
OR I G I N A L R E S E A R C H

Proton Pump Inhibitors Modulate Transport Of

Doxorubicin And Its Liposomal Form Into 2D And

3D Breast Cancer Cell Cultures
This article was published in the following Dove Press journal:

Cancer Management and Research

Migl _e Paškevičiūt _e1

Vilma Petrikait _e1,2

1Laboratory of Drug Targets

Histopathology, Institute of Cardiology,

Lithuanian University of Health Sciences,

Kaunas LT-50161, Lithuania; 2Institute of

Physiology and Pharmacology, Faculty of

Medicine, Lithuanian University of Health

Sciences, Kaunas LT-44307, Lithuania

Purpose: The purpose of our study was to evaluate the influence of two PPIs (omeprazole

(OME) and lansoprazole (LANSO)) on weakly basic anticancer drug doxorubicin (DOX)

and pegylated liposomal doxorubicin (PLD) delivery to monolayer-cultured 4T1 murine

breast cancer cells and tumor spheroids.

Methods: The effect of PPIs on cell viability was evaluated by MTT assay. 3D cell cultures

(spheroids) were formed using 3D bioprinting method. DOX and PLD penetration into

cancer cells and spheroids at pH 6.0 and 7.4 was assessed using fluorescence microscopy.

Results: Both OME and LANSO did not reduce the viability of 4T1 cells at 100 μM and

lower concentrations, and therefore, in further experiments, 100 μM of PPIs was used. At pH

7.4, both tested PPIs did not enhance DOX (5 µM) and PLD (concentration corresponding to

5 µM DOX) delivery into 2D cell cultures. However, in acidic conditions, both PPIs

increased the amount of drug in cancer cells and their nucleus. At physiological pH they

were not effective at improving DOX delivery into spheroids, but after 2 hrs of incubation,

OME slightly increased PLD delivery into edge and middle zones. At pH 6.0, both tested

PPIs significantly enhanced DOX and PLD transport into spheroids, but the positive effect on

delivery was observed only within the first 4 hrs of incubation.

Conclusion: Both OME and LANSO increased DOX and PLD penetration into monolayer-

cultured cells at acidic conditions but did not show a positive effect on drug delivery at

physiological pH. Also, pretreatment with tested PPIs slightly increased DOX and PLD

delivery in the edge and middle zones of tumor spheroids. Thus, OME and LANSO are

promising transport modulators of weakly basic drugs.

Keywords: vacuolar-H+-ATPase, drug delivery, spheroids, extracellular acidity, multidrug

resistance

Introduction
Cancer is the second most common cause of death worldwide.1 The most important

factors that lead to a high mortality rate are the delayed diagnosis and cancer

resistance to chemotherapeutic drugs. One of the main mechanisms of this resis-

tance is related to the tumor microenvironment pH. Extracellular fluid in a tumor is

usually acidic and may vary from 6.2 to 7.2.1 This acidity is caused by increased

glycolysis and lactic acid production in tumor tissues and proton exchangers that

continuously carry protons outside the cell and into lysosomal vesicles.2

At the end of the last century, it was observed that the acidic environment limits

weakly basic drug penetration into tumor tissue.3 Acidic microenvironment in tumor
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causes the ionisation of basic anticancer drugs, such as

anthracyclines or alkaloids. Positive charge reduces drug

ability to permeate the cellular membrane and reach the

target site, thus limiting drug efficacy.4 It is called “ion

trapping” phenomenon.

On the contrary, the decrease of extracellular acidity

enhances weakly basic drug delivery into cells. Raghunand

et al found out that raising pHe from 6.8 to 7.4 increases the

amount of DOX into tumor cells by 2.25-fold.3 In this study

tumor, alkalinisation was caused using sodium bicarbonate.

Thismethod is criticized because of its toxicity. Administration

of sodium bicarbonate may induce various side effects such as

metabolic alkalosis and electrolyte imbalance.5 Therefore, an

increasing attention was given to the development of other

approaches to prevent extracellular acidity.

