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ABSTRACT Cyclic ADP ribose (cADPR) has been shown
to trigger Ca21 release from intracellular stores through
ryanodine receptorychannel. In our previous study we ob-
served that all-trans-retinoic acid stimulates cADPR synthesis
by ADP ribose cyclase (ADPR cyclase) in cultured epithelial
cells. We have now investigated whether cADPR may play a
signaling role in action of b-estradiol (E2), an archetypal
steroid superfamily hormone, upon its major target organ,
uterus, in vivo. Administration of E2 to gonadectomized rats
(0.2 mgykg per day for 7 days) resulted in an 'D 1 300%
increase of ADPR cyclase activity in extracts from uterus, but
in liver, brain, or skeletal muscle ADPR cyclase was un-
changed. Most of the E2-stimulated uterine ADPR cyclase was
associated with membranes. The higher ADPR cyclase activity
in response to E2 was due to the increase of VMAX without
change in Km. Simultaneous administration of estrogen an-
tagonist tamoxifen (8 mgykg per day) with E2 (0.2 mgykg per
day) prevented an increase in ADPR cyclase. In uterine
extracts from E2-treated rats, the rate of cADPR inactivation
by cADPR hydrolase and the activity of NADase was increased,
but to a much lesser degree than activity of ADPR cyclase. Our
results indicate that E2, via action to its nuclear receptors in
vivo, increases ADPR cyclase activity in uterus. We propose
that some of the estrogen effects, and by extension the effects
of other steroid superfamily hormones, upon specialized
cellular functions and upon hormone-induced gene expression
in target cells, are mediated by cADPR-Ca21 release pathway.

Transient release of Ca21 from intracellular vesicular stores
into cytoplasm is a widespread signal transduction mechanism
in action of many hormones upon target cells (1). Various
hormones and autacoids stimulate generation of second mes-
senger, inositol-1,4,5-trisphosphate (InsP3), that binds to a
specific InsP3 receptorychannel within membranes of endo-
plasmic reticulum and triggers release of Ca21 (2). Another
mechanism for intracellular Ca21 [Ca21]i release, distinct from
that triggered by InsP3, is regulatedymodulated by recently
discovered adenine dinucleotide cyclic ADP ribose (cADPR)
(3, 4). Current experimental evidence shows that cADPR
binds on its specific receptor, which is associated within the
membrane of the endoplasmic reticulum with ryanodine re-
ceptorychannel (RyR) and triggers Ca21-induced Ca21 release
through RyR (4, 5). Biosynthesis of cADPR from b-NAD is
catalyzed by ADP ribose cyclase (ADPR cyclase) and cADPR
is hydrolyzed by cADPR hydrolase to ADP ribose (noncyclic),
a nucleotide devoid of Ca21-releasing activity (3–5). Enzymes
of cADPR metabolism appear to be ubiquitous in mammalian
cells and tissues, a feature that may suggest that cADPR-
elicited [Ca21]i release mechanism may play a role as a second
messenger in intracellular signal transduction (3, 4). However,

unlike as with InsP3 (2), the putative role of cADPR as a
second messenger in the action of hormones upon mammalian
cells and tissues, namely in vivo, remains unexplored (4, 5).
In the course of our recent in vitro studies of cADPR

metabolism in cultured epithelial cells, we discovered that
all-trans-retinoic acid (atRA) elicits a manyfold increase of
ADPR cyclase activity in LLCPKi cells, whereas activity of
cADPR hydrolase was not detectably changed (6). The delayed
onset of atRA action as well as other features of the stimu-
latory effect of atRA upon ADPR cyclase all indicate that
atRA acts via genomic mechanism (6). Retinoids, calcitriol,
steroid, and thyroid hormones (‘‘steroid superfamily hor-
mones’’) all act on target cells by binding to structurally related
nuclear receptors and regulate transcription of specific genes
(7). Our finding that atRA enhances synthesis of cADPR (4,
6) suggested to us that the cADPR system may play a signaling
role in the action of steroid superfamily hormones.
To examine experimentally this novel concept, we set out to

