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Abstract

1,25-Dihydroxycholecalciferol (calcitriol) is recognized widely for its effects on bone and mineral metabolism. Epidemiological data
suggest that low Vitamin D levels may play a role in the genesis of prostate cancer and perhaps other tumors. Calcitriol is a potent
anti-proliferative agent in a wide variety of malignant cell types. In prostate, breast, colorectal, head/neck and lung cancer as well as
lymphoma, leukemia and myeloma model systems calcitriol has significant anti-tumor activity in vitro and in vivo. Calcitriol effects are
associated with an increase in G0/G1 arrest, induction of apoptosis and differentiation, modulation of expression of growth factor receptors.
Glucocorticoids potentiate the anti-tumor effect of calcitriol and decrease calcitriol-induced hypercalcemia. Calcitriol potentiates the
antitumor effects of many cytotoxic agents and inhibits motility and invasiveness of tumor cells and formation of new blood vessels.
Phase I and II trials of calcitriol either alone or in combination with carboplatin, taxanes or dexamethasone have been initiated in patients
with androgen dependent and independent prostate cancer and advanced cancer. Data indicate that high-dose calcitriol is feasible on
an intermittent schedule, no dose-limiting toxicity has been encountered and optimal dose and schedule are being delineated. Clinical
responses have been seen with the combination of high dose calcitriol+ dexamethasone in androgen independent prostate cancer (AIPC)
and apparent potentiation of the antitumor effects of docetaxel have been seen in AIPC. These results demonstrate that high intermittent
doses of calcitriol can be administered to patients without toxicity, that the MTD is yet to be determined and that calcitriol has potential
as an anti-cancer agent.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Vitamin D is a steroid hormone, which modulates cal-
cium homeostasis through actions on kidney, bone and
the intestinal tract[1]. Vitamin D is synthesized in the
skin from 7-dehydro-cholesterol in response to ultravio-
let light, is 25-hydroxylated to 25-hydroxycholecalciferol
in the liver and 1-hydroxylated to the active form,
1,25-dihydroxycholecalciferol or calcitriol in the kidney
[1,2]. In addition to classical effects on bone and mineral
metabolism, calcitriol is also involved in the proliferation
and differentiation of a variety of different cell types and
tissues[1–13].
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2. Calcitriol antitumor activities

The VDR is found, not only in classical target organs (in-
testinal tract, kidney, bone), but also in many other epithelial
and mesenchymal cells as well as leukemic cells, and many
malignant cell types[1,2]. Calcitriol inhibits growth in vitro
and in vivo in murine and human breast and colon cancer
models[5,6,14,15]. Calcitriol can induce differentiation, cell
cycle arrest and/or apoptosis in leukemic and tumor cells
[6,16,17]. Progression through the cell cycle is regulated by
cyclins and their associated cyclin dependent kinases (cdk).
The cdk inhibitors p21Waf1/Cip1 and p27Kip are implicated in
G1 phase arrest[18]. In HL-60 cells, a human myelomono-
cytic leukemia cell line, calcitriol arrests cells in G1; this
effect is mediated through an increase in p27[16]. Calcitriol
mediated arrest in G0/G1 is also observed in human breast
cancer lines[19]. In U937, a human myelomonocytic cell
line, a functional VDRE has been identified in the p21 pro-
moter region and transcriptional activation of p21 by the
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VDR induces differentiation in this cell line[17]. Apopto-
sis is mediated by biochemically diverse stimuli that acti-
vate caspases and bring about cellular destruction through
specific cleavage of key cellular proteins[20]. The bcl-2
protein, which is overexpressed in many tumors, suppresses
apoptosis and the bax protein promotes apoptotic cell death
[21]. Calcitriol induces apoptosis in MCF-7 breast cancer
cells as well as in HL-60 leukemic cells and the expression
of bcl-2 is down-regulated by calcitriol in HL-60[22].

