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Phorbol 12-myristate 13-acetate inhibits 
P-glycoprotein-mediated efflux of digoxin in MDCKII-
MDR1 and Caco-2 cell monolayer models
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Aim: To investigate the effects of phorbol 12-myristate 13-acetate (PMA), a PKC activator, on P-glycoprotein-mediated efflux of digoxin 
in two cell transport models.
Methods: Caco-2 cells, wild MDCKII cells (MDCKII-WT) and MDCKII cells transfected stably with human MDR1-gene encoding P-gp 
(MDCKII-MDR1) were examined.  Cell viability was evaluated with MTT assay.  Bidirectional transport of digoxin was evaluated in these 
cells.  Intracellular ATP level was measured using ATP assay.  P-gp ATPase activity was analyzed using a Pgp-GloTM assay.
Results: PMA (10 μmol/L) did not reduce the viability of the 3 types of cells.  In Caco-2 and MDCKII-MDR1 cell monolayers, PMA (1, 10 
and 100 nmol/L) dose-dependently inhibited the basolateral to apical transport of digoxin, but did not change the apical to basolateral 
transport.  In addition, PMA did not affect both the basolateral to apical and apical to basolateral transport of digoxin in MDCKII-WT cell 
monolayer.  In agreement with the above results, PMA dose-dependently reduced intracellular ATP level and stimulated P-gp ATPase 
activity in both Caco-2 and MDCKII-MDR1 cells.  Verapamil (a positive control, 100 μmol/L) caused similar inhibition on digoxin efflux 
as PMA did, whereas 4α-PMA (a negative control, 100 nmol/L) had no effect.
Conclusion: PMA significantly inhibited P-gp-mediated efflux of digoxin in both Caco-2 and MDCKII-MDR1 cell monolayers via PKC 
activation.
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Introduction
In recent years, the issue of potential drug-drug interactions 
(DDI) occurring when pharmaceuticals are co-administered 
has become a subject of increasing recognition.  The high fre-
quency of DDIs is largely a result of the tendency of the gen-
eral populace to use complementary medicine.  In addition to 
the cytochrome enzymes, membrane transporters are known 
to play a crucial role in the modulation of the pharmacokinetic 
profile of drugs and DDIs[1].  Orally administered drugs must 
be adequately and consistently absorbed to achieve successful 
therapy.  Oral bioavailability may be influenced by the disso-
lution of drug in the gastrointestinal fluids, first pass metabo-
lism, gastrointestinal membrane permeability, and active 
excretion[2].  
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Drugs absorption can be decreased by first pass metabolism 
in the intestine by cytochrome enzymes and efflux transport-
ers[3].  One of the major barriers limiting oral drug delivery is 
the active efflux of drugs from the enterocytes back into the 
intestinal lumen by P-glycoprotein (P-gp).  P-gp is an ATP-
binding cassette protein that is responsible for secreting drugs 
and xenobiotics out of the cell[4].  P-gp is a plasma membrane-
bound drug efflux protein that is expressed on several barrier 
epithelia, including the intestine, renal epithelial cells and 
brain capillary endothelial cells[5].  In the small intestine, P-gp 
is predominantly located in the apical membrane of the intes-
tinal epithelial cells, consistent with its vital role in extrud-
ing drugs and xenobiotics back into the intestinal lumen[6, 7].  
The absorption and efflux of drug substrates of P-gp may be 
inhibited when other pharmaceuticals are co-administered.  In 
addition, the concentration of inhibitory agents can be much 
higher in the intestine than in the systemic circulation after 
oral administration, which leads to the poor bioavailability of 
certain drugs and DDIs in the intestine rather than in the liver 
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upon the oral administration of the inhibitory agent[8].  
In the clinic, a number of significant DDIs involving P-gp 

substrates have been reported.  DDIs with the cardiac glyco-
side digoxin, a P-gp drug substrate most commonly used for 
treating congestive heart failure, have been observed due to 
patients concomitantly taking erythromycin, verapamil (VER), 
ketoconazole, and cyclosporine, among other drugs[9, 10].  
Although different approaches have been developed and 
proposed to study drug uptake in the intestine and the other 
functions of differentiated intestinal cells, a human colon car-
cinoma cell (Caco-2) monolayer is a widely accepted model for 
studying intestinal absorption and secretion of drug molecules 
in vitro[11, 12].  