investigate the action of a typical hormone of steroid super-
family upon cADPR generation in target cells that are en-
dowed with a well-established specific functional response
elicited by [Ca21]i release. According to recent reports, at least
in some types of smooth muscle cells (SMC), cADPR can elicit
the [Ca21]i release (8, 9) from sarcoplasmic reticulum and cell
contraction (9). As in other muscle cells, the contraction of
uterine myometrial smooth muscle cells (SMC) is regulated by
increase in cytosolic Ca21 in part due to intracellular Ca21
release (10), and RyR was detected in myometrial SMC (11).
An archetypal hormone of steroid superfamily, b-estradiol
(E2), enhances [Ca21]i release-mediated contractility of myo-
metrial SMC in response to several hormones and autacoids
(12).
As a first step in testing our hypothesis, which posits that

some of the tissue responses to E2, such as enhancement of
myometrial SMC contractility, are mediated by stimulation of
cADPR synthesis and cADPR-facilitated [Ca21]i release, we
studied in vivo effects of E2 upon enzymes of cADPR metab-
olism in rat uterus. Results presented herein demonstrate
experimental evidence in support of our hypothesis.

MATERIALS AND METHODS

Experiments were conducted on surgically ovariectomized
mature female Sprague–Dawley rats (200–250 g body weight);
rats were also thyroparathyrectomized to control for effects of
thyroid hormones upon E2 receptors (13). Rats had access to
ad lib standard rat chow and drinking water supplemented with
0.35% Ca21 gluconate for 2–3 weeks prior to the experiment.
Animals were then administered subcutaneously 0.2 mgykg
per day of E2 dissolved in sesame oil for 7 consecutive days and
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control rats received only the solvent. In each experiment, the
control and E2-treated rats entered experimental protocol and
were sacrificed on the same day. Rats were anesthetized with
ether, blood drawn, and uterus, brain cortex, liver, and skeletal
muscle (psoas) were quickly dissected and chilled in ice-cold
0.9% NaCl. Plasma level of immunoreactive E2 at the day of
sacrifice in E2-treated rats (2756 53 pgyml, mean6 SEM, n5
6) was.10-fold higher (P, 0.01, t test) then in controls (146
5 pgyml, n 5 6). The tissues were minced in a solution
containing 0.25 M sucrose and 20 mM TriszHCl (pH 7.2),
homogenized (1:4, wtyvol) in a Dounce homogenizer using
8–10 strokes and the resulting homogenates were centrifuged
at 20003 g for 10min at 48C. The supernatant, denoted further
as ‘‘extract,’’ was collected and used, unless specified otherwise
in Results, for determination of enzymatic activities. With
respect to the experiments shown in Table 3, the homogenates
were first centrifuged at 2,000 3 g for 10 min, the pellet was
discarded, and the supernatant was further centrifuged at
30,0003 g for 60 min. Resulting supernatant and resuspended
pellet, denoted as ‘‘membrane fraction,’’ were assayed for
ADPR cyclase activity. In some experiments, as indicated in
Results, the endometrium was scraped off from split-open
uterine horns with a cotton-tipped swab and a razor blade.
ADPR Cyclase Activity. ADPR cyclase activity was assayed

with use of b-NAD as substrate, as in our previous studies (6,
14). Tissue extracts (1 mg protein per ml) were incubated in a
medium containing 0.5 mM b-NAD, 0.25 M sucrose, and 20
mM TriszHCl (pH 7.2) at 378C for 60 min (or other time
periods specified). Aliquot samples of incubate from the 0 time
and at the end of incubation were assayed for cADPR content
using sea urchin egg homogenate Ca21 release bioassay (6, 14,
15) to determine the increment of cADPR (Figs. 1A and 2);
specific activity was expressed as nanomoles cADPR per mg of
protein per 60 min. Alternatively, the ADPR cyclase activity
was determined by the conversion of NAD analog nicotin-
amide guanine dinucleotide (NGD1) to the fluorescent prod-
uct cyclic GDP ribose (cGDPR) (16, 17). Tissue extracts were
incubated in a thermostated 250 ml cuvette, the contents of
which were continuously mixed with a magnetic stirring bar at
378C with 0.4 mM NGD (or as specified in Results), and
generation of cGDPR was continuously monitored using a
Hitachi spectrofluorimeter (F-2000) at 300 nm excitation and
410 nm emission (Fig. 1B). The ADPR cyclase activity was
then calculated using a standard curve of authentic cGDPR,
and the specific activity was expressed as nanomoles cGDPR
per mg of protein per minute.
cADPR Hydrolase Activity. cADPR hydrolase activity was