3. Growth factor signaling and calcitriol

EGFR is a transmembrane glycoprotein found primarily
on cells of epithelial origin[23]. Agents like ZD1839 tar-
get the receptor and act by inhibiting tyrosine receptor ki-
nase and preventing the phosphorylation of the receptor[24].
ZD1839 synergizes with platinum agents and taxanes and
may act through effects on the Erk pathway[25]. Calcitriol
can modulate the expression of the EGFR[26] and cal-
citriol treatment increases EGF binding[27]. Calcitriol can
also inhibit the degradation of EGFR mRNA[28]. Calcitriol
treatment can also lead to a reduction in insulin-like growth
factor-I (IGF-I) signaling. This effect was determined to be
due to an increase in IGF-I binding proteins, which act to
titrate the growth factor away from the receptor, as well as
direct effects on the IGF-I receptor levels[29]. Similarly, the
TGF� signaling pathway has also been implicated in carry-
ing out the antiproliferative effects of calcitriol via modula-
tion of both the receptor and the ligand[30] which may act
independently of EGFR. Inhibition of other growth factor
receptor pathways may sensitize cells to EGFR inhibition.
In support of this possibility, increased insulin-like growth
factor receptor-I signaling has been implicated in mediating
resistance to EGFR inhibition[31]. Interestingly, EGF can
increase the expression of VDR in the normal rat intestine
[32].

4. Glucocorticoids and calcitriol

Treatment of cells with calcitriol and glucocorticoids
influences the cellular content of the VDR[33]. While
glucocorticoids do not bind the VDR[34], they influence
calcitriol-ligand binding to the VDR in normal cells and tis-
sues[33,35]. Glucocorticoids modulate calcitriol effects on
Ca+2 transport and may alter the metabolism of calcitriol
[36]. In addition, glucocorticoids are utilized clinically to
ameliorate hypercalcemia in a number of clinical indica-
tions, including calcitriol intoxication[37].

5. Antitumor effects in vitro/in vivo

In multiple model systems (murine syngeneic SCC
VII/SF, metastatic Dunning rat prostate adenocarcinoma and

the human xenograft PC-3 prostate), calcitriol has signifi-
cant antiproliferative effects in vitro and in vivo[3,4,8,9]. In
the metastatic rat Mat-LyLu (MLL) model, calcitriol causes
inhibition of tumor growth, but also a significant reduction
in the number and size of lung metastases[4]. Calcitriol also
causes arrest of tumor cells in G0/G1 and is associated with
altered expression of cell cycle regulatory proteins[4,10].
In vitro calcitriol treatment results in decreased expression
of p21 mRNA and protein, and increased expression of p27
mRNA and protein and Rb dephosphorylation[11]. In vivo,
a decrease in tumor volume induced by calcitriol correlates
with a significant decrease in the intratumoral p21 expres-
sion. Apoptotic cell death occurs through the activation of
caspases, which results in specific cleavage of key cellular
proteins including poly (ADP-ribose) polymerase or PARP
[20]. We demonstrated by Western blot that calcitriol in-
duced 90–100% PARP cleavage in MLL cells treated with
10�M of calcitriol (half the IC50)[8]. Induction of apop-
tosis was confirmed using annexin binding as a measure
of phosphatidylserine exposure. The caspase inhibitors,
ZVAD-fmk and DEVD-fmk had no direct effect on cells
but significantly inhibited calcitriol-mediated increase in
annexin binding. In addition, bax was unchanged and bcl-2
was decreased at 24 h in MLL treated with calcitriol; this
results in an increased bax/bc1-2 ratio, which favors death.

6. Effect of calcitriol and dex on antitumor activity and
VDR ligand binding

Dex significantly enhances calcitriol antitumor efficacy,
in vitro and in vivo[12,13]. In SCC and PC-3, dex was able
to significantly enhance in vitro and in vivo clonogenic cell
kill as compared to either agent alone. This combination in-
duces significant tumor regression in this model system. To
further examine the effects of calcitriol and dex, we exam-
ined antiproliferative, cell cycle and apoptotic effects of this
combination in SCC. The glucocorticoid antagonist, RU486
was able to block the dex-induced enhancement of calcitriol
antiproliferative activity. Calcitriol induces cell cycle arrest
[9,10] and dex plus calcitriol results in a higher percentage
of cells in G0/G1 phase as compared to either calcitriol or
dex alone with significant inhibition with RU486. The com-
bination of calcitriol/dex led to an increase in the cleaved,
active form of caspase-3 and a further reduction in full length
PARP as compared to calcitriol alone and RU486 blocked
this effect. In addition, the levels of P-Erk and P-Akt were
reduced in cells treated with calcitriol and a further reduc-
tion was observed in combination with dex suggesting that
dex enhances calcitriol pro-apoptotic signaling. RU486 in-
hibited the effects of dex on both Erk and Akt, suggesting
that the GR may be required for these activities and that they
may be important targets for antitumor activity.

