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Abstract
Background. Furosemide is a loop diuretic, which blocks the Na+, K+, 2Cl− cotransporter (NKCC2)
in the thick ascending limb of Henle (TAL). By diminishing sodium (Na+) reabsorption, loop diure-
tics reduce the lumen-positive transepithelial voltage and consequently diminish paracellular
transport of magnesium (Mg2+) and calcium (Ca2+) in TAL. Indeed, furosemide promotes urinary
Mg2+ excretion; however, it is unclear whether this leads, especially during prolonged treatment,
to hypomagnesaemia. The aim of the present study was, therefore, to determine the effect of
chronic furosemide application on renal Mg2+ handling in mice.
Methods. Two groups of 10 mice received an osmotic minipump subcutaneously for 7 days with
vehicle or 30 mg/kg/day furosemide. Serum and urine electrolyte concentrations were deter-
mined. Next, renal mRNA levels of the epithelial Mg2+ channel (TRPM6), the Na+, Cl− cotransporter
(NCC), the epithelial Ca2+ channel (TRPV5), the cytosolic Ca2+-binding protein calbindin-D28K, as
well parvalbumin (PV), claudin-7 (CLDN7) and claudin-8 (CLDN8), the epithelial Na+ channel
(ENaC) and the Na+–H+ exchanger 3 (NHE3) were determined by real-time quantitative polymer-
ase chain reaction. Renal protein levels of NCC, TRPV5, calbindin-D28K and ENaC were also
measured using semi-quantitative immunohistochemistry and immunoblotting.
Results. The mice chronically treated with 30 mg/kg/day furosemide displayed a significant poly-
uria (2.1 ± 0.3 and 1.3 ± 0.2 mL/24 h, furosemide versus control respectively, P < 0.05). Furosemide
treatment resulted in increased serum concentrations of Na+ [158 ± 3 (treated) and 147 ± 1
mmol/L (control), P < 0.01], whereas serum K+, Ca2+ and Mg2+ values were not significantly
altered in mice treated with furosemide. Urinary excretion of Na+, K+, Ca2+ and Mg2+ was not
affected by chronic furosemide treatment. The present study shows specific renal upregulation of
TRPM6, NCC, TRPV5 and calbindin-D28K.
Conclusions. During chronic furosemide treatment, enhanced active reabsorption of Mg2+ via the
epithelial channel TRPM6 in DCT compensates for the reduced reabsorption of Mg2+ in TAL.
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Introduction

Furosemide is a loop diuretic, which blocks the Na+, K+,
2Cl− cotransporter (NKCC2) in the thick ascending limb of
Henle (TAL) [1] by competing for the chloride site on the
transporter [2]. Interestingly, most magnesium (Mg2+) re-
absorption takes place in TAL (∼60%) in a passive, para-
cellular way [3, 4]. This reabsorption is driven by the
transepithelial potential mediated by transport via
NKCC2. Furosemide treatment is usually prescribed pri-
marily for its natriuretic action as treatment of edema-
tous status and hypertension [5]. By diminishing sodium
(Na+) reabsorption, the concentrating process that occurs
in the renal medulla is impaired and fluid loss ensues. On
the short term, this results in diminished Na+ and chlor-
ide (Cl−) reabsorption, and as a consequence, due to in-
creased distal Na+ delivery and increased levels of

aldosterone, potassium (K+) loss. In TAL, the generation
of a lumen-positive transepithelial voltage by NKCC2 is di-
minished by treatment with furosemide, consequently
paracellular transport of Mg2+ and calcium (Ca2+) is
reduced resulting in increased urinary excretion of these
ions [6–8]. Chronic effects of furosemide treatment
sometimes result in hypercalciuria, but only rarely lead to
hypocalcaemia [9, 10]. Long-term effects of treatment
with furosemide on urinary and serum Mg2+ values vary,
in such a way that hypomagnesaemia is sometimes ob-
served in patients with heart failure or other serious dis-
eases; a disorder not generally observed in patients with
sufficient Mg2+ intake and no disturbance in Mg2+