assayed by incubating extracts for 60 min in a medium con-
taining (in final concentrations): 50 mM cADPR, 0.25 M
sucrose, and 20 mM TriszHCl (pH 7.4), and the cADPR
contents at time 0 and at 60 min were determined in aliquots
of incubate by Ca21 release bioassay. The specific activity of

cADPR hydrolase is expressed as nanomoles cADPR hydro-
lyzed to ADPR per mg of protein per 60 min.
NADase (NAD Glycohydrolase). NADase activity was de-

termined by incubating tissue extracts with the fluorogenic
substrate 0.1 mM 1,N6-etheno-NAD («-NAD), and the prod-
uct was determined fluorometrically at 300 nm excitation and
410 nm emission (19, 20).
Sea Urchin Egg Homogenate Ca21 Release Bioassay. Ho-

mogenates from sea urchin eggs (Lytechinus pictus) were
prepared as described (6, 14, 15, 16). Fluorescence of Ca21
probe Fluo-3 was monitored at 490 nm excitation and 535 nm
emission in a 250-ml cuvette at 178C with a circulation water
bath and continuously mixed with amagnetic stirring bar, using
Hitachi spectrofluorimeter (Fig. 2). The bioassay was cali-
brated using authentic cADPR (6, 14, 16).
HPLC Purification of Nucleotides. Conversions of b-NAD

to cADPR, NGD, or cGDPR, catalyzed by ADPR cyclase,
were verified by HPLC anion exchange chromatography anal-
ysis using AGMP-1 (Bio-Rad) column (13 10 cm) eluted with
nonlinear gradient of trif luoroacetic acid, as described (6, 14,
16). The peaks of interest, detected by UV absorption at 254
nm, were determined by coelution with authentic standards (6,
14, 18). To verify identity of the cADPR-induced Ca21 release
activity, the incubate from ADPR cyclase assay (with use of
b-NAD) was fractionated, and collected HPLC fractions were
concentrated by Speed-Vac prior to sea urchin egg homoge-
nate Ca21 release bioassay (14–16). The protein content in
extracts was determined by the method of Lowry et al. (21).
The results were evaluated statistically by Student’s t test.
Materials. Authentic cADPR was biosynthesized enzymat-

ically from b-NAD by ADPR cyclase from ovotestis of Aplysia
californica (20), as described before (14, 15). Nicotinic acid
adenine dinucleotide phosphate (NAADP) was synthesized
via the base-exchange reaction catalyzed by NAD(P)-
glycohydrolase (15). The nucleotides were purified by HPLC
anion exchange (6, 15); cADPR and NAADP were at least
98% pure as determined by HPLC.
L. pictus and A. californica were obtained from Marinus

(Long Beach, CA). Fluo-3 was purchased from Molecular
Probes and InsP3 was from Calbiochem. cGDPR, NGD,
«-NAD, 8-Br-cADPR, E2, tamoxifen, thionicotinamide-

FIG. 1. Time course of ADPR cyclase activity in extracts of uteri
from control rats (E) and E2-treated rats (m) determined with the use
of b-NAD as substrate (A Left) or with NGD as substrate (B Left).

