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of both amino acids themselves. In conclusion, glucose and 
certain amino acids in the mucosal side were potent stimu-
lators of the duodenal calcium absorption, but only amino-
acid-enhanced calcium transport was NHE3-dependent.
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Introduction

The activity of Na+/H+ exchanger (NHE), especially 
NHE3 in the apical membrane [also known as solute car-
rier family 9 member 3 (Slc9a3)], is crucial for intestinal 
absorption of various nutrients and minerals, such as tripep-
tides, fatty acids, sodium, and calcium, the latter of which 
also requires certain nutrients, particularly glucose and 
amino acids, to enhance its absorption (Comar et al. 1956; 
Mineo et al. 2002; Lu et al. 2016). Moreover, the function 
of NHE3 is also essential for proper intracellular acid–base 
regulation (Donowitz et al. 2013). A recent investigation 
in NHE3 knockout mice showed that the intestinal cal-
cium absorption was markedly diminished in the absence 
of apical NHE3 expression (Pan et al. 2012). Since the 
transepithelial calcium transport is upregulated by a num-
ber of luminal nutrients, including sugars and amino acids 
(Comar et al. 1956; Mineo et al. 2002), we hypothesize that 
NHE3 may contribute to the intestinal calcium transport 
induced by those liminal factors. Indeed, NHE3 inhibitors 
(e.g., tenapanor) have been recognized as drugs capable of 
restricting intestinal sodium absorption and salt overload 
for patients with renal diseases and hypertension (Gerritsen 
et al. 2015), but whether they can reduce the luminal nutri-
ent-induced calcium absorption is not known.

Under normal conditions, calcium ions move across the 
epithelial sheet via two pathways, i.e., transcellular and 
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paracellular pathways. The transcellular calcium transport 
is generally a three-step cellular energy-dependent mecha-
nism, consisting of apical calcium entry through calcium 
channels [e.g., transient receptor potential vanilloid fam-
ily calcium channel (TRPV)-6 and voltage-dependent 
calcium channels (Cav)], calbindin-D9k-mediated cyto-
plasmic calcium transfer, and basolateral calcium extru-
sion via the plasma membrane Ca2+-ATPase (PMCA) and 
Na+/Ca2+ exchanger (NCX)-1 (Hoenderop et al. 2005; 
Kellett 2011). Luminal nutrients, such as glucose and ali-
phatic amino acids, may contribute considerably to both 
pathways, because their apical transporters, particularly 
sodium-dependent glucose transporter (SGLT)-1, and sys-
tems B and B0,+ amino-acid transporters, allow sodium 
influx into the enterocytes (Kellett 2011; Pramod et al. 
2013). It has been suggested that the electrogenic sodium 
uptake depolarizes the apical membrane and, in turn, acti-
vates the voltage-dependent calcium channels (e.g., Cav1.3) 
for cellular calcium entry (Kellett 2011). In addition, in the 
absence of transepithelial calcium gradient—i.e., luminal 
and extracellular fluid compartments containing the same 
calcium concentration—calcium can traverse the paracel-
lular space by solvent drag-induced mechanism (Charoen-
phandhu and Krishnamra 2007; Kellett 2011). Specifically, 
the absorbed sodium is pumped by Na+/K+-ATPase lining 
the lateral membrane into the paracellular space, thus creat-
ing osmotic gradient for the lumen-to-plasma water flow, 
which allows movement of calcium along with the stream 
of water (for review, please see Larsen et al. 2000; Char-
oenphandhu and Krishnamra 2007; Kellett 2011). In the 
rat duodenum, nearly 85% of the glucose-induced calcium 
transport has been known to occur via the solvent drag 
mechanism (Tanrattana et al. 2004), but the proportion due 
to amino-acid transport remains elusive.