balance [9, 11, 12]. However, data of chronic furosemide
treatment in healthy volunteers or animal models are
scarce and seem to lack analysis of Mg2+ homeostasis in
relation to other electrolytes.
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A complicating factor of chronic furosemide use is the
development of resistance, which decreases the long-
term efficacy [13]. On the one hand, decreased efficacy
with time occurs because of the ‘braking phenomenon’
[14]. This phenomenon is the result of adaptation in the
distal convoluted tubule (DCT) and connecting tubule
(CNT), due to the chronically increased Na+ delivery to
these nephron segments [15–17]. On the other hand,
resistance develops due to the short-acting characteristic
of furosemide, with a peak plasma concentration after
∼1 h of furosemide treatment [18, 19]. Thus, increased
reabsorption of Na+ can be observed rapidly, know as the
‘rebound phase’ [14]. As an indicator of resistance to
chronic furosemide treatment, particularly the impaired
natriuretic response was determined by measuring renal
Na+ excretion levels [15]. It is interesting to unravel if the
excretion of in particular Mg2+ is affected similarly. Like
the clinical implications for furosemide use, hypomagne-
saemia is only sporadically observed in antenatal Bartter
syndrome [20]. This disorder is caused by mutations in
genes facilitating transcellular NaCl reabsorption in TAL,
including the gene encoding NKCC2 (SLC12AI). This her-
editary recessive disease, which impairs the transport
function of the TAL, is characterized by prenatal onset, a
severe salt-wasting state with low blood pressure, hypo-
kalemic metabolic alkalosis, hyperreninaemia, polyuria,
hyperprostaglandinuria and often hypercalciuria [21].

The aim of the present study was to unravel whether
chronic furosemide treatment leads to hypomagnesae-
mia or that other parts of the nephron can compensate
for the reduced Mg2+ reabsorption in TAL. For this
purpose, the chronic effect of furosemide on renal
handling of Mg2+ was studied in mice. The fine-tuning of
Mg2+ excretion is mediated by the early DCT (DCT1),
where active transcellular reabsorption takes place via
the epithelial Mg2+ channel (TRPM6) [22]. Therefore, the
expression level of TRPM6 was measured as well as the
level of the Na+, Cl− cotransporter (NCC). This protein is,
like TRPM6, expressed exclusively along the apical mem-
brane of the DCT [23].

Subjects and methods

Animal studies

Male C57BL/6J mice (10 weeks of age) were purchased
from Harlan/CPB (Zeist, The Netherlands) and roomed in
a temperature- and light-controlled room with ad libitum
access to standard pellet chow (0.19% w/w Mg2+, SSNIFF
Spezialdiäten GmbH, Soest, Germany) and drinking water.
Mice were randomly assigned to either the control or fur-
osemide treatment group (10 per group). Furosemide
(Sigma, St Louis, MO, USA) was administered using
osmotic minipumps (Alzet, Cupertino, CA, USA) subcu-
taneously for 7 days with vehicle or 30 mg/kg/day furose-
mide. Before and after the treatment, the mice were
individually housed in metabolic cages enabling 24 h
urine collections under mineral oil (to prevent evapor-
ation) and to measure their water and food intake. At the
end of the experiment, blood samples were taken under
isoflurane anaesthesia and the mice were sacrificed. Sub-
sequently, kidneys were frozen immediately in liquid ni-
trogen or incubated in periodate–lysine–paraformaldehyde
(PLP) solution for RNA isolation, immunoblotting and im-
munohistochemistry (IHC) analysis, respectively. Blood
was led to clot at room temperature, incubated overnight

at 4°C and spun down for 5 min at 13 250 × g, and the
collected serum was subsequently used for analytical
procedures. The animal ethics board of the Radboud Uni-
versity Nijmegen approved all experimental procedures.

Analytical procedures

Serum Mg2+ concentration and urinary Mg2+ excretion
were determined using a colorimetric assay kit according
to the manufacturer’s protocol (Roche Diagnostics,
Woerden, the Netherlands). Serum and urine Ca2+ con-
centrations were measured colorimetrically as described
previously [24]. A flame spectrophotometer (FCM 6343;
Eppendorf) was used to measure serum and urine Na+

and K+ concentrations.

