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Cellular causes of resistance and limited drug distribution within solid tumors

limit therapeutic efficacy of anticancer drugs. Acidic endosomes in cancer cells

mediate autophagy, which facilitates survival of stressed cells, and may con-

tribute to drug resistance. Basic drugs (e.g. doxorubicin) are sequestered in acidic

endosomes, thereby diverting drugs from their target DNA and decreasing pene-

tration to distal cells. Proton pump inhibitors (PPIs) may raise endosomal pH, with

potential to improve drug efficacy and distribution in solid tumors. We deter-

mined the effects of the PPI lansoprazole to modify the activity of doxorubicin.

To gain insight into its mechanisms, we studied the effects of lansoprazole on

endosomal pH, and on the spatial distribution of doxorubicin, and of biomarkers

reflecting its activity, using in vitro and murine models. Lansoprazole showed

concentration-dependent effects to raise endosomal pH and to inhibit endosomal

sequestration of doxorubicin in cultured tumor cells. Lansoprazole was not toxic

to cancer cells but potentiated the cytotoxicity of doxorubicin and enhanced its

penetration through multilayered cell cultures. In solid tumors, lansoprazole

improved the distribution of doxorubicin but also increased expression of

biomarkers of drug activity throughout the tumor. Combined treatment with lan-

soprazole and doxorubicin was more effective in delaying tumor growth as com-

pared to either agent alone. Together, lansoprazole enhances the therapeutic

effects of doxorubicin both by improving its distribution and increasing its activ-

ity in solid tumors. Use of PPIs to improve drug distribution and to inhibit autop-

hagy represents a promising strategy to enhance the effectiveness of anticancer

drugs in solid tumors.

T he development of intrinsic or acquired drug resistance
remains the major obstacle to clinical efficacy of cancer

chemotherapy. Mechanistic studies of poor responsiveness of
tumor cells to cytotoxic agents have hitherto concentrated on a
multitude of molecular changes occurring in individual cells
with emphasis on stable genetic changes that may be induced
or selected for by therapy.(1) Anticancer drugs access solid
tumors through the blood stream and must penetrate through
multiple cell layers of the extravascular space in order to reach
all of the target tumor cells. An essential but rather under-stud-
ied factor that may jeopardize the effectiveness of anticancer
drugs (including molecular targeted agents) against solid
tumors is the limited capability of drugs to localize to all con-
stituent tumor cells in sufficient concentrations to induce
lethality; if drugs only reach a proportion of their target cells
in low concentration, their overall effects will be compro-
mised, regardless of their mode of action or potency.(2) Accu-
mulating evidence has indicated limited perivascular
distribution of the auto-fluorescent anticancer drugs doxoru-
bicin, mitoxantrone, and topotecan in solid tumors, in contrast
to uniform distribution in most normal tissues other than
brain.(3,4) We have also used markers of DNA damage and

apoptosis to show that a panel of other clinically used anti-
cancer drugs, including docetaxel and melphalan, display lim-
ited spatial distribution from tumor blood vessels.(5)

Inadequate drug delivery through tumor tissues results in pref-
erential killing of cells adjacent to patent blood vessels both as
a consequence of exposure to higher concentrations of cyto-
toxic agents, but also because these cells proliferate rapidly
and are therefore sensitive to most anticancer drugs. In con-
trast, there is limited activity against slower-proliferating cells
residing far away from the vasculature that receive little or no
drug exposure.(6,7) Slowly proliferating distal cells are likely to
survive and repopulate the tumor following chemotherapy
treatment.(8)

Irregularly organized vascular architecture and lack of lym-
phatic drainage in solid tumors leads to formation of regions
with deficiency in the supply of oxygen and nutrients as well
as build-up of abundant metabolic breakdown by-products, pre-
dominantly lactic and carbonic acid, establishing an acidic
extracellular microenvironment (pHe 6.5–6.9).(9) When weakly
basic anticancer drugs encounter an acidic extracellular milieu,
they are quickly ionized and converted into positively charged
protonated species; this attenuates cellular uptake because
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charged forms are relatively membrane impermeant.(10) Even
if basic compounds diffuse through the cell membrane, seques-
tration and accumulation within acidic vesicles (e.g. recycling
endosomes and lysosomes) will occur, leaving a small fraction
of drugs available to attack nuclear DNA and exert antitumor
effects.(11)