Besides sodium-nutrient coupling, the apical NHE3 also 
mediates sodium uptake into the enterocytes and H+ efflux, 
thereby preventing intracellular acidification (Thwaites 
et al. 1999). Relatively low intracellular H+ levels are 
essential for proper function of cytoplasmic calcium-bind-
ing protein, calbindin-D9k with the optimal pH for its cal-
cium-binding affinity between pH 7 and 9 (Kesvatera et al. 
2001). Long-lasting absence of NHE3 in NHE3 knockout 
mice showed impairment of intestinal water, sodium, and 
calcium absorption, the latter of which was caused by 
decreases in calcium fluxes through the transcellular and 
paracellular routes, partially due to downregulated expres-
sion of calcium-transporting genes, i.e., calbindin-D9k, 
TRPV6, claudin-2, and claudin-15 (Pan et al. 2012; Rievaj 
et al. 2013). However, the effects of acute NHE3 inhibi-
tion as well as its mechanism on calcium absorption are 
still not known. Since NHE3 primarily disturbs intracel-
lular pH balance, acute inhibition of NHE3 is postulated 
to predominantly compromise the calbindin-D9k-mediated 

transcellular calcium transport, but not the solvent drag-
induced calcium transport. In other words, NHE3 inhibitor 
is unlikely to affect the glucose-induced calcium transport 
process, in which most calcium ions move across the para-
cellular space but not the cytoplasm (Wongdee and Char-
oenphandhu 2015).

This study, therefore, aimed to investigate the trans-
epithelial calcium transport in the rat duodenum directly 
exposed to glucose and various aliphatic amino acids on the 
mucosal side. Tenapanor, an NHE3 inhibitor, was applied 
to demonstrate the NHE3-dependent transepithelial cal-
cium transport mechanism. The duodenum was used in this 
study, since it could transport calcium via both transcellu-
lar and paracellular pathways (Tanrattana et al. 2004), and 
expressed transporters for amino acids (e.g., systems B) 
and oligopeptides (e.g., H+-coupled peptide transporter-1 
(PEPT1)–NHE3 system) (Freeman et al. 1995; Romeo 
et al. 2006).

Materials and methods

Animals

Female Sprague–Dawley rats (7 weeks old, weighing 180–
200 g) were obtained from the National Laboratory Animal 
Center, Mahidol University. The animals were acclimatized 
in polystyrene cages (2 animals per cage) under 12:12-h 
light–dark cycle with average illuminance of 200 lx in the 
laboratory animal husbandry unit for 7 days before the 
beginning of the experiment. Room temperature was main-
tained in the range of 20–25 °C with 50–60% humidity. 
They were regularly fed standard chow containing 1% wt/
wt calcium, 0.9% phosphorus, and 4000 IU/kg vitamin D 
(CP, Bangkok, Thailand) and reverse osmosis water ad libi-
tum. This study has been approved by the Animal Care and 
Use Committee of the Faculty of Science, Mahidol Univer-
sity, Thailand.

Chemicals

Radioactive materials, i.e., 45Ca (catalog no. NEZ013), 
(3H)leucine (catalog no. 460250), and (14C)proline (cata-
log no. NEC851050), were purchased from PerkinElmer 
(Boston, MA, USA). The selective NHE3 inhibitor, 
i.e., tenapanor [N,N′-(10,17,-dioxo-3,6,21,24-tetraoxa-
9,11,16,18-tetraazahexacosane-1,26-diyl)bis([(4S)-6,8-di-
chloro-2-methyl-1,2,3,4-tetrahydroisoquinolin-4-yl]ben-
zenesulfonamide); catalog no. A14011], was purchased 
from AdooQ Bioscience (CA, USA). The l-amino acids, 
i.e., glycine, lysine, valine, methionine, isoleucine, ala-
nine, proline, hydroxyproline, and leucine, were purchased 
from Himedia (Mumbai, India). The l-leucine tripeptide 
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(l-Leu-Leu–Leu; catalog no. 067594) was purchased from 
the First Base Laboratories (Selangor, Malaysia). TRPV6 
blocker (100 µM ruthenium red; catalog no. ab120264) and 
cyclooxygenase (COX) inhibitor (50 nM indomethacin; 
catalog no. ab120719) were purchased from Abcam (Cam-
bridge, MA, USA). Inhibitors for PMCA [200 and 400 µM 
trifluoperazine (TFP); catalog No. T8516] and NCX1 
(high-dose KB-R7943 of 150 µM; catalog No. K4144) 
were purchased from Sigma (St. Louis, MO, USA).

