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Abstract. Magnesium is the fourth most abundant mineral element in vertebrates and the second most common
intracellular cation. Recently identified Mg2+-specific channels – TRPM6 and TRPM7 – have been shown to
be essential for whole-body and cellular Mg2+ homeostasis. The aim of the study was to determine the effect
of inulin on the expression of TRPM6 and TRPM7 in the renal cortex and medulla of growing pigs. The study
was carried out on 16 Danbred×Duroc castrated male piglets fed a cereal-based diet without inulin or with 2 %
addition of inulin from chicory root from the 10th day of life. In pigs fed a diet with inulin, TRPM6 expression
was greater in both the renal cortex and medulla compared to the control group. The expression of TRPM7 in
both the renal cortex and medulla in the control group and in piglets fed a diet enriched with inulin was relatively
stable. To our knowledge, this is the first study aimed at the identification of TRPM6 and TRPM7 in the kidneys
of pig. It is proposed that inulin addition to fodder resulted not only in a magnesium absorption increase, but
also, due to prolonged low plasma Mg concentration of examined piglets, renal magnesium retention. Therefore,
higher magnesium reabsorption via increased TRPM6 expression in the kidney was probably observed in order
to supplement deficiencies of this element. Diet-unresponsive expression of TRPM7 supports the concept that
this channel is not involved in the extracellular magnesium homeostasis.

1 Introduction

Magnesium is the fourth most abundant mineral element in
vertebrates and the second most common intracellular cation
that is essential, especially as a cofactor of many enzymes.
The magnesium ions play an important role in all major cel-
lular processes such as energy metabolism, DNA replication,
transcription and protein synthesis. Magnesium is mainly in-
volved in bone formation, neuromuscular stability and mus-
cle contraction (Quamme, 2008; Jahnen-Dechent and Ket-
teler, 2012). With respect to production and pig welfare, the
consumption of the recommended magnesium amount in a

diet by pigs was shown to improve pork quality, specifically
the color and fluid loss. Sufficient Mg intake may positively
affect the behavior of animals and decrease the stress sensi-
tivity of pigs (Lipiński et al., 2011).

About 99 % of the total body magnesium is located in
bone, muscles and non-muscular soft tissues. The remain-
ing amount is found in red blood cells and extracellular flu-
ids, primarily blood plasma (Quamme and Rouffignac, 2000;
Jahnen-Dechent and Ketteler, 2012). Magnesium homeosta-
sis is regulated by intestinal absorption of available dietary
magnesium, storage in bone and renal excretion of urinary
magnesium (Konrad et al., 2004; Quamme, 2008; Jahnen-
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Dechent and Ketteler, 2012). The kidneys are crucial in mag-
nesium homeostasis as these organs provide the most sensi-
tive control for serum–magnesium balance. Magnesium ab-
sorption through the nephron segments differs from that of
most other ions. The main reabsorption site is not the prox-
imal tubule, but the thick ascending limb of the loop of
Henle, where 60–70 % of the total magnesium filtered at the
glomerulus is reabsorbed (Quamme and Rouffignac, 2000;
Jahnen-Dechent and Ketteler, 2012). There, transepithelial
magnesium movement is mostly paracellular and passive.
Approximately 10–15 % of the filtered magnesium is ab-
sorbed in the distal tubules. In the distal convoluted tubule
and connecting segments magnesium absorption is transcel-
lular and active (Dai et al., 2001; Quamme and Rouffignac,
2000), but little is known about the proteins involved in this
transport.