FIG. 2. Accumulation of cADPR after incubation of b-NAD with
extracts from uteri of E2-treated rats and control rats. The content of
cADPR in incubate was determined by sea urchin homogenate Ca21
release bioassay (4, 6, 14, 16). E2, sample of incubate from E2-treated
rats; Control, sample of incubate from control rats. Ordinate denotes
Fluo-3 fluorescence of Ca21. The Ca21 release bioassay was calibrated
with cADPR as described (6, 15, 16).
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NADP (thio-NADP), and all other reagents (all of the highest
purity grade available), were supplied by Sigma. E2 in serum
was determined by the radioimmunoassay kit ‘‘Coat-a-Count’’
purchased from Diagnostic Products (Los Angeles).

RESULTS

The specific activity of ADPR cyclase, determined as the rate
of b-NAD conversion to cADPR, was severalfold higher in
uterine extracts from E2-treated rats than in controls, and the
rate of cADPR generation was proportional to incubation time
(see Fig. 1A and Table 2). The authenticity of cADPR
generated by incubation of b-NAD with extracts from uteri of
E2-treated rats and determined by Ca21 release bioassay (Fig.
2) was affirmed by several key criteria (4, 6, 14, 15). First,
Ca21-releasing activity that accumulated after incubation of
uterine extracts from E2-treated rats with b-NAD, when tested
in sea urchin homogenate bioassay (Fig. 2), was inhibited by
specific antagonists (4, 14, 15, 22) of cADPR-triggered Ca21
release (Table 1). On the other hand, neither heparin, a
selective inhibitor of InsP3, nor thio-NADP, a selective inhib-
itor of NAADP-triggered Ca21 release (4, 15), blocked Ca21
release (Table 1). Identity of cADPR in incubate was also
documented, as in our previous studies (4, 14, 15, 16, 22), by
criteria of homologous desensitization with cADPR, and the
lack of heterologous desensitization of sea urchin egg Ca21
release bioassay with InsP3 and NAADP, as well as by HPLC
analysis (data not shown). Similarly, as in our study of cADPR
metabolism in kidney (14), synthesis of cADPR from b-NAD
was inhibited by addition of 1 mM DTT (297%) or by 1 mM
nicotinamide (298%); furthermore, when 0.5 mM b-NADwas
replaced by 0.5 mM a-NAD, a stereoisomer that does not serve
as substrate for ADPR cyclase (3, 4), no cADPR generation
was detected, similar to our previous studies (4, 6, 14).
ADPR cyclase activity, when determined by conversion of

NGD to cGDPR (17, 18), showed similar differences between
uterine extracts from E2-treated rats and extracts from con-
trols (Figs. 1B and 3) as found in assay using b-NAD substrate
(Fig. 1A and Table 2). Kinetic analysis shows that higher
ADPR cyclase activity in uterine extracts from E2-treated rats
was due solely to increase of VMAX without detectable change
in KmNGD (Fig. 4). Centrifugal separation of uterine extracts
(30,000 3 g per 60 min) shows that specific activity of ADPR
cyclase is severalfold higher in pelleted membrane fraction
than in supernatant of extracts from both E2-treated and
control rats (Table 3). Moreover, marked increase (1228%) of
ADPR cyclase activity was found only in membrane fraction of
E2-treated rats, whereas little or no increase was detected in
supernatant fraction (Table 3). Activity of ADPR cyclase in
extract from whole uteri (1.5 6 0.1 nmol cGDPRymin per mg
protein; mean 6 SEM, n 5 4) did not differ significantly from
ADPR cyclase activity in extracts from uteri with endometrium
removed by scraping (1.39 6 0.08 nmol cGDPRymin per mg
protein; mean 6 SEM, n 5 4), thus indicating that treatment
with E2 increased specific activity of ADPR cyclase in myo-
metrium.

ADPR cyclase activity was increased severalfold in uterine
extracts from E2-treated animals, but no difference in ADPR
cyclase activity between E2-treated and control animals was
found in extracts from brain cortex, liver, or skeletal muscle
(Fig. 3). Unlike in rats treated with E2 alone, in uterine extracts
from rats that were simultaneously administered E2 and the
estrogen receptor antagonist tamoxifen, the ADPR cyclase
activity was not increased and was indistinguishable from
controls (Fig. 3). Finally, we determined in uterine extracts
from E2-treated rats and controls three related enzymatic
activities: ADPR cyclase, cADPR hydrolase, and NADase (4,
20, 23–25). Although all three enzyme activities were signifi-
cantly elevated in extracts from uteri of E2-treated rats (Table
2), the extent of increase of ADPR cyclase activity (D 1 330%)
was much higher (P , 0.01, t test) than the increment of
cADPR hydrolase (D 1 150%) or of NADase activity (D 1
81%), respectively (Table 2).