The pH gradients in cancer cells are finely controlled by dif-
ferent ion ⁄proton pumps including the vacuolar-type H+-
ATPase (V-ATPase), whose elevated expression is positively
linked with metastatic potential and multiple drug resistance
(MDR) in multiple tumor types.(12,13) The V-ATPases shuttle
free protons across the membranes of a wide array of cytoplas-
mic compartments and are critical for the regulation and main-
tenance of endosomal pH.(14) A class of H+ ⁄K+-ATPase
inhibitors known as proton pump inhibitors (PPIs) hinders
acidification of parietal cells in the wall of the stomach and
these drugs are used widely as first-line treatment of peptic
diseases. These pro-drugs also inhibit the action of V-ATPases,
although higher concentrations are required than to inhibit gas-
tric acid secretion.(15) Proton pump inhibitors accumulate
selectively in acidic spaces and have been shown to raise both
extracellular pH and the pH of acidic organelles by blocking
the formation and outward flux of H+.(16) Pretreatment with
PPIs may alter intracellular drug distribution by attenuating the
trapping of weak bases in acidic organelles, which will allow
more drugs both to enter the nucleus and cause cytotoxicity,
and to exit the cell and penetrate to more distant cells from
vasculature. Because of their effects to raise endosomal pH,
PPIs also inhibit autophagy, a process that may facilitate sur-
vival of stressed or damaged cells through recycling of cellular
molecules that are broken down within the acidic compart-
ments of cells.(17,18) Investigations from our and other labora-
tories indicate that induction of autophagy is a mechanism of
resistance to anticancer drugs that can be suppressed by PPIs
and other agents to improve therapeutic efficacy.(18–21)

We postulate that manipulation of pH within the extracellu-
lar space and within intracellular organelles of tumor cells
may have considerable potential to improve the outcome of
some chemotherapeutic drugs for solid tumors by improving
drug distribution. Our laboratory and others have shown that
the PPIs omeprazole, esomeprazole, and pantoprazole were
able to improve drug penetration, enhance effectiveness of
chemotherapy, and restore drug sensitivity in in vitro and
in vivo models, although there is uncertainty about their major
mechanism(s) of action.(18,22–25) In the present study, we inves-
tigate the impact of the PPI lansoprazole on endosomal acidity,
cytotoxicity, and penetration of the weakly basic drug doxoru-
bicin using in vitro models of dispersed cells and multilayered
cell cultures (MCC). To obtain further insight into mechanisms
operative in solid tumors, we use quantitative immunohisto-
chemistry to determine the influence of lansoprazole both to
modify the spatial distribution of doxorubicin (evaluated by its
auto-fluorescence) and of biomarkers (cH2AX and cleaved
caspase-3 or -6) that reflect cytotoxic activity.

Materials and Methods

Drugs and reagents. Doxorubicin (Pharmacia, Missisauga,
ON, Canada) was obtained from the Princess Margaret Cancer
Centre (Toronto, Canada) pharmacy as a solution at a concentra-
tion of 2 mg ⁄mL. Lansoprazole was purchased from Sigma (St.
Louis, MO, USA) as a dry powder, dissolved in 100% ethanol
and diluted with 0.9% saline to the appropriate concentrations
immediately before administration. DiOC7 was purchased from

AnaSpec (San Jose, CA, USA) and a stock solution (2.5 mg
⁄mL) was made by dissolving in DMSO. The stock was 1:10
diluted in PBS and 10% Solutol HS 15 (BASF, Ludwigshafen,
Germany) shortly prior to use. Rabbit anti-human cH2AX and
cleaved caspase-3 antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Rabbit anti-human
cleaved caspase-6 antibody was purchased from Novus Biologi-
cals (Oakville, ON, Canada). Cy3-conjugated goat anti-rabbit
IgG secondary antibody was purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA).

Cell culture and tumor models. Mouse mammary carcinoma
EMT6 cells were provided by Dr. Peter Twentyman (Medical
Research Council, Cambridge, UK) and human mammary ade-
nocarcinoma MCF7 cells were purchased from ATCC (Manas-
sas, VA, USA). These two cell lines were chosen because they
represent two different species and their properties allow
reproducible growth of MCC with uniform thickness.(26) Both
cell lines were maintained as monolayers in a-MEM media
supplemented with 10% FBS (HyClone, Logan, UT, USA) and
antibiotics at 37°C in a humidified atmosphere of 95% air and
5% CO2. Routine tests to exclude mycoplasma and character-
ize the origin of cells (short tandem repeat analysis) were car-
ried out every 6 months. All in vitro experiments were carried
out using exponentially growing cells and were repeated at
least twice in triplicate.
To generate MCF7 xenografts, 4–6-week-old female athymic

nude mice (Jackson Laboratory, Bar Harbor, ME, USA) with
implanted 17b-estradiol tablets (60 day release; Innovative
Research of America, Sarasota, FL, USA) in the dorsal inter-
scapular region were injected s.c. in both flanks with 5 9 106

MCF7 cells per side. To generate EMT6 tumors, female syn-
geneic Balb ⁄C mice were injected with 1 9 106 EMT6 cells.
Mice were acclimatized in the animal colony under specific
pathogen-free conditions for 1 week before experimentation
and received filtered water and sterile rodent food ad libitum.
There were five to six mice per treatment group (~10–12
tumors) and each experiment was repeated twice. All proce-
dures were carried out following approval of the Institutional
Animal Care Committee in accordance with the Canadian
Council on Animal Care guidelines.