Dex significantly increases VDR receptor content (num-
ber) without changing the affinity for ligand (Kd)[12]. In
addition, the combination of calcitriol and dex resulted in a
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significant increase in VDR protein as compared to calcitriol
alone or dex alone. We also examined whether changes
could be observed in vivo in animals treated with calcitriol.
Tumor-bearing mice were treated for 3 days with calcitriol
and tumors harvested 4 h later and whole cell extracts an-
alyzed by Western blot. At 4 h after the last injection of
calcitriol, VDR protein was induced in the animals treated
with calcitriol. Modulation of VDR demonstrated delivery
of drug to the tumor or the presence of calcitriol within the
tumor; we also demonstrated that enhanced VDR in the tu-
mor correlated with an increase in antitumor efficacy.

7. Calcitriol enhancement paclitaxel-mediated
antitumor efficacy

In vitro, pretreatment with calcitriol or the calcitriol
analogue, 1,25-dihydroxy16-ene-23-ynecholecalciferol sig-
nificantly enhanced cisplatin, carboplatin, docetaxel or pa-
clitaxel mediated clonogenic cell kill as compared to either
agent alone[10]. In the in vivo excision clonogenic assay,
pretreatment with calcitriol markedly enhanced cisplatin-,
carboplatin-, docetaxel- or paclitaxel-mediated clonogenic
tumor cell kill, even at low doses of cytotoxic drug as com-
pared to drug alone. As described below, clinical trials were
initiated based on these pre-clinical data to examine the
combination of calcitriol and either carboplatin or paclitaxel.

The antiproliferative activity of calcitriol is associated
with decreased p21 expression in vitro and in vivo[11]. Re-
cent studies indicate p21 suppression increases sensitivity
to paclitaxel[38]. We have examined the molecular accom-
paniments of paclitaxel cytotoxicity with and without cal-
citriol in the prostate model, PC-3. The in vitro effects of
calcitriol and paclitaxel on p21, Bcl-2, caspase-3, and poly
(ADP-ribose) polymerase (PARP) in PC-3 were evaluated
by Western blot. Treatment in vitro with calcitriol resulted
in a decrease in p21 expression in PC-3. Paclitaxel induced
apoptosis in PC-3 as evidenced by the time-dependent loss
of procaspase-3 and full-length PARP. Paclitaxel caused in-
crease of p21 and loss of Bcl-2. An increase was observed
in PARP cleavage in PC-3 treated with calcitriol/paclitaxel
as compared to paclitaxel alone. Thus, calcitriol and pacli-
taxel have enhanced antitumor effects in PC-3 as compared
to either agent alone.

8. Calcitriol enhancement of cisplatin-mediated
antitumor activity

We previously demonstrated an enhanced in vitro and in
vivo antitumor effect when the Vitamin D analog Ro23-7553
was combined with cisplatin[10]. To further explore the
nature of the interaction between calcitriol and cisplatin,
studies were initiated to define the mechanism by which the
combination displays enhanced activity[39]. Median-dose
effect analysis demonstrates that calcitriol and cisplatin