Caco-2 cells, derived from human adenocarcinoma colon 
cells, can be prepared on a porous filter as a polarized mono-
layer capable of functions similar to intestinal enterocytes[13, 14].  
The cells are connected by tight junctions to prevent paracel-
lular substance flux, and they express distinct intestinal trans-
port proteins.  Several reports have demonstrated the possibil-
ity of predicting the oral absorption of drugs in humans based 
on permeability data obtained from Caco-2 monolayers[11, 15].  
Madin-Darby canine kidney (MDCK) cells, a dog renal epi-
thelia cell line, can differentiate into columnar epithelia and 
form tight junctions in a shorter time than Caco-2 cells when 
grown onto Transwells[16].  MDCKII-MDR1 cells were gener-
ated by stably transfecting the human multi-drug-resistance 
(MDR) 1-gene encoding P-gp into MDCK cells.  An expression 
level of P-gp, similar to that in Caco-2 cells, has been reported 
in MDCKII-MDR1 cells[17].  In the present study, the possible 
impact of PKC on P-gp was verified in the corresponding 
parental MDCKII-wild type (WT) cell line, which has a much 
lower P-gp expression.

Phorbol 12-myristate 13-acetate (PMA) is a phorbol diester 
and a potent tumor promoter that is often applied in bio-
medical research to activate the signal transduction enzyme 
protein kinase C (PKC).  PMA can activate PKC in vivo and 
in vitro by binding to PKC, resulting in a variety of cellular 
effects[18, 19].  There is evidence that PKC plays a crucial role in 
cell signal transduction, modulation of tumor formation and 
development, cell proliferation and differentiation, oncogene 
activation, and cellular response cells to growth factors[20, 21].  
Previous studies have reported that the multidrug resistance 
of tumor cells was closely related to the PKC signaling trans-
duction system[22].  PKC activity in P-gp overexpressing cancer 
cells was apparently higher than strains sensitive to doxorubi-
cin and vincristine, suggesting that PKC plays a positive role 
in multidrug resistance[23, 24].  However, activation of PKC may 
downregulate P-gp gene expression and activity through the 
pregnane X receptor (PXR) pathway[25, 26].  Clearly, the roles 
of the PKC signaling pathway on the modulation of P-gp 
activity and P-gp-mediated transport of drugs are not well 
understood, and the underlying mechanisms are still largely 
unknown.

The purpose of this study was to investigate the effect of 
PKC activation on the P-gp-mediated transport of digoxin 
using the Caco-2 and MDCKII-MDR1 cell transport models.  

In addition, the effect of PMA on the intracellular ATP levels 
and the activity of P-gp ATPase were studied.

Materials and methods 
Chemicals
Phorbol 12-myristate 13-acetate, 4α-PMA, digoxin, verapamil, 
and 3-(4,5-dimethylthiazol-2-thiazolyl)-2,5-diphenyltetrazo-
lium bromide (MTT) were purchased from Sigma-Aldrich (St 
Louis, MO, USA).  Culture flasks (75 cm2 growth area), polyes-
ter Transwell inserts (pore size 0.22 μmol/L and 12 mm diam-
eter) and 96-well plates (0.32 cm2 growth area per well) were 
obtained from Corning Costar Corp (Cambridge, MA, USA).  
The CellTiter-Glo Luminescent Cell Viability Assay and Pgp-
GloTM Assay systems were purchased from Promega (Madi-
son, WI, USA).  Fetal bovine serum (FBS), Hank’s balanced 
salt solution (HBSS), and trypsin–EDTA were purchased from 
Gibco Invitrogen Corp (Grand Island, NY, USA).  Dulbecco’s 
modified Eagle’s medium (DMEM), non-essential amino acids 
(NEAA), phosphate-buffered saline (PBS), and penicillin–
streptomycin solution were obtained from HyClone (Logan, 
UT, USA).  All other chemicals and reagents were of the high-
est grade available.

