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2009 Homer W. Smith Award: Minerals in Motion:
From New Ion Transporters to New Concepts

René J.M. Bindels

Department of Physiology, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands

Calcium (Ca2�) and magnesium (Mg2�)
minerals are essential for many physio-
logic processes.1 Ca2� plays a pathologic
role in osteoporosis, nephrolithiasis, vas-
cular calcification, nephrocalcinosis, and
chronic kidney disease, and disturbances
in Mg2� contribute to muscle cramps,
paraesthesia, convulsions, arrhythmias,
and cardiac arrest. Their overall mineral
balance is regulated by the concerted
actions of kidneys, intestine, and bone.2

The kidneys determine the final excre-
tion of these cations and fulfills, and
therefore, an important step in homeo-
static control. This role was recognized
by Homer Smith, who wrote “…Little is
known concerning Ca2� excretion ex-
cept that the total excretion can be in-
creased or decreased by a variety of cir-
cumstances. Much that has been said
about Ca2� applies to Mg2�. The mech-
anism by which renal excretion of Mg2�

is controlled is unknown…”3

In the last decade, considerable

progress has been made in elucidating
the molecular mechanisms underlying
the reabsorption of these minerals by the
kidney. Instrumental in this respect are
studies of rare monogenic diseases re-
lated to defective renal Mg2� handling
and genetically modified mice with de-
leted Ca2� transport proteins.4,5 These
studies identified new transport proteins
and have led to the development of new
concepts for the renal handling of min-
erals.

IMPORTANCE OF THE DISTAL
PART OF THE NEPHRON

Active reabsorption of Mg2� and Ca2�

takes place in the distal part of the
nephron only. More precisely, this part
of the nephron is comprised of the distal
convoluted tubule (DCT) and the con-
necting tubule (CNT) leading to the col-
lecting duct.6 The former can be further

subdivided into early (DCT1) and late
(DCT2) segments. Based on micropunc-
ture experiments and the conspicuous lo-
calization of transport proteins, active
Mg2� transport is confined to the DCT1
and DCT2 segments, whereas active Ca2�

reabsorption mainly occurs along the
DCT2 and CNT segments (Figure 1).1

Thus, DCT2 functions as a transition area
between Mg2� and Ca2� reabsorption.

Mg2� REABSORPTION IN DCT1
AND DCT2 SEGMENTS

The DCT is famous for the presence of
the thiazide-sensitive NaCl co-trans-
porter (NCC) along the luminal mem-
brane, which is energized by a Na� gra-
dient generated by the basolateral
Na�-K�-ATPase.7,8 Active transcellu-
lar Mg2� transport along the DCT is
envisaged by the following sequential
steps (Figure 2).9 Driven by a favorable
membrane potential, Mg2� enters the
DCT cell through an apical epithelial
Mg2� channel. The chemical driving
force for Mg2� is limited because the
extra- and intracellular Mg2� concen-
trations are in the same millimolar
range. Importantly, Mg2� entry into
the cells seems to be the rate-limiting
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ABSTRACT
The kidneys play a critical role in maintaining the systemic balance of Mg2� and
Ca2� cations. The reabsorptive capacity of these divalent cations adapt to changes
in their plasma concentrations. Active reabsorption of Mg2� and Ca2� takes place
in the distal convoluted and connecting tubules, respectively, and is initiated by
cellular transport through selective transient receptor potential (TRP) channels
located along the luminal membrane and modulated by hormonal stimuli. Recent
characterization of underlying molecular defects in renal Mg2� handling illuminate
complex transport processes in the kidney and their contribution to the overall
mineral balance. Likewise, studies of Ca2� transport proteins in null mice disclose
molecular mechanisms maintaining normal plasma Ca2� levels and the hypercalci-
uria-related adaptations important in the prevention of kidney stones. Current
knowledge of Mg2� and Ca2� transport is summarized here as comprehensive
cellular models of the distal nephron.
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step and thus the site of regulation.
Subsequently, Mg2� diffuses through
the cytosol to be extruded actively

against an electrochemical gradient
across the basolateral membrane. For
the Mg2� extrusion, unidentified can-

didates could be a Na�-dependent ex-
change mechanism or an ATP-depen-
dent Mg2� pump. Some of the salient
features are described below.

