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Abstract:

10,25(0OH),-vitamin D3 and 17p-estradiol

regulate skeletal muscle cell proliferation,

differentiation, apoptosis and contractility through receptor-mediated transcriptional and non-genomic
mechanisms. This review focuses on recent advances on signal transduction pathways activated by both
steroid hormones. Data are given on the participation of the VDR and ERs (o and B) in activation of MAPKs
in muscle cells. Likewise, we describe novel evidence supporting non-classical localizations of the VDR in
the plasma membrane and ER B in mitochondria. 1a,25(0OH),D3; promotes DNA synthesis in skeletal muscle
cells implicating c-Src/ERK1/2, whereas 17B-estradiol inhibits apoptosis through ERK2 and p38 MAPKS.

This study provides basis for the understanding of vitamin D- and estrogen-dependent myopathies.
Key Words: 1a,25(0H),-vitamin Ds, 17p-estradiol, skeletal muscle, MAPK, VDR, ER, signal transduction.

1. INTRODUCTION

1.1. The Vitamin D; and 17p-Estradiol Endocrine
Systems

In the skin, ultraviolet sunlight converts 7-
dehydrocholesterol into the prehormone Vitamin Da.
Vitamin Dz is a substrate of Ds-25-hydroxylase
that generates 25(OH)D; in the liver and then, in the
kidney, this compound is metabolized by 25(OH)
Ds-1a-hydroxylase to the hormonally active form
10,25(0OH),D3. Regulation of the vitamin D endocrine
system occurs by control of the renal lo-hydroxylase
by 10,25(0OH),D; itself, calcium and phosphate serum
concentrations and parathyroid hormone action [1, 2].

With respect to 17p-estradiol, this reproductive
hormone is mainly produced in granulose cells of the
ovaries. Like 1a,25(OH),D;, 17p-estradiol is derived
from cholesterol. After side chain cleavage and
utilizing the delta-5 pathway or the delta-4 pathway,
androstenedione is the key intermediary. A fraction
of the androstenedione is converted to testosterone,
which in turn undergoes conversion to 17p-estradiol by
the enzyme aromatase. Alternatively, androstenedione
is "aromatized" to estrone, which is subsequently con-
verted to 17p-estradiol [3].
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1a,25(0OH),D; and 17pB-estradiol both act through
two mechanisms: regulating gene expression by
binding to their intracellular receptors (VDR and
ERs, respectively) and also triggering rapid, non-
transcriptional responses, which involve activation of
intracellular signal transduction pathways [4-10] which
may be also mediated by the VDR and ERs [11-13].
The participation of both receptors as mediators of the
non-genomic effects of the two hormones highlight the
activation of signal transduction pathways related to
cascades of tyrosine phosphorylation and the Ca®*
messenger system [14-16].

1a,25(0OH),D; is the major regulator of extracellular
calcium and phosphorus bone homeostasis [2, 17]. On
the other hand, 17B-estradiol promotes the develop-
ment of female secondary sex characteristics, is
involved in the thickening of the endometrial tissue and
other aspects of menstrual cycle regulation [18]. 17p-
estradiol also modulates cholesterol and lipid profiles
[19, 20], glucose oxidation and glycogen degradation
[21], NOS expression [22], vasorelaxation and angio-
genesis [23]. In addition, both hormones modulate cell
proliferation and differentiation as well as apoptosis,
muscle growth and contractility, the immune system
and neuroprotection events [24-31].

1.2. 1a,25(0H),D3 and 17p-Estradiol Receptors

VDR is a monomeric protein with a domain
structure homologous to other nuclear steroid receptors
[32]. Its 427 amino acids encompass a short N-terminal
activation-function 1 domain, a DNA-binding domain
containing two Zn**fingers, a flexible "hinge" region
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that includes nuclear localization signals and finally the
ligand-binding domain whose C-terminal end also has
transcriptional activation functions [33]. Classical
tissues for VDR expression are bone, kidney and
intestine but there are at least thirty other cellular types
where the VDR is present [34]. The VDR is also
recently known as NR1I1 (nuclear receptor subfamily
1, group I, member 1) belonging to the nuclear receptor
family of transcription factors [35]. Upon activation by
1a,25(0OH),D3, the VDR forms a heterodimer with the
retinoid-X receptor and binds to hormone response
elements on DNA resulting in expression or trans-
repression of specific genes. In humans, the VDR is
encoded by the VDR gene [36]. In recent years, several
polymorphisms, such as Bsml and Fokl, have been
described in the VDR genes that are able to alter the
activity of VDR protein [37]. The existence of a novel
cell-surface receptor (1,25-MARRS) for 1a,25(0H),D3
that mediates the nongenomic actions of the hormone
has been reported for various target cells [38]. Baran
et al. published that annexin Il, a plasma membrane
protein, may also serve as a receptor for rapid effects of
10,25(0OH),D3[39].

On the other hand, classical estrogen receptors (ERa
and ERP) are encoded by two distinct genes and
expressed in the same and different tissues at varying
levels [40, 41]. ERs have six functional domains. The
structurally distinct amino terminal A/B domains (17%
amino-acid identity) contain a ligand-independent
transactivation function (AF1). The central C region is
the DNA binding domain (DBD). The hinge region, or
D domain, contains a nuclear localization signal
and links to the multi-functional carboxyl terminal
(E/F) domain which shows 56% amino-acid homology
between ERs and is involved in ligand binding, dimeri-
zation, and ligand-dependent transactivation function
(AF2). In contrast to the VDR, multiple spliced forms
of ER o and f have been reported [42, 43 and
references therein], whether all are translated to protein
and have any biological function is not established. Of
relevance, recent studies reveal the existence of a novel
7-transmembrane G protein-coupled receptor, GPR30,
which responds to estrogen and tamoxifen stimulation
with rapid cellular signaling. GPR30 is becoming
recognized as an estrogen receptor, perhaps comple-
mentary to the classical estrogen receptors, participa-
ting in the non-genomic effects induced by estradiol
[44, and references therein].

Classical estrogen targets are the uterus, mammary
gland, placenta, central nervous system, cardiovascular
system and bone. Non classical target tissues include
prostate, testis, ovary, adrenals, pancreas, skin and
urinary tract [45].

For 1a,25(0OH),Ds, as well as 17p-estradiol, there
are coactivators, which appear to serve as links
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between hormone-receptor complex and the trans-
cription machinery to allow regulation of gene
expression [reviewed by 46-48]. Presumably, the capacity
to heterodimerize with multiple partners serves in part
to allow the fine-tuning of the patterns of gene
expression in response to 1a,25(OH),D; or 17p-
estradiol in various organs and tissues.

Several studies have shown a cross-talk of mem-
brane or cytosolic ERs with nuclear ERs and other
receptors localized in the cell membrane (e.g. growth
factor receptors) with nuclear ERs, and this can
also take place in the absence of sex steroids [49
and references therein]. Like the ERs, the VDR
can cross talk with growth factors receptors [50, 51].
Of relevance, it is known that ER modulates VDR
expression [52].

