
INTRODUCTION
Calcium (Ca) is a vital mineral for in vivo survival and

homeostasis. A great deal of progress has been made in
determining how Ca metabolism is involved in regulating
physiological functions; however, the process remains
unresolved. In the regulation of calcium ions (Ca2+) for in vivo
functions, active Ca transport proteins play critical roles in three
functional steps: 1) Ca influx, 2) transfer through the cytosol, and
3) extrusion into the blood-stream, which in turn are mediated at
the cellular level by three types of proteins: 1) Ca entry-channel
proteins of the outer membrane, 2) cytosolic buffering or transfer
proteins, and 3) excretory pump proteins (1).

The main Ca entry channels include two highly selective Ca
channels on the apical plasma membrane, transient receptor
potential cation channel subfamily V members 6 and 5 (TRPV6
and TRPV5) (1). In addition, intracellular Ca2+-binding proteins,
i.e., two calbindins, calbindin-D9k (CaBP-9k) and -D28k (CaBP-
28k), may participate in shuttling Ca2+ from the apical to the
basolateral membrane (2-5), while the sodium-calcium (Na+/Ca2+)
exchanger (NCX1) and plasma membrane Ca2+-ATPase 1b
(PMCA1b) play an essential role in extruding Ca2+ (2, 6).

These Ca transport proteins have been shown to be
expressed in diverse cells and tissues in our body. To understand
their roles in Ca homeostasis, we have focused on the expression
and regulation of these Ca transport proteins in various tissues
including the uterus, kidney, and duodenum of animal models
and humans for a decade. In this review, we described the
regulation of Ca transport proteins and their potential role(s) in
reproductive tissue (i.e., endometrium), for implantation and
pregnancy.

TRANSIENT RECEPTOR POTENTIAL CATION CHANNEL
SUBFAMILY V MEMBERS 5 AND 6 (TRPV5 AND 6)
In mammals, Ca2+ appear to play a critical role in controlling

uterine muscle contraction and embryo implantation. The
balance between contraction and relaxation is extremely
important throughout pregnancy and during labor. However,
regulation of uterine Ca is not yet fully understood. A model for
Ca2+ in intestinal cells suggests that Ca flows into the cytoplasm
via channel proteins, i.e. Ca transporters. These transporters
transfer Ca using Ca-binding proteins (Calbindin-D9k or -28k),
which are extruded from the cell membrane by plasma
membrane Ca2+ ATPase (1). TRPV5 and TRPV6 are found in the
apical membranes of intestinal and renal epithelial cells, and
have been proposed as mediators of Ca uptake during trans-
cellular transport (7). TRPV6 is known as epithelial Ca channel
2 (EcaC2) and Ca transporter 1 (CaT1), while TRPV5 is also
referred to as EcaC1 and CaT2. These closely-related proteins
are expressed primarily in cells of the duodenum and kidney that
are involved in Ca absorption or re-absorption (1).

TRPV6 was first cloned from rat duodenum and was
detected subsequently in both human and mouse duodenum (8-
10). The genes encoding TRPV5 and TRPV6 proteins are
located closely together on the same chromosome and their
genomic structures are similar (8). TRPV6 is expressed in the
duodenum, jejunum, ileum, kidney and exocrine tissues such as
the pancreas, prostate, and mammary and sweat glands (1, 7, 8).
In contrast, TRPV5 is expressed in the kidney and human
syncytiotrophoblasts (11).

In the reproductive organs, TRPV6 is expressed in the
placenta as well as in the uterus (12). Placental TRPV6 plays a
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role in Ca transport to the fetus (13). Duodenal and renal TRPV6
expression is regulated by vitamin D, estrogen and dietary Ca.
An active form of vitamin D increases duodenal Ca absorption,
and abnormal Ca absorption has been observed in vitamin D
receptor-knockout mice (14, 15). Dietary Ca can also induce
duodenal and renal TRPV6 mRNA expression (4, 14) and
estrogen therapy in menopausal women induces duodenal
TRPV6 mRNA, suggesting that this hormone independently
modulates TRPV6 expression (5, 15).