Transient Receptor Potential
Melastatin, Subtype 6
The apical epithelial Mg2� channel is
known as the transient receptor potential
melastatin, subtype 6 (TRPM6). TRPM6
is a cation channel composed of six
transmembrane-spanning domains and
a conserved pore-forming region that as-
sembles in a tetrameric configuration.
Studies of families with autosomal reces-
sive hypomagnesemia with secondary
hypocalcemia identified mutations in
TRPM6.10,11 TRPM6 is one of eight
members of the identified TRPM cation
channel subfamily and is composed of
2022 amino acids encoded by a large
gene containing 39 exons.10 –12 TRPM6
displays a restricted expression pattern
and is predominantly present in reab-
sorbing epithelia.10,11,13 In the kidney,
TRPM6 localizes along the apical mem-
brane of the DCT.13 This channel is a
unique bifunctional protein consisting of
an Mg2� permeable cation channel with
protein kinase activity and is occasionally
referred to as chanzymes.14 Electrophysi-
ologic characterization of TRPM6 shows
that TRPM6-transfected human embry-
onic kidney 293 cells exhibit outwardly rec-
tifying currents. Mg2� itself has a profound
effect on the activity of TRPM6. For in-
stance, intracellular Mg2� levels tightly
regulate TRPM6 activity with an apparent
Ki of 0.5 mM that is comparable to physi-
ologic intracellular Mg2� concentra-
tions.13 Furthermore, extracellular Mg2�

also affects TRPM6, because Mg2� restric-
tion significantly up-regulates levels of
mRNA encoding renal TRPM6.15

Kv1.1
The voltage-gated K� channel, Kv1.1, is
a new protein thought to regulate Mg2�

influx through TRPM6. Recently, there
has been evidence that a mutation in
KCNA1 encoding Kv1.1 causes autoso-
mal dominant hypomagnesemia.16 The
phenotype detectable from infancy con-
sists of recurrent muscle cramps, tetany,
tremor, muscle weakness, cerebellar at-

DCT1 DCT2 CNT

Transepithelial Mg2+

transport
Transepithelial Ca2+

transport

Figure 1. Overview of Mg2� and Ca2� handling in the distal nephron. The active
reabsorption of the minerals Mg2� and Ca2� takes place in the distal part of the
nephron only. More precisely, this part of the nephron is comprised of the DCT and the
CNT to the collecting duct. The former can be further subdivided into an early (DCT1)
and late (DCT2) portion. Active Mg2� transport is confined to the DCT1 and DCT2,
whereas active Ca2� reabsorption mainly occurs in the DCT2 and CNT segments. Thus,
DCT2 functions as a transition area between Mg2� and Ca2� reabsorption.
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Figure 2. Mechanism of active Mg2� reabsorption in DCT1 and DCT2 segments.
Apical membrane TRPM6 channels are located in the apical membrane, which facili-
tates transport of Mg2� from the tubular fluid into the cell. Mg2� reabsorption is
primarily driven by the luminal membrane potential established by the voltage-gated
K� channel, Kv1.1. The Na�-K�-ATPase, situated in the basolateral membrane, pro-
vides a sodium (Na�) gradient that is used by the thiazide-sensitive NCC to facilitate
transport of Na� from the tubular fluid into the cytoplasm and a K� gradient to
generate local membrane potential. K� is supplied to the Na�-K�-ATPase through
recycling through Kir4.1. The �-subunit of the Na�-K�-ATPase regulates the function
of Na� pump. Transcription factor HNF1B (hepatocyte nuclear factor 1 homeobox B)
regulates the expression of the �-subunit of the Na�-K�-ATPase. EGF is the first
magnesiotropic hormone to regulate active Mg2� reabsorption through the TRPM6
channel.
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rophy, and myokymia. The K� channel
co-localizes with TRPM6 along the lumi-
nal membrane of the DCT. The identi-
fied mutation results in a nonfunctional
channel with a dominant-negative effect
on wild-type channel function.17 Thus,
Kv1.1 is a new luminal K� channel in the
DCT that establishes favorable luminal
membrane potential controlling TRPM6-
mediated Mg2� reabsorption.

�-Subunit of the Na�-K�-ATPase
We also identified FXYD2 as being in-
volved in hypomagnesemia.18 FXYD2
encodes the �-subunit of the basolateral
Na�-K�-ATPase and is mutated in pa-
tients with autosomal dominant renal
hypomagnesemia associated with hy-
pocalciuria. Currently, the exact molec-
ular mechanism by which the �-subunit
controls Mg2� handling in the DCT re-
mains elusive. It is postulated this trans-
membrane protein facilitates the basolat-
eral extrusion of Mg2� in renal epithelial
cells.19 Others suggest the �-subunit regu-
lates additional transport mechanisms that
localize to the basolateral membrane such
as the Na�-K�-ATPase, Kir4.1/5.1, or the
unidentified basolateral Mg2� extrusion
mechanism (Figure 2).1,5

Hepatocyte Nuclear Factor 1B
Further support for an active role of the
�-subunit in Mg2� reabsorption is sug-
gested by the observation that a tran-
scription factor, hepatocyte nuclear fac-
tor 1B (HNF1B), modulates the FXYD2
gene.20 Hypomagnesemia, hypermag-
nesuria, and hypocalciuria are observed
in one half of the HNF1B mutation car-
riers. Analyses of the FXYD2 promoter
region identify two highly conserved
HNF1B recognition sites. Future studies
should confirm the role of HNF1B in the
regulation of FXYD2 and possibly other
components of the molecular machinery
involved in renal Mg2� handling.