Experimental design

The experiment was divided into two parts, i.e., the mucosal 
glucose-rich and amino-acid-rich experiments. In the glu-
cose-rich experiment, both apical and basolateral sides of the 
duodenal epithelium were exposed to bathing solution with 
equal glucose concentration of 12 mM, whereas the mucosal 
glucose-free condition was used as a control. In amino-acid-
rich experiment, the duodenal epithelium was exposed to 
12 mM of various amino acids on the apical side. Glucose 
was presented only in the basolateral compartment to nour-
ish the tissue. Osmolality of 290 mmol/kg H2O was adjusted 
with mannitol. The studied amino acids were aliphatic amino 
acids (i.e., alanine, glycine, isoleucine, leucine, proline, and 
valine), a sulfur-containing amino acid (methionine), and a 
basic amino acid (lysine). The measured parameters were 
transepithelial calcium flux and epithelial electrical param-
eters, which included potential difference (PD), short-circuit 
current (Isc), and transepithelial resistance (TER). To dem-
onstrate whether the enhanced transepithelial calcium flux 
was dependent on NHE3, tenapanor with optimal concentra-
tion of 100 nM (Gerritsen et al. 2015) was present into the 
apical or basolateral compartments.

Intestinal tissue preparation

After the rat was anesthetized by intraperitoneal injection 
of 50 mg/kg sodium pentobarbitone (Nembutal, Abbott 
Laboratory, North Chicago, IL, USA), a median laparot-
omy was made, and the duodenum segment (~5 cm dis-
tal to the pylorus) was removed and placed in an ice-cold 
physiological bathing solution, which contained 118 mM 
NaCl, 4.7 mM KCl, 1.1 mM MgSO4, 1.25 mM CaCl2, 
23 mM NaHCO3, 1 mM 2 d-glucose, and 2 mM mannitol 
(Sigma), and gassed with 5% CO2 in 95% O2 (carbogen). 
The duodenal segment was then cut longitudinally along 
the radix mesenterii in ice-cold physiological bathing solu-
tion to expose the mucosa, and rinsed to remove the lumi-
nal contents. Subsequently, it was mounted in a modified 
Ussing chamber with an exposed surface area of 0.69 cm2. 
The tissue was firmly adhered to the chamber with adhe-
sive silicone grease (Unilab, New South Wales, Australia), 

and both sides were immersed in 3.5 mL bathing solution 
maintained at 37 °C. Then, the tissue was equilibrated for 
15–20 min before performing a 50-min experiment.

Measurement of transepithelial calcium flux

Transepithelial calcium transport across the duodenal tis-
sue was determined by the method of Charoenphandhu 
et al. (2009). In brief, the duodenal tissue was equili-
brated in Ussing chamber for 10 min, and then the bath-
ing solution was replaced on both sides with fresh solution. 
The apical hemichamber was filled with either (1) physi-
ological bathing solution (glucose-replete) or (2) glucose-
depleted bathing solution with 12 mM of each amino acid. 
45Ca (0.45 µCi/ml; final specific activity of 90 mCi/mol) 
was present in the apical solution. Two samples from the 
hot side (H; apical chamber; mucosal side) were collected 
at 10 and 20 min, while five samples were collected from 
the cold side (C; basolateral chamber; serosal side) every 
10 min until the end of the experiment. Unidirectional cal-
cium flux (JH→C; nmol h−1 cm−2) from the hot side to the 
cold side was calculated by the following equations:

where RH→C is the rate of 45Ca appearance in the cold 
side (cpm h−1); SH, the specific activity in the hot side 
(cpm nmol−1); A, the epithelial surface area (cm2); CH, the 
mean radioactivity in the hot side (cpm); and CTo, the total 
calcium content in the hot side (nmol). 45Ca was analyzed 
by liquid scintillation spectrophotometry (model Tri-Carb 
3100; Packard). Total calcium concentration in bathing 
solution was analyzed by atomic absorption spectropho-
tometry (model SpectrAA-300; Varian Techtron). Under 
the present condition (without transepithelial calcium gra-
dient), calcium ions were transported across the duode-
nal epithelium via either the transcellular or solvent drag-
induced pathways (Wongdee and Charoenphandhu 2015).