For ERs, a large pool of cytoplasmic receptors has
been also detected at the mitochondrial level [13, 53-
59]. These findings clearly show that integration
of steroid effects at distinct cellular locations of
its receptor leads to important cellular physiological
outcomes in both reproductive and non reproductive
organs.

2. PHYSIOLOGICAL ROLES OF 1a,25
(OH),D; AND 17B-ESTRADIOL IN SKELETAL
MUSCLE

2.1. VDR and ERs in Skeletal Muscle

The expression of the VDR in skeletal muscle cells
(myoblasts/myotubes) and tissue has been reported for
avians [60, 61] and rodents [62] as well as humans [63-
65]. In addition to its function as a transcriptional
factor, new lines of evidence have indicated that it
mediates various rapid non genomic responses induced
by 10,25(0OH),D; in skeletal muscle through a plasma
membrane-localized pool of VDR. This dual role may
be explained by a 1a,25(0H),D; -VDR conformational
ensemble model which describes how the hormone can
selectively initiate or block either non genomic or
genomic biological responses by interacting with two
VDR ligand-binding pockets, one kinetically favoured
by 1a,25(0H),D; and the other thermodynamically
favoured [66]. Of relevance, our laboratory reported
for the first time that in a target cell, the reverse traffic
of the VDR from the nucleus to the plasma mem-
brane was observed in avian myoblasts after hormone
exposure [11]. Recent studies using confocal micro-
scopy have confirmed the 1a,25(0OH),D; —dependent
VDR translocation to the plasma membrane using
murine C2C12 proliferating muscle cells [Buitrago C.
and Boland R. unpublished]. It has been shown that the
VDR interacts with the intrinsic channel protein
TRPC3 in response to the vitamin D hormone in myo-
blasts lending further support to receptor associa-
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tion to the plasma membrane. Also, we demonstrated
that the VDR mediates rapid changes in muscle protein
tyrosine phosphorylation induced by 1a,25(0OH),Ds;
both in avian and murine skeletal muscle cells (see
section 3 below). Regardless of its mechanism of
action, the vitamin D receptor appears to play an im-
portant role in regulating skeletal muscle physiology. It
is well recognized that VDR gene knockdown pro-
motes abnormal skeletal muscle development in the
mouse [67]. Moreover, VDR polymorphisms have been
described to affect muscle function [68, 69]. Also
of importance, sarcopenia in older aged humans
has been significantly associated with decreased VDR
expression, independent of vitamin D status [65].

Respect to ERa and ER(, their expression at the
mMRNA and protein level have been detected in skeletal
muscle and myoblasts of different animal species [70-
75]. In the C2C12 murine skeletal muscle cell line we
described a non classical localization for both ERs [75,
76]. This evidence was obtained by conventional
radioligand assays, the use of estrogen agonists
and antagonists, blocking with specific monoclonal
antibodies, western blot, ligand blot and immunocyto-
chemical assays. ERP was exclusively detected in
mitochondria and ERa in the perinuclear and
mitochondrial compartments of C2C12 cells. ERs with
non-classical locations were also detected in mouse
skeletal muscle tissue [75]. ERp was also found to a
greater extent in mitochondria, compared to ERa which
localizes mainly in microsomes, cytosol, mitochondria,
and also in the nucleus of muscle tissue. Skeletal
mitochondria are key organelles in the apoptotic
process. This subcellular location of ERs could be
associated with the regulation of apoptosis of muscle
cells by the steroid hormone as described below
(section 6). Unlike other cell lines [77], the subcellular
location of the immunoreactive entities was not
modified by treatment with the hormone, reinforcing
the hypothesis that one of the two putative ERa
localizations detected could be an internal membrane
system such as the endoplasmic reticulum or Golgi.
Studies employing cells transiently transfected with
specific ERa or ERB SiRNA and RT-PCR assays
confirmed functional and structural relationships
between the classical and the endogenous ERs [75, 76].

2.2. Regulation of Cell Proliferation and Differentiation,
Growth and Contractility by Hormones

It is well documented that 1a,25(0OH),D; is
essential for regulation of intracellular calcium levels
and growth in skeletal muscle and thereby plays an
important role in contractility and myogenesis [24, 78].
The hormone stimulates proliferation of myoblasts and
also their differentiation into myotubes [78, 79].
Nakagawa has also reported that vitamin D regulates
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development and homeostasis of skeletal muscle [80].
Similarly, 17p-estradiol modulates growth of skeletal
muscle. In healthy regularly menstruating women the
highest level of estrogen during the normal menstrual
cycle has been suggested to affect in a helpful manner
muscle strength [81, 82]. Furthermore, it is reported
that the steroid hormone has an anabolic effect on
skeletal muscle, as shown by an increase in muscle
strength in postmenopausal women that receive
hormone replacement therapy (HRT) [83, 84] and by a
protective role from damage during muscle exercise
[85].

2.3. Muscle Pathologies Related to Deficiency of 1a,25
(OH),D; or 17pg-Estradiol of Nutritional and Endocrine
Origin

1a,25(0OH),D; deficiency of nutritional or endocrine
origin can cause diverse myopathies (e.g. sarcopenia).
Clinical studies have indicated that normal levels of
1a,25(0OH),D; are positively related to muscle strength
and physical performance, diminishing the risk of
falling. Vitamin D; dietary supplementation in older
adults has shown to reduce falls, possibly acting on
muscle fiber composition and morphology. As with
1a,25(0OH),D3, several muscle pathologies are caused
by a decrease in estrogen levels. Specially, it has been
observed that muscle performance diminishes during
the postmenopausal years leading to the development
of sarcopenia [86]. Therefore, HRT can prevent this
myopathy.

The mechanisms underlying vitamin D; and 17p-
estradiol signal transduction in muscle have been
studied to a great extent in myoblast/myotube primary
cultures and cell lines [24, 78, 86-88]. The information
generated is endowed with physiological significance
as mature skeletal muscle in vivo contains a pool of
satellite cells similar to which undergo myogenic
differentiation during muscle growth and repair
processes as well as in response to endocrine factors
[89, 90].

3. SIGNAL TRANSDUCTION PATHWAYS
TRIGGERED BY 1a,25(OH),D; IN SKELETAL
MUSCLE

It has been well established in our laboratory that
1a,25(0OH),D; stimulates in skeletal muscle cells the
adenylyl cyclase/cAMP/PKA and PLC/DAG + IP;/
PKC pathways, the MAPK cascades and calcium
messenger system (VDCC influx and intracellular Ca?*
release).

P38 MAPK and JNK1/2 are rapidly activated by
10,25(0OH),D3. The hormone induces in the C2C12
muscle cell line the stimulation of mitogen-activated
protein kinase activating protein kinase 2 (MAPKAP-
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kinase 2) and subsequent phosphorylation of heat
shock protein 27 (HSP27) in a MKK3/6-p38 MAPK
activation-dependent manner [91]. Also, in response to
1a,25(0OH),D;, the ERKL1/2 cascade is positively
regulated by Ras protein and PKCa through Raf-1
activation and the consequent phosphorylation of
MEK1/2 [92], and by Ca’* and CAM kinase Il at the
level of c-Src [93]. Of relevance, PKC (presumptive
isoform) and PTPa are involved in c-Src activation
[Buitrago and Boland, submitted for publication]. The
VDR has been implicated in activation of MAPKs by
1a,25(0OH),D; which promotes VDR-c Src association
[94].

