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Research Paper

Efficacy of β-Lapachone in Pancreatic Cancer Treatment
Exploiting the Novel, Therapeutic Target NQO1

ABSTRACT
NAD(P)H:quinone oxidoreductase (NQO1) is elevated in human pancreatic cancers.

We hypothesized that β-lapachone, a novel 1,2-naphthoquinone with potential antitumor
activity in cancer cells expressing elevated levels of NQO1, would induce cytotoxicity in
pancreatic cancer cells, wherein this two-electron reductase was recently found elevated.
β-lapachone decreased clonogenic cell survival, metabolic cell viability, and anchorage-
independent growth in soft agar. The cytotoxic in vitro effects of β-lapachone were inhibited
with coadministration of dicumarol, a specific inhibitor of NQO1. In preestablished
human pancreatic tumor xenografts in nude mice, β-lapachone demonstrated greater
tumor growth inhibition when given intratumorally compared to when complexed with
cyclodextrin to increase its bioavailability. Due to the poor prognosis of patients with
pancreatic cancer and the limited effectiveness of surgery, chemotherapy, and radiation
therapy, treatment regimens based on sound, tumor-specific rationales are desperately
need for this disease.

The prognosis of patients diagnosed with pancreatic adenocarcinoma is dismal.
Pancreatic adenocarcinoma is now the fourth leading cause of cancer death in the United
States with an overall 5-year survival rate of less than 5%.1 Even after curative resection,
the 5-year survival rates achieved at specialized centers are less than 20% and the majority
of patients die of metastatic cancer recurrence.2 Other adjuvant treatments such as radiation
therapy and chemotherapy have not improved long-term survival after resection.

β-lapachone is a naturally occurring compound present in the bark of the South
American Lapacho (Tabebuia avellanedae) tree. The compound has a number of antitumor,
antiviral, and antitrypanosomal activities in vivo3-5 β-lapachone has significant antineo-
plastic activity against a variety of human cancer cells, including breast, prostate, and lung
cancers as well as promyelocytic leukemia cells.6 Previous studies demonstrated that the
cytotoxic response of breast and prostate cancer cells to β-lapachone is significantly
enhanced by the expression of NAD(P)H:quinone oxidoreductase (NQO1, E.C.
1.6.99.2),7 an enzyme that detoxifies quinones (e.g., β-lapachone, menadione), as well as
serving as a protective mechanism against reactive oxygen species (ROS).6-9 The
NQO1-specific antitumor activity of β-lapachone in other cancer cells than breast or
prostate have not been examined, and the universality of β-lapachone-mediated antitumor
activity in other cancer cells has not been examined. ROS is initiated when reactive semi-
quinones generate a redox cycle, resulting in superoxide (O2

-) formation. NQO1 utilizes
either NADH or NADPH as electron donors to catalyze the two-electron reduction of
various quinones to hydroquinones. It is a direct reduction, and therefore, the unstable
semiquinone intermediate is not formed, preventing reactive oxygen species formation.
Reduction of β-lapachone by NQO1 leads to a futile cycling of the compound, wherein
the quinone and hydroquinone form a redox cycle with a net concomitant loss of reduced
NAD(P)H.7

Recent studies by Logsdon et al. demonstrate that NQO1 is elevated in human pancre-
atic cancers.10 Microarrays to profile gene expression in pancreatic adenocarcinoma,
pancreatic cancer cell lines and normal pancreas, demonstrated a 12-fold increase of
NQO1 expression compared to normal pancreatic tissue.10 Recent studies from our labo-
ratory suggest enzymatic overexpression of NQO1 in human pancreatic cancer cell lines.11

RT-PCR, western blots, and activity assays demonstrated that NQO1 was elevated in the
human pancreatic cancer cell lines tested but present in very low amounts in the normal
human pancreas. The findings that NQO1 is elevated in pancreatic cancer cell lines is
consistent with previous studies that have shown that expression of NQO1 is upregulated
in tumors of the liver, lung (nonsmall cell only), colon, and breast compared to normal
tissues of the same origin.8 Additionally, in cells that lack mitochondria, activity of this
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mostly cytosolic oxidoreductase system is greatly upregulated to
support cell growth.12 Previous investigations have hypothesized
that NQO1 is elevated in various tumors to accommodate the needs
of rapidly metabolizing cells to regenerate NAD+.13 Combined,
these studies suggest that NQO1 may be useful as a specific target
for therapeutic purposes in pancreatic cancer.