Caco-2, MDCKII-WT, and MDCKII-MDR1 cell culture
Cell lines and maintenance
The Caco-2 cell line was obtained from American Type Cul-
ture Collection (Rockville, MD, USA).  The MDCKII-WT and 
MDCKII-MDR1 cell lines were generously provided by the 
Netherland Cancer Institute (Amsterdam, NL, USA).  Caco-2 
and MDCKII cells were cultured at 37 °C, 95% relative humid-
ity and 5% CO2 atmosphere and maintained in DMEM supple-
mented with 10% FBS, 1% penicillin and streptomycin and 0.1 
mmol/L NEAA[27].  The culture medium was changed every 
2–3 d.  After reaching a confluence level of 80%–90%, the cells 
were detached from the culture flask by introducing a 0.25% 
trypsin–0.02% EDTA solution.  

Growth of cell monolayers
For the transport studies, cells were seeded onto Transwell 
inserts pre-coated with collagen at a density of 2.5×104 cells/
well and maintained by providing 0.5 mL of culture medium 
to the apical (A) chamber and 1.5 mL to the basolateral (B) 
chamber.  Cells grown on the Transwell membranes were 
maintained until use on d 21–23 (Caco-2, passages 25–30) and 
d 6–7 (MDCKII-MDR1 and MDCKII WT) to obtain differenti-
ated monolayers and an expected higher expression of trans-
port proteins.

Cell monolayer integrity
The formation and perpetuation of confluent cell monolay-
ers in the Transwell inserts were ensured before and after the 
transport studies by measuring the transepithelial electrical 
resistance (TEER) using a World Precision Instrument, EVOM 
(Sarasota, FL, USA).  The resistance of the cell monolayer 
was determined by subtracting the total resistance from the 
membrane support resistance.  The approximate MDCKII-
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WT TEER values were 220–250 Ω·cm2.  MDCKII–MDR1 TEER 
values ranged from 300 to 380 Ω·cm2, and Caco-2 TEER values 
ranged from 250 to 340 Ω·cm2.  These data indicated that the 
cell monolayers were not comprised during the experiment.

Cellular viability study
The MTT assay was used to determine the cytotoxic effects of 
DIG, VER, PMA, and 4α-PMA on the cells.  Caco-2, MDCKII-
MDR1 and MDCKII-WT cells were seeded in 96-well plates 
at a density of 1×104 cells/well and subsequently treated with 
different concentrations of the studied compounds for 120 
min, with HBSS (pH 7.4) as the control.  Cell viability was 
assessed by adding 20 μL of MTT reagent (5 mg/mL) for a 4-h 
incubation.  Absorbance was read at 570 nm on a multifunc-
tional microplate reader (Thermo Fisher Scientific, USA).  Cell 
viability was expressed as a percentage of HBSS control[28].

Transport studies 
Bidirectional transport studies with digoxin
All transport experiments were conducted in transport 
medium consisting of HBSS buffered with 10 mmol/L 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4) at 
37 °C.  Prior to the transport studies, the cell monolayers were 
washed twice with pre-warmed transport buffer and pre-incu-
bated with the test compounds (PMA, 4α-PMA, or verapamil) 
for 20 min in HBSS.  The test compounds were added to both 
the apical and basolateral sides of the monolayers at equal 
concentrations to maintain osmotic pressure for the duration 
of study.  VER (100 μmol/L) was used as a positive control.  
The apical side had a final volume of 0.5 mL, while the baso-
lateral sides contained 1.5 mL.  

In the absorptive (A-B) transport studies, 0.5 mL of transport 
medium containing 1 μmol/L digoxin was added in the donor 
(A) chamber and 1.5 mL of transport medium in receiver (B) 
chamber.  For the secretory (B-A) transport studies, 1.5 mL of 
transport medium containing 1 μmol/L digoxin was added in 
the donor (B) chamber and 0.5 mL of transport medium was 
added in the receiver (A) chamber.  One hundred microliter 
samples were collected from the receiver chamber at time 
intervals of 15, 30, 60, 90, and 120 min, and the removed vol-
ume was appropriately replenished with a corresponding vol-
ume of pre-warmed transport medium at 37 °C[29].