One of the strategies to decrease pHe is an inhibition of

vacuolar-H+-ATPase (V-ATPase). It is a complex of pro-

teins that catalyses the active transport of protons from the

cell cytoplasm to the extracellular fluid and acidifies the

lumen of lysosomes and the endosomal vesicles.6 This

results in extracellular acidification and increased pH of

lysosomes. It was reported that V-ATPase genes are over-

expressed in many types of cancer such as breast,7 brain,8

pancreatic,9 ovarian,10 lung cancer,11 melanoma12 and

hepatocellular carcinoma.13

Proton pump inhibitors (PPIs) are a group of drugs that

are used to reduce gastric acid production by inhibiting

hydrogen potassium ATPase in gastric parietal cells.14

These drugs do not exert severe systemic toxicity even

when are administered prolonged time and at high dosages,

for example, in a case of Zollinger–Ellison syndrome.15

Recent studies show that they can reduce extracellular acidity

and increase basic drug delivery to cancer cells, thus increas-

ing the efficacy of chemotherapy.16

The aim of our study was to evaluate the influence of two

PPIs OME and LANSO on weakly basic anticancer drug

DOX and PLD delivery to monolayer-cultured triple-nega-

tive 4T1 murine breast cancer cells and tumor spheroids. It

has been postulated that PPIs also exhibit a cytotoxic effect

against tumor cells.17 Among all PPIs, LANSO exerts the

greatest antitumor activity which is advantageous when com-

bining this compound with anticancer drugs.17 In order to

compare the results, we chose to test the first known PPI

OME which is one of the most commonly prescribed mem-

bers of PPIs group.18,19 DOX is one of the main drugs to treat

triple-negative breast cancer,20 it is a weakly basic drug that

tends to ionize in an acidic environment, and due to its

fluorescence, it is easy to estimate its delivery using

fluorescence microscopy. Compared to non-liposomal

DOX, PLD has prolonged circulation time in the blood,

passive targeting into a tumor, reduced exposure to normal

tissues and relatively improved delivery to tumor tissues.21

The experiments were performed at two different pH values

(6.0 that represents the acidic tumor environment, and 7.4).

According to our knowledge, this paper is the first study to

compare the effects of PPIs on drug transport at two different

pH values and to test the efficacy of PPIs on drug delivery

into tumor spheroids.

Materials And Methods
Materials
DOX hydrochloride was bought from Abcam (Cambridge,

UK). PLD was purchased from FormuMax Scientific Inc.

(Palo Alto, CA, USA). OME and LANSO were bought

from Sigma-Aldrich Co. (St Louis, MO, USA).

Cell Cultures
A triple-negative murine breast cancer cell line 4T1 was

purchased from the American Type Culture Collection

(ATCC, Manassas, VA, USA). Cells were grown in

Roswell Park Memorial Institute 1640 GlutaMAX med-

ium, supplemented with 10,000 U/mL penicillin, 10 mg/

mL streptomycin, and 10% fetal bovine serum. Media and

supplements were purchased from Gibco (Carlsbad, CA,

USA). Cells were maintained in a humidified atmosphere

containing 5% CO2 at 37°C.

Cell Viability
To determine the effect on cell viability, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT; Sigma-Aldrich Co.) assay was performed. 4T1

cells were seeded in 96-well plates in a volume of 100

μL (5,000 cells/well). After 24-hr preincubation, the cells

were treated with 100 μL of different concentrations of

statins. Only medium without cells was used as a positive

control, and the medium with 0.5% DMSO (Sigma-

Aldrich Co.) served as a negative control. After 4, 8, 12

and 24 hrs, the cells were incubated for 3 hrs with the

MTT solution (Sigma-Aldrich Co.). The absorbance was

measured at wavelengths of 570 and 630 nm.

Drug Delivery In Monolayer-Cultured

Cells
4T1 cells were seeded in 24-well plates on collagen-coated

coverslips in a volume of 500 μL (50,000 cells/well) and
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in a humidified atmosphere containing 5% CO2 at 37°C.

After 24 hrs,the medium was replaced by a new medium

of pH 6.0 or 7.4 and incubated for 1 hr. Then, cells were

incubated with a new medium of the same pH containing

100 µM OME or LANSO or 0.2% DMSO. After 2 hrs of

incubation, the medium was replaced with a new medium

of the same pH containing 1 or 5 µM of DOX or PLD.

After 0.5, 1, 2 and 4 hrs, the cells were washed with PBS

and fixed with 4% paraformaldehyde (Thermo Scientific,

Waltham, MA, USA) solution in PBS and stained with

4′,6-diamidino-2-phenylindole (DAPI; Thermo Scientific).

DOX and PLD penetration into whole cells and their

nucleus was assessed using fluorescence microscopy and

ImageJ software (National Institutes of Health).