Although β-lapachone should hypothetically kill NQO1-con-
taining pancreatic cancer cells, the low water solubility of β-lapachone
(0.04 mg/ml or 0.16 mM) limits its systemic administration and
clinical applications in vivo. Recently, cyclodextrins, well known
classes of host molecules that can form inclusion complexes with a
variety of drugs, have been used to enhance solublilization, increase
stability, and bioavailability by forming inclusion complexes.14-17

Specifically, hydroxypropyl-β-cyclodextrin (HPβ-CD) is a modified
β-CD obtained by treating a base-solubilized solution of β-CD with
propylene oxide. This chemical modification further increased the
solubility of HPβ-CD over β-CD. Most importantly, HPβ-CD in
clinical trials has been demonstrated to be safe and well tolerated
without the observable renal toxicity seen with β-CD.17

We hypothesized that β-lapachone would induce cytotoxicity in
pancreatic cancer cells that have upregulation of NQO1. Our present
study demonstrates that β-lapachone has in vitro cytotoxicity to
pancreatic cancer cells that are known to overexpress NQO1. The
β-lapachone-induced cytotoxicity can be reversed, by inhibiting
NQO1 with dicumarol. In addition, β-lapachone appears to have
efficacy in reducing in vivo tumor growth when given via an intra-
tumoral route and with binding β-lapachone inside the hydrophobic
cavity of cyclodextrin thereby increasing the drug solubility.

MATERIALS AND METHODS
Cell culture. MIA PaCa-2 cells were purchased from American Type

Culture Collection (Manassas, VA) and are human primary pancreatic
adenocarcinoma cells derived from tumor tissue of the pancreas obtained
from a 65-year old male. The cell cultures were maintained at 37˚C in
Dulbecco modified Eagle medium (DMEM; Gibco, Grand Island, NY)
supplemented with 10% heat-inactivated fetal bovine serum and 2.5%
horse serum.

Cell growth. Cells (1 x 104) were plated in triplicate in 1.5 ml complete
media in 24-well plates. Cells were trypsinized and then counted on alternate
days for 2 weeks using a hemocytometer. Cell population doubling time in
hours (DT) was determined in triplicate using the following equation:

DT (hours) = 0.693(t - to)/ln(Nt/No)

where to = time at which exponential growth began, t = time in hours, Nt =
cell number at time t, and No = initial cell number.11 β-lapachone (0, 2.5,
5, 10 µM) was added to MIA PaCa-2 cell cultures.

Anchorage-independent growth in soft agar. MIA PaCa-2 cells (5 x 103)
were suspended in 3 ml of complete media containing a solution of 6% agar
in double distilled H2O so that the final concentration of the agar was
0.3%. This suspension was then plated over 3 ml of complete media made
using a 6% agar solution in double distilled H2O so that the final concen-
tration of the bottom agar was 0.5% and the final concentration of β-lapa-
chone was 5 or 10 µM. After 16 days, colonies of greater than 0.1 mm in
diameter were scored. The clonogenic fraction was determined using the
following equation:

Soft Agar Plating Efficiency (P.E.) = (colonies formed/cells seeded) x
100.

Clonogenic assay. MIA PaCa-2 cells (5 x 103) were treated with β-lapa-
chone (0, 2.5, 5, 10 µM) for 4 hours with and without dicumarol (50 µM)

or menadione (10 and 20 µM). For survival determination, cells were
trypsinized and plated for clonogenic cell survival assay. After one week of
incubation at 37˚C, colonies greater than 50 cells were stained and counted.
The clonogenic fraction was determined using the following equation:

Survival = (colonies formed/cells seeded) x 100.

Cell viability. As an indicator of cell metabolic viability, the MTT assay
was used. Cells were seeded at 1 x 104 in a 96 well plate in full media. MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) 5 mg/ml was
added to the wells and incubated at 37˚C for 3 hours. Lysing buffer, consist-
ing of 20% SDS in a 1:1 solution of DMF (N,N-dimethyl formamide), was
added and incubated at 37˚C for 16 hours. The plate was read at 590 nm
on an Ultramark microplate imaging system (Biorad, Hercules, CA).

Transient NQO1 siRNA transfection. MIA-PaCa-2 cells were seeded in
6 well dishes (50,000 cells /well) for 24 h. The cells were washed and resus-
pended in serum free media. 100 nM of Smartpool NQO1 siRNA duplexes
(Dharmacon RNA Technologies) were complexed with Oligofectamine
Reagent (Invitrogen) in OPTI-MEM-I media (Gibco) according to the
Oligofectamine Reagent protocol. The NQO1 siRNA oligfectamine com-
plexes in OPTI-MEM-I media were added to NQO1 siRNA treated wells.
Mock-transfected cells were treated with transfection media only. After four
hours, growth media containing 3x serum was added to each well. After
48 h, cells were harvested for Western blot analyses or trypsinized, counted
and reseeded for relative survival assays.