In our previous study, uterine TRPV6 expression in rats was
found to be similar to that of CaBP-9k expression in mice (16).
In addition, we previously examined the expression and
regulation of TRPV6 in the (17) uterus of mice during the estrous
cycle and pregnancy to elucidate the functional relationships
between these two uterine Ca-processing genes (16). Expression
of TRPV6 mRNA in the uterus varied during the estrous cycle
(pro-, di-, and estrus). Expression of the less abundant TRPV5
mRNA was not determined in our previous study. Consistently,
Weber et al. suggested that TRPV5 is expressed only in the
kidney (8). The TRPV6 transcript was highly expressed at estrus,
an E2-dominant phase in the reproductive cycle, implying that it
might be involved in a specific uterine function such as Ca2+

transport (16). In our previous study, rat TRPV6 transcripts in the
uterus were highly expressed at diestrus (12). Taken together,
these results indicate that uterine TRPV6 is regulated differently
during the estrous cycle in rats and mice.

In addition, the expression of TRPV6 mRNA and protein in
human endometrial tissues was demonstrated for the first time,
and the expression of this protein was shown to be induced by
E2 during the proliferative phases of the menstrual cycle (17).
Endometrial TRPV6 was abundantly expressed in the
endometrial epithelial layer and glandular epithelial cells,
indicating that TRPV6 may be involved in uterine functions,
including fetal implantation, Ca homeostasis, and endometrial
cell production in the human reproductive system (17).

CALBINDINS
A number of Ca-regulating genes are involved in uterine

function during the estrous cycle and pregnancy (18). During the
window of receptivity of the uterine endometrium, Ca-binding
proteins (CaBP-9k and -28k), monoclonal non-specific
suppressor factor beta, and splicing factor SC35 are involved in
embryo implantation (19-21). In addition, there is evidence that
CaBP-9k and -28k are required during the early phase of embryo
implantation, suggesting that the regulation of Ca availability in
the vicinity of the implanting embryo is critical for successful
attachment (22, 23). In the duodenum, CaBP-9k and TRPV6
were shown to have similar expression patterns; however,
uterine CaBP-9k is regulated by different hormones and
expressed at different stages of the estrous cycle (24, 25). The
expression of CaBP-9k is increased by E2 and at estrus in rats
but its expression pattern is controlled by P4 and unaffected at
diestrus in mice (26, 27).

As previously shown, the initial up-regulation of CaBP-28k
increases the storage capacity for Ca2+ in luminal epithelial cells,
and its subsequent specific down-regulation leads to an increase
in free Ca2+ concentration (22). In mammalian enterocytes, free
Ca2+ are bound to cytosolic CaBP-9k and transferred across the
cells by facilitated diffusion (28). This transport of Ca2+ by
CaBP-9k helps to maintain homeostasis by keeping intracellular
Ca2+ concentrations below 10-7M, preventing premature cell
death by apoptosis. Thus, it can be speculated that the role of
CaBP-28k protein in the uterine luminal epithelium is also to
enhance Ca2+ uptake by increasing the cell-buffering capacity
and stimulating the Ca entry mechanism in these cells. The

excess Ca result from a down-regulation of CaBP-28k may
trigger apoptosis in these specific epithelial cells because high
concentrations of free Ca2+ are reported to cause apoptosis in
many different cell types (29) and CaBP-28k is able to inhibit
apoptosis in osteoblastic cells (30). This apoptosis could, in turn,
destabilize the epithelial barrier at the implantation site and
facilitate trophoblast invasion and implantation.

We previously determined that Ca-related proteins are
regulated by sex-steroid hormones in the uterus of rodents (12,
16, 31, 32). It is well known that the status of the uterine cavity
is important for successful implantation and is influenced by the
secretory activity of the glandular epithelium (19, 33). In our
current study, CaBP-28k mRNA and protein were expressed in
human endometrial tissues (34). The levels of Ca-related
proteins fluctuated in E2-predominant stages (16, 27, 31). CaBP-
28k mRNA and protein were expressed at these stages
(proliferative (early, mid, late) and secretory (only early) phase),
followed by a decline in the secretory phase (mid-, late-) in the
human endometrium, as demonstrated in this study. This result is
in agreement with the pattern of CaBP-28k expression in the
uterus of both mice and humans (22). Therefore, these results
indicate that this parallel pattern of CaBP-28k expression may
also be involved in fetal implantation in humans (34).