Kir4.1
Two independent studies recently de-
scribed a mutation within the KCNJ10
gene as the underlying cause of a hypomag-
nesemia syndrome.21,22 The first study de-
scribed two nonrelated consanguineous
families with a disorder characterized by

epilepsy, ataxia, sensorineurol deafness,
and tubulopathy (also referred to as
SeSAME), whereas the other study de-
scribed four kindreds with similar clinical
findings. The KCNJ10 gene encodes a K�

channel called Kir4.1, expressed in brain,
ear, and kidney, in keeping with the pheno-
type observed in these patients. The renal
phenotype of EAST syndrome (a syn-
drome characterized by epilepsy, ataxia,
sensorineural deafness, and tubulopathy)
is similar to the Gitelman’s syndrome phe-
notype and consists of polyuria, hypokale-
mic metabolic alkalosis, hypomagnesemia,
and hypocalciuria.22 In kidney, Kir4.1 is
expressed along the basolateral membrane
of DCT cells with the Na�-K�-ATPase.
Kir4.1 is thought to recycle K� into the in-
terstitium to allow a sufficient supply of K�

for optimal Na�-K-ATPase activity.

EGF

We identified EGF as the first magne-
siotropic hormone directly stimulating
TRPM6 activity.23 Genetic analyses
showed that a point mutation in the
pro-EGF gene causes a rare inherited
autosomal recessive form of renal hy-
pomagnesemia. EGF acts as an auto-
crine/paracrine magnesiotropic hor-
mone, specifically increasing TRPM6
activity by engagement of its receptor
along the basolateral membrane of
DCT cells. This activation relies on
both the Src family of tyrosine kinases
and the downstream effector, Rac1.
Activation of Rac1 increases the mobil-
ity of TRPM6, assessed by fluorescence
recovery after photobleaching, and a
constitutively active mutant of Rac1
mimics the stimulatory effect of EGF
on TRPM6 mobility and activity. Ulti-
mately, TRPM6 activation results from
increased cell surface abundance.24

These findings provide the first insight
into the molecular regulation of
TRPM6 by extracellular EGF. More-
over, it shows the molecular basis for
the hypomagnesemia after treatment with
cetuximab, an EGF receptor blocking anti-
body used in the treatment of colorectal
cancer, and indicates TRPM6 is a potential
pharmacologic target during cetuximab
therapy.23,25

COMPREHENSIVE MODEL OF
TRANSCELLULAR Mg2�

REABSORPTION ALONG THE DCT

The recent knowledge concerning the
molecular nature of Mg2� transporting
proteins offers for the first time a com-
prehensive cellular model for transepi-
thelial Mg2� reabsorption (Figure 2).
The epithelial Mg2� channel TRPM6 fa-
cilitates Mg2� entry from tubular fluid
through an energized local electrochem-
ical gradient. Importantly, the DCT cell
lacks a substantial chemical gradient for
Mg2�. The luminal membrane potential
in the DCT favoring luminal Mg2� in-
flux is approximately �70 mV and likely
established by the luminal Kv1.1. chan-
nel. The basolateral extrusion mecha-
nism for Mg2� remains elusive and is a
subject for further study. The Na�-K�-
ATPase in the basolateral membrane
generates opposing K� and Na� gradi-
ents. Importantly, Kir4.1 enables the ba-
solateral recirculation of K�, thereby
supplying sufficient K� during high
transport rates of the Na�-K�-ATPase;
the basolateral �-subunit in all likelihood
supports the Na� pump. Apparently,
these special features are necessary to en-
able the substantial transport of NaCl by
NCC and Mg2� by TRPM6 in the DCT
cell. Finally, EGF stimulates transcellular
transport of Mg2�. Activation of the ba-
solateral EGF receptor promotes the in-
sertion of TRPM6 channels into the lu-
minal membrane to stimulate this Mg2�

reabsorption. Thus, in the last two de-
cades, many Mg2� transport proteins
have been identified and characterized
by several research groups; the next step
will be to develop specific therapeutics to
treat the corresponding forms of hypo-
magnesemia.

Ca2� REABSORPTION IN DCT2
AND CNT SEGMENTS

In DCT2 and CNT segments, Ca2� reab-
sorption takes place against its chemical
gradient, indicating that the transport is
active.26 In addition to the ubiquitously
expressed Na�-K�-ATPase, the Na�/
Ca2� exchanger (NCX1) and the plasma
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membrane ATPase type 1b (PMCA1b)
are also found along the basolateral site
of the DCT2 and CNT segments.2 DCT2
shares similarities with the CNT seg-
ment, because both segments express the
transient receptor potential vanilloid
subtype 5 (TRPV5) channel and the
Ca2�-binding protein, calbindin-D28K.
Transepithelial transport of Ca2� is a
three-step procedure and is outlined in
more detail below (Figure 3).