Measurement of amino‑acid flux

In the study of amino-acid fluxes (l-leucine and l-proline), 
after 10-min equilibration of the duodenal tissue, both 
mucosal and serosal bathing solutions were replaced with 
fresh bathing solution. The mucosal bathing solution was 
filled with amino-acid-rich (12 mM) or glucose-depleted 
bathing solution containing a radioactive tracer [56.28 mCi/
mol (3H)leucine or 74.5 mCi/mol (14C)proline]. Two sam-
ples from the mucosal (hot) side were collected at 10 and 
20 min, while five samples were collected from the sero-
sal (cold) side every 10 min until the end of the experiment 

(1)JH→C = RH→C/(SH × A)

(2)SH = CH/CTo
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to calculate unidirectional flux of amino acid from the hot 
side to the cold side (Eqs. 1 and 2).

Determination of epithelial electrical parameters

PD and Isc were recorded by two pairs of electrodes made 
of Ag/AgCl half-cells connected to the chamber through 
4 M KCl per 3 g% agar bridge. PD-sensing electrodes were 
placed near the tissue surface, and were connected to a pre-
amplifier (model EVC-4000, World Precision Instruments, 
Sarasota, FL, USA) and a PowerLab 4/30 (AD Instruments, 
Colorado Springs, CO, USA). A current-applying elec-
trode was placed at the end of each hemichamber. The Isc 
was recorded by PowerLab 4/30 connected in series to the 
EVC-4000 current-generating unit. PowerLab was operated 
by Chart version 5.2.2 for Mac OS X. TER was calculated 
from Ohm’s equation. Tissue viability was checked by con-
tinuous measurement of PD and Isc. Moreover, at the end 
of the experiment, mucosal exposure to glucose-rich solu-
tion could increase PD of the intestinal epithelium.

Statistical analysis

The results are expressed as mean ± SE. Two sets of data 
were compared by unpaired Student’s t test. Multiple com-
parisons were performed by one-way analysis of variance 
(ANOVA) with Dunnett’s post-test. The level of signifi-
cance was p < 0.05. All data were analyzed by GraphPad 
Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA).

Results

In the present control condition, the apical solution was 
glucose free, whereas the basolateral solution contained 
12 mM glucose. As shown in Fig. 1, the apical glucose 
markedly increased the transepithelial calcium transport, 
concurrently with increases in PD and Isc. Apical glucose 
exposure did not alter TER of the rat duodenum. Exposure 
to NHE3 inhibitor, tenapanor, on the apical side, had no 
effect on the glucose-induced transepithelial calcium trans-
port or epithelial electrical property, indicating that this 
enhanced calcium flux was independent of NHE3.

In the presence of various amino acids without glu-
cose in the apical solution, transepithelial calcium trans-
port was markedly enhanced, especially after exposure to 
leucine, proline, hydroxyproline, isoleucine, alanine, and 
lysine (Fig. 2a). Glycine, valine, and methionine tended to 
increase the duodenal calcium transport, but such changes 
were not statistically significant (Fig. 2a). Since the duo-
denum was well responsive to leucine and proline, these 
amino acids were used in the subsequent calcium flux 
studies. Interestingly, a combined glucose and leucine 
treatment synergistically enhanced calcium flux as com-
pared with glucose treatment alone (p < 0.001) and con-
trol condition (p < 0.001; Fig. 2a, inset). Nevertheless, 
unlike glucose-induced calcium transport, NHE3 inhibi-
tor tenapanor completely abolished the leucine-, proline-, 
and hydroxyproline-enhanced calcium transport in the rat 
duodenum (Fig. 2a). Analyses of PD and Isc suggested 

Fig. 1  a Transepithelial 
calcium transport and b–d 
epithelial electrical parameters 
(PD, Isc, and TER) in the rat 
duodenums with or without 
12 mM mucosal glucose. In 
some experiments, 100 nM 
tenapanor (NHE3 inhibitor) was 
present in the mucosal solution 
throughout the entire experi-
mental period. PD values were 
the magnitudes of potential 
difference (the apical side being 
negative with respect to the 
basolateral side), and glucose 
made the apical side more nega-
tive. ***p < 0.001 compared 
with the corresponding control 
group (open bar). Numbers 
in parentheses are numbers of 
animals

A B

C D
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that several amino acids, i.e., methionine, glycine, alanine, 
isoleucine, proline, and leucine, induced electrogenic ion 
transport, because both electrical parameters were signifi-
cantly elevated above the control levels (Fig. 2b, c). The 
proline- and leucine-induced PD and Isc changes were 
diminished by tenapanor. All amino acids lowered TER of 
the duodenal epithelium, and tenapanor did not alter TER 
in hydroxyproline-, proline-, or leucine-exposed groups 
(Fig. 2d).