Total kidney RNA isolation and cDNA synthesis

Total RNA was extracted from the kidney using TriZol
Total RNA Isolation Reagent according to standard pro-
cedures (Gibco BRL, Breda, the Netherlands). The ob-
tained RNA was subjected to DNase treatment (Promega,
Madison, WI, USA) to prevent genomic DNA contami-
nation. All samples were resolved on 1% w/v formal-
dehyde agarose gel to evaluate the RNA quality, while
RNA concentration was determined by measuring the
ratio of the UV absorbance at 260 and 280 nm using the
NANODROP 2000c (Thermo Scientific, Wilmington, DE,
USA). Thereafter, 1.5 µg of RNA was reverse transcribed
by Molony-Murine Leukaemia Virus-Reverse Transcriptase
(MMLV-RT) (Invitrogen, Breda, The Netherlands) into
cDNA according to the manufactures recommendations.

SYBR Green real-time quantitative polymerase chain
reaction

The cDNA was used to determine the mRNA expression
levels of genes of interest, as well as mRNA levels of the
reference gene glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH) as an endogenous control. Primer3 software
(http://frodo.wi.mit.edu/primer3/) was used to design
real-time polymerase chain reaction (PCR) primers ac-
cording to the general criteria for real-time-primers. All
primer sets were intron-overspanning, except for CLDN8,
because this gene consists of only one exon. All primer
sequences used in this study are listed in Table 1. Prior to
real-time PCR, the efficiency (95–105%) and dynamic
range (R2 > 0.98) were evaluated for each primer set.
Real-time PCRs were performed on a Biorad CFX96™.
Real-time PCR and Biorad C1000™ Thermal Cycler
system. Reactions were performed in duplo using 6.25 μL
of SYBR®-Green Master Mix (Applied Biosystems, Foster
City, CA, USA), 12.5 ng of template cDNA and 400 nM each
primer in a final volume of 12.5 μL. All amplicons showed
the correct sizes after gel electrophoresis and the dis-
sociation curves showed one distinct melting peak, ensur-
ing the absence of a non-specific byproduct or primer
dimers. Moreover, no reverse transcription controls and no
template controls were taken, and the difference between
the samples was at least eight ct-values, but most of the
times >40 cycles (data not shown).

Immunohistochemistry

Immunohistochemical staining was performed on 7-μm
cryosections PLP-fixed kidney samples. Sections were
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stained with guinea pig anti-TRPV5 [25], rabbit anti–cal-
bindin-D28K (Swant, Bellinzona, Switzerland) and rabbit
anti-NCC [26], as described previously [27, 28]. Images
representing the entire kidney cortex were made using a
Zeiss fluorescence microscope (Sliedrecht, the Nether-
lands) equipped with an AxioCam digital photo camera.
For semi-quantitative determination of protein levels as
the mean of integrated optical density [28], images were
analysed with the Fiji ImageJ image analysis software
(http://pacific.mpi-cbg.de).

Immunoblotting

Kidneys of control and furosemide-treated mice were
homogenized in homogenization buffer A (HbA; 20 mmol/L
Tris/HCl (pH = 7.4), 5 mmol/L MgCl2, 5 mmol/L NaH2PO4,
1 mmol/L EDTA, 80 mmol/L sucrose, 1 mmol/L phenyl-
methanesulfonylfluoride, 1 μg/mL leupeptin and 10 μg/
mL pepstatin). Protein concentration of the homogenates
was determined using the Bio-Rad Protein Assay (Bio-Rad,
Munich, Germany). The proteins were solubilized by 30
min incubation at 37°C in Laemmli buffer. Sixty micro-
grams of each protein sample were separated on an SDS–
PAGE gel and blotted to a polyvinylidene difluoride–nitro-
cellulose membrane (Immobilon-P, Millipore Corporation,
Bedford, MA, USA). Blots were incubated for 16 h with
either a rabbit NCC antibody (1:500 dilution; Millipore, Bill-
erica, MA, USA), a rabbit anti–calbindin-D28K (1:10 000
dilution; Swant, Bellinzona, Switzerland), a rabbit anti-
αENaC antibody (1:1000 dilution; StressMarq, Victoria,

Canada) or a mouse tubulin antibody (1:20 000 dilution;
Invitrogen, Camarillo, CA, USA). Thereafter, blots were in-
cubated with peroxidase-conjugated secondary anti-
bodies after which proteins were visualized by
chemiluminescence (Pierce, Rockford, IL, USA). Immuno-
positive bands were scanned using ChemiDoc XRS (Bio-
Rad) and signals were analysed with the Quantity One
software (Bio-Rad). The amount of NCC, calbindin-D28K
and ENaC protein was normalized for the corresponding
total amount of protein, using tubulin protein levels or
Coomassie staining. Data are based on two independent
experiments in which four samples per group were
analysed.

