a low-Mg?" diet, but not affected by Oit3 knockout (Pgier <
0.0001). Male mice are indicated by circles, female mice by squares (n = 5-12). D: fecal Mg2+ excretion was not significantly different between male
wild-type (WT) and Oit3~'~ mice, but significantly reduced in animals on a low-Mg?" diet (Pgie; < 0.0001) (n = 7—12). E: serum total Ca>" was significantly
decreased by both Oit3 knockout and low dietary Mg2+ intake in male mice (Pgenotype aNd Pgier < 0.05) (1 = 7-13). F: urinary Ca®* excretion was signifi-
cantly higher in male mice on a low-Mg?" diet, but not significantly affected by Oit3 knockout (Pgiet < 0.05). G: no significant differences were present

for Ca* excretion between male WT and Oit3~/~
SE and analyzed by two-way ANOVA.

was present (Fig. 4B). Similar results were obtained for
female mice (Fig. 5B). A significant decrease in fractional
excretion of Mg?* was also present for both genotypes on
alow-Mg?* diet, but no differences were present between
the two genotypes (Fig. 4C). Similarly, fecal Mg** excre-
tion was significantly decreased in male mice on a low-
Mg?" diet, but no significant effects of genotype were
present (Fig. 4D). Identical results were obtained for
female WT and 0it3~/~ mice (Fig. 5C). A significant reduc-
tion in serum total Ca?* levels was observed for male
0it3~/~ mice compared with WT animals, whereas low di-
etary Mg?* also reduced the serum total Ca>* concentra-
tion (Fig. 4E). In contrast, serum Ca®" levels were not
affected by genotype or diet in female mice (Fig. 5D). Low di-
etary Mg?* significantly increased urinary Ca*" excretion in
male mice regardless of genotype (Fig. 4F). In contrast, a sig-
nificant increase in urinary Ca** excretion upon low dietary
Mg*" was observed in female WT mice but not in female
0it3~/~ mice (Fig. 5E). A significantly higher fecal Ca*"
excretion was present in female 0it3~/~ mice compared with
female WT mice (Fig. 5F), but not in male mice (Fig. 4G). For
male mice, urinary Na™ excretion was not affected by geno-
type or diet. In contrast, low dietary Mg?* intake signifi-
cantly increased urinary Na™' excretion in female mice,
although no effect of Oit3 knockout was observed. In addi-
tion, a low-Mg?" diet increased urinary K~ excretion in both
male and female mice, without any significant effects of ge-
notype in either sex (Supplemental Fig. S2).

Physiol Genomics - doi:10.1152/physiolgenomics.00119.2023 - www.physiolgenomics.org

mice or between animals fed a control diet or low Mg2+ diet (n = 7-13). Data are shown as means +

Oit3 Knockout Does Not Affect the Expression of Genes
Involved in Renal Mg?* Reabsorption

To determine whether 0it3~/~ mice have altered expres-
sion of genes involved in renal Mg>* reabsorption, qPCR was
performed. No significant differences were observed for
Cldni6 (Fig. 6A) and Cldn19 (Fig. 6B), which are involved in
paracellular Mg®>t and Ca?" reabsorption in the thick
ascending limb of Henle’s loop (27), between male WT and
0it3~'~ mice. However, a significant reduction in Cldni9
expression was observed for both genotypes on a low-Mg>*
diet (Fig. 6B). In contrast, no significant effects of diet or ge-
notype on Cldnl6 and Cldnl9 expression were present in
female mice (Fig. 7, A and B). Also, no significant differences
by diet or genotype were observed in male mice for the
expression of genes involved in transcellular Mg?* reabsorp-
tion in the distal convoluted tubule (DCT), including Trpmé6
(Fig. 6C), Trpm7 (Fig. 6D), Cnnm?2 (Fig. 6E), Pvalb (Fig. 6F),
Slc41al (Fig. 6G), and Slc41a3 (Fig. 6H) (28). Similar results
were found for female mice (Fig. 7, C-H).