Recently identified Mg2+-specific channels – TRPM6 and
TRPM7 – have been shown to be essential for whole-body
and cellular Mg2+ homeostasis (Schlingmann and Guder-
mann, 2005; Pham et al., 2014). The TRP protein family is a
group of voltage-independent cation-permeable channels ex-
pressed in most mammalian cells (Hsu et al., 2007; de Feo,
2009). The transient receptor potential melastatin (TRPM)
cation channels differ significantly from other TPR mem-
bers regarding domain structure, cation permeation charac-
teristics and activation mechanisms (Chubanov et al., 2004;
Schlingmann et al., 2007). TRPM6 and its closest homo-
logue TRPM7 consist of six membrane-spanning domains
that form the channel pore and large intracellular amino-
terminal and carboxy-terminal domains (van der Wijst et
al., 2014). TRPM6 is specifically localized along the api-
cal membrane of the renal distal convoluted tubule. There,
it regulates Mg2+ transport and alters whole-body magne-
sium homeostasis by controlling urinary excretion (Seo and
Park, 2008; Pham et al., 2014). This channel is constitu-
tively open but tightly regulated by intracellular Mg2+ con-
centration (van der Wijst et al., 2014). TRPM7 is ubiqui-
tously expressed among tissues and is involved in cellular
Mg2+ homeostasis (Romani, 2011). Like TRPM6, TRPM7
is highly sensitive to intracellular Mg2+. Moreover, TRPM7
was shown to be involved in several cellular processes, such
as cell cycle regulation, cell growth, cell proliferation and
cell death (Muallem and Moe, 2007; Xie et al., 2011).

In pigs, Mg2+ serum concentration ranges between 1.11
and 1.52 mmol L−1 (Kaneko et al., 2008). In order to main-
tain these levels, a daily magnesium intake of 400 and
500 ppm of the total ration is recommended for growing pigs
(Mayo et al., 1959). Of the total magnesium consumed, ap-
proximately 30–50 % is absorbed in the gut (de Baaij et al.,
2012). Pigs were reported to absorb magnesium mainly in
the ileum and the colon (Yoshiki, 2007). Intestinal absorption
occurs through passive paracellular transport between the ep-
ithelial cells and active transcellular transport, mediated by
TRPM6 and 7 (Konrad et al., 2004; Quamme, 2008). Intesti-
nal absorption was shown to be regulated more by magne-

sium status than by dietary magnesium intake. The lower the
magnesium concentration in blood, the more magnesium is
absorbed in the intestine; thus, absorption may be high at a
low dietary intake (Jahnen-Dechent and Ketteler, 2012).

Intestinal absorption of minerals, including iron, magne-
sium and calcium, may be affected by dietary fiber (Scholz-
Ahrens et al., 2001; Yasuda et al., 2006; Samanta et al.,
2013). Among indigestible carbohydrates, inulin is of par-
ticular interest due to its potential health-promoting activ-
ity. Inulin-type fructans targets a range of different physi-
ological functions, starting from intestine performance and
microflora activity to mineral absorption, lipid homeostasis
and immunity. Experiments conducted on piglets demon-
strated that dietary supplementation with inulin stimulates
the growth of bifidobacteria and lactobacilli, thereby sup-
pressing pathogens in the lumen and mucosa of gut segments
(Verdonk et al., 2005; Xu et al., 2005). Fiber-rich food has a
favorable effect on lipid metabolism, especially due to inhibi-
tion of de novo fatty acid synthesis. Prebiotics reduce plasma
total cholesterol and LDL cholesterol (Beylot, 2005; Cieś-
lik et al., 2005; Roberfroid, 2007), also in pigs (Grela et al.,
2014). Inulin is a plant storage carbohydrate which is a mix-
ture of fructose oligomers and polymers that are resistant to
mammalian digestive enzymes due to β(2− 1) linkages be-
tween fructose units. Intestinal bacteria are able to degrade
fructans, leading to changes in the intestinal environment that
may facilitate mineral absorption (Roberfroid, 2005a).

Due to the importance of magnesium in piglet nutrition
and breeding, it is justified to confirm the potential contribu-
tion of inulin to improving magnesium reabsorption in kid-
neys and thereby its retention in organism. Therefore, the
aim of the study was to determine the effect of inulin on
the expression of TRPM6 and TRPM7 in the renal cortex
and medulla of growing pigs. To the best of our knowledge,
this is the first report that shows precise TRPM6 and 7 im-
munolocalization in the porcine kidneys. Moreover, in terms
of anatomy, physiology and genetics, pigs are more similar
to humans compared to other animals (Mandel et al., 2004;
Bendixen et al., 2010; Luo et al., 2014). As opposed to the
unipapillary structure of the rodent kidney, pigs have multi-
papillary kidneys similar to humans. The size of the kidney,
the collecting system and the predominantly short-looped
nephrons closely resemble the anatomical and physiological
features of the human kidney (Sampaio et al., 1998; Eskild-
Jensen et al., 2007; Bagetti Filho et al., 2008). In view of
the above, our study may be also useful for designing further
studies in human medicine.