act synergistically to inhibit SCC growth. When SCC
cells were treated with calcitriol and/or cisplatin, greater
caspase-3 activation was observed for the combination than
for either agent alone. No alterations in cellular platinum
concentration or platinum:DNA adducts were observed
for calcitriol/cisplatin co-treatment compared to cisplatin
treatment alone. Cisplatin induced p53 and its downstream
targets, p21 and Bax, in both adherent (non-apoptotic) and
floating (apoptotic) cell populations. In contrast, calcitriol
reduced p53, p21, and Bax to nearly undetectable levels
in adherent cells. In the floating cells, calcitriol reduced
levels of p53 and p21, but Bax expression was maintained
at control levels. The two agents also had divergent effects
on survival and stress signaling pathways. P-Erk and P-Jun
levels increased after treatment with cisplatin, but decreased
after treatment with calcitriol and calcitriol/cisplatin.
Moreover, cisplatin decreased levels of MEKK-1, while
calcitriol upregulated and calcitriol/cisplatin further up-
regulated MEKK-1. We propose that the increased cy-
totoxicity for calcitriol/cisplatin results from cisplatin
enhancement of calcitriol-induced apoptotic signaling
through MEKK-1. Preliminary data also demonstrates that
in the host cell activation assay, calcitriol may enhance
cisplatin-mediated cytotoxicity through inhibitory effects
on DNA repair and studies are in progress to explore these
mechanisms.

9. Effects of calcitriol on the expression of EGFR
family growth factor receptors

Calcitriol regulates the transcription of a large number of
target genes via its interactions with the Vitamin D receptor.
While the overall effect of calcitriol treatment is antipro-
liferative in a variety of cancer models, calcitriol may also
cause some molecular changes that promote growth and
survival. We have observed that treatment of SCC cells
with calcitriol leads to an increase in EGFR protein lev-
els [40], particularly in the population of cells that remain
adherent to the tissue culture flask. The upregulation of
EGFR protein correlates with a recent report indicating that
calcitriol inhibits the degradation of EGFR mRNA[28]. In
addition, while the levels of P-Erk and P-Akt, two down-
stream targets of EGFR signaling, are markedly reduced
in the subset of cells that detach from the tissue culture
plate and are apoptotic after treatment with calcitriol; these
effects are much less pronounced in the cells that remain
adherent[6]. As reported previously[40], EGFR protein
levels were increased in SCC cells after treatment with
10 nM calcitriol. ZD1839 alone did not affect EGFR pro-
tein levels; however, it limited the ability of calcitriol to
increase EGFR levels. To examine whether the increased
EGFR protein in calcitriol-treated cells could lead to in-
creased signaling, we assessed the ability of EGF stimu-
lation to generate P-EGFR in cells treated with calcitriol.
Treatment with calcitriol resulted in higher P-EGFR levels
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than control; while ZD1839, either alone or in combination
with calcitriol, strongly inhibited the formation of P-EGFR.
HER2/neu can form heterodimers and cross-phosphorylate
EGFR, and recent reports indicate that its expression level
can affect the sensitivity to ZD1839[41]. Therefore, we
examined the effects of calcitriol on HER2/neu levels.
While the protein levels were not significantly altered by
calcitriol or ZD1839, there was a slight shift in mobility in
groups treated with calcitriol, perhaps indicating an effect
on post-translational modification. However, HER2 con-
taining p-tyrosine residues was still detectable in the faster
migrating band after calcitriol treatment; therefore, the in-
creased mobility caused by calcitriol cannot be explained
simply by the loss of HER2 phosphorylation. Effects of
calcitriol on EGFR, EGFR-P and HER2/neu were observed
in a number of other cell lines, including PC-3 and LnCAP.
When cells were isolated (attached versus floating) and
then fractionated, the EGFR was found to be up-regulated
by calcitriol in pre-apoptotic cells (attached), but, in con-
trast to MEKK-1, up-regulated EGFR was localized almost
exclusively to the membrane fraction. Furthermore, EGFR
levels were nearly undetectable in apoptotic cells (float-
ing cells). Erk, on the other hand, was nearly completely
found in the cytosolic fraction, with no change in levels
in pre-apoptotic cells and a modest down-modulation in
apoptotic cells.

Since calcitriol increased both total EGFR and P-EGFR
levels in the viable, adherent cell population, we used an in
vitro clonogenic assay to test whether the combination of
calcitriol with ZD1839 would lead to enhanced antiprolifer-
ative activity. ZD1839 had only limited activity as a single
agent in this model. While no enhancement was observed
with a single treatment of 10�M ZD1839, five daily treat-
ments of 2�M significantly enhanced the effects of calcitriol
(P < 0.001, Student’st-test). The Erk and Akt pathways are
both downstream of EGFR and have been observed to be in-
hibited by calcitriol[6], as a result, we examined the effects
of these two agents on the levels of phosphorylated, acti-
vated Erk and Akt. Interestingly, while neither agent alone
had dramatic effects on either P-Erk or P-Akt, combination
of the two agents caused significant reductions in both mark-
ers.