Relative survival assay. Following transfection, cells were detached by
trypsinization, washed in fresh growth media and reseeded in 48 well dishes
at a density of 10,000 cells/well in 500 µl. Cells were treated with 10 µM
β-lapachone ± 50 µM Dicumarol for 4 h or the NQO1 siRNA. Drug was
removed and fresh growth media was added, and cells were allowed to grow
for an additional four days. DNA content (relative survival) was determined
by fluorescence of the DNA dye Hoescht 33258 (Sigma), according to the
method previously described.7 The data are expressed as mean ± S.E for
three independent wells.

Nude mice. Thirty-day-old athymic nude mice were obtained from
Harlan Sprague-Dawley (Indianapolis, IN). The nude mice protocol was
reviewed and approved by the Animal Care and Use Committee of the
University of Iowa on January 9, 2003. The animals were housed four to a
cage and fed a sterile commercial stock diet and tap water, ad libitum.
Animals were allowed to acclimate in the unit for one week before any
manipulations were performed. In the first study, each experimental group
consisted of four to five mice. In the second study, each experimental group
consisted of 9–10 mice. In the third study, each group consisted of eight mice.

Treatment of established pancreatic tumor heterotopic xenografts with
ββ-lapachone. MIA PaCa-2 tumor cells (2 x 106) were delivered subcuta-
neously into the flank region of nude mice from a 1-cc tuberculin syringe
equipped with a 25-gauge needle. The tumors were allowed to grow for two
weeks before treatment was initiated. β-lapachone was delivered through
one or two injection sites in the tumor, depending on tumor size at the time
of injection. In the first in vivo studies, β-lapachone (50 µM) dissolved in
DMSO and sterile PBS (100 µL total volume) was delivered to the tumor
by means of a 25-gauge needle attached to a 1-cc tuberculin syringe. This
was defined as day 1 of the experiment. Control tumors received 100 µL of
sterile DMSO and PBS at the same time points. Despite the potency and
selectivity of β-lapachone in killing NQO1+ cancer cells in vitro, the low
water solubility of β-lapachone (0.04 mg/ml or 0.16 mM) limits its systemic
administration and clinical applications in vivo. Thus, in the second study,
the aqueous solubility of β-lapachone was achieved with the previously
described technique of binding β-lapachone inside the hydrophobic cavity
of cyclodextrin thereby increasing the drug solubility. The compound
formed, HPβ-CD, has been demonstrated to have in vitro antitumor effects
and a LD50 value of β-lapachone in HPβ-CD between 50–60 mg/kg
(unpublished data). In the second series of studies three groups of mice were
used consisting of 9–10 mice/group. Animals received HPβ-CD alone (50 mg/
kg IP/d x two weeks), β-lapachone (50 mg/kg IP every day for two weeks),
or β-lapachone (50 mg/kg IP twice a day, every day for two weeks).

Efficacy of β-Lapachone in Pancreatic Cancer Treatment
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After determining the results from the first two studies, a third separate
study was performed. Once again HPβ-CD was given in the controls but
injected intratumorally in 100 µL total volume. In the second and third
groups, β-lapachone (250 or 500 µM) dissolved in DMSO and sterile PBS
(100 µL total volume) was also given intratumoral. In the fourth and fifth
groups, β-lapachone complexed with HPβ-CD was given as a dose of
50 mg/kg or 75 mg/kg as an intratumoral dose. All injections in this group
of animals were given as a one-time dose.

Tumor size was measured every three days by means of a vernier caliper,
and tumor volume was estimated according to the following formula: tumor
volume = π/6 x L x W2, where L is the greatest dimension of the tumor, and
W is the dimension of the tumor in the perpendicular direction.18 When
the tumors reached a predetermined size of 10 x 10 mm, the animal was
sacrificed by CO2 asphyxiation. 

RESULTS
Tumor biological characteristics of β-lapachone treated cells. The in

vitro growth of MIA PaCa-2 pancreatic cancer cells was significantly slowed
after exposure to β-lapachone (Fig. 1A). MIA PaCa-2 cell doubling time

significantly increased with β-lapachone (2.5, 5, and 10 µM, four-hour
pulse), when compared to the parental cells. For example, 48 h after four-
hour pulses of β-lapachone treatments, cell numbers decreased approximately
80% with 2.5 µM β-lapachone and 85% with 10 µM β-lapachone com-
pared with the MIA PaCa-2 cells with no treatment (Fig. 1A).

To determine the effects of β-lapachone on malignant MIA PaCa-2
cancer cells in vitro, we examined anchorage-dependent growth, clonogenic
cell survival, and metabolic cell viability. To examine anchorage-dependent
growth, we performed a soft agar assay. Whereas malignant cells form
colonies in soft agar, normal cells do so infrequently. MIA PaCa-2 pancreatic
cancer cells treated with β-lapachone significantly reduced colony formation
(Fig. 1B). Soft agar plating efficiency was 0.73% ± 0.04 in the parental cells.
Colony formation was reduced with four-hour pulses of 5 µM β-lapachone
where the plating efficiency decreased to 0.48% ± 0.06, and maximally
reduced to 0.28% ± 0.03 with β-lapachone 10 µM (Means ± SEM, p < 0.05
β-lapachone treated vs. parental cells).