Furthermore, 0it3~/~ also did not affect the expression of
genes related to transcellular Ca®>" reabsorption in male
mice, including Atp2b4 (encoding PMCA4), Calbl (encoding
calbindin-Dygy), Slc8al (encoding NCX1), and TrpvS5 (encoding
TRPV5) (Fig. 8, A-D) (29). However, a significant decrease in
Slc8al (Fig. 8C) and TrpvS5 (Fig. 8D) was observed in both ge-
notypes on a low-Mg?" diet. Similarly, no effects of 0it3~/~ on
renal calciotropic gene expression were observed in female
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Figure 5. Serum, urinary, and fecal levels of Mg2+ and Ca?" in female Oit3~'~ mice. A: serum Mg2+ levels were significantly decreased by low dietary
Mg2+ intake, but not affected by knockout of Oit3 in female mice (Pgiet = 0.0002) (n = 9-12). B: urinary Mg2+ excretion was not significantly different
between female WT and Oit3~/~ mice, but significantly decreased by a low-Mg®" diet (Pgiet < 0.0001) (n = 9-12). C: fecal Mg?" excretion was signifi-
cantly decreased in female wild-type (WT) and Oit3~'~ mice by low dietary Mg?*, but no significant differences were present between the genotypes
(Pgiet < 0.0001) (n = 9-12). D: no significant differences in serum total Ca®" concentrations were present between any of the groups for female
mice (n = 9-12) . E: low dietary Mg®" intake significantly increased urinary Ca®" excretion in female WT mice, but not in female Oit3™~'~ mice
(Pdiet = 0.003, Pinteraction = 0.03) (n = 9-12). F: fecal Ca’t was significantly increased in female Oit3~'~ mice, but not affected by a Iow-Mg2+
diet (Pgenotype = 0.04) (n = 9-12). Data are shown as means + SE and analyzed by two-way ANOVA. *P < 0.05 by two-way ANOVA with Tukey’s
post hoc test.

mice (Fig. 9, A-D). Low dietary Mg>" did significantly reduce  Association of Trpm6 With Urinary Mg?* Excretion at 12
Slc8al expression in both genotypes compared with the con-  and 18 mo of Age

trol diet (Fig. 9C).

As OIT3 has previously been reported to increase uri- We also further investigated the chromosome 19 locus
nary uromodulin excretion (25), urinary uromodulin lev-  associated with urinary Mg2* excretion in DO mice 12 and 18
els were also determined using immunoblotting. mo of age. This coincided with the location of Trpmé6, a gene
However, urinary uromodulin excretion was not signifi- that has been shown to play an important role in Mg>" reab-
cantly altered in male 0it3~/~ mice or female 0it3~/~ sorption in the DCT. The allele-effect plot for the chromo-
mice (Supplemental Fig. S3). some 19 locus showed that DO mice inheriting alleles from
the CAST, NOD, A, WSB, and B6 founder strains have higher
urinary Mg?* levels than DO mice inheriting alleles from the
129, NZO, and PWK founder strains (Fig. 10A). Analyzing the

OIT3 is highly expressed in the liver, and previous studies genome sequences of the eight founder strains, we did not
in C57BL/6J mice have shown that OIT3 is involved in triglyc- ~ see any variant in the exons that matched this pattern, sug-
eride release (30-32). We did not observe any difference in se-  gesting the variation in urinary Mg?* levels was not caused
rum triglyceride levels between our WT and Oit3/~ mice, by acoding variant in Trpm6. We used previously published
which are on the 129S1/SvImJ genetic background. In addi- kidney RNAseq and eQTL data from a subset of animals of
tion, hepatic Oit3 expression was previously found to be our cohort (24) to determine whether Trpmé6 is cis-regulated
increased on a high-fat diet (31). To test whether the expres- and whether the cis-eQTL allele-effect pattern matches the
sion of 0it3 in the liver was affected by dietary fat intake and/ allele effect pattern of our Mg*" QTL. Indeed, Trpmé6 expres-
or low-Mg*" intake, samples from a previously published sion variation in the DO is mostly determined by a cis-eQTL
study in C57BL/6J mice were used (19). However, neither atthe Trpm6 locus (Fig. 10B) and the allele effect plot of this
high-fat intake nor low-Mg?* intake affected the expression eQTL is opposite of the Mg?" QTL except for the CAST and
of 0it3 (Supplemental Fig. S4). 129 alleles (Fig. 10C).

