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Abstract The non linear relationship between calcitriol
(1,25-D3) dose and AUC in cancer patients suggests that
the commercially available caplet 1,25-D3 formulation
(Rocaltrol) cannot achieve the high systemic exposure
associated with antitumor activity in animal models. The
primary objective of this analysis was to determine
whether a liquid 1,25-D3 formulation had a more
favorable pharmacokinetic profile. This analysis was
based on the results obtained in 2 phase I clinical studies
seeking to determine the maximum tolerated dose of
1,25-D3 administered in combination with either dexa-
methasone or paclitaxel daily for three consecutive days
weekly. Data were available for 12 patients treated with
the caplet formulation at doses ranging from 12 lg to
21 lg, and for 16 patients treated with the liquid for-
mulation at doses ranging from 13 lg to 36 lg; data for
19 patients were available at doses for which both for-
mulations were used. There were no differences in Cmax

and AUC0–24h between the two formulations (P>0.17)
As was noted with the caplet formulation, dose-related
proportional increases in Cmax and AUC0–24h were not
observed with liquid 1,25-D3 at doses ‡ 13 lg (P>0.83).
We conclude that the commercially available liquid 1,25-
D3 formulation offers no PK advantage over caplet
formulation.
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Introduction

Calcitriol, 1,25-dihydroxycholecalciferol (1,25-D3), a
secosteroid hormone, has potent antiproliferative, dif-
ferentiating and apoptotic effects in vitro [1–5], and
antitumor activity against murine squamous cell carci-
noma (SCC), Dunning rat metastatic prostate adeno-
carcinoma (MLL) and xenografts of human prostate
and colorectal carcinomas in immune compromised
mice [5–8]. Molecular mechanisms of 1,25-D3 antitumor
activity are not fully understood. However, 1,25-D3 in-
duces G0/G1 arrest mediated by cyclin-dependent ki-
nase p27kipi and p21waf1/cipI [8–10], inhibits MEK- and
Akt-mediated survival signaling pathways and up-regu-
lates pro-apoptotic signaling pathways [11–14].

In preclinical models, high 1,25-D3 doses are required
to elicit antitumor activity. Continuous daily adminis-
tration of these doses causes dose-limiting hypercalcemia
in preclinical models and humans. However, in our
models which utilize an intermittent dosing schedule of
1,25-D3, hypercalcemia is not dose-limiting [15]. Our
preclinical studies have also demonstrated that dexa-
methasone (DEX) administration decreases 1,25-D3-in-
duced hypercalcemia and enhances 1,25-D3 antitumor
activity. We have shown that the biochemical mecha-
nisms by which DEX modulates 1,25-D3 include DEX-
mediated up-regulation of vitamin D3 nuclear receptors
(VDR) in tumor tissue and the down-regulation of VDR
ligand binding in intestinal mucosa [15].

The most often prescribed commercially available
oral preparation of 1,25-D3 is a caplet formulation
(0.5 lg/caplet, Rocaltrol, Hoffmann-La Roche Ltd).
Previous studies using this 1,25-D3 formulation in can-
cer patients revealed no limiting hypercalcemia at doses
as high as 38 lg QDx3 weekly and 2.8 lg/kg QDx1
weekly. The studies showed substantial inter-patient
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variability in serum 1,25-D3 Cmax and AUC and a non-
linear relationship between 1,25-D3 dose and AUC [16–
18]. Although the mechanism underlying this nonlinear
relationship remains to be established, we speculated
that decreased oral bioavailability of 1,25-D3 at high
doses might result from unfavorable pharmaceutical
conditions in the intestine associated with the ingestion
of the large number of 1,25-D3 caplets required to
achieve high doses. We hypothesized that the bioavail-
ability of oral 1,25-D3 might be improved by using a
liquid formulation 1,25-D3. In this study, we investi-
gated the serum PK of high dose caplet and liquid 1,25-
D3 formulations.

Materials and methods

Study population

Patients in this analysis were enrolled in one of the two
phase I studies in which the dose of 1,25-D3 was esca-
lated: study A was a study of 1,25-D3 + paclitaxel in
patients with advanced solid tumors; study B was a
study of 1,25-D3±DEX in patients with androgen
independent prostate cancer (AIPC). Patients were eli-
gible for the studies if no standard therapy was available
and if they had adequate bone marrow, kidney and liver
function, as evidenced by WBC ‡4,000/ ll, platelets
‡100,000/ll, serum creatinine £ 1.5 mg/dl, bilirubin £
2 mg/dl and SGOT £ 75 mIU. Patients were required
to have albumin-corrected serum calcium £ 10.5 mg/dl
and no past medical history of renal stones. This pro-
tocol was approved by the Biomedical Institutional
Review Board of the University of Pittsburgh, and all
patients signed the written informed consent before
participation.

Drug administration

Two oral 1,25-D3 formulations were studied: a soft gel
caplet (0.5 lg/caplet, Rocaltrol) and the liquid (Rocal-
trol, 1.0 lg/ml); both were kindly provided by Hoffman-
Roche. Liquid Rocaltrol solution, which contains

butylated hydroxyanisole, butylated hydroxytoluene
and medium chain triglycerides, is commercially avail-
able as a clear, colorless to slightly yellowish oily liquid.