Statistical analysis

Data are expressed as mean ± SEM. Statistical analyses
were performed by Student’s t-test. P < 0.05 was
considered statistically significant. All calculations were
accomplished using the InStat 3 for Macintosh software.

Results

Serum and urine electrolyte levels of furosemide-treated
mice

Ten-week-old C57Bl/6J mice were administered furose-
mide or vehicle using osmotic minipumps for 7 days.
Before and after the treatment, the mice were individu-
ally housed in metabolic cages enabling 24 h urine col-
lections and to measure their water and food intake.
Urinary volume and serum electrolyte concentrations
and urinary electrolyte levels are displayed in Table 2. The
mice treated with furosemide displayed a significant
polyuria when compared with controls (2.1 ± 0.3 and
1.3 ± 0.2 mL/24 h respectively, P < 0.05). Serum determi-
nations showed that furosemide treatment resulted in
substantially increased levels of Na+ [158 ± 3 (furose-
mide) and 147 ± 1 mmol/L (control), P < 0.01] whereas
serum Ca2+, Mg2+ and K+ values were not significantly
altered in mice treated with furosemide. Moreover, furo-
semide treatment did not affect the urinary Mg2+, Ca2+,
Na+ and K+ excretion (μmol/24 h). Body weight, food
intake, water intake and production of faeces were not
significantly influenced by the chronic furosemide
treatment.

Table 2. Serum electrolyte concentrations and urine analysis of mice
following chronic furosemide treatmenta

Measurement Control Furosemide

Serum
[Mg2+] (mmol/L) 1.65 ± 0.03 1.57 ± 0.04
[Ca2+] (mmol/L) 2.25 ± 0.04 2.27 ± 0.02
[Na+] (mmol/L) 147 ± 1 158 ± 3b

[K+] (mmol/L) 7.7 ± 0.1 8.5 ± 0.4
Urine

Volume (mL/24 h) 1.3 ± 0.2 2.1 ± 0.3b

Mg2+ excretion (µmol/24 h) 33 ± 3 36 ± 4
Ca2+ excretion (µmol/24 h) 7.1 ± 0.7 8.9 ± 0.7
Na+ excretion (µmol/24 h) 165 ± 12 194 ± 16
K+ excretion (µmol/24 h) 435 ± 34 490 ± 25

aControls, mice receiving vehicle only; Furosemide, mice receiving 30 mg/
kg/day furosemide. Values are presented as mean ± SEM.
bP < 0.05 compared with control.

Table 1. Sequences of mouse primers used for real-time qPCRa

Gene Forward primer Reverse primer

GAPDH 50-TAACATCAAATGGGGTGAGG-30 50-GGTTCACACCCATCACAAAC-30

TRPM6 50-CCTTGGGGAGTCATTGAGAAC-30 50-CAGTCCCATCATCACACAGG-30

NCC 50-CTTCGGCCACTGGCATTCTG-30 50-GATGGCAAGGTAGGAGATGG-30

TRPV5 50-CCACAGTGATGCTGGAGAGG-30 50-GGATTCTGCTCCTGGTGGTG-30

Calbindin-D28K 50-AACTGACAGAGATGGCCAGGTTA-30 50-TGAACTCTTTCCCACACATTTTGAT-30

PV 50-CGCTGAGGACATCAAGAAGG-30 50-CCGGGTTCTTTTTCTTCAGG-30

CLDN7 50-GGATTGGTCATCAGATTGTCACA-30 50-TGGCAGGTCCAAACTCGTACT-30

CLDN8 50-CATGCCTCAGTGGAGAGTG-30 50-GACCTTGCACTGCATTCTG-30

ENaC 50-CATGCCTGGAGTCAACAATG-30 50-CCATAAAAGCAGGCTCATCC-30

NHE3 50-TGCCTTGGTGGTACTTCTGG-30 50-TCGCTCCTCTTCACCTTCAG-30

aMouse primers used to perform SYBR Green real-time quantitative PCR. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TRPM6, transient receptor
potential melastatin member 6; NCC, Na+, Cl− cotransporter; TRPV5, transient receptor potential vanilloid member 5; Calbindin-D28K, Ca