In order to determine whether similar antiproliferative ef-
fects could be achieved by the combination of calcitriol and
ZD1839 against a human SCC cell line, we tested this com-
bination using the SCC-25 cell line. Over a 10 days period,
calcitriol alone had little effect on cell proliferation, while
ZD1839 caused nearly a six-fold reduction in cell number;
however, combination of the two agents held the cell count to
near baseline levels. To test the antitumor effects of the com-
bination of calcitriol and ZD1839 in vivo, we treated nude
mice bearing SCC-25 xenografts with either agent alone or
the combination for 2 consecutive weeks and followed tumor
growth. As was seen in vitro, the combination was clearly
superior to either agent alone. This enhanced antitumor ef-
fect was seen without any apparent increase in toxicity.

10. Clinical trials with calcitriol

Calcitriol has been utilized in a number of clinical stud-
ies. The majority of these were in leukemia and myelodis-
plasia. Although some evidence of response was seen, the
results were largely disappointing[42,43]. Calcitriol causes
hypercalcemia by increasing intestinal calcium absorption
and mobilizing bone stores[44]. The “common wisdom” is
that doses of calcitriol sufficient to achieve exposure simi-
lar to those seen in in vitro models cannot be safely given
because hypercalcemia intervenes.

This is not as clear as commonly believed. Two groups
have now demonstrated that high dose intermittent therapy
with calcitriol is safe[45–47]. In fact, in neither instance
has any limiting hypercalcemia been noted. Beer and col-
leagues[47] have administered up to 2.6�g/kg of calcitriol
on a 1× per week schedule without toxicity. Apparent lim-
ited absorption was encountered and the maximum dose
used in continued studies was 0.5�g/kg, not because of tox-
icity, but rather because of apparent limited bioavailability.
Our group has administered calcitriol doses as high as 22�g
QD × 3 weekly and 38�g QD × 3 weekly with paclitaxel
without any toxicity. Therefore, it appears quite clear that
high-dose, intermittent schedule calcitriol is feasible and
safe. Our group has completed four clinical trials of high
dose oral calcitriol. The first trial was a phase I study to eval-
uate the pharmacokinetics and MTD of calcitriol following
subcutaneous (s.c.) QOD administration[46]. Thirty-six pa-
tients were entered at doses ranging from 2 to 10�g QOD;
dose-limiting toxicity (hypercalcemia) occurred in three of
three patients entered at the 10�g QOD dose. Hypercalciuria
occurred at all dose levels examined. No other toxicity was
seen. Assessment of serum calcitriol concentrations by a ra-
dioimmunoassay revealed a decrease in concentration-time
curves on the 7th day compared to the first day of therapy.
A dose dependent increase in peak serum level and esti-
mated area under the curve (AUC) were seen; the maximum
serum levels occurred at the 10�g QOD dose: 288± 74
and 321± 36 pg/mL days 1 and 7, respectively. The nor-
mal range of calcitriol serum concentrations using this assay
is 16–56 pg/mL. Serum calcitriol levels were maintained at
near peak concentrations for at least 8 h following s.c. injec-
tion. This study indicates that substantial doses of calcitriol
can be administered via this route with tolerable toxicity.

11. Calcitriol + glucocorticoids: prostate cancer

We have completed a phase II study of calcitriol and dex
in androgen independent prostate cancer (AIPC)[48]. Cal-
citriol and dex were administered according to the following
schedule: calcitriol 8�g Monday, Tuesday and Wednesday
(MTW) weekly X4, then if no toxicity was seen the dose
was escalated to 10�g MTW for 1 month. If no toxicity oc-
curred the dose of calcitriol was increased to 12�g MTW
weekly for the duration of the study. Dex was administered
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orally 4 mg sunday MTW each week. Forty-three patients
were treated and 35 received 12�g MTW > 1 month; no pa-
tient has required dose reduction because of hypercalcemia.
The only calcitriol related toxicity in this trial was the de-
velopment in two patients of urinary tract stones. All pa-
tients undergo pretreatment and Q3 month renal ultrasound
to monitor for nephrolithiasis. Thirty-five patients are evalu-
able and 28% of the 35 evaluable patients experienced a
50% reduction in PSA; patients with bone pain at study en-
try have experienced pain relief. Eighty percent of patients
have experienced a slowing in the rate of PSA rise and 34%
have had stable disease or decrease in PSA (>50% reduc-
tion). Our studies indicate that modification in the schedule
and route of administration of calcitriol and dex permit dose
escalation of this agent.