Drug Delivery In Cell Spheroids
The spheroids were formed using 3D Bioprintingmethod.22

4T1 cells were incubated with nanoparticles NanoShuttle™

(Nano3D Biosciences Inc., Houston, TX, USA) for 8 hrs.

After that, cells were resuspended and seeded into ultra-low

attachment 96-well plates in a volume of 100 μL (800 cells

per well). The plate was placed on a magnetic drive and

incubated in a humidified atmosphere containing 5% CO2

at 37°C. After 2 days of incubation, the magnetic drive was

removed, and the medium was replaced by a new medium

of pH 6.0 or 7.4 and incubated for 1 hr. Then, cells were

incubated with a new medium of the same pH containing

100 µM OME or LANSO or 0.2% DMSO. After 2 hrs of

incubation, the mediumwas replaced with a newmedium of

the same pH containing 20 µM of DOX or PLD. After 1, 2,

4 and 8 hrs, spheroids were washed with PBS and fixed with

4% paraformaldehyde (Thermo Scientific, Waltham, MA,

USA) solution in PBS. DOX and PLD penetration into

spheroids was assessed using fluorescence microscopy and

ImageJ software (National Institutes of Health) by evaluat-

ing fluorescence every one degree from the spheroid center

to the edge around the whole spheroid.

Statistical Analysis
Statistical analysis was performed using Microsoft Office

Excel 2016 software (Microsoft Corporation, Redmond,

WA, USA). All the experiments were done in at least

triplicate independent measurements and the obtained

values were reported as mean ± standard deviation.

Student’s t-test was used and p-values were calculated. A

value of p < 0.05 was considered as the level of

significance.

Results
Effect Of PPIs On 4T1 Cell Viability
Both tested PPIs did not reduce 4T1 cell viability at 100

μM and lower concentrations; therefore, in further experi-

ments, 100 μM PPIs were used. DOX and PLD values

after 12 hrs of incubation were >150 μM; hence, 1, 5 and

20 µM concentrations of DOX and corresponding concen-

trations of PLD that are below toxicity level were chosen

to use in the research.

Effect Of PPIs On DOX And PLD

Delivery In Cancer Cells
OME and LANSO did not enhance the delivery of 1 and 5

µM DOX at pH 7.4 (Figure 1A and B). Both PPIs did not

exert a positive effect on 1 µM DOX penetration into cells

at pH 6.0 as well. However, OME and LANSO increased 5

µM DOX delivery in cell and nucleus at the time period

from 30 mins to 4 hrs in acidic conditions (Figure 1C–E).

During the first 2 hrs, there was no difference in the

amount of DOX in cells affected by OME and LANSO.

After 4 hrs of incubation, the efficacy of LANSO on DOX

delivery was slightly higher than the effect of OME (OME

increased the amount of DOX in cell nucleus approxi-

mately 1.5-fold and LANSO 1.8-fold compared to con-

trol). As expected, the amount of DOX in cell and nucleus

ant acidic conditions was lower than at physiological pH.

Both tested PPIs were less effective in improving PLD

delivery in 2D cells compared to the results observed on DOX

delivery. OME and LANSO did not increase the amount of

PLD in cells at physiological pH (Figure 2A andB). Both PPIs

showed no positive effect on PLD delivery in cells after 30

mins and 1 hr of incubation at pH 6.0 as well. However, OME

and LANSO significantly enhanced PLD penetration into

cancer cells and nucleus after prolonged incubation

(Figure 2C and D). After 4 hrs of incubation, the efficacy of

LANSO on PLD delivery was higher than the effect of OME

(LANSO increased the amount of PLD in cell nucleus

approximately 4-fold andOME 2.8-fold compared to control).

As observed at the experiments with DOX, acidic pH

decreased PLD penetration into 2D cancer cells and their

nucleus.

Effect Of PPIs On DOX And PLD

Delivery In Spheroids
In order to evaluate the effect of PPIs on DOX and PLD

delivery in 3D cancer cell cultures, tumor spheroids were

distinguished into three zones – edge zone (0–50 µM), middle
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zone (100–150 µM) and center zone (200–225 µM)

(Figure 3).

At pH 7.4, both tested PPIs did not increase DOX delivery

both in middle and in central zones (Figure 4A and B).