2+-binding
protein D28K; PV, parvalbumin; CLDN7, claudin-7; CLDN8, claudin-8; ENaC, epithelial Na+ channel; NHE3, Na+, H+ exchanger 3.
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Effect of furosemide treatment on renal expression
of TRPM6 and NCC

The effect of furosemide treatment on the renal
expression level of TRPM6 was determined by real-time
quantitative PCR (qPCR). A significant increase in renal
TRPM6 mRNA expression was observed in mice chroni-
cally treated with furosemide (129 ± 9 and 100 ± 6%, fur-
osemide versus control, P < 0.05) (Figure 1). Next, the
renal mRNA expression level and protein abundance of
the thiazide-sensitive NCC were determined. Chronic furo-
semide treatment had no effect on mRNA expression of
NCC (98 ± 4 and 100 ± 5%, furosemide versus control,
P > 0.2) (Figure 2A). The renal protein abundance of NCC
was examined by IHC. In order to semi-quantify the
protein expression, the amount of immunopositive
tubules in the total kidney cortex was determined for
each experimental group. The averaged values of the fur-
osemide-treated group are presented as relative percen-
tage of expression in control mice. In contrast with the
mRNA level, the protein abundance of NCC was substan-
tially increased (176 ± 9 and 100 ± 8%, furosemide versus
control, P < 0.01) (Figure 2B).

Specificity of increased levels of Mg2+ transporters
in response to furosemide administration

To determine the specificity of the upregulation of TRPM6
and NCC in response to furosemide treatment, renal
mRNA expression levels of other genes specifically ex-
pressed in the DCT and CNT were quantified. To evaluate
the effect of furosemide treatment on Ca2+ handling, renal
expression levels of TRPV5 and the cytosolic Ca2+-binding
protein calbindin-D28K in the late DCT (DCT2) and CNT were
determined. Furosemide significantly increased the mRNA
expression levels of TRPV5 (125 ± 6 and 100 ± 6%, furose-
mide versus control, P < 0.01) (Figure 3A) and calbindin-
D28K (153 ± 14 and 100 ± 10%, furosemide versus control,
P < 0.01) (Figure 3B). Subsequently, the renal protein abun-
dance of TRPV5 and calbindin-D28K was examined by IHC.
In accordance with the mRNA levels, the protein levels of
TRPV5 (171 ± 18 and 100 ± 10%, furosemide versus control,

P < 0.01) (Figure 3C) and calbindin-D28K (173 ± 13 and
100 ± 8%, furosemide versus control, P < 0.01) (Figure 3D)
were markedly increased. Subsequently, the mRNA
abundance of parvalbumin (PV), a DCT-specific Ca2+- and
Mg2+-binding protein [29], the tight junction proteins
claudin-7 (CLDN7) and claudin-8 (CLDN8) expressed along
the entire aldosterone-sensitive part of the nephron [30]
and the epithelial Na+ channel (ENaC) in the CNT and
collecting duct (CD) were determined by real-time qPCR.
Furosemide treatment had no significant effect on the
mRNA expression levels of these genes; PV (122 ± 9 and
100 ± 8%) (Figure 4A), CLDN7 (115 ± 6 and 100 ± 11%)
(Figure 4B), CLDN8 (103 ± 9 and 100 ± 8%) (Figure 4C) and
ENaC (122 ± 13 and 100 ± 7%) (Figure 4D), for all four of
these genes; furosemide versus control, P > 0.05. Finally,
the mRNA expression level of the Na+–H+ exchanger 3
(NHE3) in the proximal tubule (PT) and to a minor extent
in TAL [31, 32] was determined to define whether chronic
furosemide treatment increased Na+ reabsorption in the
PT. Furosemide treatment did not substantially change the
renal mRNA level of NHE3 (125 ± 17 and 100 ± 6%, furose-
mide versus control, P > 0.1) (Figure 4E).
Ultimately, to confirm our data obtained by real-time