Through the mechanisms described above, 1,25
(OH),D; causes translocation of ERK1/2 from the
cytoplasm to the nucleus in the active form and induces
the expression of the growth-related protein c-myc, the
activation of CREB and ELK-1 transcription factors
followed by stimulation of muscle cell proliferation
[95, 96]. In addition, 1la,25(0OH),D; stimulates in
myoblasts tyrosine phosphorylation and membrane
translocation of PLCy, events which are mediated by c-
Src in cooperation with phosphatidylinositol 3-kinase
(P13-K) [97]. Recent discoveries about upstream steps
in the initiation of 1la,25(0OH),Ds signalling through
MAPKs reveal that caveolae and caveolins are
implicated in hormone signalling [Buitrago and
Boland, unpublished].

The regulation of muscle intracellular Ca?* by
10,25(0OH),D; involves an initial rapid ca’" mobili-
zation from intracellular stores followed by cation
influx through voltage-dependent (VDCC) and store-
operated Ca”* (SOCC) channels [98]. Interestingly, it
has been shown that protein tyrosine kinases are
involved in the mechanism of 1a,25(0OH),Ds-induced
muscle SOCC calcium influx [99]. Of relevance, we
have proposed that an endogenous TRPC3 protein
mediates hormone modulation of calcium capacitative
entry (CCE) in skeletal muscle, which seems to
implicate VDR-TRPC3 association and the parti-
cipation of an INAD-like scaffold protein [100].

4. INVOLVEMENT OF PROTEIN PHOS-
PHORYLATION EVENTS IN 1la,25(0OH),D;
STIMULATION OF MY OGENESIS

In 1999, Capiati et al. reported 1c,25(0OH),Ds
stimulation of myoblast proliferation. These studies
showed that selective knock down of PKCa expression
inhibited DNA synthesis promoted by the hormone.
This suggests that the isozyme may have an important
role in mediating 1a,25(0OH),Ds-induced proliferation
of muscle cells. On the other hand, an increase in the
expression of PKCp, 6 and & was detected during
myogenesis, suggesting that one or more of these
isoforms may participate in the differentiation process
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of myoblasts [79, 101]. This experimental evidence
altogether implies that PKC- dependent phosphoryla-
tion may play an important role in 10,25(0OH),Ds
regulation of myogenesis [reviewed in 78]. Activation
of tyrosine phosphorylation pathways also mediates the
effects of the steroid on muscle cell proliferation.
Specifically, we demonstrated that 1c,25(0OH),D3
promotes DNA synthesis in skeletal muscle and
implicated c-Src/ERK1/2 as mediators of this response
[95]. Moreover, the hormone up regulates the expre-
ssion of the early genes c-myc and c-fos.

5. REGULATION OF SKELETAL MUSCLE
GROWTH-RELATED SIGNAL TRANSDUC-
TION PATHWAYS BY 17B-ESTRADIOL

The effect of 17p-estradiol on growth-related
signaling pathways such as MAPKs has been well
documented in many tissues and cellular types. Within
these actions exerted by physiological concentrations
of the estrogen in muscle cells is the fast activation of
ERK1/2 and p38 MAPK in cardiomyocytes [102] and
in aortic endothelial cells [103]. As regards skeletal
muscle cells, in L6A1 myoblasts it was found that
activation of Raf-1 by the hormone resulted in
increased phosphorylation of ERK1/2 [104]. In the
C2C12 murine skeletal cell line it has also been
reported that ERK1/2 is activated by the estrogen
[96, 105]. Of relevance, ERK1/2 was predominantly
localized in mitochondria [27]. We want to highlight
this point and the fact that ERB was also found in
mitochondria, suggesting that estradiol acts, at least
in part, modulating an intraorganelle signaling system.
In addition, 17p-estradiol-induced phosphorylation
of p38 MAPK was demonstrated in C2C12 cells [96].
Hormone activation of these MAPKSs in mouse skeletal
muscle primary cultures was also observed, demon-
strating that the cellular response is not an effect of the
muscle cell line [Ronda A., Vasconsuelo A., Boland R.
unpublished]. The estrogen receptors have been
involved in the fast actions of 17B-estradiol as
mentioned above. Thus, it has been reported that the a
and B isoforms of the ER are implicated in the
activation of the MAPK pathways by 17p-estradiol in
endothelial cells [106]. New evidence from our
laboratory suggests that in C2C12 muscle cells ERa
participates in ERK2 activation whereas p38 MAPK
phosphorylation is mediated by an ER-independent
mechanism revealing the complexity of the molecular
machinery sustaining the estradiol response [Ronda A.,
Buitrago C., Boland R. unpublished]. On the other
hand, recently Hatae et al. (2009), reported that 17p-
estradiol induces ERa expression via ERK1/2 and p38
MAPK, suggesting a positive feedback of the hormone
action on skeletal muscle cells [110].

In the C2C12 skeletal muscle cell line it has been
reported that 17p-estradiol promotes the fast activation
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of CREB and EIk-1 transcription factors involving the
ERK1/2 and p38 MAPK pathways [96]. In addition,
the hormone is able to induce the early c-Fos onco-
protein expression [107] through ERK1/2 and p38
MAPK activation [96]. New evidence from our labora-
tory also suggests that c-Jun oncoprotein expression is
modulated by the hormone in a similar fashion [Ronda
A., Buitrago C., Boland, R. unpublished].

6. THE SURVIVAL LANGUAGE OF 17B-
ESTRADIOL: HORMONE-REGULATED APOP-
TOSIS IN SKELETAL MUSCLE CELLS

17p-estradiol is able to support cell survival or
induce apoptosis depending on the cell context [108-
110]. Regarding skeletal muscle, estrogenic regulation
of this cell event is important since there is data
demonstrating that apoptosis plays a key role in
pathophysiological and physiological conditions that
lead to skeletal muscle cell loss [111]. Although little is
known about the effects of estrogen on apoptosis and
the underlying molecular events in skeletal muscle, the
evidence indicates that the steroid is associated with
survival/beneficial effects in this tissue [90, 112]. We
reported that 17p-estradiol inhibits apoptosis in C2C12
skeletal muscle cells through ERs with non classical
localization and involving MAPKs [27] and the
PI3K/Akt/Bad pathway [113]. In particular, we
observed that 17p-estradiol prevents smac/DIABLO
and cytochrome c release, caspase-3, PARP cleavage
and DNA fragmentation. Also, the hormone blocked
the typical apoptotic morphological changes of the
nucleus, mitochondria and cell size, and mitochondrial
redistribution in C2C12 murine skeletal muscle cells
[113] as well as in primary cultures of mouse skeletal
muscle. Summarizing, the steroid hormone activates a
“cellular survival or cellular anti-stress state” in
skeletal muscle cells. Moreover, we recently observed
that 17p-estradiol increases the expression of HSP27,
anti-stress protein, and this effect was directly related
to the antiapoptotic action of the estrogen [114].
Although apoptosis may occur via several mechanisms,
the mitochondrion is a major regulatory site for this
process [115]; also, estrogen actions in mitochondria
have been amply reported for a variety of tissues [58,
116, 117]. Accordingly, the data reviewed in this
section suggests that estradiol could exert its protective
effect on skeletal muscle through mitochondrial
signaling. In keeping with this interpretation, as
mentioned before, ERB is mainly associated with
mitochondria [75] and it is stabilized in the organelle
by interaction with HSP27 in C2C12 cells [114].
Nevertheless, these findings do not explain how 17p-
estradiol affects mitochondrial function or homeostasis
resulting in apoptosis inhibition in skeletal muscle
cells. It remains to be clarified whether the hormone
exerts direct and indirect effects on mitochondria that
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are mediated by genomic and nongenomic activities of
both ER isoforms, as has been reported for other
systems [reviewed in 117-119].