2 Materials and methods

2.1 Experimental animals and diets

The experimental protocol was approved (No. 30/2010) by
the Third Local Animal Experimentation Ethics Commis-
sion (Warsaw University of Life Sciences – SGGW, War-
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saw Poland) in accordance with the principles of the Eu-
ropean Union and Polish Law on Animal Protection. The
study was carried out on 16 Danbred×Duroc castrated male
piglets fed a cereal-based diet without inulin or with 2 % ad-
dition of inulin with an average degree of polymerization of
23 (Inulin Orafti® HPX, BENEO GmbH) from chicory root
from the 10th day of life. Experimental diets consisted of
wheat (45.8 %), barley (20 %), corn starch (4 % in the con-
trol diet and 2 % in inulin-supplemented diet), full-fat soy-
beans (5.9 %), whey (9.7 %), fish meal (4 %), spray-dried
plasma (4 %), soybean oil (3.4 %), calcium formate (0.3 %),
pasture chalk (0.5 %), calcium phosphate (0.6 %), pasture
salt (0.07 %), L-lysine (0.6 %), DL-methionine (0.2 %), L-
threonine (0.26 %), L-tryptophan (0.09 %), premix (0.4 %)
and aroma (0.1 %). The diet contained 20 % crude protein
and 14.3 MJ kg−1 metabolizable energy.

Until the day of weaning, piglets were kept with their sows
(four litters per group) in farrowing pens on a farm. At 28th
day of life piglets were weaned, weighed and then two ani-
mals of an average body weight of 7.9 kg were chosen from
each litter and transported to the experimental facility. The
animals were placed in pens of 4 pigs each (two pens per
group), in a room with 25 ◦C, 12 h–12 h dark–light cycle and
free access to feed and water. After 40 days of feeding pigs
were sacrificed by electric shock and blood samples were
taken into heparinized tubes during exsanguination. Blood
plasma was obtained by centrifugation (3000 rpm, 10 min,
4 ◦C) and stored at −40 ◦C. Kidneys were excised and cut
into pieces. Tissue samples for western blot analysis were
snap-frozen in liquid nitrogen and stored at−80 ◦C, whereas
samples for immunohistochemistry were washed twice with
an ice-cold 0.9 % NaCl solution and subsequently twice with
the ice-cold Krebs-HEPES buffer (20 mM, pH 7.4) and fixed
in 4 % formalin.

2.2 sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and western blot

The tissue samples were placed in the ly-
sis buffer (5 M urea, 2 M thiourea, 4 % 3-((3-
Cholamidopropyl)dimethylammonio)-1-propanesulfonate
(CHAPS), 40 mM Tris, 0.2 % ampholytes pH 3–10, nu-
clease 1 : 1000) containing a protease inhibitor cocktail
(1 : 100; Sigma-Aldrich). Afterwards, the tissue samples
were frozen in liquid nitrogen and were homogenized
using the Tissue Lyser (QIAGEN). The homogenates
were centrifuged at 20 800×g for 15 min at 4 ◦C. The
samples were warmed to 37 ◦C and loaded on the 12 %
polyacrylamide gels and run for 120 min at 100 V. The
proteins were then electrotransferred (12 V, 14 min) to
PVDF membranes. The membranes were blocked with
5 % non-fat milk in phosphate-buffered saline with tween®

(PBS-T; 80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl
and 0.1 % Tween 20, pH 7.5) for 1 h and incubated overnight
at 4 ◦C with anti-TRPM6 and TRPM7 rabbit polyclonal

antibodies (orb38901 and orb38899, Bioryt) diluted 1 : 1000,
followed by incubation with secondary anti-rabbit (120P
Serotec) horseradish peroxidase-conjugated antibodies. The
labeling was visualized by the enhanced chemiluminescence
system (ECL plus) and exposure to a CCD camera (Versadoc
4000MP, Bio Rad). The densitometry values and band opti-
cal density (OD) was evaluated with Quantity One software.
The expression of TRPM6 and TRPM7 were normalized
against β-actin, which was used as an internal control.