Since NHE3 is believed to mainly localize in the apical 
membrane but not basolateral membrane (Kulaksiz et al. 
2001), we hypothesized that only apical exposure to NHE3 

inhibitor could diminish the amino-acid-induced calcium 
transport. As shown in Fig. 3, the effects of tenapanor on 
calcium transport and epithelial electrical properties were 
not observed when tenapanor was present in the basolateral 
side. On the other hand, the apical application of tenapanor 
decreased the proline- and leucine-enhanced transepithe-
lial calcium transport, PD, and Isc. The duodenal TER was 
not altered by apical or basolateral exposure to tenapanor 
(Fig. 3). Furthermore, tenapanor had no effect on the trans-
epithelial fluxes of proline and leucine in the rat duodenum, 
as determined by radioactive tracers, (3H)leucine or (14C)
proline (Fig. 4).

A B

C D

Fig. 2  a Transepithelial calcium transport and b–d epithelial electri-
cal parameters (PD, Isc, and TER) in the rat duodenums exposed on 
the mucosal side to various amino acids (12 mM each) with or with-
out 100 nM tenapanor. The control group was glucose-free on the 
mucosal side and glucose-replete on the serosal side (n = 5–10 rats/
group). The studied amino acids were methionine (Met), valine (Val), 
glycine (Gly), lysine (Lys), alanine (Ala), isoleucine (Ile), hydroxy-
proline (Hyp), proline (Pro), and leucine (Leu). PD values were the 
magnitudes of potential difference (the apical side being negative 

with respect to the basolateral side), and amino acids made the api-
cal side more negative. *p < 0.05 compared with the control group 
(open bar), #p < 0.05 compared with hydroxyproline-exposed group, 
†p < 0.05 compared with proline-exposed group, ‡p < 0.05 compared 
with leucine-exposed group. Inset Transepithelial calcium transport 
in the rat duodenum exposed to 12 mM glucose or combined 4 mM 
glucose (Glu) and 4 mM Leu. The control group in the inset was the 
same as in a. ***p < 0.001 compared with the control group (open 
bar), ###p < 0.001 compared with the glucose-exposed group
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In general, calcium moves across the apical membrane 
via TRPV6 and/or Cav (Wongdee and Charoenphandhu 
2015). Since the amino-acid-induced electrogenic ion 
transport may depolarize the apical membrane and acti-
vate Cav, duodenal tissue was exposed on the apical side 
to nifedipine—a Cav blocker—to determine whether Cav 
contributed to the leucine-induced calcium transport. As 

shown in Fig. 5a, nifedipine did not affect the magnitude 
of leucine-induced calcium flux. This inhibitor also had no 
effect on the electrical parameters of leucine-treated duode-
nal epithelia (data not shown). In contrast, other transcellu-
lar calcium transport inhibitors, i.e., ruthenium red (TRPV6 
blocker), TFP (PMCA inhibitor), and KB-R7943 (NCX1 
inhibitor), markedly suppressed the leucine-induced 

Fig. 3  a Transepithelial 
calcium transport and b–d 
epithelial electrical parameters 
(PD, Isc, and TER) in the rat 
duodenums exposed on the 
mucosal side to 12 mM proline 
or leucine. Tenapanor (100 nM) 
or its vehicle [0.1% vol/vol 
dimethyl sulfoxide (DMSO); 
3.5 µL) was present in the 
apical or basolateral solution. 
PD values were the magni-
tudes of potential difference 
(the apical side being negative 
with respect to the basolateral 
side), and amino acids made 
the apical side more negative. 
***p < 0.001 compared with 
the corresponding control group 
(open bar). Numbers in paren-
theses are numbers of animals

A

B

C

D
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calcium flux (Fig. 5b). Moreover, a COX inhibitor, indo-
methacin, had no effect on the leucine-induced calcium 
transport, suggesting the absence of prostaglandin involve-
ment under this condition.