β-lapachone, a member of the naphthoquinone family, has been shown
to be a substrate for NQO1, entering a futile redox cycling of the compound,
wherein the quinone and hydroquinone form a redox cycle with a net
concomitant loss of reduced NAD(P)H.7 Thus, β-lapachone toxicity is
influenced by NQO1 expression and suppressing (using dicumarol) or elim-
inating (using deficient cells) the activity of this enzyme dramatically reduces
killing by this agent. NQO1 has been demonstrated to be elevated in both
pancreatic cancer specimens (10) and in pancreatic cancer cell lines.11

Treatment of MIA PaCa-2 pancreatic cancer cells with β-lapachone (2.5, 5,
10 µM) for four hours demonstrated a dose-dependent increase in cytotoxi-
city as measured by the clonogenic cell survival assay (Fig. 2A). In fact, at
5 µM and 10 µM, there were no colonies formed when 5,000 cells were
plated. Loss of clonogenic activity in breast, prostate and leukemic cells, was
previously demonstrated to be directly related to apoptotic-inducing ability
of this compound.6

We then determined the effects of β-lapachone when administered with
dicumarol, a compound that primarily inhibits NQO1, by competing with
NADH for the binding site of the oxidized NQO1 form.13

Coadministration of 50 µM dicumarol during a four hour pulse of β-lapa-
chone caused a significant enhancement in clonogenic cell survival in MIA
PaCa-2 cells (Fig. 2A). The cytoprotective effect of inhibiting NQO1 was
most dramatic at 10 µM β-lapachone, where dicumarol (50 µM) completely
reversed the cytotoxic effects of the drug (Fig. 2B). To confirm the effects of
dicumarol in reversing the cytotoxicity of β-lapachone seen in the clonogenic
cell survival assay, we determined cell metabolic viability using the MTT
assay. β-lapachone (at 5 and 10 µM, four-hour) significantly decreased
metabolic cell viability (Fig. 2C) compared to untreated cells. As with
survival, decreased metabolic cell viability induced by 10 µM, four-hour
β-lapachone exposure was reversed with coadministration of dicumarol 50 µM.

We then extended these studies to compare the relative toxicity of mena-
dione (2-methyl-1,4-naphthoquinone) to β-lapachone. Menadione has
previously been demonstrated to have cytotoxic effects to pancreatic cancer
cells in vitro when combined with dicumarol.19 MIA PaCa-2 cells were
treated with a four-hour pulse of drugs, and a clonogenic cell survival assay
was repeated. In contrast to what was observed with β-lapachone, dicumarol
enhanced the cytotoxic effects in MIA PaCa-2 cells treated with menadione
(10 and 20 µM) (Fig. 2D).

MIA-PaCa-2 cells were then transfected for four hours with 100 nM
siRNA- NQO1 or mock transfected (transfection media only). Cells were
cultured for an additional 48 h before harvesting and immunoblotting
demonstrated that NQO1 siRNA knocked-down NQO1 expression by
83% (Fig. 3A). Cells that were mock transfected or transfected with 100 nM
siRNA-NQO1 and cells treated with 10 µM β-lapachone ± 50 µM
dicumarol for 4 h were reseeded (Fig. 3B). Once again, β-lapachone (10 µM)
decreased relative percent survival, while the combination of β-lapachone
(10 µM) + dicumarol (50 µM) reversed the effects of β-lapachone alone.
Transfections with siRNA-NQO1 significantly reversed the effects of
β-lapachone alone, however not to the effect seen with dicumarol.

Efficacy of β-lapachone against established pancreatic tumor heterotopic
xenografts. In our initial examination of antitumor activity, β-lapachone was

Efficacy of β-Lapachone in Pancreatic Cancer Treatment

Figure 1. β-lapachone inhibits the in vitro pancreatic cancer malignant phe-
notype. (A) Cell growth. MIA PaCa-2 cells treated with β-lapachone (2.5, 5,
and 10 µM) demonstrate reductions in cell growth. Each point was deter-
mined in triplicate. * P< 0.001 vs MIA PaCa-2 cells that received vehicle
(controls). (B) Growth in soft agar. MIA PaCa-2 cells treated with β-lapachone
(5 and 10 µM) demonstrate reductions in soft agar plating efficiency. Mean
plating efficiency in soft agar of β-lapachone (0–10 µM) MIA PaCa-2 cells
are shown. Each determination was performed in triplicate. *P < 0.05 vs
0 µM β-lapachone.