Ca2� influx across the apical mem-
brane is mediated by TRPV5. Subse-
quently, the specialized intracellular car-
rier protein, calbindin-D28K, sequesters
Ca2� entering the cell, and this complex
diffuses toward the basolateral mem-
brane. Finally, transporter proteins, such
as NCX1 and PMCA1b, extrude Ca2�

from the epithelial cell back into the cir-
culation.2

Apical Entry of Ca2� by TRPV5
To identify the apical Ca2� influx chan-
nel involved in transcellular Ca2� reab-
sorption, we performed functional ex-
pression cloning using a cDNA library
from rabbit primary CNT and the corti-
cal collecting duct.27 Injection of total
mRNA from this isolation into Xenopus
laevis oocytes induces a 45Ca2� uptake
two to three times above background.
Subsequently, the entire cDNA library
was screened for 45Ca2� uptake, and a
single transcript was isolated that en-
codes for a novel epithelial Ca2� channel
called eCaC1 and later renamed TRPV5,
as a member of the TRP channel super-
family.27,28 This channel comprises in-
tracellular amino and carboxyl-terminal
tails flanking six transmembrane do-
mains and an additional hydrophobic
stretch between domains 5 and 6, pre-
dicted to be the pore-forming region.
Furthermore, the first extracellular loop
between transmembrane domains 1 and
2 contains an evolutionary conserved as-
paragine (N358) crucial for its complex-
glycosylation, and in turn, for regulating
channel activity.29 –31 The carboxyl and
amino-terminal tails contain several reg-
ulatory sites including protein kinase C
and A sites, which suggests an important
role for phosphorylation in the regula-
tion of channel activity. Moreover, in

cultured mammalian cells, as well as in
oocytes, TRPV5 assembles into ho-
motetramers to acquire an active confor-
mational state.29,32

The TRPV5-null (TRPV�/�) mouse
provides compelling evidence for the phys-
iologic function of this channel. Active
Ca2� reabsorption in DCT2 and CNT seg-
ments is severely impaired in these null an-
imals, because TRPV5�/� mice excrete
�10-fold more Ca2� than their wild-type
littermates, in line with a postulated gate-
keeper function for TRPV5 in active Ca2�

reabsorption.33 Electrophysiologic studies
showed constitutive activity of TRPV5 at
low intracellular Ca2� concentrations and
physiologic membrane potentials.34 The
current–voltage relationship of TRPV5
shows strong inward rectification.2,34 An-
other important functional feature is that
TRPV5 is the most Ca2�-selective member
of the TRP superfamily.34 The single chan-
nel conductance, Po, and the number of
channels at the plasma membrane deter-
mines cellular TRPV5 activity. This activity
is under the control of various factors like
hormones, intracellular Ca2�, and other
intracellular messengers.

Vitamin D
Ample evidence of a direct role for vita-
min D in the positive regulation of

TRPV5 comes from several animal stud-
ies, particularly those involving 25-hy-
droxyvitamin D3-1�-hydroxylase– and
vitamin D receptor–null mice.35,36 A di-
rect relationship between 1,25(OH)2D3-
induced expression of Ca2� transport
proteins and transcellular Ca2� trans-
port is known from studies of cultured
cells from DCT and CNT cells.37,38 To-
gether these studies suggest a consistent
1,25(OH)2D3 sensitivity of TRPV5 and the
calbindins, and, to a lesser extent, the baso-
lateral extrusion systems involving NCX1,
a Na�/Ca2�exchanger, and PMCA1b, a
plasma membrane Ca2�-ATPase.

Thiazide Diuretics
Thiazide diuretics, in contrast to loop di-
uretics, have the unique characteristic of
decreasing Na� reabsorption while in-
creasing Ca2� reabsorption. In addition,
mutations in the NCC gene encoding the
NaCl co-transporter cause Gitelman’s syn-
drome. Patients with Gitelman’s syn-
drome exhibit hypovolemia, hypokalemic
alkalosis, hypomagnesemia, and hypocal-
ciuria.39 Intriguingly, the molecular mech-
anisms responsible for the hypocalciuria
and hypomagnesemia with thiazide ad-
ministration or in Gitelman’s syndrome
remain elusive. Two hypotheses exist with
respect to the Ca2�-sparing effect of thia-

DCT2/CNT

Apical Basolateral

DCT2/CNT

PTH

PTHR

PMCA1b

NCX1

TRPV5
Ca2+

Ca2+

Ca2+

CaBP

ATP

ADP

1, 25(OH)2D3

Figure 3. Mechanism of active Ca2� reabsorption in DCT2 and CNT. A three-step
process facilitates active and transcellular Ca2� transport. The first step is entry of
luminal Ca2� at the apical side of the cell through the TRPV5 channel. Subsequently,
calbindin (CaBP) buffers Ca2�, and the Ca2� diffuses to the basolateral membrane. At
the basolateral membrane, Ca2� is extruded by PMCA1b and NCX1. This process is
controlled by calciotropic hormones including parathyroid hormone and 1,25(OH)2D3.
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zides.40,41 First, renal salt and water loss
caused by thiazide treatment results in
contraction of the extracellular volume
(ECV), which triggers a compensatory in-
crease of proximal Na� reabsorption. This
in turn enhances the electrochemical gra-
dient driving passive Ca2� transport in
proximal tubular segments.6,39,42 Second,
thiazide treatment stimulates Ca2� reab-
sorption in DCT, possibly through the
TRPV5 channel, that could explain the
Ca2�-sparing effect.40 We showed in rats
that hydrochlorothiazide-induced hy-
pocalciuria is accompanied by a significant
decrease in body weight compared with
controls, confirming ECV contraction.43,44

