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Abstract Scattered reports in the literature have suggested that themetabolite 25-hydroxyvitaminD3 [25(OH)D3] has
biological activity. In the present work, perfusion of isolated duodenal loops of normal chickens with 100 nM 25(OH)D3

resulted in enhanced transport of 45Ca within 2 min relative to the vehicle controls. We then tested the effect of a range of
25(OH)D3concentrationson

45Cahandlingbyisolatedintestinalcells intimecoursestudies.Followingabasaluptakeperiod,
cellsuspensions from7-weekoldchicksweretreatedeitherwith25,100,or300nM25(OH)D3,orthevehicleethanol (0.01%,
final concentration). Both 25 and 100 nM 25(OH)D3 resulted in a significant (P< 0.05) reduction in 45Ca levels, relative to
controls, between1–10minafter treatment,while300nM25(OH)D3 resulted ina significant increase in

45Ca levels, relative
to controls, after 10min of incubation. The effect of 100 nM25(OH)D3 (a physiological level) on cell calciumwas abolished
by thepresenceof 6.5nM24,25-dihydroxyvitaminD3. In cell preparations from14- or 28-weekoldbirds 100nM25(OH)D3

hadno effect, relative to vehicle controls. Incubation of cellswith 2 mMBAYK8644, a calciumchannel activator, stimulated
45Ca uptakewithin 3min relative to vehicle controls (P< 0.05), while addition of either 20 mM forskolin or 100 nMphorbol
ester (stimulators of the PKA and PKC pathways, respectively) resulted in enhanced radionuclide levels after 10 min of
incubation (P< 0.05, relative to corresponding controls). Finally, cells were treated with 100 nM 25(OH)D3 or vehicle and
samples taken at various times for analyses of protein kinase C and A activities. No effect of 25(OH)D3 on protein kinase C
activity was observed, while protein kinase A activity was stimulated to nearly 200% of controls at 1 min after 25(OH)D3

addition (P< 0.05, relative to corresponding controls) and began declining at 3 min, returning to control levels 5 min after
additions.Weconcludethat25(OH)D3hasadirecteffectoncalciumhandlinginenterocytesofyounganimalsthatmayinpart
bemediatedby theproteinkinaseAsignal transductionpathway. J.Cell.Biochem.90:287–293,2003. �2003Wiley-Liss, Inc.
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Vitamin D3 is activated through a series
of hydroxylations. The first hydroxylation
yields [25(OH)D3], which can then be further
metabolized to 1,25-dihydroxyvitamin D3

[1,25(OH)2D3]—a compound that is accepted as
ahormonally active steroid—or 24,25-dihydroxy-
vitamin D3 [24,25(OH)2D3], which may also
have hormonal activity [for review, see Farach-

Carson and Nemere, 2003; Tryfonidou et al.,
2002].While 25(OH)D3hasmainly been regard-
ed as a precursor for the dihydroxylated meta-
bolites, a number of reports have indicated that
it has biological activity in perfusion systems
[Olson and DeLuca, 1969; Nemere et al., 1984;
Yoshimoto and Norman, 1986; Sundell and
Bjornsson, 1990; Nemere, 1996], potential clin-
ical signficance [Heaney et al., 1997], and
induces calcium ion fluxes in fish enterocytes
[Larsson et al., 2002]. Moreover, two indepen-
dent laboratories have reported the existence of
specific binding proteins for 25(OH)D3 [Gacad
et al., 1997; Teegarden et al., 1997, 2000] which
may mediate transcriptional effects [Wu et al.,
2000].

In an earlier report [Zhao and Nemere,
2002], we found excellent agreement between
1,25(OH)2D3-stimulatedphosphatetransport in
perfused duodena and 32P uptake in isolated
intestinal epithelial cells. We therefore under-
took the present study to compare the effect of
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25(OH)D3 on 45Ca transport in perfused duo-
dena with the direct effect (if any) on calcium
handling by isolated chick enterocytes. Since
a number of signal transduction pathways have
been implicated in the action of 1,25(OH)2D3,
we also undertook a preliminary investigation
into this area with regards to 25(OH)D3.