qPCR and IHC, we performed immunoblotting for NCC,
calbindin-D28K and αENaC. Quantification of the immuno-
blots revealed that NCC (165 ± 15 and 100 ± 10%, furose-
mide versus control, P < 0.01) (Figure 5A) and calbindin-
D28K (180 ± 23 and 100 ± 12%, furosemide versus control,
P < 0.01) (Figure 5B) were markedly upregulated in the
furosemide-treated group, confirming the results ob-
tained using IHC. Moreover, the immunoblot for ENaC
further substantiated the result obtained on the mRNA
level, showing that αENaC protein expression is not af-
fected by furosemide treatment as well (122 ± 17 and
100 ± 14%, furosemide versus control, P > 0.2) (Figure 5C).

Discussion

Our study demonstrated that chronic furosemide treat-
ment induces a robust polyuria. This effect, which is well
known for blocking NKCC2, is the consequence of a
defect in the urinary concentrating process due to dimin-
ished Na+, K+ and Cl− cotransport in the TAL. Importantly,
serum Na+ values were significantly increased, whereas
serum Mg2+, Ca2+ and K+ levels remained constant. The
renal excretion of these electrolytes was not affected by
chronic furosemide administration. Apparently, the abol-
ished reabsorption in the TAL during chronic furosemide
treatment is compensated by an enhanced transport of
Mg2+ and Na+ in the DCT and of Ca2+ in the DCT2 and
CNT, via TRPM6, NCC and TRPV5, respectively. These find-
ings demonstrate a large adaptive capacity of the distal
part of the nephron during a chronic diuretic regime.
Our furosemide-treated mice did not develop signifi-

cant hypokalaemia, hypercalciuria or renal K+ wasting as
usually observed for patients treated with furosemide or
affected by Bartter syndrome [33, 34]. In contrast, we ob-
served hypernatraemia in the furosemide-treated group.
Dehydration is a well-recognized characteristic of Bartter
syndrome [34]. Besides, in a mouse model of Bartter syn-
drome, it was shown that these mice suffer from uncom-
pensated polyuria reflected by extracellular volume
depletion and hypernatraemia [35]. Our data suggest
that the significant difference in urinary volume was
balanced by a smaller, and therefore not significant,

Fig. 1. Effect of chronic furosemide treatment on renal TRPM6 mRNA
expression level. Real-time qPCR was used to determine the epithelial
Mg2+ channel TRPM6 mRNA expression level in the kidneys of mice
chronically treated with furosemide (30 mg/kg/day for 7 days). Expression
levels are corrected for GAPDH and presented as relative percentage of
expression in control mice. Values are presented as means ± SEM (n = 10).
*P < 0.05 compared with control.
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compound changes in faeces, water intake and body
weight. Consequently, the hypernatraemia probably re-
flects a loss of water in the furosemide group. Impor-
tantly, this could have affected the other electrolyte
levels as well. Likewise, NCC-deficient mice appear
almost normal since no hypokalaemia was observed and
just a mild form of Gitelman syndrome (GS) [36]. This
latter finding is unanticipated as well and could indicate
that in some cases the mouse is not an optimal model
for the human situation.

Our study demonstrated increased mRNA expression
level of TRPM6 in response to chronic furosemide treat-
ment. This novel finding unraveled increased active reab-
sorption of Mg2+ in the DCT as a responsible molecular
mechanism for the compensation of impaired Mg2+ reab-
sorption in the TAL. The upregulation of TRPM6 in this
study demonstrates, as shown before during dietary Mg2+

deprivation [37], the gatekeeper function of this channel
in the maintenance of the Mg2+ balance. Studies on the
effect of chronic furosemide application on Mg2+ homeo-
stasis are scarce. A minor but significant drop (0.95 ± 0.01
and 0.99 ± 0.01 mmol/L, furosemide versus control,
respectively) in plasma Mg2+ was found in rats treated
with furosemide for several months [38]. In healthy vol-
unteers, oral administration of torasemide (an analogue
of furosemide) for 3 weeks did not modify total plasma
Mg2+, plasma ionized Mg2+ or the free-Mg2+ fraction [39].
The sufficient intake of Mg2+ during furosemide treat-
ment seems to be fundamental to optimal compensation
[9] and aberrations in Mg2+ balance probably occur only
due to comorbidity [11, 12].