Because sodium depletion results in a sim-
ilar hypocalciuria, it is likely that the ECV
contraction by itself is responsible for the
thiazide-induced hypocalciuria. Further
evidence supporting this notion is the find-
ing that sodium repletion during thiazide
treatment, thereby preventing the ECV
contraction, normalizes the calciuresis. A
direct role for TRPV5 in the thiazide-in-
duced hypocalciuria seems unlikely, be-
cause thiazides also have a hypocalciuric ef-
fect in TRPV5�/� mice, and the overlap in
the expression of NCC and TRPV5 in the
distal part of the nephron is restricted to
DCT2.44 Taken together, enhanced proxi-
mal tubular Na� transport as a conse-
quence of ECV contraction stimulates
paracellular Ca2� transport and best ex-
plains the tubular mechanism for thiazide-
induced hypocalciuria.

Activation of the Ca2�-Sensing
Receptor Prevents Nephrolithiasis
TRPV5�/� mice display hypercalciuria
from impaired active Ca2� reabsorption
but also hyperphosphaturia, polyuria,
and increased urinary acidification.33

The latter two adaptations seem highly
beneficial because there are no renal cal-
cium precipitates. Polyuria also dimin-
ishes the risk of renal stone formation by
reducing urinary Ca2� concentration. In
mice, calciuresis linearly correlates with
urinary volume because an increase in
Ca2� excretion leads to an enhanced uri-
nary volume. The consistent polyuria in
hypercalciuric TRPV5�/� mice, noted by
a substantial decrease in urinary osmola-
lity, is caused by downregulation of renal

AQP2 water channels, possibly a result of
activating the Ca2�-sensing receptor
along the luminal membrane of the col-
lecting duct.45 Furthermore, gene abla-
tion of the collecting duct-specific B1
subunit of H�-ATPase in TRPV5�/�

mice abolishes enhanced urinary acidifi-
cation, which resulted in severe tubular
precipitations of Ca2�-phosphate in the
renal medulla.45 Thus, in TRPV5�/�

mice, activation of the renal Ca2�-sens-
ing receptor promotes H�-ATPase–me-
diated H� excretion and downregulation
of AQP2, leading to urinary acidification
and polyuria, respectively (Figure 4).

FUTURE PERSPECTIVES ON
RENAL Ca2� HANDLING

Ca2� reabsorption in the kidney, and
particularly in the distal DCT2 and
CNT segments, is crucial for the main-
tenance of the Ca2� balance. The iden-
tification and characterization of the

proteins mediating this active Ca2�

transport provides novel insight and
means to study molecular relation-
ships. In these segments, TRPV5 facil-
itates the gatekeeper function of Ca2�

entry, and therefore, a tight control of
its activity enables the organism to ad-
just Ca2� reabsorption according to
the demands of Ca2� load. The molec-
ular mechanism of Ca2� shuttling be-
tween calbindin-D28K on one site and
NCX1 and PMCA1b on the other site is
not clear. Another interesting and un-
addressed question is the regulation of
NCX1 and PMCA1b in DCT2 and CNT
cells. Whether there is a crosstalk be-
tween apical Ca2� entry and basolat-
eral Ca2� extrusion regulatory systems
is not known. The next step is to inves-
tigate how these Ca2� transport pro-
teins communicate with each other to
facilitate optimal and regulated Ca2�

reabsorption under conditions of dis-
turbed Ca2� homeostasis. Finally, the
role of TRPV5 in Ca2�-related disor-
ders needs further study.

Polyuria Acidification

Low
Ca2+

High
Ca2+

CaSR

H+

ATPase

AQP2

+ +

Figure 4. Molecular mechanism of Ca2�-induced polyuria and urinary acidification.
The Ca2�-sensing receptor (CaSR) is localized at the apical site of principal and
intercalated cells of the collecting duct. AQP2 proteins are responsible for water
reabsorption, whereas H�-ATPases pump H� into the tubular fluid. During hypercal-
ciuria, increased urinary Ca2� levels activate the CaSR. CaSR activation leads to AQP2
downregulation and polyuria. Furthermore, the CaSR triggers urinary acidification by
increasing the H�-ATPase activity. Both polyuria and increased urinary acidification
prevent the precipitation of renal Ca2�-phosphate.