Finally, contribution of NHE3 was confirmed using 
a known property of the PEPT1–NHE3 system, in which 
stimulation of PEPT1 activity could, in turn, enhance 
NHE3 activity and vice versa (Thwaites et al. 2002; Chen 
et al. 2010). The results showed that leucine tripeptide—
a substrate of PEPT1 but not amino-acid transporter—also 

enhanced the duodenal calcium transport with similar 
potency to leucine (Fig. 6). Tenapanor markedly inhibited 
the stimulatory effect of leucine tripeptide on the duodenal 
calcium transport (Fig. 6).

Discussion

It has long been known that calcium absorption in the small 
intestine is dependent on luminal sodium (Kellett 2011; 
Wongdee and Charoenphandhu 2015). There are a number 
of explanations to account for the contribution of luminal 
sodium in the enhancement of calcium transport. First, after 
entering the enterocytes, cytoplasmic sodium is pumped 
into the paracellular space to create hyperosmotic envi-
ronment for the solvent drag-induced paracellular calcium 
transport (Kellett 2011; Wongdee and Charoenphandhu 
2015). Second, the apical calcium influx can depolarize 
the apical membrane, which, in turn, opens the nifedipine-
sensitive Cav for calcium entry (Kellett 2011; Wongdee 
and Charoenphandhu 2015). The second mechanism is 
still debatable, since some investigators suggested that its 
physiological significance might be trivial under normal 
conditions (Reyes-Fernandez and Fleets 2015). Never-
theless, under conditions in which high-calcium demand 
drives the enterocytes to recruit every mechanism to obtain 
adequate calcium supply (e.g., during lactating period), the 
sodium-induced calcium influx through Cav becomes of 
greater importance (Nakkrasae et al. 2010; Dorkkam et al. 
2013). In this study, we further elaborated the contribution 

A B

Fig. 4  Transepithelial proline (a) and lysine fluxes (b) in the 
mucosa-to-serosa direction across the duodenal epithelia. The 
mucosal solution contained 12 mM proline or leucine. Tenapanor 
(100 nM) was present in the mucosal solution throughout the entire 
experimental period. Numbers in parentheses are numbers of animals

A B

Fig. 5  a Effect of Cav inhibitor, nifedipine, on the leucine-induced 
duodenal calcium transport. The mucosal side of the duodenal tis-
sue was exposed to 12 mM glucose or 12 mM leucine. Nifedipine 
(10 µM) was present in the mucosal solution throughout the entire 
experimental period. **p < 0.01 compared with the glucose- and 
leucine-free group (open bar). NS not significant. b Transepithelial 
calcium transport in the rat duodenums exposed on the apical side to 

TRPV6 blocker (100 µM ruthenium red; Ruth) or the basolateral side 
to PMCA inhibitor (200 and 400 µM trifluoperazine; TFP), NCX1 
inhibitor (150 µM KB-R7943), or COX inhibitor (50 nM indometh-
acin). * p < 0.05, ***p < 0.001 compared with 12 mM Leu-treated 
group (glucose-free; open bar). Numbers in parentheses are numbers 
of animals
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of NHE3—one of the prominent sodium transporters in the 
small intestine (Donowitz et al. 2013)—in the regulation 
of intestinal calcium absorption. Specifically, the enhance-
ment of the duodenal calcium transport by amino acids, 
but not glucose, appeared to be dependent on NHE3. This 
finding thus extends the current knowledge of how luminal 
sodium modulates calcium absorption.