2.3 Immunohistochemistry

The kidneys were embedded in paraffin blocks and sliced
into 2–3 µm thick sections on a rotary microtome. Prepara-
tions were deparaffinized in xylene, hydrated through graded
ethanol concentrations to water and used for further im-
munohistochemical staining. In order to expose the epi-
topes, the sections were boiled twice in a microwave oven
(700 W for 4 and 3 min) in 10 nM citrate buffer (pH 6.0).
Once cooled and washed with PBS, the slides were incubated
for 60 min at room temperature with primary anti-TPRM6
and anti-TRPM7 rabbit polyclonal antibodies (orb38901
and orb38899, Bioryt; final dilution 1 : 500). To visualize
the antigen–antibody complex, a Dako LSAB+System-HRP
(Code K0679; DakoCytomation, Glostrup, Denmark) was
used, based on the reaction of avidin–biotin–horseradish
peroxidase with 3,3’-(DAB) as a chromogen in conformity
with the included staining procedure instruction. Sections
were washed in distilled H2O and counterstained with hema-
toxylin. For a negative control, specimens were processed in
the absence of a primary antibody. Positive staining was de-
fined microscopically (Leica DM5000B, Wetzlar, Germany)
by visual identification of brown pigmentation.

2.4 Blood plasma magnesium concentration

Magnesium concentration in blood plasma was determined
colorimetrically based on reaction with calmagite in an alka-
line solution, using ready-to-use ELITech reagents (ELITech
Group, Puteaux, France). All steps and absorbance measure-
ments at 500 nm were performed on a MAXMAT PL mul-
tidisciplinary diagnostic platform (Erba Diagnostics France
SARL).

2.5 Statistical analysis

Mean values and standard deviations were calculated. The
resulting data were analyzed by Student’s t test using Statis-
tica, 10.0TM in order to test significance of differences.

3 Results

As seen in Table 1, magnesium concentration in blood
plasma ranged from 0.56 to 0.71 mmol L−1 in control pigs
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Figure 1. Immunolocalization and immunoexpression of TRPM6 in the renal cortex and medulla of the control group and pigs fed a diet
supplemented with 2 % inulin. The letters and markers on microphotography indicate the following: D – distal tubules; P – proximal tubules;
black arrow – glomerulus; CD – collecting ducts. Bar= 50 µm.

Figure 2. Immunolocalization and immunoexpression of TRPM7 in the renal cortex and medulla of the control group and pigs fed a diet
supplemented with 2 % inulin. The letters and markers on microphotography indicate the following: D – distal tubules; P – proximal tubules;
black arrow – glomerulus; CD – collecting ducts. Bar= 50 µm.

and from 0.62 to 0.68 mmol L−1 in animals fed a diet con-
taining inulin. The average Mg2+ concentrations were 0.64
and 0.66 mmol L−1 in the control pigs and experimental an-
imals, respectively, and no statistically significant difference
between these two groups was found.

Figure 1 shows the immunolocalization and immunoex-
pression of TRPM6 in the renal cortex and medulla of the
control group and pigs fed a diet supplemented with 2 % in-
ulin. TRPM6 was found in the proximal and distal tubule
of the renal cortex and in the collecting ducts of the renal
medulla. It was mainly visible in the apical plasma mem-
brane of those cells. In pigs fed a diet with inulin, TRPM6
expression was stronger in both the renal cortex and medulla
compared to the control group. Figure 2 demonstrates the
immunolocalization and immunoexpression of TRPM7 in
the renal cortex and medulla of the control and experimen-
tal pigs. TRPM7 was found in the distal tubules of the re-
nal cortex and in the collecting ducts of renal medulla. In
all tested animals TRPM7 was mainly visible in the apical
plasma membrane. The expression of TRPM7 in both the re-
nal cortex and medulla in the control group and in piglets fed
a diet enriched with inulin was comparable.

As seen in Fig. 3, feeding an inulin-enriched diet signifi-
cantly (P < 0.05) increased the expression of TRPM6 in the

Table 1. Magnesium concentration in the blood plasma of the con-
trol group and animals fed a diet supplemented with inulin.