Given that mitochondria of aged skeletal muscle
produce more oxidants, collect calcium, exhibit
increased oxidative damage [120] and the levels of
estrogens decline upon ageing, the sum of these effects
results in apoptosis. Then, myocyte loss via apoptosis
might represent a mechanism responsible for decline of
muscle performance in pathologies such as sarcopenia.

7. POTENTIAL PHARMACOLOGICAL TARGETS
AND DRUG DEVELOPMENT IN VITAMIN D-
AND ESTROGEN-DEPENDENT MYOPATHIES

The gradual weakness of skeletal muscle associated
with certain myopathies, for example sarcopenia, is
accompanied by failure of bodily functions and
musculoskeletal system alterations. These myopathies
result in increasing numbers of people requiring
medical care to improve quality of life. It is generally
recommended the therapy with anabolic hormones
together with exercises.

Understanding the mechanisms that lead to
sarcopenia can develop effective prevention, cure and
rehabilitation. We reviewed evidence showing that
1a,25(0OH),D; and 17p-estradiol stimulate proliferation
and differentiation and inhibit apoptosis of myoblasts.
These hormones then can effectively improve muscle
performance, although their secondary effects must be
taken into account (e.g. hypercalcemia and breast
cancer). The complexity of intracellular signaling
mechanisms activated by both hormones, allows us to
speculate on more than one potential pharmacological
target to overcome this myopathy. An attractive
approach is to apply compounds that regulate the enzy-
matic activity of specific muscle kinases. (e.g. myosin
heavy chain kinase) involved in cellular differentiation.
Of interest, tamoxifen, an ER modulator used in the
treatment of certain types of breast cancers, improves
both the structure and function of dystrophic muscles in
Mdx mice [121, 122].

8. CONCLUDING REMARKS

Integrating the information reviewed here, we show
a schematic model of signalling routes of these steroid
hormones in skeletal muscle (Fig. 1). Skeletal muscle
tissue is a target for 1a,25(0OH),D; and 17p-estradiol.
Both steroids act through an intricate signal
transduction system which involves MAPKs, PKC and
PI3K/AKkt resulting in proliferation, differentiation or
apoptosis inhibition. These steroid actions involve
extranuclear membrane VDR and ER, respectively.
Further unraveling of these molecular mechanisms may
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Fig. (1). Schematic diagram showing 1a,25(0OH),D; and 17@-estradiol intracellular signaling pathways in skeletal
muscle cells. The diagram depicts both steroid hormones interacting with specifics receptors to activate intracellular signaling
routes. 1a,25(0OH),D; disrupts cav-1/ Src association and may bind to a VDR pool in caveolae. This hormone induces PKCd
and PTP (Protein Tyrosine Phosphatase)—dependent Src activation with subsequent p38 and ERK1/2 phosphorylation. MAPKs
stimulate expression of proto-oncogenes c-fos and c-myc leading to cell proliferation and differentiation. On the other hand,
17p-estradiol can interact with estradiol binding proteins localized in membrane (caveolae?) and mitochondria promoting
activation of the PI3K/Akt/P-BAD survival cascade. Furthermore, this hormone acts to prevent DNA fragmentation and

cellular apoptosis.

pave the way for clinical improvements to overcome 3]
vitamin D- and estrogen-related myophaties. 4]
ACKNOWLEDGMENTS [5]

This research was supported by grants from the
Consejo Nacional de Investigaciones Cientificas y [6]
Técnicas (CONICET), Agencia Nacional de Promocién
Cientifica y Tecnol6gica (ANPCyT) and Universidad [71
Nacional del SUR (UNS), Argentina.

REFERENCES (8]
[1] Holick, M.F.; Maclaughlin, J.A.; Clark, M.B. Photo-
synthesis of previtamin D3 in human skin and the [9]

physiologyic consequences. Science, 1980, 210, 203-205.
[2] Norman, A.W.; Roth, J.; Orci, L. The vitamin D endocrine
system: steroid metabolism, hormone receptors, and [10]
biological response (calcium binding proteins). Endocr.
Rev., 1982, 3, 331-366.

Miller, W.L. Molecular biology of steroid hormone
synthesis. Endocr. Rev., 1988, 9, 295-218.

Norman, A .W. The mode of action of vitamin D. Biochem.
Rev., 1968, 43, 97-137.

Minghetti, P.P.; Norman, AW. 1,25(0OH),-vitamin Dj
receptors: gene regulation and genetic circuitry. FASEB J.,
1988, 2(15), 3043-3053.

de Boland, A.R.; Nemere, I. Rapid actions of vitamin D
compounds. J. Cell Biochem., 1992, 49, 32-36.

Jensen, E.V.; Jacobson, H.I. Basic guides to the mechanism
of estrogen action. Recent Prog. Horm. Res., 1962, 18, 387-
414,

Tsai, M.J.; O"Malley, B.W. Molecular mechanisms of
action of steroid/thyroid receptor superfamily members.
Annu. Rev. Biochem., 1994, 63, 451-486.

Edwards, D.P. Regulation of signal transduction pathways
by estrogen and progesterone. Annu. Rev. Physiol., 2005,
67, 335-376.

Marino, M.; Galluzzo, P.; Ascenzi, P. Estrogen signaling
pathways to impact gene transcription. Curr. Genomics,
2006, 7(8), 497-508.



Vitamin D and Estrogen Functions in Skeletal Muscle

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

[28]

[29]

Capiati, D.; Benassati, S.; Boland, R.L. 1,25(0OH),-vitamin
D3 induces translocation of the vitamin D receptor (VDR)
to the plasma membrane in skeletal muscle cells. J. Cell
Biochem., 2002, 86(1),128-35.

Bravo, S.; Paredes, R.; lzaurieta, P.; Lian, J.B.; Stein,
JL.; Stein, G.S.; Hinrichs, M.V.; Olate, J.; Aguayo,
L.G.; Montecino, M. The classic receptor for lalpha,25-
dihydroxy vitamin Dj is required for non-genomic actions
of lalpha,25-dihydroxy vitamin D3 in osteosarcoma cells. J.
Cell Biochem., 2006, 99(4), 995-1000.

Levin, E.R. Integration of the Extranuclear and Nuclear
Actions of Estrogen. Mol. Endocrinol., 2005, 19, 1951-
1959.