Glycine, alanine, and glucose have been reported to 
enhance calcium absorption (Comar et al. 1956; Mineo 
et al. 2002). Herein, we further demonstrated that most 
but not all aliphatic amino acids, i.e., alanine, leucine, iso-
leucine, and proline, as well as hydroxyproline and lysine 
were capable of stimulating the duodenal calcium transport 
in the absence of mucosal glucose. Their apical transporters 
could be systems B (Slc6a19), B0,+ (Slc6a14), and/or imino 
transporters (Slc6a20), the functions of which are also 
dependent on mucosal sodium (Pramod et al. 2013). Pre-
viously, both amino acids and glucose were hypothesized 
to increase calcium absorption through the similar sodium-
dependent mechanisms (Turner et al. 1997; Mackenzie 
and Erickson 2004). However, we found here that their 
underlying mechanism was totally different. In the pres-
ence of glucose, the PD and Isc became greater than those 
in glucose-free condition, suggesting that apical glucose 
markedly enhanced the electrogenic ion transport. The ion 
species that affect both electrical parameters has long been 
known to be sodium, particularly through SGLT1 (Larsen 
et al. 2002), leading to a stimulation of the solvent drag-
induced calcium transport (Tanrattana et al. 2004; Kellett 
2011). Although glucose could induce calcium movement 
across the transcellular pathway (e.g., through Cav), Tanrat-
tana et al. (2004) reported that the predominant proportion 
(>80%) was the paracellular calcium transport. Thus, the 

glucose-enhanced calcium transport in this study probably 
occurred via the solvent drag-induced pathway rather than 
the transcellular pathway.

The absorption of aliphatic amino acids (e.g., leucine, 
isoleucine, and proline) is usually accompanied by apical 
sodium entry (Mackenzie and Erickson 2004; Bröer 2008), 
consistent with changes in PD and Isc. Although the pro-
cess could lead to depolarization of the apical membrane 
leading to opening of Cav channels (Morgan et al. 2007; 
Kellett 2011), the absence of nifedipine effect suggested 
that Cav did not contribute to the apical calcium entry 
(Kellett 2011). Hence, it was possible that the conven-
tional TRPV6 channel was the main channel for calcium 
entry during the mucosal amino-acid exposure (Char-
oenphandhu and Krishnamra 2007; Kellett 2011), as sug-
gested by the ruthenium red experiment. Unlike the effect 
of apical glucose, the enhanced PD and Isc, and presum-
ably the resultant solvent drag were not associated with the 
amino-acid-enhanced calcium transport. Six amino acids, 
i.e., methionine, glycine, alanine, isoleucine, proline, and 
leucine, significantly increased PD and Isc, but methionine 
and glycine did not enhance calcium transport. On the other 
hand, lysine and hydroxyproline were found to upregulate 
calcium transport without increasing PD and Isc. Although 
the paracellular permeability might be increased as indi-
cated by lower TER in the presence of amino acids in api-
cal solution as compared to that in glucose-free (control) 
condition, increases in the calcium fluxes in the methio-
nine, valine, and glycine groups did not reach a statistically 
significant level. Meanwhile, since the duodenal epithe-
lia exposed to various amino acids had similar TER, the 
mucosal amino acids that could enhance calcium transport 
(e.g., proline and leucine) did not widen the tight junction 
to increase paracellular calcium movement. Therefore, a 
lower TER in amino-acid-exposed epithelium did not make 
the solvent drag-induced calcium transport more favorable. 
Regarding the absence of effect of some branched-chain 
amino acids (e.g., valine), although leucine, valine, and 
isoleucine can use the same apical amino-acid transporter, 
their affinities to the transporter and transport rates may be 
different, leading to different potencies to enhance calcium 
transport. Future experiments are required to elucidate the 
association between the kinetics of amino-acid uptake and 
calcium transport across the small intestine.

Interestingly, the NHE3 inhibitor, tenapanor, did not 
affect the glucose-enhanced calcium transport. However, it 
completely inhibited the aliphatic amino-acid-induced cal-
cium transport, which strongly indicated the involvement 
of NHE3 in the amino-acid case. According to the afore-
mentioned hypothesis, the amino-acid-enhanced calcium 
transport was likely to occur through the NHE3-dependent 
transcellular pathway rather than the solvent drag-induced 
paracellular pathway. The exact molecular mechanism, by 