Measurement of endosomal pH. Briefly, 1 9 106 EMT6 and
MCF7 cells were exposed to various doses of lansoprazole in the
presence or absence of doxorubicin (1.8 lM). Cells were subse-
quently incubated for 3 h with fresh media containing dextran–
fluorescein–tetramethylrhodamine 10 000 MW, anionic (FITC
⁄TMR-dextran; Molecular Probes, Eugene, OR, USA), which
was taken up into endosomes, followed by culture in media for
2 h. Changes in endosomal pH were determined by measuring
fluorescence on a Beckman Coulter Mississauga, ON, Canada)
EPICS Elite flow cytometer equipped with an argon–ion laser
emitting at 488 nm. The argon laser was adopted to excite FITC
and TMR with emission at the wavelength of 525 nm (pH-de-
pendent) and 575 nm (pH-independent), respectively. Calibra-
tion of fluorescence measurements was carried out using a
standard curve generated by the fluorescence spectrum of the
ionophore nigericin (Sigma) in buffers with known pH values,
as described previously.(23) A standard curve representing the
relationship between FITC fluorescence emission ratio and pH
was established. The mean fluorescence intensity was calculated
for each sample and the auto-fluorescence from unlabeled con-
trols was subtracted. At least 10 000 events were acquired and
analyzed per sample.

Distribution of doxorubicin in cells. In brief, EMT6 and
MCF7 cells seeded on chambered cover glass slides were
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pretreated with 500 lM lansoprazole for 2 h, followed by
incubation for 1 h in media containing 3.6 lM doxorubicin
for 2 h. After washing three times with PBS, intracellular
doxorubicin fluorescent signals were visualized by using a
Zeiss (Oberkochen, Germany) Axiovert 200M fluorescence
inverted microscope and were captured with a Roper Scien-
tific (Tucson, AZ, USA) CoolSnap HQ charge-coupled device
camera. Doxorubicin fluorescence was excited with an argon
laser at 514 nm and the emission was collected at 488 nm.

Colony-forming assay. Single cell suspensions were treated in
glass polyshell vials with desired final concentrations of lanso-
prazole ranging from 100 lM to 1 mM alone or in combina-
tion with 1.8 lM doxorubicin. The vials were incubated in a
water bath at 37°C, magnetically stirred, and gassed with 95%
air and 5% CO2. Samples were removed as a function of time
up to 5 h later, centrifuged, suspended in fresh media, and
seeded in serial dilutions in six-well plates. After 10 days of
incubation, cells were fixed with 4% paraformaldehyde and
stained with methylene blue and colonies consisting of >50
cells were counted. Clonogenic survival was expressed as the
ratio of the plating efficiencies (total colony number ⁄ cells pla-
ted) of treated to untreated cells and was plotted using a loga-
rithmic scale against drug concentration.

Doxorubicin penetration in MCCs. Approximately 2 9 105

EMT6 or MCF7 cells were seeded on collagen-coated microp-
orous Teflon membranes of culture plate inserts (Millipore
Billerica, MA, USA) and given 6 h to attach to the membrane.
The membranes were submerged in a large reservoir of stirred
a-MEM media to allow feeding from both sides of the mem-
brane and incubated at 37°C for periods of ~6–8 days; this
resulted in the formation of MCCs composed of ~5 9 106

cells. The MCCs were examined under a light microscope to
ensure uniform thickness (~150�200 lm) prior to use in
experiments. The MCCs were incubated in either media alone
or media containing 250 lM lansoprazole for 2 h. Solutions
containing 3.6 lM doxorubicin were prepared in FBS-free
media and mixed well with 1% agar in a 1:1 ratio. Agar pre-
vents convective motion from influencing penetration proper-
ties but does not inhibit drug transport. A volume of 0.5 mL
drug solution was added to one side of MCCs. The membranes
were floated in glass polyshell vials containing fresh media
and incubated at 37°C in an atmosphere of 95% air and 5%
CO2. After exposure to doxorubicin for 1 h, MCCs were
removed and snap-frozen in liquid nitrogen and 10-lm sec-
tions were imaged using an Olympus (Tokyo, Japan) Upright
BX50 microscope and a 100-W HBO mercury light source
equipped with 530–560 nm excitation and 573–647 nm emis-
sion wavelength filter sets.
We used immunohistochemistry to investigate the spatial

penetration of doxorubicin through MCCs over time. We first
converted the top layer of each MCC into an 8-bit (255 arbi-
trary units) white binary image with a defined intensity of 255.
Next, each image was overlaid with the corresponding field of
view displaying drug intensity, resulting in an 8-bit black and
white image with the drug source identified by an intensity of
255 (white) and drug fluorescence as a gray-scale ranging from
0 to 254 units. Areas of interest were selected from each sec-
tion and were on average 1600 9 1600 lm (0.4 lm2 ⁄pixel).
Areas of necrosis and staining artifact were excluded. To mini-
mize noise from auto-fluorescence, a minimal threshold for
detection was determined for each MCC. The pixel intensity
and distance to the drug source for all pixels within each area
of interest above the threshold were assessed with a sophisti-
cated algorithm as previously described.(3) Doxorubicin fluo-

rescence intensity relative to background was averaged over
all pixels at any given distance from the drug source and plot-
ted as a function of that distance.