Nevertheless, after 2 hrs of incubation, LANSO increased

DOX delivery into the edge zone by approximately 23.3 ±

11.4% compared to control. At pH 6.0, after 2 hrs of incuba-

tion, LANSO increased DOX delivery into the edge and

Figure 1 The effect of proton pump inhibitors on doxorubicin (DOX) delivery into monolayer-cultured cells at different pH values. (A) DOX fluorescence intensity in cells

at different time periods at pH 7.4. (B) DOX fluorescence intensity in the cell nucleus at different time periods at pH 7.4. (C) DOX fluorescence intensity in cells at different

time periods at pH 6.0. (D) DOX fluorescence intensity in the cell nucleus at different time periods at pH 6.0. (E) Representative images of cells after 4 hrs of incubation

with DOX at pH 6.0. Magnification 600×. Scale bar = 50 µm. The asterisks (*) indicate p < 0.05.

Abbreviations: LANSO, lansoprazole; OME, omeprazole.
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middle zones by approximately 31.9 ± 13.6% and 10.4 ± 9.7%,

respectively. After 4 hrs of incubation, LANSO increased

DOX delivery only in the middle zone by 35.3 ± 18.3%. At

acidic pH, after 1 hr of incubation, OME increased DOX

penetration into middle and center zones by 22.7 ± 9.2% and

32.4 ± 11.5%, respectively; after 2 hrs of incubation – into

Figure 2 The effect of proton pump inhibitors on pegylated liposomal doxorubicin (PLD) delivery into monolayer-cultured cells at different pH values. (A) PLD fluorescence

intensity in cells at different time periods at pH 7.4. (B) PLD fluorescence intensity in the cell nucleus at different time periods at pH 7.4. (C) PLD fluorescence intensity in

cells at different time periods at pH 6.0. (D) DOX fluorescence intensity in the cell nucleus at different time periods at pH 6.0. (E) Representative images of cells after 4 hrs

of incubation with DOX at pH 6.0. Magnification 600×. Scale bar = 50 µm. The asterisks (*) indicate p < 0.05.

Abbreviations: LANSO, lansoprazole; OME, omeprazole.
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middle zone by 16.6 ± 3.7%; and after 4 hrs of incubation– into

edge and middle zones by 8.8 ± 2.4% and 12.2 ± 3.3%,

respectively.

Similar results were obtained from the experiments

with PLD (Figure 5A and B). At physiological pH,

LANSO did not increase PLD delivery into any spheroid

zone, whereas OME after 2 hrs of incubation slightly

increased the amount of PLD into edge and middle zones

by 19.8 ± 8.4% and 16.5 ± 11.3%, respectively. At acidic

pH, after 1 and 2 hrs of incubation, LANSO increased

PLD penetration into the edge and middle zones (after 1 hr

the amount of PLD increased by 25.0 ± 12.1% and 20.0 ±

16.6%, respectively, and after 2 hrs – by 6.4 ± 6.0% and

17.2 ± 12.2%). At the same pH, the positive effect of OME

on PLD delivery was observed only after 1 hr of incuba-

tion – the amount of PLD in center zone increased by 30.9

± 20.8% compared to control. After a longer period (8

hrs), neither LANSO nor OME had no positive effect on

DOX and PLD delivery in tumor spheroids.

Discussion
In this study, we showed that pretreatment with OME and

LANSO enhances DOX and PLD delivery into 2D and 3D

cell cultures at acidic conditions. Meanwhile, at physiologi-

cal pH, both tested PPIs do not exert drug transport enhan-

cing effect into 2D cell cultures, and this effect is weak in

tumor spheroids. These results are in agreement with Yu

et al's findings who showed that LANSO enhanced DOX

delivery into multilayered cell cultures and increased DOX

distribution in solid tumors.23 Luciani et al found that OME

impaired the acidification of extracellular tissue.

Furthermore, pretreatment with OME, esomeprazole and

pantoprazole sensitized cancer cells to the cytotoxic effect

of cisplatin, vinblastine, 5-fluorouracil.24 There is evidence

that pantoprazole increases endosomal pH, thus reducing

endosomal sequestration of DOX and increasing its nuclear

uptake in multi-layered murine and human breast cancer

cells. Pantoprazole also increases DOX efficacy in vivo in

mice bearing MCF-7 xenografts.16 We did not observe a

significant difference in LANSO and OME efficacy to

improve DOX and PLD delivery into cancer cell cultures.