Fig. 6  Transepithelial calcium transport in the rat duodenum exposed 
on the mucosal side to 12 mM glucose, 12 mM leucine, or 4 mM 
l-leucine tripeptide (l-Leu-Leu–Leu). In some experiments, 100 nM 
tenapanor was also present in the mucosal solution. ***p < 0.001 
compared with the control group (open bar). Numbers in parentheses 
are numbers of animals
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which tenapanor compromised transcellular calcium trans-
port, remains elusive. The finding that apical tenapanor 
exposure but not basolateral exposure was able to inhibit 
proline- and leucine-enhanced calcium transport as well as 
reduce PD and Isc was consistent with the abundant NHE3 
localization in the apical membrane (Hoogerwerf et al. 
1996). Since tenapanor did not reduce the transepithelial 
transport of amino acids proline and leucine themselves, its 
actions could not possibly be mediated through the inhibi-
tion of the amino-acid transporters. In other words, inhibi-
tion of the apical NHE3 must have disrupted at least one 
of the three steps of the transcellular calcium transport 
pathway. Indeed, sodium influx via NHE3 was crucial for 
an elimination of excessive cytoplasmic H+ (Thwaites 
et al. 1999). We previously reported that acute exposure to 
acidic pH markedly reduced the duodenal calcium trans-
port (Charoenphandhu et al. 2006). Several proteins in the 
calcium transport machinery, particularly calbindin-D9k, 
could lose their functions in relatively acidic pH due to pro-
tonation of calcium-binding sites (Kesvatera et al. 2001). 
Therefore, the inhibition of NHE3 and cytoplasmic acidifi-
cation might partly contribute to a reduction in transcellular 
calcium absorption. However, since NHE3 has also been 
reported to modulate other ion transporters or channels 
through direct protein–protein interaction (Li and Naren 
2010), further investigation is required to confirm the pos-
sibility that NHE3 directly interacts with and stimulates the 
apical calcium channels.

To provide evidence that NHE3 really contributed to cal-
cium transport, we employed another transporting system, 
i.e., PEPT1-mediated peptide transport system, which is 
known to be coupled with NHE3 (Freeman et al. 1995). This 
system requires a cluster of H+-coupled PEPT1 and NHE3 
arranged in the same vicinity within a microdomain or lipid 
raft (Watanabe et al. 2005). Under normal conditions (in 
situ small intestine), NHE3 provides H+ gradient for this 
peptide symporter (Thwaites et al. 2002). Conversely, high 
mucosal tri- or dipeptide concentrations and the resultant 
high PEPT1 activity can induce cytoplasmic acidification, 
which eventually leads to a stimulation of NHE3 (Watan-
abe et al. 2005). Hence, the presence of mucosal l-leucine 
tripeptide would stimulate NHE3—a condition opposite 
to tenapanor treatment—which, in turn, enhanced calcium 
transport. Although additional experiments are required to 
determine the underlying molecular mechanisms of amino-
acid- and tripeptide-induced calcium transport, NHE3 is 
potentially one of the key players in the process.

In conclusion, we demonstrated the amino-acid-
enhanced calcium transport across the duodenal epithelia. 
Although most of studied amino acids were in the aliphatic 
group, some members in this group were unable to sig-
nificantly stimulate calcium transport. The efficiency of 
alanine, leucine, isoleucine, proline, hydroxyproline, and 

lysine could not be explained simply by changes in PD, Isc 
or TER. Since the NHE3 inhibitor, tenapanor, completely 
abolished proline- and leucine-induced calcium transport, 
the amino-acid-induced calcium transport could be con-
sidered as the NHE3-dependent mechanism. Meanwhile, 
tenapanor was also expected to markedly diminish sodium 
entry through NHE3, thereby reducing the basolateral 
sodium efflux through the electrogenic Na+/K+-ATPase; 
therefore, both calcium transport and PD were eventually 
reduced by tenapanor. However, amino acids were hypoth-
esized to directly stimulate the transcellular calcium trans-
port independent of PD. Our finding thus corroborates that 
luminal nutrients, i.e., glucose and certain amino acids, are 
potent stimulators of calcium absorption, and the apical 
NHE3 plays an important role in the regulation of the duo-
denal calcium transport. Limitations of the study included 
the use of ex vivo intestinal tissues instead of performing 
experiments in the in situ small intestinal segments of liv-
ing animals, and the absence of data from male rats. Nev-
ertheless, since both calcium imbalance and osteoporosis 
often occur in postmenopausal women, the present data 
have provided foundation for development of calcium sup-
plement product for osteoporotic women.
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