12. Clinical trials with calcitriol alone and in
combination with cytotoxic agents

We conducted two phase I trials of calcitriol+ cytotoxic
drugs; calcitriol/paclitaxel and calcitriol/carboplatin[45].
Patients with advanced cancer were treated with carbo-
platin (AUC = 5) Q28 days+ escalating doses of calcitriol
QDX3 Q28 days. Calcitriol starting dose was 4�g QDX3.
Studies were designed such that in each patient, carboplatin
was given on day 1 before calcitriol in one of the first
two cycles of treatment and on day 3 after two days of
high dose calcitriol on the other. This permits comparison
of AUC of carboplatin in the same patient before and af-
ter pretreatment with calcitriol. Dose-limiting toxicity was
not encountered in this trial. The AUC of carboplatin was
higher in each patient following calcitriol than before cal-
citriol (mean AUC= 7.6�g/mlh ± 1.8, carboplatin day 3
[DDDC] versus AUC= 6.6�g/mlh ± 1.4, carboplatin day
1 [CDDD], P = 0.04). This increase in AUC was observed
with no change with increasing calcitriol dose (4–24�g,
from left to right). While no dose limiting toxicity has
been seen, myelosuppression (percentage change in platelet
count) following the sequence carboplatin→ calcitriol was
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Fig. 2. AUC from patients treated with calcitriol from the phase I trial of
calcitriol + paclitaxel where pka was determined on day one following
calcitriol administration. Patients received either the capsule form (cross
symbol) or the liquid form (open symbol).

less than that following calcitriol→ carboplatin, consistent
with the change in AUC. No clinically detectable renal
impairment has been seen with either sequence. These data
indicate that potentiation of carboplatin by calcitriol may in
part be related to reduced carboplatin clearance.

In another trial, patients with advanced cancer were
treated with paclitaxel (80 mg/m2 weekly× 6) + escalating
doses of calcitriol, QDX3 weekly 6×. The starting dose
of calcitriol was 4�g po QDX3, weekly and we entered
patients through the 38�g dose level where it appears that
we reached saturable concentrations at 16–20�g (see phar-
macokinetic data below (Fig. 1A and B) [49]. No dose
limiting toxicity was encountered. In this study, paclitaxel
was administered on day 1, cycle 1 of therapy prior to
any calcitriol therapy and on day 3 with the third dose of
calcitriol in week 2 and all subsequent weeks. This per-
mitted evaluation of the effect of calcitriol on paclitaxel
pharmacokinetics—week 1 versus week 2. No changes in
peak concentration, AUC orT1/2 were noted. To investi-
gate the issue of bioavailability of calcitriol, patients were
given escalating doses of calcitriol starting at 14�g using
a liquid formulation of calcitriol with potentially greater
bioavailability (Fig. 2).
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13. Calcitriol plasma pharmacokinetics

Pharmacokinetic studies were required in at least two of
three patients at each dose level of the calcitriol/paclitaxel
clinical trial and were performed in 26 of the 36 patients; six
patients at the highest dose level (38�g) underwent phar-
macokinetic studies (from 89 patients). Baseline plasma cal-
citriol concentrations of the 26 cancer patients resulted in a
median concentration of 26 pg/ml (range 13–81). The nor-
mal range for this assay is 16–74 pg/ml. Serum calcitriol
concentrations higher than baseline occurred within 1 h of
oral calcitriol administration. A scatter plot of the maximum
concentration of calcitriol (Cmax) for each patient studied at
each dose level is portrayed inFig. 1A.