Imaging and quantification of doxorubicin distribution in solid

tumors. Animals with EMT6 or MCF7 s.c. tumors were treated
with saline, doxorubicin alone, or lansoprazole before doxoru-
bicin once tumors reached a diameter of 8–12 mm. Doxoru-
bicin was given as a single i.v. injection (25 mg ⁄kg) to
facilitate detection and quantification of its auto-fluorescence.
Lansoprazole (200 mg ⁄kg) was given i.p. 2 h before doxoru-
bicin treatment. The perfusion marker DiOC7 (1 mg ⁄kg) was
injected i.v. 1 min prior to tumor extraction to allow visualiza-
tion of functional blood vessels. Mice were killed 10 min after
doxorubicin injection because it was documented that doxoru-
bicin is maximally distributed in solid tumors between 10 min
and 3 h after injection.(3) The removed tumors were immedi-
ately embedded into Tissue-Tek OCT (Sakura Finetek, Tor-
rance, CA, USA), snap-frozen in liquid nitrogen and stored at
�80°C prior to tissue sectioning. For each tumor, 10-lm cryo-
stat sections were cut at three different levels approximately
100 lm apart and mounted on slides. A minimum of 10
tumors was analyzed per treatment group.
Doxorubicin and DiOC7 fluorescence was detected using an

Olympus Upright BX50 microscope camera. Signals were
recorded with a Photometrics (Tucson, AZ, USA) CoolSNAP
HQ2 camera using the Cy3 (530–560 nm excitation ⁄ 573–
647 nm emission) and FITC (490 nm excitation ⁄ 525 nm emis-
sion) filter sets. Images were tiled using an automated stage to
ensure that the distribution of doxorubicin was analyzed for
the whole tissue section. Composite images were generated by
overlaying those for doxorubicin and blood vessels using
Media Cybernetics Image Pro Plus Software (version 6.0; Sil-
ver Spring, MD, USA). Doxorubicin staining was converted to
an 8-bit gray-scale with fluorescence intensities ranging from 1
to 254, while images displaying DiOC7 staining were con-
verted to an 8-bit (255 arbitrary units) black and white binary
image so that blood vessels were represented by an intensity
of 255. Tumor edges, regions of necrosis, and any artifacts
due to processing were excluded from analysis. Background
fluorescence, representing the lowest fluorescence intensity
within the tumor tissue in each experiment, was subtracted.
Quantitative analysis of overlayed images was carried out as
noted earlier for MCCs and as per our previous study(3) by
applying a customized algorithm to generate drug-intensity dis-
tributions in relation to distance from the nearest blood vessel.
A cut-off of 60 lm was used to minimize interference from
neighboring blood vessels that are out of the plane of the
section.

Imaging and quantitative analysis of biomarker distributions in

solid tumors. Tumor sections were first imaged for DiOC7
using an FITC filter set. Subsequently, tissue sections were
washed, blocked, and stained for biomarkers of drug effect
(DNA damage marker, cH2AX; markers of apoptosis, cleaved
caspase-3 or caspase-6) with appropriate antibodies and
imaged using the Cy3 filter set. As MCF7 cells have a 47-bp
deletion within the exon 3 of caspase-3,(27) we chose to study
the expression of cleaved caspase-6 that processes caspase-8
and caspase-10 to trigger apoptosis. cH2AX was expressed
within 10 min after exposure to drugs, and activated caspase-3
or caspase-6 at 24 h after treatment.(5) A novel protocol was
used to quantitatively analyze composite images consisting of
the vascular distance map and biomarker signals.(28) Briefly,
binarized DIOC7 images were first built and applied to create
a distance map such that each pixel is represented by its
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distance to the nearest functional blood vessel in the section.
Biomarker distributions were then evaluated by generating bin-
ary masks that were combined with the blood vessel distance
map using a pixel-by-pixel logical “AND” function to form an
overlaid image with distance measurements corresponding only
to biomarker-positive pixels. A minimum threshold for detec-
tion was determined for each section according to average
background readings from unstained regions. Data were pre-
sented graphically as the mean frequency of biomarker-positive
pixels at each distance from the nearest blood vessel in the
section. A cut-off of 60 lm was used to minimize noise from
neighboring blood vessels.

Growth delay experiments. Mice with s.c. EMT6 tumors or
MCF7 xenografts in both flanks were randomly divided into
four groups of five to six mice each and drug treatment com-
menced when the average tumor diameter was in the range of
5–8 mm. Animals were treated with multiple doses of either
saline, doxorubicin alone (6 mg ⁄kg i.v.), lansoprazole alone
(150 mg ⁄kg i.p.), or lansoprazole 2 h before doxorubicin
weekly for a total of 3 consecutive weeks. Every 2–3 days,
two perpendicular diameters of tumors were measured using
calipers and body weight was also determined to record possi-
ble toxicity due to treatments. Tumor volume (V) was esti-
mated by the following formula: V = A 9 B2 ⁄ 2, wherein A
and B are the longest and the shortest diameters, respectively.
Measurements were carried out until tumors reached a maxi-
mum diameter of 1.2 cm or began to ulcerate, when mice were
killed humanely. All mice were coded using ear tags and ran-
domized to avoid bias in measurements. Due to the fast-grow-
ing nature of EMT6 cells in vivo, growth delay studies in
these tumors had to be completed within 2 weeks in order to
prevent ulceration and overgrown tumors.