A

B

                                                                                                                                            



dissolved in DMSO and given intratumorally (50 µM in 100 µL volume
x 1 dose) in preestablished pancreatic tumors in the flanks of nude mice.
Control mice were given equal volumes of saline in DMSO. Tumor volume
was compared amongst two groups using the data from days 1 thru 18 only.
For animals that died prior to day 18, the last tumor volume was carried
forward. To compare the treatment groups over time for tumor volume, the
linear mixed model analysis,20 assuming a compound symmetry covariance
structure for within subjects, was used. In the linear mixed model analysis,
a group was considered a fixed effect, and the day was considered a continuous
covariate. An interaction term between day and group was also included in
the model. Using day as a continuous covariate assumes that the mean
tumor volume is a linear function of days. In these analyses the linear
assumption seemed acceptable since the adjusted R2s were all at least 0.62
(controls: adjusted R2 = 0.94; β-lapachone 50 µM: adjusted R2 = 0.62). The
linear mixed model suggested that the interaction between day and group
was statistically significant (p = 0.0002), that is, there was an overall difference
among the groups in the slopes for tumor volume over time (Fig. 4A). The
estimates for the slopes by group are provided in Table 1. For example,
tumor volumes were significantly reduced from 517 ± 248 mm3 in controls
to 296 ± 271 mm3 in tumors after a single injection of β-lapachone 50 µM

(p < 0.001 vs controls, Means ± S.D.). Kaplan-Meier plots for survival of
animals with tumors receiving β-lapachone 50 µM indicated that there were
no significant differences in survival (Fig. 4B). Single injections of β-lapachone
(50 µM) in tumors had no effect on time to sacrifice when compared with
the control group (P = 0.10). These data suggested that β-lapachone dissolved
in DMSO had effects on tumor volumes initially, but did not influence
overall survival of tumor-bearing animals.

In the second study, β-lapachone was complexed with hydroxypropyl-
β-cyclodextrin (HPβ-CD) to increase the bioavailability of the drug as

Efficacy of β-Lapachone in Pancreatic Cancer Treatment

Figure 2. β-lapachone decreases clonogenic cell survival. (A) Clonogenic cell survival plating efficiency. MIA PaCa-2 cells treated with β-lapachone (0, 2.5,
5 and 10 µM) demonstrate reductions in plating efficiency. Mean plating efficiency of β-lapachone (0–10 µM) MIA PaCa-2 cells are shown. Each determi-
nation was performed in triplicate. Coadministration of 50 µM dicumarol during a 4-hour pulse of β-lapachone caused a significant enhancement in clonogenic
cell survival in MIA PaCa-2 cells Cotreatment of the cells with dicumarol 50 µM during β-lapachone pulse caused an increase in clonogenic cell survival in
MIA PaCa-2 cells, which was most notable at the 5 and 10 µM β-lapachone dose. The zero on the β-lapachone 5 and 10 µM + dicumarol 50 µM group
indicates that no colonies were formed when 5,000 cells were plated in the dishes. Means, N = 3. (B) Clonogenic cell survival. Dicumarol (50 µM)
completely reversed the cytotoxic effects of β-lapachone 10 µM. No colonies were formed when 5,000 cells were plated in dishes. (C) β-lapachone decreases
metabolic cell viability as measured by monotetrazolium (MTT) assay. The absorbance of MIA PaCa-2 cells treated with β-lapachone (5 and 10 µM) with
and without dicumarol 50 µM for four hours. β-lapachone treatment significantly decreases metabolic cell viability compared to untreated cells, while the
decrease in metabolic cell viability is reversed with coadministration of dicumarol 50 µM as determined by a microplate reader at 590 nm. Means ± SEM,
*P < 0.0001 vs 0 µM dicumarol, N = 6. (D) Dicumarol potentiates menadione-induced clonogenic cell death. A clonogenic assay was performed on
MIA-PaCa-2 cells treated with menadione (10–20 µM) for four hrs with and without dicumarol (50 µM). *P < 0.05 vs 0 µM menadione, means, N = 3.

Table 1 In vivo tumor volume slopes over time
for the data shown in Figure 4A

Group Slope (95% CI)

Control 21.8 (16.9–26.8)
β-lapachone 50 µM in 100 µl 7.4 (2.5–12.3)

A

B

C

D
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described in reference 22. Controls received HPβ-CD I.P. alone. Treatment
with β-lapachone 50 mg/kg intraperitoneal B.I.D. proved to be extremely
toxic. In the first week after the intratumoral dose of 100 mg/kg was given,
55% of the mice were dead. In the first 19 days of 50 mg/kg I.P. B.I.D.
treatment, only 33% of these mice were alive. None of these mice were
sacrificed due to large tumor size. Tumor volume was compared among the
three groups using the data from days 1 thru 19 only. For two mice from

the HPβCD control group, the tumor volume from day 8 was carried
through to days 15 and 19. To compare these treatment groups over time for
tumor volume, the linear mixed model analysis15 assuming an auto-regressive
order one covariance structure for within subjects was used. Based on
Akaike’s Information Criterion (AIC),21 the auto-regressive order one covari-
ance structure (AIC = 1325.1) was selected instead of compound symmetry
(AIC = 1349.1).