DISCUSSION

The principal finding in our study is a discovery that E2, an
archetypal hormone of steroid superfamily, resulted in an
increase of ADPR cyclase activity in uterus (Figs. 1–3), one of
the key target organs for estrogens (7). When assayed either
with natural substrate b-NAD (Fig. 1A) or with the use of
fluorogenic substrate NGD (Fig. 1B), the activities of ADPR
cyclase were severalfold higher in extracts from uteri of
E2-treated rats (Figs. 1 and 3, Table 2). The authenticity of
cADPR product generated from b-NAD by incubation with
extract from E2-treated rats was verified by key established
criteria; the effect of specific inhibitors upon cADPR-triggered
Ca21 release, and the presence of homologous and the absence
of heterologous desensitization in sea urchin egg bioassay, as
well as by HPLC analysis (3, 4, 14, 15, 22). Concordance of
increases of ADPR cyclase activity in uterine extracts in
response to E2, as measured by two independent methods (6,
14, 15, 17), argues for identity of an enzyme that catalyzes
cyclization of both NAD and NGD (4, 6, 18).
Several characteristics of uterine ADPR cyclase activity,

which is enhanced in response to E2, are noteworthy. ADPR
cyclase that is increased by E2 treatment is predominantly
membrane-bound enzyme (Table 3) and is inhibited by DTT,

Table 1. Effect of specific antagonists upon the Ca21 release
activity generated by incubaiton of uterine extract from E2-treated
rats with b-NAD

Inhibitor Ca21 release activity, %

None (controls) 100
8-Br-cADPR (40 mM) 5 6 1
Spermine (3 mM) 4 6 1
Procaine (1 mM) 3 6 2
Mg21 (10 mM) 5 6 1
Heparin (1 mgyml) 106 6 2
thio-NADP (10 mM) 98 6 3

Data are expressed (mean 6 SEM, n 5 3) as percent of control.

FIG. 3. ADPR cyclase activity in extracts from brain cortex,
skeletal muscle, liver, and uterus of E2-treated rats (E2, solid bars) as
compared with controls (C, open bar) and the effect of administration
of E2 (0.2 mgykg per day) together with tamoxifen (8 mgykg per day)
(E2 1 TXF, shaded bar) for 7 days upon ADPR-cyclase activity in
uterus. The activity was determined with NGD as substrate. p, Denotes
value significantly different (P, 0.01, t test) from uteri of both control
(C) and E2 1 TXF-treated rats). Each bar denotes mean 6 SEM, n 5
3–4 experiments.
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similar to ADPR cyclases from mammalian tissues (4, 14, 20,
23–25). This is in contrast with ADPR cyclase from ovotestis
of invertebrate Aplysia (20), which is soluble protein and also
is insensitive to inhibition of DTT (4, 20).
ADPR cyclase most frequently found in vertebrate tissues

and cells is a bi- or multifunctional enzyme, in many, if not all,
instances identical to lymphocytic antigen CD38, the ‘‘CD38
ADPR cyclase’’ (3, 4). In CD38 enzyme either cloned from
HL-60 promyelocytic cell line (20) or isolated from erythro-
cyte membranes (24), the ratio of the three enzyme activities,
ADPR cyclaseycADPR hydrolaseyNADase, is about 1:10:100
(20, 24). In contrast in epithelial LLCPKi cells, incubation with
atRA increased only ADPR cyclase activity (6). Treatment of
HL-60 cells with atRA enhanced ADPR cyclase and cADPR
hydrolase activities to the same degree, so that the ratio of
these enzyme activities (1:10) was preserved (17, 20). Our
findings show that in extracts from uteri of control rats, the
ratio of ADPR cyclaseycADPR hydrolaseyNADase was
1.25:2.5:1, and in E2-treated rats, the ratio was 3:3.5:1 (Table
2), a spectrum of activities that is different from both CD38
ADPR cyclase (20) and ADPR cyclase found in atRA-treated
LLCPKi cells (6).
Conceivably, uterine ADPR cyclase may be a single multi-