LC/MS/MS measurement of digoxin
To determine the amount of digoxin transported, a 100-μL 
sample of transport medium from the recipient compartment 
was mixed with 50 μL NH3·H2O by vortexing for 2 min.  A 
volume of 10 μL of digitoxin was added to the mixture as the 
internal standard and vortexed for 1 min.  Subsequently, the 
extraction of digoxin was carried out with 1 mL of tert-butyl 
methylether/dichloromethane (75:25, v/v).  After centrifu-
gation at 23 755×g for 5 min at 4 °C, the organic phase was 
transferred to a new test tube and evaporated to dryness.  The 
residues were dissolved in 200 μL of mobile phase, and the 
concentration of the digoxin was determined as per an estab-
lished LC/MS/MS method[30].

Data analysis 
The apparent permeability coefficient (Papp) of digoxin was cal-
culated according to the following equation[31]:

Papp=(dQ/dt)/ C0×A
where dQ/dt is the cumulative rate of digoxin in the receiver 
chamber, C0 is the initial drug concentration of in the donor 
compartment, and A represents the membrane surface area 
(1.12 cm2) of the Caco-2 and MDCKII–MDR1 cell monolayers.

The P-gp potential to inhibit compounds or drugs is indi-
cated by a decreased secretory flux and/or an enhanced 
absorptive flux compared to the untreated control wells.  This 
can be deduced from an efflux ratio derived from the bidirec-
tional Papp of digoxin in the presence and absence of PMA and 
VER.

The efflux ratio (ER) was obtained as 
ER=Papp B-A/Papp A-B

where Papp B-A and Papp A-B are the mean permeability coef-
ficients obtained for transport in the basolateral to apical (B-A) 
direction and the apical to basolateral (A-B) direction, respec-
tively.

ATP assay
For the ATP assay, MDCKII-WT, MDCKII-MDR1 and Caco-2 
cells seeded in 96-well plates (approximately 10 000 cells/
well) were treated with various concentrations of PMA for 48 
h.  Following treatment, cells were then washed twice with 
ice-cold PBS (200 μL per well).  The intracellular level of ATP 
was determined using a firefly luciferase assay following the 
CellTiter-Glo luminescent cell viability assay standard proce-
dure in opaque-walled plates[32].  For this purpose, 100 μL of 
ATP detection reagent was added to each well.  The plate was 
mixed on an orbital shaker for 2 min and then further incu-
bated for 10 min at room temperature.  The luminescence was 
read in a multimode microplate reader, and the intracellular 
level of ATP in cells was expressed as the intensity of the emit-
ted relative luminescence units (RLU).  Samples were mea-
sured in triplicate, and values are given as the mean±SD.

P-gp ATPase activity measurement 
P-gp ATPase activity was determined by measuring the 
release of inorganic phosphate (Pi) from the consumption of 
ATP using the light-generating reaction of firefly luciferase[33].  
According to the manufacturer’s protocol for the Pgp-GloTM 
assay system with recombinant human P-gp-containing mem-
brane, the P-gp-containing membrane (25 μg/well) was pre-
incubated in a 96-well with 100 nmol/L 4α-PMA and various 
concentrations of PMA for 5 min at 37 °C.  The reaction was 
initiated by adding 10 µL of 25 mmol/L MgATP to all wells 
except the ATP standards.  At this point, each P-gp reaction 
contained 5 mmol/L ATP.  The reaction system was mixed 
briefly on a plate shaker and then incubated for 40 min at 
37 °C.  The plate was removed from the 37 °C incubator, and 
luminescence was initiated by adding 50 µL of the ATP detec-
tion reagent.  After incubating the plate at room temperature 
for 20 min to develop the luminescent signal, the luminescence 
was determined in a multimode microplate reader.  
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Drug-stimulated ATPase activity (nmol Pi/min/mg protein) 
was calculated as the difference between the amounts of Pi 
released from ATP in the absence and presence of Na3VO4.  
MgATP standards were prepared for each plate, and VER 
served as a positive control for the drug stimulation of P-gp 
ATPase activity.  The effect of a compound was considered to 
be stimulatory if the attained ATPase activity was higher than 
the basal P-gp ATPase activity incubated with the pure assay 
buffer.  Samples were measured in triplicate, and values are 
given as the mean±SD.

Statistical analysis
Data are described as the mean±SD and were analyzed by 
Student’s t-test with SPSS (Statistical Package for the Social 
Sciences) version 13.0 software (SPSS Inc, Chicago, IL, USA).  
Probability values of P<0.05 were considered to be statistically 
significant.