Mg2+ concentration [mmol L−1]

No. Control group Inulin-fed group

1 0.69 0.65
2 0.56 0.66
3 0.67 0.66
4 0.65 0.66
5 0.65 0.62
6 0.71 0.67
7 0.63 0.68
8 0.59 0.65

kidneys, both in the renal cortex and medulla. The expres-
sion of this protein in the renal cortex in the group of the
piglets fed the modified diet was 1.3-fold higher than in the
control group. TRPM6 expression in the renal medulla in the
piglets fed a diet supplemented with inulin was about 2.7-
fold higher than in the pigs in the control group. The ex-
pression of TRPM7 in both the renal cortex and medulla in
all tested animals was comparable and unaffected by inulin
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Figure 3. Representative results of immunoblotting analysis of TRPM6 and TRPM7 in the renal cortex and medulla of pigs.

(Fig. 3). The analysis of obtained results shows that in all pigs
fed a standard diet the labeling of TRPM6 was almost 1.4-
fold more intensive in the renal cortex than in the medulla.

4 Discussion

To our knowledge, this is the first study aimed at the identifi-
cation of TRPM6 and TRPM7 in the kidneys of pig. Here, we
demonstrate the localization of TRPM6 and TRPM7 chan-
nels along a specific region of the nephron and collecting
ducts, as well as expression changes of these proteins under
the influence of dietary supplementation with inulin.

TRPM6 was found in the proximal and distal tubule of the
renal cortex and in the collecting ducts of the renal medulla.
TRPM6 was mainly visible in the apical plasma membrane
of those cells. Previous studies in rodents (Voets et al., 2004;
Groenestege et al., 2006; Rondón et al., 2008b) and humans
(Schlingmann et al., 2002) indicated that TRPM6 is local-
ized exclusively in the distal convoluted tubules. In contrast,
Schlingmann et al. detected TRPM6 mRNA in the proxi-
mal and distal convoluted tubules as well as in the collecting
ducts of rat (Schlingmann et al., 2002). TRPM6 expression
was increased in both the renal cortex and medulla in piglets
fed with inulin compared with the control group.

TRPM7 was expressed along the apical membrane of the
distal tubules of renal cortex and in the collecting ducts of
renal medulla. Previously, Chubanov et al. (2004) reported
TRPM7 localization in the nephron of rat kidneys. These
authors detected TRPM7 mRNA in all nephron segments
tested, including glomeruli, proximal convoluted tubule, de-
scending thin limb, ascending thin limb, medullary thick as-
cending limb, cortical thick ascending limb, distal convo-
luted tubule, as well as connecting tubule/cortical collecting
duct, outer medullary collecting duct and inner medullary
collecting duct (Chubanov et al., 2004). The expression of

TRPM7 in the renal cortex and medulla in both groups of
pigs was comparable, without statistically significant differ-
ences. The diet-unresponsive expression of TRPM7 could
support the concept that this channel is not involved in the
extracellular magnesium homeostasis. These results are in
accordance with the study conducted on mice, where dietary
magnesium did not alter TRPM7 mRNA expression in the
kidneys (Quamme, 2008; Rondón et al., 2008b).

Magnesium is an essential macro-mineral which is re-
quired for numerous functions in the organism. Growing ani-
mals exhibit higher magnesium requirements, since many of
the physiological processes involving magnesium are more
intensive during this specific period of life. All examined an-
imals demonstrated plasma Mg2+ concentrations below the
reference value of 1.11–1.52 mmol L−1. However, piglets did
not present any signs of magnesium deficiency. The daily
magnesium intake provided with fodder was sufficient (mag-
nesium content was 1639 and 1584 mg kg−1 in control fod-
der and inulin supplemented feed, respectively). The extra-
and intracellular magnesium level is very variable, a fact that
cannot be attributed either to methodological errors or to ba-
sic instability but is mostly due to important interindividual
differences. Some genetic factors are involved in regulation
of the plasma magnesium concentration. Extra- and intracel-
lular magnesium levels were shown to be genetically con-
trolled in humans and in mice (Henrotte, 1993; Henrotte et
al., 1997; Ozgo et al., 2007).