NCC facilitates cotransport of Na+ and Cl− into DCT
cells. Mutations in the gene encoding NCC cause GS, a

salt-losing disorder characterized by hypokalaemic meta-
bolic alkalosis, hypomagnesaemia and hypocalciuria [36,
40]. Moreover, NCC-deficient mice have a similar pheno-
type, including hypomagnesaemia [36, 40, 41]. This indi-
cates the importance of NCC for Mg2+ homeostasis,
although it might be an indirect effect since it was not
proven that decreased Mg2+ reabsorption in TAL is a
direct stimulus for upregulation of NCC.

Next, the expression levels of the Ca2+ transporter
TRPV5 and calbindin-D28K, which are expressed in DCT2
and CNT, were determined. TRPV5 constitutes the apical
entry step in active Ca2+ reabsorption and is a key player
in determining the final urinary Ca2+ concentration [42].
TRPV5 and calbindin-D28K were on mRNA as well as on
the protein level substantially upregulated, which
suggests that like Mg2+ transport also active Ca2+ trans-
port in the distal part of the nephron is increased upon
chronic administration of furosemide. Our results are con-
sistent with the results of Lee et al., concerning the com-
pensatory adaptation of Ca2+ reabsorption mediated by
an increase in Ca2+ transporter abundance in the kidney
during chronic furosemide treatment. In contrast with
our results obtained after 7 days of treatment, they ob-
served increased urinary excretion of Ca2+ after 3 days of
furosemide [10]. This apparent discrepancy suggests that
the adaptation of the DCT/CNT to chronic furosemide
treatment takes more than 3 days to fully compensate
for decreased Ca2+ reabsorption in the TAL.

Previous studies performed in rats have demonstrated
that 6–8 days of continuous furosemide infusion causes
hypertrophy of the DCT, CNT and principal cells of the CD
[16, 17]. Microperfusion experiments in rats have shown
an enhanced capacity for Na+ reabsorption and K+

Fig. 2. Effect of chronic furosemide treatment on renal NCC expression levels. Real-time quantitative PCR was used to determine the mRNA level of the
thiazide-dependent Na+, Cl− cotransporter (NCC) in the kidneys of mice chronically treated with furosemide (30 mg/kg/day for 7 days). Expression levels
are corrected for GAPDH and presented as relative percentage of expression in control mice (A). NCC protein abundance was determined by
computerized analysis of immunohistochemical images and presented as relative percentage of control mice (B). Values are presented as means ± SEM
(n = 10). *P < 0.05 compared with control.
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secretion by the DCT, CNT and initial CD (ICD) in this
adapted state. Furosemide treatment did not affect the
length of these tubule segments, but the fractional
volumes of the DCT, CNT and ICD were increased, since
these cells have increased the height of lateral cell pro-
cesses and larger nuclei [16]. In the study by Ellison and
co-workers, the effect of furosemide was more dramatic,
concerning urinary volume, Na+ excretion and weight
loss of the rats compared with our study. This is probably
caused by the higher concentration of furosemide used
in the former study. We cannot exclude which part/per-
centage of the compensated reabsorption observed in
our study is caused by increased cell volume of the DCT
and CNT. However, our results suggest that specific upre-
gulation of TRPM6, NCC and the Ca2+ transporters TRPV5
and calbindin-D28K contributes to the increased reabsorp-
tion. Additionally, the mRNA expression levels of PV,

CLDN7, CLDN8, ENaC and NHE3, as well as the protein
level of ENaC were not affected by furosemide treatment.
This suggests that the response of the above-mentioned
Ca2+ and Mg2+ transport proteins is rather specific.
In line with our findings, Dussol and co-workers ob-

served in patients that furosemide treatment for 1 month
did not significantly increase urinary Na+ excretion [14,
43]. Loon et al. showed that continued renal Na+ loss
during furosemide treatment, also for 1 month and in
patients, could be prevented. This was mediated by in-
creased renal Na+ reabsorption and by a decreased na-
triuretic response to furosemide [15]. They explained
their findings by the negative impact of both the rebound
and the braking phenomena. In contrast with those
studies where they used once-daily injections, we used
osmotic minipumps resulting in continuous release of
furosemide. Our procedure makes the occurrence of a