Oit3 Knockout Does Not Affect Serum Triglyceride
Levels

640 Physiol Genomics - doi:10.1152/physiolgenomics.00119.2023 - www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Univ Catholique Louvain Bruxe (130.104.068.184) on May 31, 2026.


http://www.physiolgenomics.org

§)) RENAL Mg®* HANDLING AND AGING

A Cldn16 B Cldn19

25— ] Control diet 204 Control diet
° 3 Low Mg? diet "~ | 3 Low Mg diet

- [0
2050 . Z3 :
5T . © T 1.59 ° .
2% . R [y
o £ 1.5 H o £
6 = 1.04 Rl
i) : ° -g z 0.5
= 0 . = 0 0.09
L <054 ® 2~ ool ®
° L]
0.0 0.0
Oit3” oit3”

E Cnnm2 F Pvalb

4.0 1 Control diet 30- & Control diet

J Low Mg? diet J Low Mg? diet
2B R .
T S 3.0 . k-
25 © 520 :
o = [OR— L]
> 5 2.04 ° = 5 ° °
g ° ° c © hd
< = : -l
Q= ° ?=1.01 .
2 2 1.0+ s g .
i *1l® w
H
0.0 0.0
Oit3” WT oit3”

C Trom6 D Trom7
2.0+ 1 Control diet 25+ 1 Control diet
° 1 Low Mg# diet ° [ Low Mg* diet o
=] . Z .
5515 . £520 .
e} M . e}
5 2 d LR I
2 G 9 0] ° D 5 ° oo
S o S © o .
c - ') < = 1.0
Q= Q= o
2505 s le 3 e . .
L2 e 0.5 o0 . o
L]
0.0 0.0
0it3” WT Oit3”
G Sic41at H Sic41a3
55 [ Control diet 20— [ Control diet
I Low Mg* diet ' I Low Mg* diet
.g 2.0+ .g @
R . %5 1.5 .
©3 ©3 * o
= 1.5 . = °®
o o
23 e ©& 10 13 .
£5107 = :
% £ 0.5 % ie] 0.5+ M
L : H oo [
° L]
0.0
WT oit3” 0.0 WT oit3”

Figure 6. Male Oit3~'~ mice have unaltered expression of genes involved in renal Mg?" reabsorption. A: Cldn16 expression was unaltered by Oit3
knockout or low dietary Mg?* intake in male mice (n = 7-13). B: low dietary Mg>" significantly decreased Cldn19 expression, but no significant effects
of genotype were present (Pgiet < 0.05) (n = 7-13). C: Trpm6 expression was not affected by diet or Oit3 knockout (n = 7-13). D: Trpm7 expression was
also unaffected by diet or genotype (n = 7—13). E: the expression of Cnnm2 was not affected by low Mg?" intake or knockout of Oit3 (n = 7—13). F: no sig-
nificant differences in Pvalb expression were present between the different groups (n = 7-13). G: Sic41al expression was unaltered by low Mg2+ intake
or Oit3 knockout (n = 7-13). H: Sic41a3 expression was also not affected by diet or genotype (n = 7-13). Data are shown as means + SE and analyzed by

two-way ANOVA. WT, wild type.