Statistical analysis. All data quantification and statistical anal-
yses were carried out with SPSS 13.0 software (SPSS, Chicago,
IL, USA). A one-way ANOVA, followed by Tukey’s post-hoc
test, was done to determine statistical differences between
experimental groups. Data are presented as the mean � SEM
and all experiments were independently repeated at least twice
in triplicate. P-values < 0.05 were considered statistically sig-
nificant.

Results

Lansoprazole increased endosomal pH and impacted on

doxorubicin uptake in breast tumor cells. As depicted in
Figure 1(a), lansoprazole treatment led to a concentration-de-
pendent increase in endosomal pH in both EMT6 and MCF7
cells; elevation in endosomal pH was consistently observed in
the two cell lines with concentrations of lansoprazole above
250 lM. Exposure to 1 mM lansoprazole raised endosomal pH
in EMT6 and MCF7 cells by a maximum of approximately 1–
2 pH units (Fig. 1a). Photomicrographs of fluorescence in
MCF7 and EMT6 cells exposed to doxorubicin alone show
that doxorubicin was not only localized in the nucleus, where
it is known to intercalate with nuclear DNA and induce DNA
damage, but also was sequestered in a punctate pattern in the
cytoplasm (Fig. 1b, panels i,iii, arrows). In contrast, treatment
with lansoprazole (500 lM) lowered the amount of doxoru-
bicin fluorescence present in the perinuclear acidic compart-
ments to undetectable levels, whereas it was retained within
the nucleus (Fig. 1b, panels ii,iv).

Lansoprazole enhanced cytotoxicity of doxorubicin

in vitro. We examined whether lansoprazole pretreatment could
sensitize cultured EMT6 and MCF7 cells to doxorubicin using

a colony-forming assay. Exposure of EMT6 cells to lansopra-
zole at concentrations of 100 lM, 250 lM, and 500 lM for
up to 5 h was not cytotoxic to cells (Fig. 2a). However, there
was a marked decrease in cell survival when cells were treated
with lansoprazole at the highest dose of 1 mM. Similar cyto-
toxic effects were also observed following exposure of MCF7
cells to lansoprazole at different time points (Fig. 2b). When
given in combination with 1.8 lM doxorubicin, lansoprazole
at concentrations ≥100 lM significantly increased the cytotoxi-
city of doxorubicin in a dose-dependent manner for both
EMT6 and MCF7 cells as compared to doxorubicin alone
(P < 0.05; Fig. 2c,d).

Lansoprazole pretreatment enhanced doxorubicin penetration

through MCCs. We next tested whether lansoprazole enables
drugs to have improved penetration through tumor tissue using
the MCC model. This model allows tumor cells to be grown
in culture with many properties reflecting tumors in vivo,
including desmosomes between cells, generation of ECM com-
ponents, gradients of nutrient concentration, and cell prolifera-
tion, and provides a simple and direct means for quantification
of drug transport through a tissue-like environment.(29) In
EMT6- and MCF7-derived MCCs exposed only to doxorubicin,
doxorubicin fluorescence was predominantly accumulated in

Fig. 1. (a) Relationship between endosomal pH and lansoprazole
concentration in EMT6 and MCF7 cells. Data are presented as
mean � SEM. (b) Lansoprazole (Lanso) pretreatment prevented accu-
mulation of doxorubicin (Dox) into acidic compartments and modified
its intracellular localization. Fluorescent micrographs showing EMT6
and MCF7 cells treated with 3.6 lM doxorubicin (ii, iv) and 500 lM
lansoprazole 2 h before doxorubicin. Arrows indicate doxorubicin in
cytoplasmic organelles. Scale bar = 20 lm.
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superficial layers at the edge of MCCs at 2 h after application of
the drug (Fig. 3a,b), while cells situated at deeper layers from
the drug source appeared to have minimal drug uptake. When
MCCs were pretreated with 250 lM lansoprazole, there was a
marked increase in doxorubicin penetration in MCCs grown
from both tumor types and doxorubicin fluorescence was detect-
able in cells more distal from the source of drug as compared to
controls (Fig. 3c,d). This was supported by quantitative analysis
of doxorubicin fluorescence as a function of depth in the MCCs
(Fig. 3e,f).

Treatment with lansoprazole improved doxorubicin distribu-

tion in tumors. The potential effects of lansoprazole to modify
doxorubicin distribution in relation to functional blood vessels
were evaluated in transplanted tumors derived from EMT6 and
MCF7 cells. Ten minutes after injection, distribution of dox-
orubicin in EMT6 and MCF7 tumors treated with doxorubicin
alone was poor and was limited to perivascular regions; there
was a rapid decline in doxorubicin fluorescence intensity with
increasing distance from blood vessels (Fig. 4a,d). Pretreat-
ment with lansoprazole led to a substantial increase in doxoru-
bicin fluorescence, particularly in areas situated distant from
blood vessels, in both EMT6 and MCF7 tumors compared with
those exposed to doxorubicin alone (Fig. 4b,e). Quantification
of the doxorubicin distribution at 10 min after injection
showed steep gradients of reducing doxorubicin fluorescence
relative to distance from the nearest functional blood vessel in

all tumors (Fig. 4c,f). A significantly shallower gradient of
reducing doxorubicin intensity was identified in EMT6 tumors
pretreated with lansoprazole when compared with tumors trea-
ted with doxorubicin alone (P < 0.05; Fig. 4c). A similar trend
was also seen in MCF7 tumors pretreated with lansoprazole
compared to those in the doxorubicin only group, although the
difference in drug distribution between the two treatment
groups was not statistically significant (Fig. 4f).