Fig. 3. Effect of chronic furosemide treatment on renal TRPV5 and calbindin-D28K expression levels. Real-time qPCR was used to determine the mRNA
expression levels of the epithelial Ca2+ channel TRPV5 (A) and the cytosolic Ca2+-binding protein calbindin-D28K (B) in the kidneys of mice chronically
treated with furosemide (30 mg/kg/day for 7 days). Expression levels are corrected for GAPDH and presented as relative percentage of expression in
control mice. TRPV5 and calbindin-D28K protein abundance were determined by computerized analysis of immunohistochemical images and presented
as relative percentage of control mice (C and D). Values are presented as means ± SEM (n = 10). *P < 0.05 compared with control.
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rebound period very unlikely, and thus is the compen-
sation probably exclusively mediated by the braking
phenomenon. Remarkably, an experiment in rats com-
parable with our study showed an almost seven times in-
creased urinary volume and four times increased urinary
Na+ excretion levels. Moreover, they observed increased
levels of all thee subunits of ENaC, whereas the NCC
protein levels were unchanged upon furosemide treat-
ment [44]. In many other studies, furosemide has been
shown to increase the abundance and activity of NCC
[16, 45, 46]. Interestingly, northern blot analysis of NCC
mRNA demonstrated no significant effect of furosemide,

similar to our real-time qPCR results, indicating that NCC
is specifically regulated on the protein level [46]. The sig-
nificantly increased serum levels of Na+ after chronic fur-
osemide treatment found in our study suggest that the
furosemide-treated mice developed net water loss, poss-
ibly leading to a hypovolaemic state and activation of the
renin–angiotensin–aldosterone system.

van der Lubbe et al. [47] recently demonstrated that
angiotensin II, independently of aldosterone, can in-
crease the abundance and phosphorylation of NCC. This
effect is probably mediated in a with-no-lysine kinase
(WNK)4-STE20/SPS1-related, proline alanine-rich kinase

Fig. 4. Effect of chronic furosemide treatment on renal PV, CLDN7, CLDN8, ENaC and NHE3 mRNA expression levels. Real-time qPCR was used to
determine mRNA levels of parvalbumin (PV) (A), claudin-7 (CLDN7) (B), claudin-8 (CLDN8) (C), the epithelial Na+ channel (ENaC) (D) and the Na+–H+

exchanger 3 (NHE3) (E) in the kidneys of mice chronically treated with furosemide (30 mg/kg/day for 7 days). Expression levels are corrected for GAPDH
and presented as relative percentage of expression in control mice. Values are presented as means ± SEM (n = 10). *P < 0.05 compared with control.
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(SPAK)-dependent manner [48]. Specific activation of
NCC, as measured in the present study, is a likely expla-
nation for the fact that we did not observe compensated
Na+ reabsorption in the PT via NHE3 as shown for chronic
thiazide treatment [26] or stimulation of ENaC in the CNT
and CD. Finally, we could not exclude that increased
phosphorylation of NCC is mediated by arginine vasopres-
sin, the hormone that primarily serves to control extra-
cellular fluid homeostasis, via the WNK-SPAK/OSR1
pathway [49, 50].

In summary, this study showed that mice adapt to
chronic furosemide treatment, by the upregulation of
transporters distal to the furosemide target segment, in-
cluding TRPM6, NCC and TRPV5. In this way, urinary
wasting of especially Mg2+ and the subsequent develop-
ment of hypomagnesaemia is prevented. Extrapolating
these findings to patients on continuous furosemide treat-
ment, with normal kidney function and consuming an ade-
quate diet, suggests that it is unlikely that they develop
hypomagnesaemia. Intriguing remains why patients with

mutations in CLDN16 and CLDN19, tight junction proteins
located in the TAL, develop hypomagnesaemia due to pro-
gressive renal Mg2+ wasting [51, 52], while blockade of
NKCC2 does not result in hypomagnesaemia. It might be
that the effect of mutations in CLDN16 and CLDN19 is
more effective compared with blocking NKCC2 by furose-
mide. Another possible explanation is that CLDN16 and
CLDN19 are expressed in more segments than only the TAL.
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