In the linear mixed model analysis, group was considered a fixed effect
and day was considered a continuous covariate. An interaction term between
day and group was also included in the model. Using day as a continuous
covariate assumes that the mean tumor volume is a linear function of days.
It turned out that the linear assumption was acceptable given that the adjusted
R2s were 0.80 or greater (HPβ-CD alone: R2 = 0.98; β-lapachone 50 mg/kg
IP x 2 weeks: adjusted R2 = 0.83, animals that received the BID dose were
excluded due to the toxicity and high mortality). The linear mixed model
suggested that the interaction between day and group was not statistically

Efficacy of β-Lapachone in Pancreatic Cancer Treatment

Figure 3. siRNA-NQO1 inhibits NQO1 protein expression and NQO1
mediated toxicity in Mia-PaCa pancreatic cancer cells. (A) MIA-PaCa-2
cells were transfected for four hours with 100 nM siRNA-NQO1 or mock
transfected (transfection media only). Cells were cultured for an additonal
48 h before harvesting. Immunoblotting was performed using an anti-
Human NQO1 antibody. Integrated densities of NQO1 siRNA and mock
transfected bands were determine by NIH Image software. NQO1 siRNA
knocked-down NQO1 expression by 83%. (B) MIA-PaCa-2 cells were mock
transfected or transfected with 100 nM siRNA-NQO1 for four hours and
reseeded after 48 h in 48 well dishes (20,000 cells/ml). Cells were treated with
10 µM β-lap ± 50 µM dicoumarol for four hours. Drug media were removed
and fresh drug free media were added, and cells were allowed to grow for
an additional four days. Relative DNA per well was assessed by Hoescht
33258 fluorescence, and relative percent survival (treated/control) was
graphed. Each bar represents the mean of three independent wells ± S.E.

Figure 4. (A) Single intratumoral injection of β-lapachone (50 µM dissolved
in DMSO injected in 100 µl volume) decreased MIA-PaCa-2 tumor growth
in nude mice when studied out to 28 days postinjection. The β-lapachone
treated group (50 µM) exhibited a 1.7-fold decrease in tumor growth over
no treatment (0 µM). Day 18: median tumor volume 517 mm3 in control
tumors vs 296 mm3 in tumors with one intratumoral injection of β-lapachone
(50 µM). Means, N = 4–6/group. (B) Intratumoral injections of β-lapachone
did not increase survival in pancreatic tumor xenografts. Kaplan-Meier plots
of estimated survival after injection of MIA PaCa-2 tumors in nude mice.
Single dose intratumor injections of β-lapachone (50 µM) did not result in
increased time to sacrifice when compared with control group (P = 0.10).

Table 2 In vivo tumor volume slopes over time
for the data shown in Figure 5A

Group Slope (95% CI)

HPβCD 50 mg/kg IP x 2 weeks 14.3 (9.1–19.4)
β-lapachone 50 mg/kg IP x 2 weeks 7.3 (1.9–12.8)

A

B

A

B

                                                  



significant (p = 0.19), that is, there was not an overall difference among
these groups in the slopes for tumor volume over time (Table 2). As demon-
strated in Figure 5A when comparing differences among groups for tumor
volumes, the group of mice that received β-lapachone 50 mg/kg IP every
day for 2 weeks had a slight, but not significant decrease in tumor volume
when studied out to day 19 (Means, N = 9 - 10/group, p = 0.07). For example
on day 19 of treatment, animals that received HPβ-CD alone had a mean
tumor volume of 327 ± 248 mm3, compared to animals that received
50 mg/kg IP every day for two weeks 210 ± 158 mm3 (Means ± S.D., p = 0.07).
In this set of studies, Kaplan-Meier plots to determine survival demonstrated
two major findings. First, β-lapachone given for a dose of 50 mg/kg I.P.
twice a day for two weeks was extremely toxic with nearly one-half of animals
dying during the treatment. Secondly, there were no differences among the
groups (Fig. 5B).