Lansoprazole pretreatment improved distribution of pharmaco-

dynamic biomarkers in tumor sections. The distribution of activ-
ity of neoplastic agents depends not only on the distribution of
native drugs, but also on that of active metabolites and on the
distribution of cellular sensitivity to them. We therefore also
evaluated the spatial distribution of pharmacodynamic markers
of drug effect in relation to the nearest patent functional blood
vessel in the tumors. As shown in Figures 5 and S1, treatment
with saline or lansoprazole alone did not lead to activation of
biomarkers. In EMT6 tumors and MCF7 xenografts treated
with doxorubicin alone, expression of molecular markers was
increased in all regions compared to those treated with saline
and lansoprazole alone (P < 0.05; Figs 5,S1). Moreover, distri-
butions of induced cH2AX at 10 min as well as cleaved cas-
pase-3 or -6 at 24 h following treatment were largely restricted
to regions adjacent to blood vessels and their expression
declined with increasing distance from blood vessels, mirroring
quite closely the distribution pattern of doxorubicin (Fig. 4).

Fig. 2. Effect of Lansoprazole alone (a, b) or with doxorubicin (c, d) on the cytotoxicity for EMT6 (a, c) and MCF7 (b, d) cells as determined by
a clonogenic survival assay. Data are presented as the mean � SEM.
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Treatment of the two types of tumor with lansoprazole and
doxorubicin produced the most profound effects on the
biomarkers throughout tumor sections as compared to other
treatment groups (P < 0.05). A significant increase in DNA
damage and apoptosis was observed in regions both proximal
and distal to blood vessels in the combination group compared
to chemotherapy alone (Figs 5,S1), suggesting that lansopra-
zole pretreatment promoted both tumor cell sensitivity to dox-
orubicin and the spatial distribution of drug activity in solid
tumors.

Lansoprazole pretreament inhibited tumor growth

in vivo. Mice treated with saline or lansoprazole alone (up to
250 mg ⁄kg i.p.) once weekly for 3 weeks showed a minimal
increase in body weight over the period of >21 days. Doxoru-
bicin treatment alone (6 mg ⁄ kg i.v.) exerted no significant
influence on body weight. Animals treated with 100 mg ⁄kg
lansoprazole followed by doxorubicin once a week for 3 weeks
had a temporary loss of body weight by ~5–8% within the first
week of treatment, followed by a rapid regain of their original
body weight. Combined treatment with lansoprazole and dox-
orubicin resulted in an average of ~11% decrease in body
weight when lansoprazole was given at 150 mg ⁄kg (data not
shown). Combined treatment with doxorubicin and lansopra-
zole at doses of 200 mg ⁄kg and higher led to a continual loss
in body weight over the course of treatment. Therefore,

150 mg ⁄kg was chosen as the maximum tolerated dose when
given together with doxorubicin. All animals remained active
and alive throughout the experiments.
Lansoprazole alone showed minimal effects on slowing

growth of EMT6 and MCF7 tumors in vivo compared to the
control arm treated with saline (Fig. 6). Doxorubicin treatment
alone resulted in modest growth delay of tumors, whereas mul-
tiple doses of lansoprazole and doxorubicin led to the greatest
delay in the growth of both EMT6 and MCF7 tumors in com-
parison with control, lansoprazole, and doxorubicin alone treat-
ment groups (Fig. 6). The difference was statistically
significant between the lansoprazole plus doxorubicin arm and
other individual groups (P < 0.05). Compared to MCF7 xeno-
grafts growth of EMT6-derived tumors was delayed to a lesser
extent with combined lansoprazole and doxorubicin treatment,
probably because of their rapid growth (Fig. 6).

Discussion

The tumor microenvironment is as an integral part of tumor
development and many hallmarks of cancer are influenced by
stromal components. The acidic microenvironment in solid
tumors occurs because of production of lactic and carbonic
acids, due to poor vascular perfusion and to high rates of gly-
colysis and is closely intertwined with tumor initiation and