SPECIAL ARTICLEwww.jasn.org

J Am Soc Nephrol 21: 1263–1269, 2010 Minerals in Motion 1267



ACKNOWLEDGMENTS

There are many people I would like to ac-

knowledge and thank for their invaluable

contribution to my work. It has been an

honor and privilege to be working with

each one of them over the last 25 years. In

particular, I would like to thank my col-

league, Joost Hoenderop, for critical read-

ing of this manuscript before submission

and for his continuous support during our

long-term collaboration. Furthermore, I

would like to acknowledge the contribution

of many colleagues who spent some time in

my laboratory including technicians, PhD

students, postdocs, and staff members. Fi-

nally, I would like to thank all my collabo-

rators for their seminal help and making

science so much fun. It was and is a great

pleasure to work with you all.

REFERENCES

1. Dimke H, Hoenderop JG, Bindels RJ: Hered-
itary tubular transport disorders: Implica-
tions for renal handling of Ca2� and Mg2�.
Clin Sci (Lond) 118: 1–18, 2010

2. Hoenderop JG, Nilius B, Bindels RJ: Calcium
absorption across epithelia. Physiol Rev 85:
373–422, 2005

3. Smith HW: The Physiology of the Kidney,
New York: Oxford University Press, 1937

4. Boros S, Bindels RJ, Hoenderop JG: Active
Ca(2�) reabsorption in the connecting tu-
bule. Pflugers Arch 458: 99–109, 2009

5. Glaudemans B, Knoers NV, Hoenderop JG,
Bindels RJ: New molecular players facilitat-
ing Mg(2�) reabsorption in the distal con-
voluted tubule. Kidney Int 77: 17–22, 2010

6. Reilly RF, Ellison DH: Mammalian distal tu-
bule: Physiology, pathophysiology, and mo-
lecular anatomy. Physiol Rev 80: 277–313,
2000

7. Simon DB, Nelson-Williams C, Bia MJ, Elli-
son D, Karet FE, Molina AM, Vaara I, Iwata F,
Cushner HM, Koolen M, Gainza FJ, Gitle-
man HJ, Lifton RP: Gitelman’s variant of Bar-
tter’s syndrome, inherited hypokalaemic al-
kalosis, is caused by mutations in the
thiazide-sensitive Na-Cl cotransporter. Nat
Genet 12: 24–30, 1996

8. Gamba G, Saltzberg SN, Lombardi M, Miy-
anoshita A, Lytton J, Hediger MA, Brenner
BM, Hebert SC: Primary structure and func-
tional expression of a cDNA encoding the
thiazide-sensitive, electroneutral sodium-
chloride cotransporter. Proc Natl Acad Sci
U S A 90: 2749–2753, 1993

9. Xi Q, Hoenderop JG, Bindels RJ: Regulation

of magnesium reabsorption in DCT. Pflugers
Arch 458: 89–98, 2009

10. Schlingmann KP, Weber S, Peters M, Ni-
emann Nejsum L, Vitzthum H, Klingel K,
Kratz M, Haddad E, Ristoff E, Dinour D, Syr-
rou M, Nielsen S, Sassen M, Waldegger S,
Seyberth HW, Konrad M: Hypomagnesemia
with secondary hypocalcemia is caused by
mutations in TRPM6, a new member of the
TRPM gene family. Nat Genet 31: 166–170,
2002

11. Walder RY, Landau D, Meyer P, Shalev H,
Tsolia M, Borochowitz Z, Boettger MB, Beck
GE, Englehardt RK, Carmi R, Sheffield VC:
Mutation of TRPM6 causes familial hypo-
magnesemia with secondary hypocalcemia.
Nat Genet 31: 171–174, 2002

12. Clapham DE, Runnels LW, Strubing C: The
TRP ion channel family. Nat Rev Neurosci 2:
387–396, 2001

13. Voets T, Nilius B, Hoefs S, van der Kemp
AW, Droogmans G, Bindels RJ, Hoenderop
JG: TRPM6 forms the Mg2� influx channel
involved in intestinal and renal Mg2� ab-
sorption. J Biol Chem 279: 19–25, 2004

14. Montell C: Mg2� homeostasis: The Mg2�

nificent TRPM chanzymes. Curr Biol 13:
R799–R801, 2003

15. Groenestege WM, Hoenderop JG, van den
Heuvel L, Knoers N, Bindels RJ: The epithe-
lial Mg2� channel transient receptor poten-
tial melastatin 6 is regulated by dietary
Mg2� content and estrogens. J Am Soc
Nephrol 17: 1035–1043, 2006

16. Glaudemans B, van der Wijst J, Scola RH,
Lorenzoni PJ, Heister A, van der Kemp AW,
Knoers NV, Hoenderop JG, Bindels RJ: A
missense mutation in the Kv1.1 voltage-
gated potassium channel-encoding gene
KCNA1 is linked to human autosomal dom-
inant hypomagnesemia. J Clin Invest 119:
936–942, 2009