During the conduct of these two studies, the loss of a
linear relationship between dose and serum 1,25-
D3AUC was recognized. Consequently re-escalation of
1,25-D3 in liquid form was pursued to determine whe-
ther the liquid formulation provided better systemic
exposure. This analysis compares the PK of the liquid
and caplet 1,25-D3 formulations at similar doses. Ta-
ble 1 displays the doses of formulations studied. The
drug administration schedule for study A was 1,25-D3

QDx3 (day l–3) + paclitaxel 80 mg/m2 on day 3; that
for study B was 1,25-D3 alone QDx3 (days 1–3) on week
1, and in subsequent weeks, 1,25-D3 QDx3 (days 1–3)
and dexamethasone QDx4 (days 0–3). In both studies,
oral ingestion of both caplet and liquid 1,25-D3 formu-
lations was supervised by the nursing staff of General
Clinical Research Center (GCRC). At least three pa-
tients were treated at each dose level, and no intra-pa-
tient calcitriol dose escalation was allowed. Treatment
was continued until disease progression or occurence of
dose-limiting toxicity. Serum calcium, phosphorus, cre-
atinine, BUN, albumin and glucose were determined
weekly.

Pharmacokinetic blood sampling

In study A, PK blood samples for 1,25-D3 PK were
collected on day 1. In study B, blood samples were
collected on day 3 and/or on day 17. In both studies,
samples were obtained before and 0.5, 1, 2, 3, 4, 6, 8, 10,
12, 16, 18, 20, 22, and 24 h after the dose of 1,25-D3.
Blood samples for PK studies were collected, processed
and assayed for 1,25-D3 concentrations using 1,25-di-
hydroxyvitamin D3- [I125] RIA kits as previously de-
scribed [17].

Dose-limiting toxicity

Dose-limiting hypercalcemia was defined as symptoms of
hypercalcemia at any serum calcium level >11 mg/dl or

Table 1 Dose and formulation of 1,25-D3 administered, number of patients and PK sampling days. In study A, patients were treated with
1,25-D3+ paclitaxel; in study B, with 1,25-D3on day 3 and 1,25-D3+DEX on day 17

Dose (lg)
[Study]

1,25-D3formulation Total no.
pts sampled

No. sampled
on day 1[A]

No. sampled
on day 3 [B]

No. sampled
on day 17 [B]

[12] Caplet 3 3 3
[13] Caplet 3 3

Liquid 4 4
[16] Caplet 3 3 3

Liquid 3 1 2
[21] Caplet 3 3

Liquid 3 3
[28] Liquid 3 3
[36] Liquid 3 3

Day 3 and 17 sampling done only for patients receiving 12 and 16 lg of caplet 1,25-D3
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two consecutive calcium levels ‡12 mg/dl, even if the
patient was asymptomatic. All serum calcium levels
used for the determination of toxicity were corrected
for serum albumin using the formula: Ca2+corrected

=Ca2+measured + (0.8) (3.2 � albumin). Serum albumin
was measured in mg/dl. Dose-limiting toxicity other than
hypercalcemia was defined as any grade 3 or greater non-
hematological toxicity. Dose-limiting toxicity associated
with short-term use of dexamethasone is primarily
hyperglycemia.

Pharmacokinetic data analysis

Serum 1,25-D3 Cmax and time to Cmax (Tmax) were
determined by visual inspection of the plots of serum
calcitriol concentrations versus time. Serum 1,25-D3

AUC0–24h was calculated using the trapezoidal rule
without subtraction of baseline 1,25-D3 concentrations.
All pharmacokinetic parameters were calculated using a
PHARM/PCS computer program [19]. Statistical tests
used to analyse the data are identified in the appropriate
results section.

Results

Effect of prior 1,25-D3 treatment on subsequent
pre-dosing serum 1,25-D3concentrations

The mean day 1 pretreatment serum concentration of
1,25-D3 was 38.4±21.5 pg/ml for cancer patients en-
rolled in these trials. In study B, the pretreatment means
on days 3 and 17 were 223.6±106.6 and 103±39.3 pg/
ml, respectively, indicating substantial carry-over of
1,25-D3from administration during the previous 2 days.

Relationship between liquid 1,25-D3dose and AUC

For the liquid formulation, there was much inter-patient
variability in serum 1,25-D3 concentrations; Fig. 1
illustrates this with concentration-time profiles for the
six patients treated at the two highest dose levels of li-
quid 1,25-D3 formulation. Figure 2 shows the difference
between day 3 and day 17 AUC for the 6 patients
receiving caplet 1,25-D3 at 12 and 16 lg doses; the dif-
ference is not significant (p=0.44, Wilcoxon signed-
ranks test). Figure 2 also indicates that the difference in
the 2 sampling periods (day 3 and 17) is small compared
to the observed inter-patient variability). Plots of Cmax
and AUC against dose for all patients receiving liquid
1,25-D3 show no increase in exposure with increased
dose (Fig. 3). The P-value for the null hypothesis that
there is no dose-response effect is 0.96 for Cmax and 0.83
for AUC (Jonckheere-Terpstra test).