DISCUSSION

In this study, we demonstrate that urinary Mg?* excretion
is increased during aging in a large cohort of genetically
diverse mice. Our genetic analyses identified two loci that
are associated with Mg?>" excretion: a locus on chromosome
10 at 6 mo of age and a locus on chromosome 19, containing
the gene encoding the Mg?>" channel TRPM6, at 12 and 18
mo of age.

For the chromosome 10 locus, we identified only one SNP
consistent with the allele-effect plot for urinary Mg>" excre-
tion at age 6 mo, which is in exon 5 of 0it3. OIT3 (or liver-
specific zona pellucida domain-containing protein; LZP) is a
60-kDa-sized protein expressed in the liver (30, 32-34).
Immunohistochemistry has demonstrated renal OIT3 pro-
tein expression in the thick ascending limb of Henle’s loop,
whereas OIT3 has also been implicated in tubular uric acid
reabsorption (25, 33). In addition, experiments showed that
OIT3 is secreted and is detectable in urine (33, 34). In con-
trast, recent (single-cell) RNA sequencing experiments sug-
gest negligible 0it3 mRNA expression in the kidney (35-37).
These results were further supported by a recent study using
lineage tracing, which also confirmed no 0it3 expression in
the kidneys (38). It is possible that a certain stimulus, which
was present in the previous study that generated Oit3/~
mice but absent in the RNA sequencing studies, is required
to induce renal Oit3 mRNA expression. In addition, differen-
ces in genetic background between the 129S1/SvimJ used to
generate the 0it3~'~ mice and the C57BL/6 strain used for
RNAseq might affect results (25, 35). The SNP in exon 5 of

0it3 (rs226054110) leads to an amino acid change [mice with
the CAST or PWK alleles have AAG (lysine), the other alleles
have GAG (glutamic acid)] and is associated with differences
in Oit3 expression in a subset of our cohort. Further elucida-
tion of OIT3 function is required to test the effects of this
SNP. However, as the molecular function of OIT3 remains to
be elucidated, a clear readout for assessing the consequences
of this SNP is currently lacking.

As OIT3 was reported to be expressed in the TAL (25),
which is the segment where the majority of the filtered Mg>"
is reabsorbed (50-70%) (1), this would make it a promising
regulator of urinary Mg>* excretion. However, urinary Mg>*
excretion was unchanged in the 0it3~/~ mice generated in
our study, even when the mice were challenged with a low-
Mg** diet. We did observe a mild but significant decrease of
~0.1 mM in serum Mg?>* concentrations in Oit3~/~ mice
compared with WT mice on either the control or low-Mg?*
diet, although this effect was restricted to male animals. A
significantly lower serum Ca?* concentration was found in
male 0it3~/~ mice compared with WT male mice regardless
of diet. This effect was again not present in female 0it3/~
mice. These changes in serum Mg*" and Ca®* concentra-
tions in male 0it3~/~ mice are likely not caused by altered
renal or intestinal Mg** and Ca** handling, given the unal-
tered urinary and fecal excretion of these electrolytes.
Moreover, we did not observe any differences in the expres-
sion of key magnesiotropic and calciotropic genes in the kid-
neys of male 0it3/~ mice. Although the mechanism
underlying these sex differences remains to be elucidated,
OIT3 expression has been detected in testes (33). In addition,
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Figure 7. Expression of magnesiotropic genes in kidneys of female Oit3~'~ mice. A: Cldn16 expression was similar in all groups (n = 9-12). B: Cldn19

expression was also not affected by low dietary Mgt or Oit3 knockout (n = 9-12). C: no significant differences in Trom6 expression were present
between any of the groups (n = 9-12). D: the expression of Trpom7 was also not affected by diet or genotype (n = 9-12). E: no significant differences in
Cnnm?2 expression were present between the diets and the genotypes (n = 9-12). F: Pvalb expression was not significantly affected by a Iow-Mg2+ diet
or Oit3 knockout (n = 9-12). G: low dietary Mg2+ or knockout of Oit3 did not affect the expression of Sic41a1 (n = 9-12). H: Sic41a3 expression was simi-

lar between the 4 groups (n = 9-12). Data are shown as means + SE and analyzed by two-way ANOVA. WT, wild type.