Norman, A.W. Update on biological actions of lalpha,25
(OH),-vitamin D3 (rapid effects) and 24R,25(OH),-vitamin
Ds. Mol. Cell Endocrinol., 2002, 197,1-13.

Boland, R.; de Boland A.R.; Buitrago, C.; Morelli, S.;
Santillan, G.; Vazquez, G.; Capiati, D.; Baldi, C. Non-
genomic stimulation of tyrosine phosphorylation cascades
by 1,25(0H),D; by VDR-dependent and -independent
mechanisms in muscle cells. Steroids, 2002, 67, 477-482.
Segars, J.H.; Driggers, P.H. Estrogen action and cyto-
plasmic signaling cascades. Part |: membraneassociated
signaling complexes. Trends Endocrinol. Metab., 2002, 13
349-354,

DeLuca, H.F. The vitamin D story: a collaborative effort of
basic science and clinical medicine. FASEB J., 1988, 2(3),
224-236.

Norman, W.; Litwack, G. Hormones, Elsevier Inc.: New
York, 1997.

Bottner, M.; Christoffel, J.; Wuttke, W. Effects of long-
term treatment with 8-prenylnaringenin and oral estradiol
on the GH-IGF-1 axis and lipid metabolism in rats. J.
Endocrinol., 2008, 198(2), 395-401.

De Marinis, E.; Martini, C.; Trentlance, A.; Pallottini, \VV.J.
Sex differences in hepatic regulation of cholesterol
homeostasis. J. Endocrinol., 2008, 198(3), 635-643.
Ropero, A.B.; Alonso-Magdalena, P.; Quesada, I.; Nadal,
A. The role of estrogen receptors in the control of energy
and glucose homeostasis. Steroids, 2008, 73(9-10), 874-
879.

Kauser, K.; Rubanyi, G.M. Potential cellular signaling
mechanisms mediating upregulation of endothelial nitric
oxide production by estrogen. J. Vasc. Res., 1997, 34(3),
229-236.

Turgeno, J.L.; Carr, M.C.; Maki, P.M.; Mendelsohn, M.E.;
Wise, P.M. Complex actions of sex steroids in adipose
tissue, the cardiovascular system, and brain: Insights from
basic science and clinical studies. Endocr. Rev., 2006,
27(6), 575-605.

Boland, R. Role of vitamin D in skeletal muscle function.
Endocr. Rev., 1986, 7, 443-448.

Walters, M.R. Newly identified actions of the vitamin D
endocrine system. Endocr. Rev., 1992, 13(4), 719-764.
DeLuca, H.F. Evolution of our understanding of vitamin D.
Nutr. Rev., 2008, 66(2), S73-S87.

Boland, R.; Vasconsuelo, A.; Milanesi, L.; Ronda, A.C.; de
Boland, A.R. 17beta-estradiol signaling in skeletal muscle
cells and its relationship to apoptosis. Steroids, 2008, 73,
859-863.

Fleet, J.C. Molecular actions of vitamin D contributing to
cancer prevention. Mol. Aspects Med., 2008, 29(6), 388-
396.

van Etten, E.; Stoffels, K.; Gysemans, C.; Mathieu, C.;
Overbergh, L. Regulation of vitamin D homeostasis:
implications for the immune system. Nutr. Rev., 2008,
66(10 Suppl. 2), S125-S134.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Immun., Endoc. & Metab. Agents in Med. Chem., 2009, Vol. 9, No.3 165

Marino, M.; Ascenzi, P. Membrane association of estrogen
receptor alpha and beta influences 17beta-estradiol-
mediated cancer cell proliferation. Steroids, 2008, 73(9-10),
853-858.

Lebesgue, D.; Chevaleyre, V.; Zukin, R.S.; Etgen, A.M.
Estradiol rescues neurons from global ischemia-induced
cell death: multiple cellular pathways of neuroprotection.
Steroids, 2009, 74(7), 555-561.

Evans, R. The steroid and tyroid hormone receptor
superfamily. Science, 1988, 240, 889-895.

Racz, A.; Barsony, J. Hormone-dependent traslocation of
vitamin D receptor is linked to transactivation. J. Biol.
Chem., 1999, 27, 19352-19360.

Gombart, A.F.; Luong, Q.T., Koeffler, H.P. Vitamin D
compounds: activity against microbes and cancer.
Anticancer Res., 2006, 26(4A), 2531-42.

Moore, D.D.; Kato, S.; Xie, W.; Mangelsdorf, D.J;
Schmidt, D.R.; Xiao, R.; Kliewer, S.A. International Union
of Pharmacology. LXII. The NR1H and NR1l receptors:
constitutive androstane receptor, pregnene X receptor,
farnesoid X receptor alpha, farnesoid X receptor beta, liver
X receptor alpha, liver X receptor beta, and vitamin D
receptor. Pharmacol. Rev., 2006, 58(4), 742-759.

Szpirer. J.; Szpirer, C.; Riviere, M.; Levan, G.; Marynen,
P.; Cassiman, J.J.; Wiese, R.; DeLuca, H.F. The Spl
transcription factor gene (SP1) and the 1a,25-dihydro-
xyvitamin D3 receptor gene (VDR) are colocalized on
human chromosome arm 12q and rat chromosome 7.
Genomics, 1991, 11(1), 168-173.

Filus, A.; Trzmiel, A.; Kuliezkowska-Plaksej, J.; Tworowska,
U.; Jedrzejuk, D.; Milewiez, A. Relationship between VDR
Bsml and Fokl polymorphism and anthropometric and
biochemical parameters describing metabolic syndrome.
Aging Male, 2008, 11, 134-139.

Berdal, A.; Mesbah, M.; Papagerakis, P.; Nemere, I.
Putative membrane receptor for 1,25 (OH), vitamin Dj in
human mineralized tissues during prenatal development.
Connect. Tissue Res., 2003, 1,136-140.

Baran, D.T.; Quail, J.M.; Ray, R.; Leszyk, J.; Honeyman, T.
Annexin Il is the membrane receptor that mediates the rapid
actions of 1lalpha,25-dihydroxyvitamin D(3). J. Cell
Biochem., 2000, 78(1), 34-46.

Green, S.; Walter, P.; Greene, G., Krust, A., Goffin, C.,
Jensen, E.; Scrace, G.; Waterfield, M.; Chambon, P.
Cloning of the human oestrogen receptor cDNA. J. Steroid
Biochem., 1986, 24, 77-83.

Kuiper, G.G.; Enmark, E.; Pelto-Huikko, M.; Nilsson, S.;
Gustafsson, J.A. Cloning of a novel receptor expressed in
rat prostate and ovary. Proc. Natl. Acad. Sci. USA, 1996,
93, 5925-5930.