In the third study, β-lapachone was given as an intratumoral dose using
two different preparations. β-lapachone was dissolved in DMSO and given

as a 250 µM or 500 µM dose in 100 µl. In the other groups, β-lapachone
was complexed with HPβ-CD and given as an intratumoral dose of 50 mg/kg,
or 75 mg/kg. Controls once again received intratumoral injections of
HPβ-CD. Tumor volume was compared among the five groups using the
data from days one thru 29 only among animals that survived beyond the first
week of treatment. For the animals that died prior to day 29, the last tumor
volume was carried forward. This was done for two animals in the control
group 1 and one animal from the β-lapachone 250 µM. To compare the
treatment groups over time for tumor volume, the linear mixed model analysis20

was used assuming a compound symmetry covariance structure for within
subjects was used. Due to the number of time points and the small number
of subjects per group, the possible covariance structure was limited.
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Figure 5. (A) Systemic treatment of pancreatic tumors with β-lapachone
dissolved in HPβCD (50 mg/kg IP x two weeks) did not decrease
MIA-PaCa-2 tumor growth in nude mice when studied out to 29 days postin-
jection. The β-lapachone treated group (50 mg/kg IP every day for two
weeks) exhibited a 1.4-fold decrease in tumor growth over treatment with
HPβCD alone. Day 29: median tumor volume 433 mm3 in tumors treated
with HPβCD alone vs 306 mm3 in tumors treated with β-lapachone complexed
with HPβCD. P = 0.07, Means, N = 8/group. (B) Intraperitoneal injections
of β-lapachone did not increase survival in pancreatic tumor xenografts.
Kaplan-Meier plots of estimated survival after injection of MIA PaCa-2
tumors in nude mice. β-lapachone (50 mg/kg I.P., every day for two weeks
or 50 mg/kg I.P., twice a day for two weeks) did not result in increased time
to sacrifice when compared with control group (P = 0.10).

Figure 6. (A) Single intratumoral injections of β-lapachone (250 µM dissolved
in DMSO, 50 mg/kg complexed with HPβCD, and 75 mg/kg complexed
with HP βCD, all injected in 100 µl volume) decreased MIA-PaCa-2 tumor
growth in nude mice when studied out to 29 days postinjection. The β-lapa-
chone treated group (250 µM and 500 µM groups) exhibited a 1.3- and
1.2-fold decrease respectively in tumor growth over treatment with HPβCD
alone (P < 0.05 HPβCD vs β-lapachone 250 µM; P = 0.08 HPβCD vs
β-lapachone 500 µM). In the groups that received β-lapachone complexed
with HPβCD (50 mg/kg and 75 mg/kg) there was a 4.6- and 21-fold
decrease respectively in tumor growth over treatment with HPβCD alone
(P < 0.0001 HPβCD vs β-lapachone 50 mg/kg or 75 mg/kg). Means, N
= 8/group. (B) Single intratumoral injections of β-lapachone complexed
with HPβCD (50 mg/kg and 75 mg/kg) increased survival in pancreatic
tumor xenografts. Kaplan-Meier plots of estimated survival after injection of
MIA PaCa-2 tumors in nude mice. Single dose intratumor injections of β-lapa-
chone (50 mg/kg) or β-lapachone (75 mg/kg) result in increased time to
sacrifice when compared with animals receiving HPβCD (HPβCD vs β-lapa-
chone 50 mg/kg, P = 0.01; HPβCD vs β-lapachone 75 mg/kg, P = 0.006).
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In the linear mixed model analysis, group was considered a fixed effect
and day was considered a continuous covariate. An interaction term
between day and group was also included in the model. Using day as a
continuous covariate assumes that the mean tumor volume is a linear function
of days. The adjusted R2s were as follows: HPβ-CD: R2 = 0.97; β-lapachone
250 µM: R2 = 0.95; β-lapachone 500 µM: R2 = 0.90; β-lapachone 50 mg/kg:
R2 = 0.65; β-lapachone 75 mg/kg: R2 = 0.08. The R2 was low for the β-lapa-
chone 50 mg/kg group and the β-lapachone 75 mg/kg group suggesting the
linearity assumption may not be appropriate for these groups. The linear
mixed model suggested that the interaction between day and group was
statistical significant (p < 0.0001), that is, there appears to be a difference
among the groups in the slopes for tumor volume over time (Fig. 6A). The
estimates for the slopes by group are provided in Table 3. When compared
to controls, the animals that received β-lapachone 250 µM had decreased
tumor volume (p < 0.05) and a trend towards decreased tumor volume in the
higher dose of β-lapachone 500 µM (p = 0.08). When β-lapachone was
complexed with HPβ-CD, there were profound decreases in tumor size in
both the 50 mg/kg IT dose (p<0.0001) and the 75 mg/kg IT dose (p <
0.0001) when compared to controls. For example, on Day 22, animals that
received HPβ-CD alone had a tumor volume of 525 ± 390 mm3, compared
to tumor sizes of 77 ± 140 mm3 and 18 ± 32 mm3 in the β-lapachone 50 mg/kg
and 75 mg/kg groups, respectively (Means ± S.D.).