MATERIALS AND METHODS

Animals

White Leghorn cockerels were obtained on
the day of hatch fromMerrill Poultry (Poul, ID),
and raised on a vitaminD-replete diet (Nutrena
Feeds, Murray, UT) until use. Unless otherwise
specified, chicks were used at 4–7 week of age.
On the day of experimentation, animals were
anesthetizedwith chloropent (0.3ml/100 g body
weight). All protocols were approved by the
Utah State University Institutional Animal
Care and Use Committee.

Perfusion Studies

Duodena were vascularly perfused through
the celiac artery, as previously described
[Nemere, 1996], with either 100 nM 25(OH)D3

(n¼ 3) or control medium (0.005% ethanol, final
concentration; n¼ 3). The luminal perfusate
contained 1 mCi/ml of 45CaCl2 (New England
NuclearLifeSciences,Boston,MA).Theeffluent
from the celiac vein was collected and analyzed
for transported radionuclide during the latter
10 min of the basal equilibration phase and du-
ring the 40 min treated phase.

Cell Isolation

Duodena (two per experiment) were surgi-
cally removed to ice-cold saline and chilled for
15 min prior to removal of the pancreas. The
loops were everted, rinsed in saline, and placed
in citrate chelation medium [Zhao and Nemere,
2002] for three, 15-min incubation periods at
238C with stirring. The released cells were
collected by centrifugation for 5 min at 500g
(4 C), and resuspended in 20 ml of Gey’s
balanced salt solution containing 0.1% bovine
serumalbumin (GBSS-BSA), pH7.35 [Zhao and
Nemere, 2002]. Five millilitres of the cell sus-
pension were then mixed with 5 mCi of 45CaCl2
and then 2-ml aliquots removed to separate
12-ml polyethylene tubes (Fisher Scientific,
Houston, TX). Duplicate 100 ml samples were
removed to 900 ml of ice coldGBSS at T¼�5 and
�1 min prior to addition of test substances.

Duplicate 100 ml samples were then removed to
ice cold GBSS at T¼ 1, 3, 5, 7, and 10 min. The
samples were centrifuged, the supernatants
decanted, andwhile still in the invertedposition,
the insides of the tubes swabbedwithaKimwipe.
The cell pellets were disrupted in 1ml of ice cold,
double-distilled, deionized water prior to deter-
mination of radioactivity by liquid scintillation
spectrophotometry and protein with the Brad-
ford reagent (Bio-Rad, Hercules, CA).

Protein Kinase Assays

Cells were prepared without radioactivity as
described above and the cell pellets stored at
�208C until used. All procedures were accord-
ing to thekitmanufacturer’s (InVitrogen-Gibco,
Carlsbad, CA) instructions and described in
detail elsewhere [Zhao and Nemere, 2002;
Larsson and Nemere, 2003].

Statistical Analyses

For 45Ca uptake studies, cpm were related to
mg of protein in the corresponding sample prior
to normalization to the average basal value
determined from T¼�5 and �1 min. Specific
activities forproteinkinasesAandCweredeter-

Fig. 1. Vascular perfusion of isolated duodenal loops with
100nM25(OH)D3 stimulates calcium transport.Duodenal loops
were cannulated through the celiac artery and perfused with
Gey’s balanced salt solution (GBSS), aerated with 95% O2/5%
CO2. Luminal perfusion was performed with GBSS lacking
bicarbonate and containing 1 mCi/ml of 45CaCl2. Basal perfusion
occurred for 20minand samples collectedevery2minduring the
latter 10 min. Duodena were then vascularly perfused with
control medium (0.005% ethanol, final volume) or medium
containing 100 nM 25(OH)D3 for an additional 40min. Samples
of venous effluent were collected at 2 min intervals for determi-
nation of radioactivity and cpm during the treated phase norma-
lized to average basal cpm. Values in this and subsequent
figures representmean� SEM.Data fromcontrols are depictedas
open circles (n¼ 3) and data from steroid treated preparations
as closed circles (n¼ 3). A statistically significant (P< 0.05)
increase in transport for duodena vascularly perfused with
25(OH)D3 was observed for T¼2–40 min relative to corre-
sponding controls.
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mined as differences between extract incuba-
tions with activators versus inhibitors, as
detailed in the kit instructions. Statistical signi-
ficance was determined by Student’s t-test for
paired observations.