The chemical activation of LANSO is slightly faster com-

pared to the activation of OME.25

As we predicted, the amount of DOX and PLD in 2D and

3D cancer cells at acidic pH was lower than at physiological

conditions. pKa value of DOX is 9.93 and at pH 7.4 around

80% of the molecules of this compound exist in cationic

form.26 As claimed by our hypothesis, by increasing pHe,

PPIs should prevent weakly basic drugs from protonation

and enhance their transport to cells. However, according to

our results, at physiological pH, tested PPIs did not increase

DOX and PLD delivery into cancer cells. PPIs are weakly

basic substituted 2-pyridyl-methylsulfinyl benzimidazole pro-

drugs. They are activated in the acidic environment after the

protonation of the nitrogen atoms in the pyridine and benzi-

midazole rings.27 Based on these data, it can be hypothesised

that at physiological pH, the majority of PPIs stay in unproto-

nated form and the number of ionized molecules is not suffi-

cient to effectively inhibit V-ATPases in cancer cells. Wang

et al estimated that pH 6.75 is suitable for the protonation of

pantoprazole. Scientists showed that at this slightly acidic pH,

pantoprazole efficiently chemosensitizes colorectal cancer

cells to 5-fluorouracil. Pantoprazole also increases 5-fluorour-

acil's ability to inhibit tumor growth in mice.28

It is also important to mention that PLD resistance

mechanism is different from free DOX. Besides pH,

other factors, such as particle size and formulation, lipid

Figure 3 A schematic representing spheroid division into edge (0–50 µM from the

spheroid edge), middle (100–150 µM) and center (200–225 µM) zones. The mean

spheroid radius was 225 µM.
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composition, surface charge, also influence DOX release

profile from PLD and its uptake.29 However, Shibata et al

showed that pH affects DOX release from PLD as well,

i.e., DOX release increases with an increase of solution

pH.29 Our data correspond with the results of Shibata et al.

In our study, we also showed that DOX uptake from PLD

at pH 7.4 is higher than at pH 6.0. Since DOX release

from PLD also depends on the characteristics of the lipo-

somal formulation, the effect of PPIs on PLD transport

was lower than of free DOX. This may explain why OME

did not increase PLD delivery into spheroids at pH 6.0

There is still a lack of clinical studies proving the applica-

tion of PPIs to modulator anticancer drug delivery. Ferrari et al

conducted a Phase II study with a comparison with historical

control among patients with osteosarcoma (n=98). Two days

prior to the administration of methotrexate, cisplatin or dox-

orubicin, patients received 60 mg/day esomeprazole. For 61%

of PPI-pretreated patients, percentage tumor necrosis was

equal or higher than 90% while in the control group the rate

of such response was 25%.30 A second Phase II trial was

started in 2012 (clinicaltrials.gov, NCT02013453). The aim

of this study was to evaluate the effect of pantoprazole on the

activity and safety of docetaxel in men with castration-resis-

tant prostate cancer. This trial is still ongoing, and the results

are not published yet. In 2013, another Phase II study (clin-

icaltrials.gov, NCT02013453) evaluating the use of omepra-

zole in combination with 5-fluorouracil, paclitaxel or

pemetrexed in patients with head and neck cancers was started.

However, it was withdrawn due to the lack of funding.

Since V-ATPases are located in every eukaryotic cell,31 in

order to increase the efficacy of inhibitors, it is important to

target drugs directly to neoplastic cells. Recently, Bhattacharya

designed a dual nanocarrier system loaded with paclitaxel and

LANSO. These nanoparticles significantly increase the release

kinetics and enhance in vitro cytotoxicity against human breast

cancer cells.32 Such targeted delivery systems would let to

Figure 4 The effect of proton pump inhibitors on doxorubicin (DOX) delivery into tumor spheroids at different pH values. (A) Fluorescence intensity of DOX in spheroids

affected with lansoprazole and omeprazole at pH 7.4 and 6.0. (B) Representative images of spheroids after different times of incubation with DOX at pH 7.4 and 6.0.

Magnification 100×. Scale bar = 200 µm. The asterisks (*) indicate p < 0.05.

Abbreviations: LANSO, lansoprazole; OME, omeprazole.
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diminish the overall drug exposure to normal tissues, reduce

systemic toxicity and increase the efficacy of chemotherapy.

These findings and the results of our study support the

application of PPIs as chemosensitizers of weakly basic

anticancer drugs.

Conclusion
Both OME and LANSO increased DOX and PLD penetra-

tion into monolayer-cultured cells at acidic conditions but did

not show a positive effect on drug delivery at physiological

pH. Also, pretreatment with tested PPIs slightly increased

DOX and PLD delivery in the edge and middle zones of

tumor spheroids. Thus, OME and LANSO are promising

transport modulators of weakly basic drugs.
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