0it3 mRNA expression in sperm was associated with fertility
in bulls (39). We thus speculate that OIT3 knockout, per-
haps through interfering with the release of testosterone,
might interfere with serum Mg?*t levels. Further studies
are required to formally address this hypothesis and the
underlying mechanism.

As the PWK/CAST allele is associated with lower Oit3 gene
expression and lower urinary Mg>" excretion, it is possible that
increased 0it3 gene expression could increase urinary Mg?*
excretion. In line with the minimal Oit3 expression under base-
line conditions, Oit3 expression could be increased in the case
of increased dietary Mg®" intake to enhance urinary Mg>*

excretion. Follow-up experiments using a high-Mg>" diet
should be performed to investigate this hypothesis.

The unaltered urinary excretion of Mg?" in 0it3~/~ mice
fits with a barely detectable mRNA expression of Oit3 in the
kidneys of C57BL/6 mice (35). An interesting observation is
that several attempts to generate a knockout allele in C57BL/
6J failed and we therefore decided to use the 129S1/SvImJ
inbred strain instead. Thus, we cannot rule out strain-spe-
cific expression patterns of Oit3. In addition, although OIT3
is known to be secreted into the blood (32), its expected size
of 60 kDa means it is unlikely to pass the glomerular filtra-
tion barrier. Of note, the highest expression of OIT3 was

A Atp2b4 B Calb1
1 Control diet 1 Control diet
[ Low Mg?* diet 1 Low Mg? diet
2.0+ 2.5+
o ° [0} °
Z© 2 4 ¢
5% 151 . £8 20 .
°2 : 52 s ’
-~ o -— O By |
qé’ § 1.0 ot : d > aé" & . o
IS g © .
Rl o H oo c = 1.04
55 ol 1] | 55
-— 2 Rokm Y s E L] ° [l
o 2% 05 |y Rk
0.0 0.0
WT 0it3” WT oit3”

Figure 8. Expression of genes involved in transcellular Ca?
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mice. A: Atp2b4 expression was similar in all groups (n = 7—

13). B: low dietary Mg?* or Oit3 knockout did not affect Calb? expression (n = 7-13). C: a low-Mg® " diet significantly decreased Sic8a? expression,
whereas no significant differences were present between wild-type (WT) and Oit3™'~ mice (Pgiet < 0.05) (n = 7-13). D: Trpv55 expression was significantly
decreased by a low-Mg?* diet, but not affected by genotype (Pgiet < 0.05) (n = 7—13). Data are shown as means + SE and analyzed by two-way ANOVA.
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Figure 9. Expression of genes involved in transcellular Ca®" reabsorption in female Oit3~
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12). B: Calb? expression was also not significantly affected by a low-Mg?* diet or Oit3 knockout (n = 9-12). C: Slc8al expression was significantly
decreased by a Iow—Mg2+ diet, but not affected by genotype (Pgiet < 0.05) (n = 9-12). D: no significant differences were present in Trpv5 expression
between any of the groups (n = 9-12). Data are shown as means + SE and analyzed by two-way ANOVA. WT, wild type.

found in the liver (30, 32-34). In line with an important func-
tion of OIT3 in liver function, previous studies showed that
0it3~/~ mice have reduced serum triglyceride levels due to
impaired hepatic secretion (31). In addition, this study
showed an increase in 0Qit3 expression in the liver upon a
high-fat diet (60%). Although serum triglyceride levels were
unaltered in our 0it3~/~ mice, it should be noted that we
used a lower dietary fat content in our standard chow diet
(6% wt/wt) compared with the previously published study
(10% wt/wt). However, we did not observe Oit3 upregulation
in the livers of mice treated with a high-fat diet (60% wt/wt)
(19). It is possible that differences in the duration of the
high-fat diet (19 wk in our study compared with 10 wk in the
previous study) provide an explanation for this difference.
Importantly, a recent study also indicated that Oit3 is mainly
expressed in sinusoidal endothelial cells in the liver and only
minimally in hepatocytes (38). Clearly, the role of OIT3 in
the liver also requires further investigation.