17. van der Wijst J, Glaudemans B, Venselaar H,
Nair AV, Forst AL, Hoenderop JG, Bindels
RJ: Functional analysis of the Kv1.1 N255D
mutation associated with autosomal domi-
nant hypomagnesemia. J Biol Chem 285:
171–178, 2010

18. Meij IC, Koenderink JB, van Bokhoven H,
Assink KF, Groenestege WT, de Pont JJ,
Bindels RJ, Monnens LA, van den Heuvel LP,
Knoers NV: Dominant isolated renal magne-
sium loss is caused by misrouting of the
Na(�),K(�)-ATPase gamma-subunit. Nat
Genet 26: 265–266, 2000

19. Sha Q, Pearson W, Burcea LC, Wigfall DA,
Schlesinger PH, Nichols CG, Mercer RW: Hu-
man FXYD2 G41R mutation responsible for
renal hypomagnesemia behaves as an inward-
rectifying cation channel. Am J Physiol Renal
Physiol 295: F91–F99, 2008

20. Adalat S, Woolf AS, Johnstone KA, Wirsing
A, Harries LW, Long DA, Hennekam RC, Le-
dermann SE, Rees L, van’t Hoff W, Marks SD,
Trompeter RS, Tullus K, Winyard PJ, Cansick
J, Mushtaq I, Dhillon HK, Bingham C, Edghill

EL, Shroff R, Stanescu H, Ryffel GU, Ellard S,
Bockenhauer D: HNF1B mutations associate
with hypomagnesemia and renal magne-
sium wasting. J Am Soc Nephrol 20: 1123–
1131, 2009

21. Scholl UI, Choi M, Liu T, Ramaekers VT, Hau-
sler MG, Grimmer J, Tobe SW, Farhi A, Nel-
son-Williams C, Lifton RP: Seizures, sensori-
neural deafness, ataxia, mental retardation,
and electrolyte imbalance (SeSAME syn-
drome) caused by mutations in KCNJ10.
Proc Natl Acad Sci U S A 106: 5842–5847,
2009

22. Bockenhauer D, Feather S, Stanescu HC,
Bandulik S, Zdebik AA, Reichold M, Tobin J,
Lieberer E, Sterner C, Landoure G, Arora R,
Sirimanna T, Thompson D, Cross JH, van’t
Hoff W, Al Masri O, Tullus K, Yeung S, An-
ikster Y, Klootwijk E, Hubank M, Dillon MJ,
Heitzmann D, Arcos-Burgos M, Knepper
MA, Dobbie A, Gahl WA, Warth R, Sheridan
E, Kleta R: Epilepsy, ataxia, sensorineural
deafness, tubulopathy, and KCNJ10 muta-
tions. N Engl J Med 360: 1960–1970, 2009

23. Groenestege WM, Thebault S, van der Wijst
J, van den Berg D, Janssen R, Tejpar S, van
den Heuvel LP, van Cutsem E, Hoenderop
JG, Knoers NV, Bindels RJ: Impaired baso-
lateral sorting of pro-EGF causes isolated
recessive renal hypomagnesemia. J Clin In-
vest 117: 2260–2267, 2007

24. Thebault S, Alexander RT, Tiel Groenestege
WM, Hoenderop JG, Bindels RJ: EGF in-
creases TRPM6 activity and surface expres-
sion. J Am Soc Nephrol 20: 78–85, 2009

25. Tejpar S, Piessevaux H, Claes K, Piront P,
Hoenderop JG, Verslype C, Van Cutsem E:
Magnesium wasting associated with epider-
mal-growth-factor receptor-targeting anti-
bodies in colorectal cancer: A prospective
study. Lancet Oncol 8: 387–394, 2007

26. Costanzo LS, Windhager EE, Ellison DH:
Calcium and sodium transport by the distal
convoluted tubule of the rat. J Am Soc
Nephrol 11: 1562–1580, 2000

27. Hoenderop JG, van der Kemp AW, Hartog
A, van de Graaf SF, van Os CH, Willems PH,
Bindels RJ: Molecular identification of the
apical Ca2� channel in 1, 25-dihydroxyvita-
min D3-responsive epithelia. J Biol Chem
274: 8375–8378, 1999

28. Montell C, Birnbaumer L, Flockerzi V, Bind-
els RJ, Bruford EA, Caterina MJ, Clapham
DE, Harteneck C, Heller S, Julius D, Kojima I,
Mori Y, Penner R, Prawitt D, Scharenberg
AM, Schultz G, Shimizu N, Zhu MX: A unified
nomenclature for the superfamily of TRP cat-
ion channels. Mol Cell 9: 229–231, 2002

29. Hoenderop JG, Voets T, Hoefs S, Weidema
F, Prenen J, Nilius B, Bindels RJ: Homo- and
heterotetrameric architecture of the epithe-
lial Ca2� channels TRPV5 and TRPV6. Embo
J 22: 776–785, 2003