RESULTS

Perfusion Studies

Figure 1 demonstrates the results of studies
in which duodena (3 per group) were vascularly
perfused with either 100 nM 25(OH)D3 or
vehicle (0.005% ethanol, final concentration)

and the effect on calcium transport determined.
Radioactivity in the venous effluent of controls
maintained a steady level over the 40min treat-
ed phase while duodena, vascularly perfused
with the vitamin D metabolite, exhibited en-
hanced transport of 45Ca as early as 2 min
(P< 0.05), increasing to 200% of controls at
T¼ 40 min (P< 0.05 for all time points during
the treated phase).

Dose-Response Studies With Isolated Cells

Experiments were then conducted with isola-
tedcellsandarangeof25(OH)D3concentrations

Fig. 2. Effect of a rangeof 25(OH)D3 concentrations on isolated
intestinal epithelial cells. Cells from twoduodenaper experiment
were isolated by citrate chelation, collected by centrifugation,
and resuspended in GBSS containing 0.1% BSA. Five millilitres
of cell suspensionwere combinedwith 5 mCi of 45CaCl2 and then
2-ml aliquots removed to separate 12ml polyethylene test tubes.
After removal of duplicate 100 ml basal period samples, test
substances were added at T¼0 and sampling continued. All
samples were pipetted into 900 ml of ice cold GBSS to dilute

isotope and inhibit the uptake process. After collecting the
cells by centrifugation, the pellets were disrupted in 1 ml of
double-distilled, deionized water, and protein and radioacti-
vity determined. A, B: Twenty-five nanomoles of 25(OH)D3 or
0.01% ethanol, final concentration (n¼ 4) independent experi-
ments,P<0.05 at T¼ 7min; (C,D) 100nM25(OH)D3 or vehicle
controls (n¼ 10), P< 0.05 at T¼1, 5, and 10 min; (E, F) 300 nM
25(OH)D3 or vehicle (n¼ 10), P<0.05 at T¼10 min.
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in order to determine whether the metabolite
had a direct effect on enterocytes. The results of
these studiesaredepicted inFigure 2.Figure2A,
C,E illustrate the results from cells treatedwith
25, 100, or 300 nM 25(OH)D3 or the vehicle
ethanol (0.1%, final concentration) expressed as
45Ca treated/average basal cpm/mg protein.
Regardless of treatment condition, radionuclide
levels were found to remain steady for the basal
phase and gradually decline over the following

10 min. This behavior has been reported pre-
viously [Nemere and Campbell, 2000; Zhao and
Nemere, 2002] and has been found to occur even
in cells cultured for 24 h [Sterling and Nemere,
unpublished observations]. For a simpler com-
parison of treatment effects, the results are also
displayed as percent of control. Figure 2B illus-
trates that treatment of isolated intestinal cells
with 25 nM 25(OH)D3 resulted in lower 45Ca
levels, relative to controls, with a significant
(P< 0.05) decline to 70% of controls at 7 min. At
100 nM 25(OH)D3, cells had significantly less
radioactivity at 1, 5, and 10min aftermetabolite
(P< 0.05, relative to corresponding controls),
reaching 60% of control levels at the end of the
incubationperiod(Fig.2D).Surprisingly,300nM
metabolite (Fig. 2F) promoted an increase in
45Ca levels that was noticeable at T¼ 3min and
which increased to 150%of controls after 10min
of incubation (P< 0.05, relative to controls).