Fig. 3. Penetration of doxorubicin (Dox) through multilayered cell cultures (MCCs) generated from EMT6 (a, c) and MCF7 (b, d) cells with and
without lansoprazole (Lanso) pretreatment. Note the increased doxorubicin (Dox) fluorescence in regions more distal from the source of drug in
MCCs that were pretreated with 250 lM lansoprazole (c, d) compared to controls (a, b) at 2 h following drug exposure (3.6 lM doxorubicin). (e,
f) Quantitative analysis of doxorubicin as a function of distance from the drug source in EMT6- and MCF7-derived MCCs pretreated with lanso-
prazole in comparison with controls. Doxorubicin fluorescence intensity was quantified at 2 h after the drug was given as a function of the
depth from the top of MCCs. Data are presented as the mean � SEM. Scale bar = 100 lm.
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progression; it is also associated with resistance to some anti-
cancer drugs.(30) The pH gradient between the cytoplasm and
the acidic extracellular space hampers transport of basic drugs
into cancer cells, and may also increase elimination of anti-
cancer drugs, such as cisplatin, into the extracellular space by
exosomes.(31,32) Once inside tumor cells, sequestration of basic
drugs will occur in acidic organelles such as endosomes,
thereby inhibiting their access to their molecular target (usu-
ally DNA), and limiting drug available for penetration to
tumor cells distant from blood vessels. All of these effects
may diminish responsiveness of solid tumors to cytotoxic ther-
apy. Acidic endosomes are also important intermediaries in the
process of autophagy, which is tightly regulated by autophagy-
related genes and their associated enzymes.(33) Most evidence
suggests that autophagy is a protective and adaptive mecha-
nism, which favors cell survival through degrading and recy-
cling cellular components under stressed conditions (e.g. acidic
or hypoxic stress), although autophagy might promote cell
death in some tumors.(34) There is emerging evidence that
upregulation of autophagy may occur following various types
of cancer therapy, and that autophagy may be associated with
resistance to multiple anticancer drugs.(19–21) Acidification of
intracellular compartments in tumor cells is amenable to
manipulation by PPIs and other drugs, which might improve
the therapeutic index by inhibiting the accumulation of basic
cytotoxic agents in acidic vesicles and thereby improving their
intratumor distribution, and ⁄ or by inhibiting autophagy.
Some PPIs have shown toxicity for cultured tumor cells,

while several studies (including the present investigation) have

indicated their promising activity to enhance sensitivity to anti-
cancer drugs.(16,30,35) For example, lansoprazole pretreatment
sensitized human melanoma cells to suboptimal doses of pacli-
taxel and combined treatment had a significantly greater effi-
cacy against metastatic melanoma cells, as compared to either
drug alone, both in vitro and in vivo.(36) Esomeprazole induced
rapid death of melanoma and osteosarcoma cells through a
caspase-dependent pathway involving early accumulation of
reactive oxygen species and induced their susceptibility to cis-
platin.(25) In addition, PPIs have shown promising activity
against a variety of transplanted solid tumors in animal models
and have reverted chemoresistance in selective drug-resistant
tumors.(18,37–40) Encouraging results have been reported in pre-
liminary studies both in animals with spontaneous tumors and
in humans.(25,41,42) For example, high doses of lansoprazole
appeared to reverse drug resistance in a cohort of domestic
animals with spontaneous chemoresistant neoplasms, leading
to a high percentage of responders with minimal toxicity.(41)

Also, clinical usage of PPIs in a large cohort of patients with
head and neck cancer was associated with clinical benefit and
was an independent prognostic factor for overall survival.(43)

The present study and our previous investigations(22) provide
evidence that PPIs can potentiate therapeutic effectiveness of
doxorubicin against solid tumors, in part by increasing its
availability for tissue penetration. This might occur through:
(i) inhibition of endosomal sequestration of doxorubicin; (ii)
inhibition of drug release in exosomes;(32) and ⁄or (iii) inhibi-
tion of drug extrusion from cells via P-glycoprotein or other
MDR-related mechanisms. For example, pantoprazole had the

(a)

(c) (f)

(b) (d) (e)

Fig. 4. Distribution of doxorubicin fluorescence intensity in relation to blood vessels in EMT6- and MCF7-derived tumors. Mice were given either
25 mg ⁄ kg doxorubicin alone ((Dox; 10 min) (a, d) or 200 mg ⁄ kg lansoprazole (2 h before doxorubicin) and doxorubicin (Dox+Lanso) (b, e) prior to
tumor excision. Tumors were imaged and quantified using a customized algorithm to show the mean absolute (background-subtracted) values of
doxorubicin fluorescence intensity (blue) as a function of distance to the nearest functional blood vessel (green) (c, f). Scale bar = 100 lm.
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ability to reverse the MDR phenotype of gastric adenocarci-
noma cells by downregulating the V-ATPases ⁄mTOR ⁄HIF-1a
⁄P-gp and MRP1 signaling pathway.(44) However, the influence
of lansoprazole to enhance doxorubicin distribution in the pre-
sent study was modest, and a novel aspect of the experimental
design was the quantitative analysis of the spatial distribution
of doxorubicin itself (determined by the fluorescence of the
drug), and of the biomarkers cH2AX and cleaved caspases,
which indicate DNA damage and apoptosis, respectively. Lan-
soprazole had substantial effects on modifying these biomark-
ers of activity throughout the tumors when given prior to
doxorubicin, compared to much smaller effects on modifying
the distribution of doxorubicin fluorescence (Fig. 4c,f vs. 5).
These data are consistent with our previous results showing
upregulation of autophagy by the non-basic drug docetaxel in
all regions of solid tumors, and its inhibition by the PPI panto-
prazole;(18) they suggest that lansoprazole may be exerting its
therapeutic effects through similar mechanisms.
It has been shown that PPIs are capable of inhibiting autop-

hagy, most likely through inhibition of endosomal acidification
and ⁄ or of fusion of endosomes with autophagosomes.(18,45)

However, a previous study reported time-dependent induction
of autophagy in esomeprazole-treated melanoma cells,(46) so
the influence of PPIs on autophagy may be cell-line dependent.