functional enzyme, sui generis, and E2 can alter, directly or
indirectly, the ratio of enzyme activities with dominant in-
crease of ADPR cyclase. Alternatively, uterine extract may
contain two or more NAD-metabolizing enzymes that may be
located in different subcellular fractions, and E2 may enhance
uniquely, or preferentially, ADPR cyclase activity in one of the

enzymes. These mechanisms ought to be clarified in future
studies. However, it is important to recall that even the
increase in multifunctional ADPR cyclase enzyme activity
leads to a manyfold increase of cellular levels of cADPR (26).
Observation that stimulation of ADPR cyclase by E2 is

prevented by estrogen receptor blocker tamoxifen (27) suggest
that the stimulatory effect of E2 requires binding to nuclear
estrogen receptors (7, 27). This notion is also consistent with
the findings that ADPR cyclase activity was stimulated by E2
in uterus but not in other studied tissues. Uterus is one of the
primary target tissues for estrogens and has at least a 3 times
higher density of nuclear E2 receptors than other studied
tissues (28). The E2-elicited increase in ADPR cyclase activity
is due to the rise of VMAX without change of KmNGD, a feature
consistent with the proposition that E2 increased gene expres-
sion and de novo synthesis of ADPR cyclase enzyme (Fig. 4).
However, it cannot be excluded that E2 may have increased
ADPR cyclase activity indirectly by stimulating de novo syn-
thesis of an as yet unknown activator of ADPR cyclase. Clearly,
the exact molecular mechanism by which E2 increases uterine
ADPR cyclase activity remains to be deciphered in future
studies.
It should be briefly considered whether and how cADPR

may play a signaling role as a second messenger in action of E2.
ADPR cyclase activity increased in response to E2 and most
likely causes elevation of cADPR level (26) in cells populating
uterus. The only biologic activity of cADPR known to date is
facilitation of Ca21-induced Ca21 release (3–5). In view of this,
at least two signaling roles of cADPR can be envisioned (Fig.
5).
First, cADPR-facilitated Ca21 release may modulatey

regulate specialized functional responses in target cells (Fig.
5). In myometrial SMC, for example, the major functional
Ca21-dependent response is cell contraction that is, at least in
part, elicited by Ca21-induced Ca21 release from sarcoplasmic
reticulum (10, 29). RyR were detected in myometrial SMC
(11), and E2-stimulated ADPR cyclase is present in the myo-
metrial layer of uterine wall (see Results); active ADPR cyclase
was found in vascular SMC (14). Therefore, increased cADPR
levels, due to enhanced E2-dependent ADPR cyclase activity,
can facilitate Ca21-dependent contraction of myometrial SMC
in response to various polypeptide hormones and autacoids
(10), and the increased Ca21 release by elevated cADPR may
account for the sensitizing effect of E2 upon myometrium (12).

FIG. 4. Kinetic parameters of ADPR cyclase from E2-treated rats
(F) and from the control rats (M) evaluated by the Lineweaver–Burk
double-reciprocal plot. ADPR cyclase was measured with NGD as a
substrate in concentration range 10–400 mM NGD. KmNGD from
E2-treated rats (30 mM) was not different from KmNGD of controls (33
mM). VMAX value from E2-treated uterine extract (1.76 nmol cGDPRy
min per mg protein) was .3 times higher than VMAX in extracts from
controls (0.52 nmol cGDPRymin per mg protein).