Effect of 24,25(OH)2D3 or Age

Additional experiments with 25(OH)D3 were
conductedwith 100nMmetabolite, a concentra-
tion that is equivalent to circulating levels in
chickens [Horst et al., 1981]. Incubation of cells
fromyoung chickswith vehicle or a combination
of 6.5 nM24R,25(OH)2D3and100nM25(OH)D3

resulted in equivalent levels of radionuclide
(Fig. 3A), indicating an inhibitory effect of
24,25(OH)2D3. Thus, physiological levels of
24,25(OH)2D3 appear to negatively regulate
both 1,25(OH)2D3 [Zhao and Nemere, 2002;
Farach-Carson and Nemere, 2003] and
25(OH)D3, as observed in the present study.

An equivalent level of 25(OH)D3was tested in
cells isolated from14- and28-week old chickens.
As indicated in Figure 3B,C, cells from these
older age groups (14 and 28 week, respectively)
were unresponsive to 100 nM 25(OH)D3.

Effect of Signal Transduction Activators

Since it was evident that 25(OH)D3 elicited
rapid effects with regards to 45Ca handling in
isolated intestinal epithelial cells, we tested
selected signal transduction activators at con-
centrationsknowntopromotecalciumtransport
[de Boland and Norman, 1990; de Boland et al.,
1990] to determine if they could mimic the
effects of the vitaminDmetabolite. Figure 4A,B
shows the effects of 2 mMBAYK8644, a calcium
channel activator, on 45Ca handling by enter-
ocytes. A rapid increase in radionuclide uptake
was observed, which became significant at

Fig. 3. Abolition of the effect of 100 nM 25(OH)D3 on calcium
uptake by 24,25(OH)2D3 and age. Cells were isolated and pro-
cessed as described in the legend to Figure 2. A: 6.5 nM
24,25(OH)2D3 plus 100 nM 25(OH)D3 vs vehicle controls in
cells from 7-week old birds (n¼4); (B) 100 nM 25(OH)D3 vs
vehicle controls in cells from 14-week old birds (n¼ 5);
(C) 100 nM 25(OH)D3 vs vehicle controls in cells from 28-week
old birds (n¼4).
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3–10 min after addition (P< 0.05, relative to
corresponding controls). Treatment of isolated
intestinal cells with the adenylate cyclase acti-
vator, forskolin, resulted in a much slower in-
crease in 45Ca uptake, which became significant
at 10 min after addition (P< 0.05, relative to
controls, Fig. 4C,D). Finally, phorbol ester, an
activator of protein kinase C, also enhanced
radionuclide uptake to significant levels at

7–10 min of incubation (P< 0.05, relative to
corresponding controls, Fig. 4E,F).

Effect of 25(OH)D3 on
Protein Kinase C and A Activities

Isolated intestinal epithelial cells were incu-
bated in time course studies with 100 nM
25(OH)D3orvehicle, the cells collectedbycentri-
fugation, and the pellets extracted for analyses

Fig. 4. Effectof signal transductionactivatorsoncalciumuptake
by isolated intestinal cells of 7-weekoldbirds.Cellswere isolated
and processed as described in the legend to Figure 2. A, B: Signi-
ficant increases due to BAY K 8644 treatment were observed at
T¼ 3–7min,P< 0.05, relative to corresponding controls (n¼3);

(C, D) significant increases due to forskolin treatment were ob-
served at T¼ 10min, P< 0.05, relative to corresponding controls
(n¼ 6); (E, F) significant increases due to phorbol ester treatment
were observed at T¼10min, P< 0.05, relative to corresponding
controls (n¼ 7).
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of protein kinases C and A. Figure 5 depicts the
results of these experiments. Protein kinase C
activity exhibited a small, statistically non-
significant increase in activity 7 min after addi-
tion of the vitamin D metabolite (Fig. 5A).
Protein kinase A activity increased to two-fold
above controls 1 min after 25(OH)D3 (P< 0.05),
remained elevated at 3 min, and abruptly de-
clined at 5 min (Fig. 5B).