PLASMA MEMBRANE CA2+ ATPASE 1
Plasma membrane Ca2+ ATPase 1 (PMCA1) is an ATP-

dependent transporter that pumps Ca out of the cytosol. PMCA1
was first detected in erythrocyte membranes and found to have a
high affinity for Ca2+ (35). In many species, PMCA1 is involved
in Ca homeostasis (35-37). There are four PMCA isoforms
(PMCA1 to 4) that are further divided into several subtypes by
alternative splicing. PMCA1 is known as the housekeeping
isoform because its mRNA is found in all tissues. However,
PMCA1 expression is upregulated in uterine smooth muscle
during labor (38), and placental PMCA1 acts as a Ca transporter
together with TRPV6. Although a correlation between the
regulation of Ca2+ homeostasis by TRPV6 and PMCA1 and
duodenal and renal function has not yet been established, recent
reports have described a role for TRPV6 and PMCA1 in the
uterus, duodenum, kidney, and brain (9, 10, 12, 36, 38). We have
demonstrated the expression of TRPV6 in reproductive organs,
including the uterus (12, 16), but its role in this particular organ
has not been fully characterized. The importance of maintaining
the Ca balance for different uterine functions, including smooth
muscle contraction during embryo implantation (19, 21), implies
that PMCA1 may play functionally important roles in female
reproductive organs. In our previous study, endometrial PMCA1
was abundantly expressed in the endometrial epithelial layer and
glandular epithelial cells, indicating that PMCA1 may be
involved in uterine functions, including fetal implantation, Ca
homeostasis, and endometrial cell production in the human
reproductive system (17).

NCX1/NCKX3 EXCHANGERS
Plasma membrane Na+/Ca2+ exchangers are also important

components of intracellular Ca homeostasis and electrical
conduction. A member of the family of potassium (K)-dependent
Na+/Ca2+exchangers, NCKX3 plays a critical role in the
transport of intracellular Ca and one potassium ion (K+) in
exchange for four extracellular Na+. NCKX3 mRNA transcripts
are abundant in brain and smooth muscle, and many other tissues
have been shown to express NCKX3 at relatively lower levels,
including uterus, aorta, and intestine (39). Plasma membrane

500



Na+/Ca2+ exchange proteins in mammals have been divided into
two families, one in which Ca2+ flux is dependent only on Na
(NCX1-3), and the other in which Ca2+ flux is also dependent on
K (NCKX1-6) (39-41). For both NCX and NCKX exchangers,
forward-mode and reverse-mode exchanges are possible. In cells
or tissues, Na+/Ca2+ (and K+) gradients localize to the membrane,
thus, exchangers transport across a membrane potential (42, 43).

NCX1 is abundantly expressed in heart, brain, kidney and
smooth muscle (44), while expression of NCX2 and NCX3 is
limited to brain and skeletal muscle (42, 44, 45). NCKX1 is
expressed only in retinal rod photoreceptors, whereas NCKX2 is
restricted to brain neurons and cone photoreceptors (42). NCKX3
and NCKX4 are expressed in brain, as well as aorta, uterus and
intestine, all of which are rich in smooth muscle cells (39, 46, 47).
Recently, it was demonstrated that NCKX5 is expressed in skin
and retinal pigmented epithelium, where it is thought to localize
to the melanosomal membrane, not the plasma membrane (48).
The physiological function of NCKX6 was recently reported;
however, the data is somewhat controversial (47, 49).

While a physiological role for NCKX and NCX proteins in
vascular contraction through the regulation of Ca2+ homeostasis
has not yet been definitively established, recent reports have
described NCKX and NCX functions in brain, spermatozoa,
mast cells and platelets (50-54). NCKX3 is expressed in
reproductive organs, including the uterus (39); however, the role
of NCKX3 in the uterus has yet to be fully characterized.

As the major sex steroid hormones, E2 and P4 can induce
changes in the structure and function of the uterus and regulate
estrous cycle progression. To determine the effect of these

hormones on uterine NCKX3 expression, we injected immature
mice daily with E2 and/or P4. Treatment with E2 and/or P4
resulted in the suppression of uterine expression of NCKX3 at
the mRNA and protein levels, although the effect of combined
treatment with E2 and P4 was not synergistic, suggesting that E2
or P4 functions as an inhibitory regulator of uterine NCKX3
transcription in mice (31). In addition, we analyzed the
localization of NCKX3 protein during the estrous cycle and the
effect of endogenous sex steroid hormones.
Immunohistochemistry revealed that it was mainly localized in
the endothelial layers and glands in the uterus of mature female
rats during proestrus (55). This is the first demonstration of the
expression of NCKX3 mRNA and protein in the uterus of rats,
and our analysis showed that its expression level fluctuated
during the estrous cycle in female rats, indicating that uterine
NCKX3 may play an important role in reproductive system
functions in female rats (55).