To determine survival, animals that died during the first week of treat-
ment were omitted from the analysis. This included three animals in the
group that received β-lapachone 50 mg/kg IT and five animals in the group
that received β-lapachone 75 mg/kg IT. Kaplan-Meier plots demonstrated
that animals receiving the β-lapachone dissolved in DMSO had no significant
changes in survival. However, animals with pancreatic tumor xenografts that
had intratumoral injections of β-lapachone complexed with HPβ-CD
treatment, had increased survival compared to controls in both the 50 mg/kg
IT dose (P = 0.01) and the 75 mg/kg IT dose (p = 0.006) (Fig. 6B). For
example, on day 50 of treatment, only 25% of animals that received HPβ-CD
were still alive, compared to 75% of the animals that received β-lapachone
50 mg/kg IT and 100% of the animals that received β-lapachone 75 mg/kg IT.

DISCUSSION
NAD(P)H:quinone oxidoreductase (NQO1) is an enzyme that

detoxifies quinones, protects against reactive oxygen species, and is
upregulated in both human pancreatic cancers and human pancreatic
cancer cell lines.10,11 Our study demonstrates that β-lapachone has
antitumor activity both in vitro and in vivo against human pancre-
atic cancer. In the presence of dicumarol, an inhibitor of NQO1,
β-lapachone demonstrated little cytotoxicity. When cells were treated
with menadione alone or without dicumarol the opposite was
found: MIA PaCa-2 cells were sensitized to the coadministration of
dicumarol with menadione. In human pancreatic tumor xenografts,
β-lapachone demonstrated greater tumor growth inhibition when
given intratumoral vs systemically; and greater tumor growth inhi-
bition when complexed with hydroxypropyl- β-cyclodextrin (HPβ-
CD) vs. dissolved in DMSO.

Our study correlates with other studies investigating the antitu-
mor effect of β-lapachone. Pink et al demonstrated that NQO1
enhanced the toxicity of β-lapachone in breast cancer cells that over-
express NQO1,7 while dicumarol also protected NQO1-expressing
cells from the toxic effects of β-lapachone. Biochemical studies
suggested that reduction of β-lapachone by NQO1 leads to a futile
cycling between the quinone and hydroquinone forms, with a loss of
reduced NAD(P)H. In addition, the activation of a cysteine protease,
which has characteristics consistent with the calcium-dependent
protease calpain, is observed after β-lapachone treatment.

Others have also found that β-lapachone has significant antitumor
activity. Li et al. demonstrated that the combination of taxol and
β-lapachone provided a synergistic induction of apoptosis in vitro,
while tumor growth in vivo was inhibited with β-lapachone combined
with taxol.23 For the in vivo study, β-lapachone was formulated in
Lipiodol to increase its solubility and then given systemically via
intraperitoneal injections.

Despite the efficacy of β-lapachone on in vitro cytotoxicity of
pancreatic cancer cells that we have demonstrated in our present
study, effective delivery of this drug has been a barrier in evaluating
its clinical efficacy. Since β-lapachone is unstable in the blood and
gut of animals22 and the fact that the drug is soluble in water at a
maximum concentration of 16 µM, makes β-lapachone difficult to
use by conventional means of drug administration. Our study
demonstrates that when dissolved in DMSO and then given as an
intratumoral injection, β-lapachone inhibits tumor growth.
However, when β-lapachone is complexed with HPβ-CD, tumor
growth is dramatically decreased when given intratumorally. HPβ-
CD is formed by covalent modification of the external hydroxyl groups
on β-CD by hydroxylpropyl groups. The modification significantly
increases the solubility limit of HPβ-CD by a factor of 22.22 When
given systemically via intraperitoneal injections, β-lapachone had a
slight, but not significant effect in inhibiting tumor growth. However,
the toxicity was increased when doses were given twice a day result-
ing in 2/3rds of the mice dying during or soon after the treatment.
Clearly complexation of β-lapachone with HPβ-CD increases the
bioavailability, efficacy, and toxicity of this active antipancreatic
cancer agent. Future studies to improve solubility with decreased
toxicity are warranted.

Adenocarincoma of the pancreas is resistant to almost all classes
of chemotherapeutic drugs. Currently, the only active agent appears
to be the DNA chain terminator gemcitabine (2',2'-diflurodeoxycy-
tidine), which results in an response rate of less than 20%.24 Even
after curative resection, the 5-year survival rates achieved at special-
ized centers are less than 20% and the majority of patients die of
metastatic cancer recurrence.2 Other adjuvant treatments such as
radiation therapy and chemotherapy have not improved long-term
survival after resection. Thus, novel treatment strategies directed
against this devastating malignancy are greatly needed.
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