Petersen, D.N.; Tkalcevic, G.T.; Koza-Taylor, P.H.; Turi,
T.G.; Brown, T.A. Identification of estrogen receptor B2, a
functional variant of estrogen receptor B expressed in
normal rat tissues. Endocrinology, 1998, 139, 1082-1092.
Hirata, S.; Shoda, T.; Kato, J.; Hoshi, K. Isoform/variant
mRNAs for sex steroid hormone receptors in humans,
Trends Endocrinol. Metab., 2003, 14(3), 124-129.
Prossnitz, E;, Oprea, T.l.; Sklar, L.A.; Arterburn, J.B. The
ins and outs of GPR30: A transmembrane estrogen receptor.
J. Steroid Biochem. Mol. Biol., 2008, 109, 350-353.

Ciocca, D.R.; Roig, L.M. Estrogen receptors in human
nontarget tissues: biological and clinical implications.
Endocr. Rev., 1995, 16, 35-62.

Lonard, D.M.; O'Malley, B.W. The expanding cosmos of
nuclear receptor coactivators. Cell, 2006, 125, 411-414.
McKenna, N.J.; Lanz, R.B.; O’Malley, B.W. Nuclear
receptors coregulators: cellular and molecular biology.
Endocr. Rev., 1999, 20, 321-344.



166

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Immun., Endoc. & Metab. Agents in Med. Chem., 2009, Vol. 9, No. 3

Glass, C.K.; Rosenfeld, M.G. The coregulator exchange in
transcriptional functions of nuclear receptors. Genes Dev.,
2000, 14, 121-141.

Levin, E.R. bidirectional signaling between the estrogen
receptor and the epidermal growth factor receptor. Mol.
Endocrinol., 2003, 17(3), 309-317.

Yang, L.; Yang, J.; Venkateswarlu, S.; Ko, T.; Brattain,
M.G. Autocrine TGFbeta signaling mediates vitamin D3
analog-induced growth inhibition in breast cells. J. Cell
Physiol., 2001, 188(3), 383-393.

Ordofiez-Morén, P.; Mufioz, A. Nuclear receptors: genomic
and non-genomic effects converge. Cell Cycle, 2009, 8(11),
1675-1680.

Gilad, L.A.; Schwartz, B. Association of estrogen receptor
beta with plasma-membrane caveola components: impli-
cation in control of vitamin D receptor. J. Mol. Endocrinol.,
2007, 38(6), 603-618.

Zheng, J.; Ramirez, V.D. Demonstration of membrane
estrogen binding proteins in rat brain by ligand blotting
using a 17p-estradiol-[***IJbovine serum albumin conjugate.
J. Steroid Biochem. Mol. Biol., 1997, 62, 327-336.

Horvat, A.; Nikezi'c, G.; Petrovi'c, S.; Kanazi, D. Binding
of estradiol to synaptosomal mitochondria: physiological
significance. Cell Mol. Life Sci., 2001, 58, 636-644.

Monje, P.; Boland, R. Subcellular distribution of native
estrogen receptor alpha and beta isoforms in rabbit uterus
and ovary. J. Cell Biochem, 2001, 82, 467-479.

Monje, P.M; Boland, R. Expression and cellular
localization of naturally ocurring beta estrogen receptors in
uterine and mammary cell lines. J. Cell Biochem., 2000, 86,
136-144.

Yang, S.H., Liu, R.; Perez E.J.; Wen, Y.; Stevens, S.M;
Valencia, T.; Brun-Zinkernagel, A.M.; Prokai, L.; Hill, Y_;
Dykens, J.; Koulen, P.; Simpkins, JW. Mitochondrial
localization of estrogen receptor beta. Proc. Nat. Acad. Sci.
USA, 2004, 12, 4130-4135.

Chen, J-Q.; Russo, P.A.; Cooke, C.; Russo, I.H.; Russo, J.
ER[beta] shifts from mitochondria to nucleus during
estrogen-induced neoplastic transformation of human breast
epithelial cells and is involved in estrogen-induced
synthesis of mitochondrial respiratory chain proteins.
Biochim. Biophys. Acta Mol. Cell Res., 2007, 1773, 1732-
1746.

Solakidia. S.; Psarrab, A.-M.G.; Sekerisa, C.E. Differential
subcellular distribution of estrogen receptor isoforms:
Localization of ERa in the nucleoli and ERp in the
mitochondria of human osteosarcoma SaOS-2 and
hepatocarcinoma HepG2 cell lines. Biochim. Biophys. Acta,
2005, 1745, 382-392.

Boland, R.L.; Norman, A.W.; Ritz, E.; Hasselbach, W.
Presence of a 1,25-dihydroxy-vitamin D3 receptor in chick
skeletal muscle myoblasts. Biochem. Biophys. Res.
Commun., 1985, 128, 305-311.

Zanello, S.B.; Collins, E.D.; Marinissen, M.J.; Norman,
AW.; Boland, R.L. Vitamin D receptor expression in
chicken muscle tissue and cultured myoblasts. Horm.
Metab. Res., 1997, 29(5), 231-236.

Simpson, R.U.; Thomas, G.A.; Arnold, A.J. Identification
of 1,25-dihydroxyvitamin D; receptors and activities in
muscle. J. Biol. Chem., 1985, 260, 8882-8891.

Costa, E.M.; Blau, H.M.; Feldman, D. 1,25-
Dihydroxivitamin D3 and hormonal responses in human
skeletal muscle cells. Endocrinology, 1986, 119, 2214-
2220.

Bischoff, H.A.; Borchers, M.; Gudat, F.; Duermueller, U.;
Theiler, R.; Stahelin, H.B.; Dick, W. In situ detection of
1,25-dihydroxyvitamin D3 receptor in human skeletal
muscle tissue. Histochem. J., 2001, 33,19-24.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

Buitrago et al.

Bischoff-Ferrari, H.A.; Borchers, M.; Gudart, F.;
Dirmidiller, U.; Stahelin, H.B.; Dick, W. Vitamin D receptor
expression in human muscle tissue decreases with age. J.
Bone Miner. Res., 2004, 19(2), 265-269.

Mizwicki J.; Norman, A.W. The vitamin D sterol-vitamin
D receptor ensemble model offers unique insights into both
genomic and rapid-response signaling. Sci. Signal., 2009, 2,
re4 .

Endo, I.; Inoue, D.; Mitsui, T.; Umaki, Y.; Akaike, M.;
Yoshizawa, T.; Kato, S.; Matsumoto, T. Deletion of vitamin
D receptor gene in mice results in abnormal skeletal muscle
development with deregulated expression of myoregulatory
transcription factors. Endocrinology, 2003, 144, 5138-
5144,

Ceglia, L. Vitamin D and skeletal muscle tissue and
function. Mol. Aspects Med., 2008, 29(6), 407-414.
Hopkinson, N.S.; Li, K.W.; Kehoe, A.; Humphries, S.E.;
Roughton, M.; Moxham, J.; Montgomery, H.; Polkey, M.I.
Vitamin D receptor genotypes influence quadriceps strength
in chronic obstructive pulmonary disease. Am. J. Clin.
Nutr., 2008, 87(2), 385-390.

Couse, J.F.; Lindzey, J.; Grandien, K.; Gustafsson, J.A;
Korach, K.S. Tissue distribution and quantitative analysis
of estrogen receptor-alpha (ERalpha) and estrogen receptor-
beta (ERbeta) messenger ribonucleic acid in the wild-type
and ERalpha-knockout mouse. Endocrinology, 1997, 138,
4613-4621.