As shown inFig. 1B, baseline-subtracted serum calcitriol
AUC0→24h (area under the concentration-time curve for the
24 h period after calcitriol administration) is plotted against
dose. A fit to the Michaelis–Menten function(AUC = a ×
dose/(1 + b × dose) indicates that AUC0→24h is not pro-
portional to dose (a = 540± 140 pg h/ml�g; if AUC were
proportional to dose,b would equal 0). A statistical test for
proportionality gives aP-value of 0.0014. The effect of the
nonlinearity over the range of doses studies is large: the fit
value of AUC0→24h at 38�g was only four times that at
4�g, instead of the 9.5 times expected for a proportional
relationship. However, no deviation from linearity can be
detected up to a dose of 17�g (P = 0.4). In addition, there
is no relationship between serum calcium and dose. None
of the patients became hypercalcemic.

Clinical studies to date have predominantly utilized oral
administration of capsules at 0.5�g per capsule. At doses
of 38�g, the patients took 72 gel capsules at one time. To
investigate decreased bioavailability and lack of absorption
due to the mass of gel caps in the stomach, we utilized a
liquid formulation of calcitriol in palm oil (1�g/ml) which
was tasteless and easy to swallow. As shown inFig. 2, no
significant difference was observed inCmax or AUC in pa-
tients given liquid or capsules at various doses.

Beer and colleagues[50] have recently reported that the
combination of calcitriol (0.5�g/kg) day 1 and docetaxel
(36 mg/m2) day 2 yield a PSA response rate (>50% decrease)
of 81%. This is twice what one would expect with docetaxel
alone. While this is a single institution, phase II trial the
results are provocative and consistent with preclinical data
indicating potentiation of taxanes by calcitriol. A phase III
trial of docetaxel± calcitriol is underway.

14. Calcitriol pharmacokinetic parameters
in mice/man

Key to clinical trial design is relating serum calcitriol
levels in animals that resulted in a significant antitumor
effect to human serum levels. In both mice and rats, the
AUC for calcitriol from both i.v. and i.p. routes of admin-
istration was not significantly different with i.v. resulting

Table 1
Calcitriol pharmacokinetic parameters mice and man

Dose (�g) AUC0→24 h (ng/ml) Cmax (ng/ml)

Mouse (IP)
13 3.9± 1.4 0.5± 0.3
17 5.4± 2.1 0.5± 2.2

Man (PO)
0.042 3.6 0.7
0.125 37.3 9.2
38 7.5± 2.1 1.4± 0.9

in a higherCmax as compared to i.p.[51]. Peak levels are
reached at 1 h and return to normal at 24 h following 0.125
and 0.5�g of calcitriol. Both 0.125 and 0.5�g when ad-
ministered to tumor-bearing mice, result in a significant
anti-tumor response. No diurnal variation was observed in
serum calcitriol levels during the 24 h sampling period. A
similar pattern was obtained for pka parameters of calcitriol
in tumor-bearing mice. To determine whether the mouse
serum calcitriol levels that resulted in an anti-tumor effect
could ever be achieved in man, we compared AUC andCmax
levels obtained in the calcitriol/paclitaxel phase I clinical
trial where we have administered 38�g daily × 3 without
toxicity. As shown inTable 1, at 0.125�g (the lowest dose
to consistently result in a significant antitumor effect in
mice), the AUC was 37.3 ng/h/ml and this compares in man
at 38�g to 7.5 ng/h/ml. Similarly, in mice theCmax was
9.2 ng/ml and this compared to 1.4 ng/ml in man. At the
0.042�g dose in mice, an antitumor effect could be seen but
was not consistently observed. Therefore, effective serum
calcitriol levels are five to seven times higher in mice than
compared to highest oral dose administered in man (38�g).

These data indicate that serum concentrations in mice that
are associated with substantial antitumor effects are only
four- to eight-fold higher than those achieved in man with-
out any toxicity. As noted above, further dose escalation of
calcitriol will be limited by absorption concerns. Therefore,
we have initiated a phase I trial of intravenous calcitriol
(Calcijex®) with either docetaxel (in men with AIPC) or
gefitinib (in any patient with an advanced, epithelial can-
cer). These studies will provide more definitive information
regarding the MTD of calcitriol on an intermittent schedule
as well as pharmacokinetics and dynamics of this dose and
schedule.
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