DISCUSSION

Our studies indicate that physiological levels
of the metabolite 25(OH)D3 cause a direct and
rapid effect on calcium handling by isolated
intestinal epithelial cells. The rapidity of the
response (1 min) suggests that 25(OH)D3 is
not metabolized to another form prior to
cell stimulation. Indeed, the finding that

25(OH)D3 decreases calcium levels in isolated
cells is markedly different from the effect of
1,25(OH)2D3: this dihydroxylated metabolite
produces no discernible effect in chicken enter-
ocytes isolated from normal animals [Nemere
andCampbell, 2000], while in rat enterocytes, it
stimulates 45Ca uptake [Nemere and Szego,
1981].

One interpretation of the25(OH)D3-mediated
decrease in 45Ca in isolated enterocytes is inhi-
bition of uptake, although this is at odds with
stimulation of net transport. Another interpre-
tation is that 100 nM 25(OH)D3 enhances
extrusion in isolated intestinal cells, contribut-
ing to stimulated transport in perfused duo-
dena. Unfortunately, it is difficult to test effects
on uptake or extrusion due to the nature of the
cell suspensions. Uptake of 45Ca can only be
demonstrated between0.5–5min after addition
of radionuclide (I. Nemere, unpublished ob-
servations). At longer time points, the cells
continually lose 45Ca. It is possible that this re-
presents a species difference since rat entero-
cytes do not exhibit the same behavior [Nemere
and Szego, 1981]. Alternatively, the prolonged
extrusion of label may be due to the absence of
anextracellularmatrixandwouldnotbeobserv-
ed in adherent cells.

The observation that 300 nM 25(OH)D3 sti-
mulates 45Ca uptake relative to controls pre-
sents a surprising inversion of effect. However,
multiphasic dose-response effects have been
reported for other vitamin D metabolites in
mouse osteoblasts [Grosse et al., 1993]. The ex-
planation may lie within the phenomenon of
cross talk between signal transduction path-
ways. In the present work, we were unable to
clearly elucidate the signal transduction path-
way(s) involved in mediating the actions of
25(OH)D3. Use of pharmacological agonists to
stimulate calcium channels, adenylate cyclase
(aproximaleffector in theproteinkinaseApath-
way), and protein kinase C produced increases
in 45Ca uptake relative to the vehicle controls.
When 100 nM25(OH)D3was tested for its effect
on two selected pathways, only the protein
kinase A pathway was stimulated in a suffi-
ciently rapidmanner (1min) and to a significant
extent. Comparing the results of forskolin with
25(OH)D3 stimulation of protein kinase A acti-
vity suggests that (1) specificity of the pathway
mayrequireparticipationofanAkinaseanchor-
ing protein (AKAP) for both rapidity and tar-
geting; and (2) the steroid or protein kinase A

Fig. 5. Effect of 100 nM 25(OH)D3 on protein kinase C and A
activities. Cells were isolated and processed as described in the
legend to Figure 2, with the exception that radionuclide was
omitted from the time course incubation. Cell pellets from each
of three independent experiments were stored at �20C until
assayed. Pellets were then extracted with the appropriate
buffer and incubated with the appropriate substrate plus
gamma-32P-ATP in the absence or presence of inhibitors. All
samples were adjusted to either (A) 10 mg of protein (PK C) or (B)
5 mg of protein (PK A).
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may stimulate an as yet unknown signal trans-
duction pathway to produce the observed effects
on calcium handling.
Additional considerations for future work

include whether the apparent membrane-
initiated effects are mediated by a specific
binding protein, and if so, whether the binding
activity is the same as that reported by others
[Gacad et al., 1997; Teegarden et al., 1997, 2000;
Wu et al., 2000]. Finally, in order for 25(OH)D3

to be considered a hormonally active meta-
bolite, its activity will need to be determined
in vivo, independent of further metabolism to
1,25(OH)2D3.
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