Chloroquine and hydroxychloroquine, two well-known inhibi-
tors of autophagy, have shown effects to enhance chemother-
apy in preclinical studies and clinical trials, but their ocular
toxicity has restricted clinical application. Novel and safer
inhibitors of autophagy are worthy of investigation for their
effects to modify treatments with drugs and radiotherapy.
Although our current and previous results show that PPIs

raise endosomal pH in cultured cells and can modify the intra-
cellular distribution of basic drugs, the required concentration
(>250 lM in the present study) is greater than doses likely to
be tolerated in vivo.(47,48) Despite this discrepancy, multiple
lines of evidence show activity of these drugs in vivo, includ-
ing inhibition of autophagy. In solid tumors, the extracellular
pH is low in regions distant from patent blood vessels, and
acidity increases activity of PPIs. The PPIs might be effective
in inhibiting the fusion of endosomes with autophagosomes, as
occurs during autophagy, at doses lower than those necessary
to raise endosomal pH. In addition, the finding that lower
doses of lansoprazole are effective in vivo might be due to the
role of the microenvironment and its effects on ion gradients
between intracellular compartments and between intracellular
and extracellular pH. Our HPLC data have indicated the peak
plasma concentrations of pantoprazole in mice treated with
200 mg ⁄kg pantoprazole was ~300 lM within 1 h and

Fig. 5. Comparison of distribution of pharmacodynamic biomarkers cH2AX and cleaved caspase-3 or caspase-6 relative to functional blood ves-
sels in EMT6 (a, c) and MCF7-derived (b, d) tumors following treatments: saline (Control), 200 mg ⁄ kg lansoprazole (Lansop), 25 mg ⁄ kg doxoru-
bicin (Dox), or lansoprazole plus doxorubicin (Lanso+Dox). cH2AX was evaluated at 10 min post-treatment and cleaved caspase-3 and caspase-6
24 h post-treatment. Data are presented as mean � SEM.
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~150 lM after 2 h, which were lower than the concentration
of pantoprazole (>500 lM) required to raise endosome pH in
the in vitro experiments.(22) To better understand the mecha-
nism behind lansoprazole’s therapeutic efficacy in vivo, it
would be important to examine plasma levels of lansoprazole
in mice at various time points.
Our study has several limitations. First, distribution of dox-

orubicin and markers of drug activity was only assessed in 2D
tumor sections, which do not recapitulate completely the 3D
features of solid tumors. Second, this analysis was limited to
the two selected tumor cell lines and one basic anticancer
drug. Ideally our study should be extended to evaluate whether
lansoprazole could enhance the antitumor activity of other

weak bases (e.g. mitoxantrone and vincristine) and non-basic
drugs (e.g. docetaxel, as we reported for pantoprazole) using
different spontaneous or orthotopic tumor models. Third, our
study did not consider some microenvironmental factors that
may affect drug distribution in solid tumors, such as high
interstitial fluid pressure (IFP). Elevated IFP occurs due to a
dense ECM and high cell density that lead to compression of
blood vessels, and to poor lymphatic drainage.(2,9) Provenzano
et al.(49) showed that targeting hyaluronic acid by the enzy-
matic agent PEGPH20 normalized IFP and improved delivery
of co-administered drugs with a significant inhibition of tumor
growth in a pancreatic cancer model.
Promising preclinical results from our group and others led

us to undertake a phase I clinical trial of the combination of
pantoprazole and doxorubicin, which showed that relatively
high doses of pantoprazole could be used in combination with
standard dose doxorubicin in patients with advanced solid
tumors (NCT01163903).(50) We have also initiated an ongoing
phase II clinical trial in which pantoprazole is given prior to
treatment of men with castrate-resistant prostate cancer with
docetaxel (NCT01748500).
In summary, our data show that high-dose lansoprazole

inhibited endosomal sequestration of the basic anticancer drug
doxorubicin and enhanced doxorubicin cytotoxicity in breast
tumor cells. Lansoprazole improved tissue penetration of dox-
orubicin in MCCs and had a modest effect on improving its
spatial distribution in transplanted tumors; lansoprazole had a
much larger effect on increasing expression of biomarkers of
drug toxicity in all regions of tumors. Multiple doses of lanso-
prazole prior to delivery of doxorubicin produced a beneficial
impact on delaying tumor growth in vivo. These findings
endorse the concept that pretreatment with PPIs may be an
effective strategy to increase the therapeutic efficacy of
chemotherapy in some solid tumors. Multiple clinical trials are
ongoing to provide clinical proof of the concept for use of
PPIs in the treatment of malignant cancers (www.clinicaltrials.-
gov).
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