Dahlberg, E. Characterization of the cytosolic estrogen
receptor in rat skeletal muscle. Biochim. Biophys. Acta,
1982, 717, 65-75.

Saartok, T. Steroid receptors in two types of rabbit skeletal
muscle. Int. J. Sports Med., 1984, 5, 130-136.

Lemoine, S.; Granier, P.; Tiffoche, C.; Rannou-Bekono, F.;
Thieulant, M.L.; Delamarche, P. Estrogen receptor alpha
mRNA in human skeletal muscles. Med. Sci. Sports Exerc.,
2003, 35, 439-443.

Kalbe, C.; Mau, M.; Wollenhaupt, K.; Rehfeldt, C.
Evidence for estrogen receptor alpha and beta expression in
skeletal muscle of pigs. Histochem. Cell Biol., 2007, 127,
95-107.

Milanesi, L.M.; Vasconsuelo, A.; de Boland, A.; Boland,
R.L. Expression and subcellular distribution of native
estrogen receptor beta in murine C2C12 cells and skeletal
muscle tissue. Steroid, 2009, 74, 489-497.

Milanesi, L.M.; de Boland, A.; Boland, R.L. Expression
and localization of estrogen receptor alpha in the C2C12
murine skeletal muscle cell line. J. Cell Biochem., 2008,
104,1254-1273.

Monje, P.; Zanello, S.; Holick, M.; Boland, R. Differential
cellular localization of estrogen receptor o in uterine and
mammary cells. Mol. Cell. Endocrinol., 2001, 181, 117-
129.

Boland, R. Vitamin D and muscle. In Vitamin D; Feldman,
D.; Pike, J.W.; Glorieux, F.H.; Eds. Elsevier-Academic
Press: San Diego, 2005, Vol. 1, pp. 883-897.

Capiati, D.A.; Téllez-1ién, M.T.; Boland, R.L. Participation
of protein kinase C alpha in 1,25-dihydroxy-vitamin Ds
regulation of chick myoblast proliferation and
differentiation. Mol. Cell Endocrinol., 1999, 153, 39-45.
Nakagawa, K. Effect of vitamin D on the nervous system
and the skeletal muscle. Clin. Calcium, 2006, 16(7),1182-
87.

Phillips, S.K.; Sanderson, A.G.; Birch, K.; Bruce, S.A;
Woledge, R.C. Changes in maximal voluntary force of
human adductor pollicis muscle during the menstrual cycle.
J. Physiol., 1996, 496(Pt 2), 551-557.

Sarwar, R.; Niclos, B.B.; Rutherford, O.M. Changes in
muscle strength, relaxation rate and fatiguability during the



Vitamin D and Estrogen Functions in Skeletal Muscle

(83]

[84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

human menstrual cycle. J. Physiol., 1996, 493(Pt 1), 267-
272.

Heikkinen, J., Kyllonen, E.; Kurttila-Matero, E.; Wilen-
Rosenqgvist, G.; Lankinen, K.S.; Rita, H.; Vaanéanen, H.K.
HRT and exercise: effects on bone density, muscle strength
and lipid metabolism. A placebo controlled 2-year
prospective trial on two estrogen-progestin regimens in
healthy postmenopausal women. Maturitas, 1997, 26,139-
149.

Skelton, D.A.; Phillips, S.K.; Bruce, S.A.; Naylor, C.H;
Woledge, R.C. Hormone replacement therapy increases
isometric muscle strength of adductor pollicis in post-
menopausal women. Clin. Sci., 1999, 96,357-364.

Tiidus, P.M. Can estrogens diminish exercise induced
muscle damage? J. Appl. Physiol., 1995, 20, 26-38.

Sirola, J.; Rikkonen, T. Muscle performance after meno-
pause. J. Br. Menopause Soc., 2005, 1(2), 45-50.

Boland de, A.R.; Boland, R. Non-genomic signal trans-
duction pathway of vitamin D in muscle. Cell. Signal.,
1994, 6(7), 717-724.

Boland, R.; de Boland, A.R.; Marinissen, M.J.; Santillan,
G.; Vazquez, G.; Zanello, S. Avian muscle cells as targets
for the secosteroid hormone 1,25-dihydroxy-vitamin Ds.
Mol. Cell Endocrinol., 1995, 114(1-2), 1-8.

Scime, A.; Rudnicki, M.A. Anabolic potential and
regulation of the skeletal muscle satellite populations. Curr.
Opin. Clin. Nutr. Metab. Care, 2006, 9(3), 214-219.

Deasy, B.M.; Lu, A.; Tebbets, J.C; Feduska, J.M.; Schugar,
R.C.; Pollett, J.B.; Sun, B.; Urish, K.L.; Gharaibeh, B.M.;
Cao, B.; Rubin, R.T.; Huard, J. A role for cell sex in stem
cell-mediated skeletal muscle regeneration: female cells
have higher muscle regeneration efficiency. J. Cell Biol.,
2007, 177, 73-86.

Buitrago, C.; Ronda, A.; de Boland, A.; Boland, R. MAP
kinases p38 and JNK are activated by the steroid hormone
lalpha,25(0OH),-vitamin D3 in the C2C12 muscle cell line.
J. Cell Biochem., 2006, 97(4):698-708.

Buitrago, C. G; Pardo, V.G.; de Boland, A.R.; Boland, R.
Activation of RAF-1 through Ras and protein kinase C-
alpha mediates 1lalpha,25(0OH),-vitamin D; regulation of the
mitogen-activated protein kinase pathway in muscle cells. J.
Biol. Chem., 2003, 278, 2199-2205.

Morelli, S.; Buitrago, C.; Boland, R.; de Boland, A.R. The
stimulation of MAP kinase by 1,25(0OH),-vitamin D3 in
skeletal muscle cells is mediated by protein kinase C and
calcium. Mol. Cell Endocrinol., 2001, 173, 41-52.

Buitrago, C.; Vazquez, G.; De Boland, A.R.; Boland, R.
Activation of Src kinase in skeletal muscle cells by
lalpha,25-(OH),-vitamin D3 correlates with tyrosine
phosphorylation of the vitamin D receptor (VDR) and
VDR-Src interaction. J. Cell Biochem., 2000, 79(2), 274-
281.

Buitrago, C.; Vazquez, G.; De Boland, A.R.; Boland, R.
The tyrosine kinase c-Src is required for 1,25(OH),-vitamin
D; signalling to the nucleus in muscle cells. Biochim.
Biophys. Acta, 2001, 1541, 179-187.

Ronda, A.C.; Buitrago, C.; Colicheo, A.; de Boland, A.R.;
Roldan, E.; Boland, R. Activation of MAPKs by
lalpha,25(0OH),-Vitamin D3 and 17beta-estradiol in skeletal
muscle cells leads to phosphorylation of Elk-1 and CREB
transcription factors. J. Steroid Biochem. Mol. Biol., 2007,
103, 462-466.