Immunohistochemical studies showed that the NCKX3
protein was highly expressed in the cytoplasm of endometrial
epithelial cells during the early-proliferative phase. Also,
NCKX3 was weakly expressed in endometrial epithelial cells
compared to glandular epithelial cells during the early-secretory
phase. However, NCX1 was abundantly expressed in the
cytoplasm of both endometrial and glandular epithelial cells in
the proliferative and secretory phases. In previous studies, on the
day of implantation (day 4-5), mouse blastocysts show weak
staining for genes expressed in the endometrial layer (in both the
inner cell mass and trophectoderm) (22, 56). The S100 Ca
binding protein A4 (S100A4) is involved in regulating the
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Fig. 1. Potential role(s) and regulation of calcium (Ca) transport genes, i.e., TRPV5/6, calbindins, PCMA1, and NCX1/NCKX3, in
reproductive tissues for Ca transport and reproductive functions.



organization of the actin cytoskeleton (57, 58). In several
studies, Ca-related genes were abundantly expressed in the
endometrial layer pre-implantation; however, uterine Ca-related
proteins levels were lower in the endometrial layers than during
the implantation period (22, 56). It remains to be established
whether the weaker expression of NCKX3 seen in epithelial
cells during the early-secretory phase reflects decreased NCKX3
translation and whether steroid hormones are involved in these
effects. Ca-related proteins, which are crucial for early
implantation, are also expressed in the endometrial layer (19, 21,
22). Therefore, uterine NCKX3 may have two possible
functions, either in embryo implantation, or as a Ca regulator
necessary for the secretion of related substances into the uterine
lumen. Recent studies examining the physiological role(s) of
NCKX3 were restricted to the contraction of vascular smooth
muscle cells and NCKX function in the brain, spermatozoa, mast
cells, and platelets (39, 40, 42, 44, 50).

In our previous study, we analyzed localization of the
NCKX3 protein during the menstrual cycle and the effect of
endogenous sex-steroid hormones on the regulation of NCKX3
(59). Immunohistochemistry revealed that NCKX3 was mainly
localized in the endothelial layers and glandular epithelial cells
of the human endometrium, and its level varied throughout the
menstrual cycle. These results indicate that NCKX3 is
abundantly expressed within the human endometrium at both
transcriptional and translational levels, and these level appears to
be regulated by a steroid hormone, in particular, E2 during the
human menstrual cycle (59).

CONCLUSION
The homeostasis of intracellular Ca is critical to maintain our

body. The contraction and relaxation of smooth muscle tissues
including cardiovascular tissues, urinary bladder, uterus,
gastrointestinal tract, respiratory tract, and male and female
reproductive tissues are under the control of intracellular Ca
concentration (60, 61). Disturbance of homeostasis of Ca has been
known to cause serious diseases such as diabetes, mineral-bone
disorder and chronic kidney disease (62, 63). Maintenance of Ca
balance in the uterus is also critically important for many
physiological functions, including smooth muscle contraction
during embryo implantation. Based on previous studies by
ourselves and others, potential role(s) and regulation of Ca
transport genes, i.e., TRPV5/6, calbindins, PMCA1, and
NCX1/NCKX3, are hypothesized in the reproductive tissues for Ca
transport and their functions (Fig. 1). Although these Ca transport
genes may play a role in Ca metabolism in these reproductive
tissues, their role(s) and molecular mechanisms warrant further
elucidation. It is definite that these Ca transport genes are
expressed at the transcriptional and translational levels in rodent
and human endometrial tissues, and the expression of these
proteins appears to be induced by steroids, i.e., E2 and P4, during
the proliferative phases of the estrous and menstrual cycle. Since
Ca transport genes are abundantly expressed in the reproductive
tissues in a distinct manner, they may be involved in specific
uterine functions, including fetal implantation, Ca homeostasis,
and endometrial cell production in the reproductive system.
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