Results 
Cell viability of Caco-2 and MDCKII cells 
Prior to the transport studies, the in vitro cytotoxicity of the 
studied compounds in the transport buffer was tested in all 
three cell lines.  The MTT assay was performed to investi-
gate the concentration-dependent cytotoxic effects of PMA, 
4α-PMA, VER, and DIG.  As shown in Figure 1, a statistically 
significant increase in Caco-2 cell viability for 4α-PMA (5 and 
10 μmol/L) was observed when compared with the HBSS con-
trol.  There was no significant cytotoxic reduction in cell via-
bility for all three cell lines.  VER and DIG did not significantly 
alter cell viability (data not shown).  Based on these data, none 
of the compounds was found to affect the growth of Caco-2, 
MDCKII-MDR1, MDCKII-WT cells at the examined concentra-
tions.

Transepithelial transport of digoxin across Caco-2 and MDCKII-
MDR1 cell monolayers
The amount of the transported P-gp substrate digoxin reflected 
the extent of interference in P-gp activity caused by the test 
compounds.  This effect was displayed either by enhancing 
absorption and/or impairing secretion across the cell mono-
layers.

Effect of PMA on the bidirectional transport of digoxin in Caco-2 
cell model
The Caco-2 cell monolayer model was validated by examin-
ing the bidirectional transport of digoxin.  Figure 2 illustrates 
the basic transport characteristics of digoxin across the Caco-2 
cell monolayer.  The transport rate of digoxin in the B-A direc-
tion was much greater than that in the A-B direction.  These 
data confirmed the high expression level of P-gp in the Caco-2 
cell monolayer as well as the predominance of P-gp-mediated 
transport.  P-gp inhibition was investigated by assessing bidi-
rectional transport in the absence or presence of VER (100 
μmol/L), a typical P-gp inhibitor.  The introduction of VER 
significantly decreased the mean B-A transport of digoxin 
(P<0.05) and slightly increased the mean A-B transport of 

digoxin, further confirming the inhibitory effect of VER on 
P-gp.  

The effect of PMA and 4α-PMA (100 nmol/L) on P-gp-
mediated digoxin transport was then investigated.  Transepi-
thelial bidirectional transport of digoxin was time dependent 
and initially carried out for PMA at a concentration range of 
1–100 nmol/L.  The Papp values for the permeation of digoxin 
across Caco-2 cell monolayers in the absorptive and secretory 

Figure 1.  Effect of PMA (A) and 4α-PMA (B) on the growth of Caco-2, 
MDCKII-MDR1 and MDCKII-WT cells.  Cells were treated with various 
concentrations of PMA and 4α-PMA for 120 min.  Viable cells were 
evaluated by the MTT assay and are denoted as a percentage of untreated 
controls at the same concentration.  Data are presented as the mean±SD 
(n=3).

Figure 2.  The time profiles of digoxin transport across Caco-2 cell 
monolayers.  The bidirectional transport of digoxin with or without 
verapamil (VER, 100 μmol/L) across Caco-2 cell monolayers was 
determined as a function of time.  Each data point represents the 
mean±SD (n=4–6).
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directions in the presence or absence of various concentra-
tions of PMA are shown in Figure 3.  In the B-A direction, a 
significant 55% decrease in the transport rate of digoxin was 
observed at a concentration of 100 nmol/L PMA, suggesting 
significant P-gp inhibition (P<0.05).  Subsequently, the effect of 
PMA on the A-B transport of digoxin was further investigated.  
However, transport was only slightly affected by PMA in the 
A-B direction.  Here, the negative control of PMA, 4α-PMA, 
had no significant impact on either the A-B or B-A transport 
of digoxin.  An increase in the A-B transport of digoxin was 
also observed with co-administration of VER (100 μmol/L) in 
Caco-2 cells, suggesting that P-gp mediated the efflux trans-
port of digoxin in the apical membranes of Caco-2 cells.  PMA 
and VER strongly suppressed the net secretory transport of 
digoxin, as evidenced by the decrease in ER when compared 
to the control (DIG alone).