Buitrago, C.; Gonzélez Pardo, V.; de Boland, AR.
Nongenomic action of lalpha,25(0OH),-vitamin  Ds.
Activation of muscle cell PLC gamma through the tyrosine
kinase c-Src and PtdIns 3-kinase. Eur. J. Biochem., 2002,
269, 2506-2515.

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Immun., Endoc. & Metab. Agents in Med. Chem., 2009, Vol. 9, No.3 167

Vazquez, G.; de Boland, A.R. Stimulation of dihydropyridine-
sensitive Ca®* influx in cultured myoblasts by 1,25(0H),-
vitamin Ds. Biochem. Mol. Biol. Int., 1997, 31, 677-684.
Vazquez, G. lalpha,25-dihydroxy-vitamin-Ds-induced
store-operated Ca®* influx in skeletal muscle cells.
Modulation by phospholipase C, protein kinase C, and
tyrosine kinases. J. Biol. Chem., 1998, 273, 33954-33960
Santillan, G.; Katz, S.; Vazquez, G.; Boland, R. TRPC3-
like protein and vitamin D receptor mediate lalpha,25
(OH),Ds-induced SOC influx in muscle cells. Int. J.
Biochem. Cell Biol., 2004, 36(10), 1910-1918.

Capiati, D.A.; Vazquez, G.; Tellez I1fién, M.T.; Boland, R.L.
Antisense oligonucleotides targeted against protein kinase ¢
alpha inhibit proliferation of cultured avian myoblasts. Cell
Prolif., 2000, 33(5), 307-15.

Nuedling, S.; Kahlert, S.; Loebbert, K.; Meyer, R.; Vetter,
H.; Grohé, C. Differential effects of 17beta-estradiol on
mitogen-activated protein  kinase pathways in rat
cardiomyocytes. FEBS Lett., 1999, 454, 271-276.

Geraldes, P.; Sirois, M.; Bernatchez, P.; Tanguay, J.
Estrogen regulation of endothelial and smooth muscle cell
migration and proliferation: role of p38 and p42/44
mitogen-activated protein kinase. Arterioscler. Thromb.
Vasc. Biol., 2002, 22, 1585-1590.

Samuel, D.S.; Ewton, D.Z.; Coolican, S.A.; Petleym T.D.;
McWade, F.J.; Florini J.R. Raf-1 activation stimulates
proliferation and inhibits IGF-stimulated differentiation in
L6A1 myoblasts. Horm. Metab. Res., 1999, 31, 55-64.
Hatae, J.; Takami, N.; Lin, H.; Honda, A.; Inoue, R. 17beta-
Estradiol-induced enhancement of estrogen receptor
biosynthesis via MAPK pathway in mouse skeletal muscle
myoblasts. J. Physiol. Sci., 2009, 59, 181-190.

Klinge, C.; Blankenship, K.: Risinger, K.; Bhatnagar, S.;
Noisin, E.; Sumanasekera; W.; Zhao, L.; Brey, D.;
Keynton, R. Resveratrol and estradiol rapidly activate
MAPK signaling through estrogen receptors alpha and
beta in endothelial cells. J. Biol. Chem, 2005, 280, 7460-
7468.

Kahlert, S.; Grohé, C.; Karas, R.; Lobbert, K.; Neyses,
L.; Vetter, H. Effects of estrogen on skeletal myoblast
growth. Biochem. Biophys. Res. Commun., 1997, 232, 373-
378.

Liu, C.J.; Lo, J.F.; Kuo, C.H.; Chu, C.H.; Chen, L.M.; Tsai,
F.J.; Tsai, C.H.; Tzang, B.S.; Kuo, W.W.; Huang, C.Y. Akt
mediates 17beta-estradiol and/or estrogen receptor alpha
inhibition of LPS-Induced tumor necrosis factor-alpha
expression and myocardial cell apoptosis by suppressing the
JNK1/2-NFkappaB pathway. J. Cell Mol. Med., 2009, in
press.

Song, R.X.; Santen, R.J. Apoptotic action of estrogen.
Apoptosis, 2003, 8, 55-60.

Spyridopoulos, I.; Sullivan, A.; Kearney, M.; Isner, J.M.;
Losordo, D.W. Estrogen-receptor-mediated inhibition of
human endothelial cell apoptosis. Estradiol as a survival
factor. Circulation, 1997, 6, 1505-1514.

Dirks, A.; Leeuwenburgh, C. Apoptosis in skeletal muscle
with aging. A.M. J. Physiol. Regul. Integr. Comp. Physiol.,
2002, 282, 519-527.

Greising, S.M.; Baltgalvis, K.A.; Lowe, D.A.; Warren, G.L.
Hormone therapy and skeletal muscle strength: A Meta-
analysis. J. Gerontol. A. Biol. Sci. Med. Sci., 2009, 64(10),
1071-1081.

Vasconsuelo, A.; Milanesi, L.M.; Boland, R.L.17p-
Estradiol abrogates apoptosis in murine skeletal muscle
cells through estrogen receptors: role of the phosphatidy-
linositol 3-kinase/Akt pathway. J. Endocrinol., 2008, 196,
385-397.



168

[114]

[115]

[116]
[117]

[118]

Vasconsuelo, A.; Milanesi, L.; Boland, R. Participation of
HSP27 in the antiapoptotic action of 17pB-estradiol in
skeletal muscle cells. Cell Stress Chaperones, 2009, 74(6),
489-497.

Desagher, S.; Martinou, J.C. Mitochondria as the central
control point of apoptosis. Trends Cell Biol., 2000, 1, 369-
377.

Felty, Q.; Roy, D. Estrogen, mitochondria, and growth of
cancer and non-cancer cells. J. Carcinog., 2005, 4, 1.
Klinge, C.M. Estrogenic Control of Mitochondrial Function
and Biogenesis. J. Cell Biochem., 2008, 105, 1342-1351.
Felty, Q.; Roy, D. Mitochondrial signals to nucleus regulate
estrogen induced cell growth. Med. Hypotheses, 2005, 64,
133-341.

Immun., Endoc. & Metab. Agents in Med. Chem., 2009, Vol. 9, No. 3

[119]

[120]

[121]

[122]

Buitrago et al.

Chen, J.Q.; Brown, T.R.; Yager, J.D. Mechanisms of
hormone carcinogenesis: Evolution of views, role of
mitochondria. Adv. Exp. Med. Biol., 2008, 630, 1-18.
Bejma, J.; Ji, L. Aging and acute exercise enhance free
radical generation in rat skeletal muscle. J. Appl. Physiol.,
1999, 87, 465-470.

Dorchies, J.; Reutenauer, O.; Vuadens, S.; Comyn, U.;
Ruegg. Tamoxifen improves the structure and the function
of skeletal muscle in mdx mice. Neuromuscul. Disord.,
2008, 18, 812-813.

Krum, S.A.; Miranda-Carboni, G.A.; Hauschka, P.V.;
Carroll, J.S.; Lane, T.F.; Freedman, L.P.; Brown, M.
Estrogen protects bone by inducing Fas ligand in
osteoblasts to regulate osteoclast survival. EMBO J., 2008,
27(3), 535-545.

Received: August 13, 2009

Revised: August 20, 2009

Accepted: August 26, 2009