As we could not confirm the role of OIT3 in Mg>* homeo-
stasis using Oit3~/~ mice, we cannot exclude the fact that
other genes within the 95% confidence interval of the chro-
mosome 10 locus could explain the association with urinary
Mg*" excretion. For example, Mcu and Micul are genes that

encode mitochondrial Ca?>* uniporters (40, 41). Given the
link between mitochondrial dysfunction and hypomagnese-
mia (42, 43), it is possible that these genes affect Mngr reab-
sorption in the kidney. Although Mcu and Micul are
ubiquitously expressed in the tubular system (35), the DCT
has the highest mitochondrial density compared with other
segments (44, 45). Thus, genetic variants in Mcu or Micul
might contribute to variation in urinary Mg?* excretion by
affecting mitochondrial function in especially the DCT.
Moreover, according to the UCSC Genome Browser (GRCm38/
mm10), our SNP (rs226054110) is within an enhancer region
in the genome (46). Hence, it could also affect the expression
of other genes on chromosome 10.

Interestingly, a low-Mg?* diet increased urinary Ca®*
excretion in both WT and 0it3~/~ male mice, whereas for
female mice this effect was absent in 0it3~/~ mice. Other
studies using low-Mg?" diets have reported inconsistent
changes in urinary Ca?* excretion, with either a decreased
(47-50) or unchanged urinary Ca®>* excretion (51, 52). To the
best of our knowledge, this is the first study showing
increased urinary Ca?" excretion upon low dietary Mg?*
intake. Given that most of these studies were performed on
C57BL/6 mice, this points toward a differential effect of low-
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Figure 10. Allele-effect plots for quantitative trait locus (QTL) on chromosome 19. A: for the QTL on chromosome 19, mice inheriting alleles from CAST,
NOD, AJ, WSB, and B6 have higher urinary Mg®* excretion than mice inheriting alleles from 129, NZO, and PWK mice. B: Trpm6 expression variation in
the Diversity Outbred (DO) mice is mostly determined by a cis-eQTL at the Trpm6 locus. C: comparison of RNA-Seq and eQTL data showed that the
expression of Trpm6, which is present on this locus, is negatively correlated to the QTL for Mg® " excretion.
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Mgt diet in 129S1/SvImJ mice. It is known, however, that
severe hypomagnesemia reduces the secretion of parathy-
roid hormone (PTH) from the parathyroid gland (53-56).
Given that PTH is an important stimulator of Ca®>* reabsorp-
tion in the kidney, directly or by stimulating the formation
of active vitamin D, it is possible that this explains the low-
Mg?* diet-induced hypercalciuria (57). However, the low-
Mg?* diet-induced hypomagnesemia in the current study is
relatively modest and might not be sufficient to interfere
with PTH release. Regardless of a possible involvement of
PTH, a decrease in the expression of the apical Ca®>* channel
Trpv5 was found in male mice (both WT and 0it3™/~ mice),
whereas in both male and female mice on a low-Mg?" diet a
decrease in the basolateral Na*t/Ca?t exchanger NCX1 was
observed. This likely results in decreased transcellular Ca**
reabsorption in the DCT/connecting tubule (58, 59).