30. Chang Q, Gyftogianni E, van de Graaf SF,
Hoefs S, Weidema FA, Bindels RJ, Hoen-
derop JG: Molecular determinants in TRPV5

SPECIAL ARTICLE www.jasn.org

1268 Journal of the American Society of Nephrology J Am Soc Nephrol 21: 1263–1269, 2010



channel assembly. J Biol Chem 279: 54304–
54311, 2004

31. Cha SK, Ortega B, Kurosu H, Rosenblatt KP,
Kuro OM, Huang CL: Removal of sialic acid
involving Klotho causes cell-surface retention
of TRPV5 channel via binding to galectin-1.
Proc Natl Acad Sci U S A 105: 9805–9810,
2008

32. Hellwig N, Albrecht N, Harteneck C, Schultz
G, Schaefer M: Homo- and heteromeric as-
sembly of TRPV channel subunits. J Cell Sci
118: 917–928, 2005

33. Hoenderop JG, van Leeuwen JP, van der
Eerden BC, Kersten FF, van der Kemp AW,
Merillat AM, Waarsing JH, Rossier BC, Vallon
V, Hummler E, Bindels RJ: Renal Ca2� wast-
ing, hyperabsorption, and reduced bone
thickness in mice lacking TRPV5. J Clin Invest
112: 1906–1914, 2003

34. Vennekens R, Hoenderop JG, Prenen J,
Stuiver M, Willems PH, Droogmans G, Nilius
B, Bindels RJ: Permeation and gating prop-
erties of the novel epithelial Ca(2�) channel.
J Biol Chem 275: 3963–3969, 2000

35. Hoenderop JG, Dardenne O, Van Abel M,
Van Der Kemp AW, Van Os CH, St -Arnaud
R, Bindels RJ: Modulation of renal Ca2�

transport protein genes by dietary Ca2�

and 1,25-dihydroxyvitamin D3 in 25-hy-
droxyvitamin D3–1alpha-hydroxylase knock-
out mice. Faseb J 16: 1398–1406, 2002

36. Van Cromphaut SJ, Dewerchin M, Hoen-
derop JG, Stockmans I, Van Herck E, Kato S,
Bindels RJ, Collen D, Carmeliet P, Bouillon
R, Carmeliet G: Duodenal calcium absorp-
tion in vitamin D receptor-knockout mice:
Functional and molecular aspects. Proc Natl
Acad Sci U S A 98: 13324–13329, 2001

37. Bindels RJ, Hartog A, Timmermans J, Van
Os CH: Active Ca2� transport in primary cul-
tures of rabbit kidney CCD: Stimulation by
1,25-dihydroxyvitamin D3 and PTH. Am J
Physiol 261: F799–F807, 1991

38. Van Baal J, Yu A, Hartog A, Fransen JA, Wil-
lems PH, Lytton J, Bindels RJ: Localization and
regulation by vitamin D of calcium transport
proteins in rabbit cortical collecting system.
Am J Physiol 271: F985–F993, 1996

39. Ellison DH: Divalent cation transport by the
distal nephron: Insights from Bartter’s and
Gitelman’s syndromes. Am J Physiol Renal
Physiol 279: F616–F625, 2000

40. Costanzo LS, Weiner IM: Relationship be-
tween clearances of Ca and Na: effect of
distal diuretics and PTH. Am J Physiol 230:
67–73, 1976

41. Brickman AS, Massry SG, Coburn JW:
Changes in serum and urinary calcium dur-
ing treatment with hydrochlorothiazide:
studies on mechanisms. J Clin Invest 51:
945–954, 1972

42. Friedman PA: Codependence of renal cal-
cium and sodium transport. Annu Rev
Physiol 60: 179–197, 1998

43. Nijenhuis T, Hoenderop JG, Loffing J, van
der Kemp AW, Van Os C, Bindels RJ: Thia-
zide-induced hypocalciuria is accompanied
by a decreased expression of Ca2� trans-
porting proteins in the distal tubule. Kidney
Int 64: 555–564, 2003

44. Nijenhuis T, Vallon V, van der Kemp AW,
Loffing J, Hoenderop JG, Bindels RJ: En-
hanced passive Ca2� reabsorption and re-
duced Mg2� channel abundance explains
thiazide-induced hypocalciuria and hypo-
magnesemia. J Clin Invest 115: 1651–1658,
2005

45. Renkema KY, Velic A, Dijkman HB, Verkaart
S, van der Kemp AW, Nowik M, Timmer-
mans K, Doucet A, Wagner CA, Bindels RJ,
Hoenderop JG: The calcium-sensing recep-
tor promotes urinary acidification to prevent
nephrolithiasis. J Am Soc Nephrol 20: 1705–
1713, 2009

SPECIAL ARTICLEwww.jasn.org

J Am Soc Nephrol 21: 1263–1269, 2010 Minerals in Motion 1269