Table 3. ADPR cyclase activity measured with NGD substrate in
membrane fraction and in supernatant of homogenates (30,000 3 g
per 1 h) from uteri of control and E2-treated rats

n Control E2 treated

Membrane fraction 3 0.52 6 0.02* 1.76 6 0.01*†
Supernatant 3 0.15 6 0.03 0.25 6 0.02

Values denote mean 6 SEM of ADPR cyclase activity (nmol
cGDPR per min per mg protein) from n 5 3 experiments.
*Significantly different from cytosol (P , 0.01, t test).
†Significantly different from controls (P , 0.01, t test).

Table 2. Activities of ADPR cyclase, cADPR hydrolase, and NADase in extracts from uteri of
control and E2-treated rats

Control E2 treated D,* %

ADPR cyclase (nmol cADPRymg
protein per 60 min) 1.5 6 0.1 6.5 6 0.5† 1330

cADPR hydrolase (nmol ADPRymg
protein per 60 min) 3.0 6 0.05 7.5 6 0.1† 1150

NADase (D f luorescence per min) 1.2 6 0.1 2.18 6 0.2† 181

Values denote mean 6 SEM from four experiments.
*Denotes relative percent difference between E2 treated and controls.
†E2-treated value significantly (P , 0.01, t test) higher than controls.
‡Increment in ADPR cyclase activity from E2-treated compared with control is significantly (P , 0.01,
t test) higher than increments of cADPR hydrolase and NADase activities.
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Second, cADPR-facilitated release of [Ca21]i may modulate
E2-elicited gene expression in target cells. According to recent
reports, cADPR can trigger Ca21 release from lumen of
nuclear envelope, which is an extension of the endoplasmic
reticulum lumen, into nucleoplasma (30). As a consequence,
increased Ca21 concentration within nucleus can activate Ca21
calmodulin-dependent protein kinase IV (CaM-PK IV), an
intranuclear enzyme that phosphorylates and activates CREB,
which functions as a Ca21-responsive transcription factor
(31–33); Ca21-dependent phosphorylations can also activate
other nuclear transcription factors, such as serum responsive
element (34). By this mechanism, cADPR-elicited rise of
nuclear Ca21 can, via phosphorylation of CREB, enhance the
transcription rate of genes that are activated by E2. Such
regulatory action of E2, cADPR-dependent Ca21 release that
causes activation of transcription factors and gene expression,
may be operant in any cell type that is sensitive to genomic
actions of estrogens, regardless of its differentiation and
functional specialization. Hypothetical signaling roles of
cADPR in E2 actions is outlined schematically on Fig. 5.
To sum up, this study documents that E2 enhances in vivo

biosynthesis of cADPR in uterus, an organ that is the primary
target tissue for estrogens. We propose that cADPR-triggered
Ca21 releasemay be, at least in part, the underlyingmechanism
by which E2 enhances Ca21-dependent contractile responses of
myometrial SMC, and that cADPR-triggered Ca21 release into
nucleoplasm (30) activates Ca21-dependent phosphorylation
of nuclear transcription factors (31–34), and thereby enhances
genomic actions of estrogens (Fig. 5). Such a putative signaling
role of cADPRmay not be unique for E2, since other hormones
of the steroid superfamily, namely atRA (4, 6) and triiodo-
thyronine (35), also stimulate ADPR-cyclase activity in their
respective target cells and organs.
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FIG. 5. The scheme of the proposed second messengerymodulator
role of cADPR in action of E2 upon uterine smooth muscle cell.
E2-receptor complex (E2-R) binds to estrogen-responsive element and
enhances de novo synthesis of ADPR cyclase. Increased activity of
ADPR cyclase catalyzes generation of cADPR from b-NAD and the
increased level of cADPR, which then (i) facilitates [Ca21]i release
from sarcoplasmic reticulum (S.R.) and enhances Ca21-dependent
responses of a contractile apparatus (C.A.); (ii) cADPR triggers Ca21
release from nucleolemmal (NL) space into nucleoplasm, Ca21 acti-
vates calmodulin-dependent protein kinase IV (CaM-PK), which
phosphorylates the cAMP responsive element binding protein
(CREB) (and other transcription factors). Phosphorylated CREB
enhances expression of genes that are regulated by estrogen. cADPR
may play similar signaling roles in the action of other hormones of
steroid superfamily.
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