We also found that low dietary Mg?* intake was associated
with increased urinary Na™ excretion in female mice, but
not in male mice. Although the underlying mechanism
remains to be determined, downregulation of the Na*-Cl~
cotransporter (NCC) in the DCT might be involved (60).
Intriguingly, differences in DCT length and NCC expression
have previously been identified between male and female
mice (61), which could contribute to the female-specific na-
triuretic response following low dietary Mg?* intake. We
also found a significant increase in urinary K™ excretion fol-
lowing low dietary Mg?* intake in both male and female
mice. As Mg?* inhibits K* secretion by inhibiting the renal
outer medullary K channel (ROMK) (62, 63), we hypothe-
size that reduced Mg?"-dependent ROMK inhibition could
contribute to the increased urinary K" excretion.

We show that genetic variation in a locus containing
Trpmé6 contributed to the variation in urinary Mg?* excre-
tion in mice aged 12 and 18 mo. TRPM6 has been associated
with serum Mg?* concentration and urinary Mg** excretion
in genome-wide association studies in a variety of cohorts,
including healthy individuals, patients with diabetes, and
users of proton pump inhibitors (13-16, 64, 65). Our observa-
tion that the allele-effect plot of Trpmé6 gene expression
inversely correlated with the allele-effect plot for Mg?*
excretion suggests that mice with lower Trpm6 expression
have higher urinary Mg?* excretion. This illustrates the im-
portant role of TRPM6 in renal Mg?" reabsorption, which is
in line with the observed hypomagnesemia and hypermag-
nesiuria in a kidney-specific Trpm6~~ mouse model (66).
The association with Mg?" excretion in our study was only
present at 12 and 18 mo. This could indicate that decreased
Trpm6 mRNA expression might be involved in age-depend-
ent increases in urinary Mg?* excretion. SNPs in TRPM6 have
also been associated with diabetes mellitus type 2 and insulin
resistance (65, 67, 68). Given that insulin sensitivity is
decreased upon aging and insulin increases TRPM6 channel
activity (67, 69), SNPs in Trpm6 might associate with urinary
Mg?* excretion by altering insulin sensitivity, especially in
aging mice. In addition, estrogen signaling has previously
been linked to TRPM6 channel activity in vitro (70). As serum
estradiol levels already decline in mice aged 12 mo (71), this
could also contribute to the observed association of Trpmé6
with urinary Mg>" excretion at 12 and 18 mo of age. Moreover,
we also did not determine whether TRPM6 channel activity or
expression is altered during aging. As Trpmé6 is also responsible
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for colonic Mg>" absorption (49, 72), age-related changes in
TRPM6-dependent Mg?* transport could also extend to other
organs. Future studies should therefore address these open
questions.

A limitation of our approach is that spot urine collections
were used for measuring urinary Mg>* excretion in our large
cohort DO mice. To correct for differences in hydration sta-
tus, we measured urinary creatinine concentrations and
used the log-transformed values (as they were non-normal
distributed) as a covariate in our model for the genetic analy-
sis. As creatinine is byproduct of muscle metabolism, its con-
centrations might be reduced to reduce muscle mass in
aging mice. Nevertheless, mice might not yet exhibit loss of
muscle mass at 18 mo of age (73), indicating that it could still
be an appropriate normalization factor in our studies.
However, creatinine is also secreted by the proximal tubule
(up to 35%-50% of the total excreted creatinine) (74). To con-
firm that urinary Mg?" excretion is increased during aging,
future studies should determine fractional urinary Mg?*
excretion in 24-h urine using exogenous clearance markers
(e.g., using inulin). This approach will also reveal whether
urinary Mg?" excretion is increased due to altered renal
Mg?* handling or reflects alterations in gastrointestinal
Mg?" absorption. Given the discrepancies between our
study and previous studies with regard to Oit3, which could
be caused by differences in genetic background, age, or envi-
ronmental conditions (e.g., diet), further studies are needed
but were outside the scope of the current study.

In conclusion, we show that genetic variants in Oit3 and
Trpm6 are associated with urinary Mg?* excretion in mice at
distinct periods of life. However, Oit3~/~ mice do not demon-
strate defects in renal Mg?* handling.
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