Magnesium reabsorption in the distal convoluted tubule
is tightly regulated by the plasma Mg2+ level (de Baaij et
al., 2012). Upregulation of TRPM6 in the kidney can be
explained by the lower plasma Mg2+ concentration. In the
case of Mg2+ insufficiency, TRPM6 channels may facilitate
maximal Mg2+ reabsorption. Therefore, a high expression of
TRPM6 is an expected homeostatic response, as these chan-
nels are considered to be key regulators of Mg2+ homeosta-
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sis. Moreover, higher TRPM6 expression in the renal cor-
tex of all tested animals may be associated with more inten-
sive reabsorption processes, which occur within this part of
the kidney in growing animals. As reported by Quamme and
Rouffignac (2010), of the total load of magnesium filtered
at the glomerulus, the proximal tubule reabsorbs approxi-
mately 10–15 % in adults. By contrast, the proximal tubule
of young animals reabsorbs about 50–60 % of filtered mag-
nesium (Quamme and Rouffignac, 2010).

Coudray et al. postulated that active transport of magne-
sium in the gut is important under conditions of a low di-
etary supply of magnesium. It was demonstrated that Mg2+

absorption in rats linearly increased with increasing dietary
magnesium up to the required level (Caudray et al., 2002).
Insufficient magnesium status could be a stimulus for an ac-
tivation of TRPM6 channels in the kidney and thereby more
intensive Mg2+ reabsorption.

Several studies in rodents demonstrated that dietary inulin-
type fructans improves magnesium absorption (Delzenne et
al., 1995; Younes et al., 2001; Demigné et al., 2008), reten-
tion and its incorporation into bones (Caudray et al., 2002;
Demigné et al., 2008). There are several proposed explana-
tions for the beneficial effect of inulin-type fructans on min-
eral absorption and bioavailability, i.e., a higher water con-
tent in the large intestine due to an osmotic effect, acidifica-
tion of the cecal contents and increased solubility in intestinal
lumen by short-chain fatty acids (SCFA), and greater absorp-
tive surface due to hypertrophy of the mucosa (Tahiri et al.,
2001; Roberfroid, 2005b; Rondón et al., 2008b).

Previous experiments conducted on mice indicated that di-
etary Mg deficiency and hypomagnesemia result in a sig-
nificant upregulation of TRPM6 channels in the kidneys,
whereas a Mg-enriched diet decreases TRPM6 expression
(Groenestege et al., 2006; Rondón et al., 2008a; van Angelen
et al., 2013). However, upregulation of TRPM6 in pigs fed a
diet supplemented with inulin does not necessarily indicate
that inulin did not improve the bioavailability of magnesium.
Due to the fact that pigs exhibited a low plasma Mg level and
their magnesium requirement was higher in the period of in-
tensive growth, it is proposed that increased TRPM6 expres-
sion, and thereby higher Mg reabsorption in the kidney, was
the physiological response in order to supplement deficien-
cies in this element. This is consistent with a previous study
on mice, where it was concluded that magnesium depletion
increases TRPM6 mRNA expression and protein levels in the
kidney (Groenestege et al., 2006).

Moreover, prolonged low plasma Mg concentration does
not necessarily imply that there was no improvement in
mineral absorption and bioavailability associated with inulin
consumption. We suggest that magnesium provided with the
feed and absorbed along the length of the nephron and col-
lecting ducts system could have been utilized immediately,
for example absorbed in bones or used for enzymatic pro-
cesses.

In addition to dietary magnesium, there are other factors
influencing the TRPM6 expression level including hormones
(e.g., epidermal growth factor (EGF) (Xie et al., 2011), es-
trogen (Groenestege et al., 2006; Xie et al., 2011), aldos-
terone (Groenestege et al., 2006), angiotensin II (Pham et al.,
2014), bradykinin (Pham et al., 2014) and insulin (Pham et
al., 2014)), the acid–base balance and extracellular pH (Li et
al., 2006), which should also be taken into consideration with
regard to the possible effect of inulin.

There is still much to be discovered regarding the function
and regulation of TRPM6 and TRPM7 channels, as well
as their biological importance in magnesium handling.
In relation to the biological importance of this mineral
element, future research in this field is required to uncover
mechanisms governing Mg2+ transport.
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