Liquid versus caplet 1,25-D3 formulation serum PK

There was no difference in the observed Cmax and
calculated AUC between the liquid and caplet formu-

lated 1,25-D3 administered at the same dose. There are
data for both formulations at doses of 13, 16 and 21 lg;
(Fig. 4). The P-values for no difference between liquid
and caplet are 0.71 for Cmax and 0.17 for AUC (Wil-
coxon test, stratified by dose). If the systematic differ-
ence in AUC between the liquid and capsule
formulations exceeded the inter-patient standard devia-
tion at a fixed dose, there would be roughly 80% power
to observe a P-value of 0.1, or less. Thus, the observed
P-values suggest that the difference between the two
formulations is less than the inter-patient standard
deviation.

Fig. 1 Individual patient serum 1,25-D3 concentration versus time
curves after 28 lg (solid circles) and 36 lg (open squares) of liquid
1,25-D3 administration showing substantial inter-patient variabil-
ity in serum 1,25-D3 levels achieved

Fig. 2 Day 3 (closed circles) and day 17 (open circles) serum AUC
results for 6 patients receiving 12 (pt#1–3) and 16 lg (pt#4–6) doses
of caplet 1,25-D3formulation. The difference between day 3 and 17
is not significant
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Adverse events associated with liquid
1,25-D3formulation

Transient diarrhea was experienced by all patients within
12 h of receiving liquid 1,25-D3 formulation; oral inges-
tion of caplet 1,25-D3has not been associated with diar-
rhea. As was previously noted with the caplet
formulation, grade 1 and 2 nausea, anorexia, vomiting,
constipation, fatigue and weakness were the most fre-
quent reported adverse effects following liquid 1,25-D3

ingestion.Hypercalcemiawas not a dose-limiting toxicity.

Discussion

We have previously suggested that bioavailability, a
pharmacokinetic issue, and not hypercalcemia may
compromise the clinical utility of high-dose 1,25-D3 as
an antitumor agent [16]. We suggested that decreased
oral bioavailability of 1,25-D3 at high doses could result
from unfavorable pharmaceutical conditions in the

intestine associated with the ingestion of the large
number of caplets required to deliver high doses of 1,25-
D3. We speculated that the administration of liquid 1,25-
D3 formulation could overcome the bioavailability issue.
Although the sample size is small, the results of this
study clearly indicate that liquid 1,25-D3 formulation
will not reliably achieve serum 1,25-D3 Cmax and AUC
values associated with antitumor activity in animal tu-
mor models [20]. These results further demonstrate that
the commercially available liquid 1,25-D3 formulation
offered no advantage in bioavailability or PK over the
caplet formulation. In addition, the ingestion of large
volumes (16–38 ml) of oily liquid 1,25-D3 formulation at
one time has the disadvantage of causing transient epi-
sodes of diarrhea. These results point to the need for
new approaches to solve 1,25-D3 bioavailability prob-
lems. Although intravenous administration of 1,25-D3 is
the most direct approach to resolving the bioavailability
issue, an alternative approach is to develop new oral
1,25-D3 formulations. The early results of the ongoing
pharmacokinetics and bioavailability studies in cancer

Fig. 3 Scatter plots of serum
1,25-D3 Cmax (a) and AUC0–24h

(b) against liquid 1,25-D3 dose,
with regression lines
superimposed. Trends
suggesting progressive
decreases in both PK
parameters are not significant.
Symbols used to indicate the
timing of PK study: open
triangle=day 1, closed
circles=day 3, and open
circles=day 17

Fig. 4 Scatter plots of serum
1,25-D3 Cmax (a) and AUC0–24h

(b) for caplet (closed circles) and
liquid (open circles) 1,25-
D3formulations at the 13, 16
and 21 lg dose levels. There are
no significant differences in
these PK parameters
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patients using DN101, a new 1,25-D3 caplet formula-
tion, are encouraging [21].

In addition to confirming the previous observation
that hypercalcemia is not dose-limiting when 1,25-D3 is
administered on QDx3 weekly intermittent schedule, our
present results demonstrate significant serum 1,25-D3

carry-over to the third day from administration on the
previous 2 days on the QDx3 schedule; this suggests a
potential for achieving higher 1,25-D3 systemic exposure
on the QDx3 than on the QDx1 weekly schedule.
However, therapeutic efficacy of both QDx1 and QDx3
weekly administration of 1,25-D3 in combination with
docetaxel or dexamethasone has been documented in
patients with androgen independent prostate cancer [22,
23].

In summary, our results show that the clinical use of
liquid formulation to deliver high doses of 1,25-D3 is
associated with transient episode diarrhea and offers no
pharmacokinetic or bioavailability advantage over use
of the caplet formulation. We confirm our previous re-
sults that hypercalcemia is not the dose-limiting toxicity
on a QDx3 weekly intermittent 1,25-D3 treatment
schedule.
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