Effect of PMA on the bidirectional transport of digoxin in MDCKII 
cells
The MDR1-transfected, P-gp-overexpressing cell line MDCKII-
MDR1 was used to confirm the results observed in Caco-2 
cells.  The MDCKII-MDR1 cell monolayer model was also 
validated by examining the bidirectional transport of digoxin.  
The basic transport characteristics of digoxin across the 
MDCKII-MDR1 cell monolayer are shown in Figure 4A.  The 
MDCKII-MDR1 cells displayed digoxin transport that was 
predominantly secretory (ER=28.3) and significantly reduced 
by 100 μmol/L VER, proving the suitability of MDCKII-MDR1 
cell monolayer for use in investigating the effect of P-gp in 
vitro.  Consistent with the results observed in the Caco-2 cell 
monolayer, the secretory transport of digoxin was strongly 
diminished in the presence of PMA, while absorptive trans-
port remained largely unaffected.  In addition, the efflux 
ratio for the permeation of digoxin across the MDCKII-MDR1 

cell monolayer was markedly decreased in a concentration-
dependent manner in the presence of PMA compared to the 
control, although the efflux was not totally abolished (Figure 
5A).  

We further examined the effect of PMA on the bidirec-
tional transport of digoxin in the corresponding MDCKII-WT 
cells.  As shown in Figure 5B, the efflux ratio of digoxin in 
untreated MDCKII-WT cells (ER=8.2) was much lower than 
that in MDCKII- MDR1 cells.  Furthermore, a non-significant 
inhibition of the transport of digoxin was found after treat-
ment with verapamil, indicating the lower expression of P-gp 
in MDCKII-WT cell line.  In contrast to the results observed in 
Caco-2 and MDCKII-MDR cell monolayer, a significant reduc-
tion in the efflux ratio of digoxin did not occur in the non-
transfected cells in the presence of PMA.

Effect of PMA or 4α-PMA on intracellular ATP levels
Intracellular ATP levels of Caco-2, MDCKII-MDR1, and 
MDCKII-WT cells were examined using the CellTiter-Glo 

luminescent cell viability assay after treatment with PMA 
(1–100 nmol/L) for 2 h.  As indicated in Figure 6, a significant 
and dose-dependent decrease of intracellular ATP levels in 
Caco-2 cells was observed in the presence of PMA.  Compared 
to the control, PMA at concentrations of 10 and 100 nmol/L 

Figure 3.  Effect of PMA on the bidirectional transport of digoxin across 
Caco-2 cell monolayers.  The apparent permeability coefficient (Papp; 
mean±SD, n=3) and efflux ratio (ER) of digoxin in combination with PMA, 
4α-PMA, and verapamil (VER) at the indicated concentrations in the 
apical-to-basolateral (AP-BL) and basolateral-to-apical (BL-AP) direction 
across a Caco-2 cell monolayer.  bP<0.05, cP<0.01 vs untreated control.

Figure 4.  The time profiles of digoxin transport across MDCKII-MDR1 (A) 
and MDCKII-WT (B) cell monolayers.  The bidirectional transport of digoxin 
with or without verapamil (VER, 100 μmol/L) across MDCKII-MDR1 and 
MDCKII-WT cell monolayers was determined as a function of time.  Each 
data point represents the mean±SD (n=4–6).



288

www.nature.com/aps
Li YH et al

Acta Pharmacologica Sinica

npg

significantly reduced the relative luminescence units (RLU) 
of ATP in Caco-2 cells by 19.9% and 38.1%, respectively.  In 
addition, we found that PMA at concentrations of 1, 10, and 

100 nmol/L significantly decreased the intracellular ATP 
concentrations in MDCKII-MDR1 cells.  However, no appar-
ent decrease of the RLU of ATP in MDCKII-WT cells was 
observed at low concentrations (1 and 10 nmol/L), but there 
was a significant effect (P<0.05) at high PMA concentrations 
up to 100 nmol/L.  Completely different cell behavior and 
dose response (1 to 100 nmol/L) were observed in the PMA 
treatment of MDCKII-MDR1 and MDCKII-WT cells.  No effect 
was observed with 100 nmol/L 4α-PMA (the negative control 
of PMA) on the intracellular ATP concentrations of all three 
cell lines.

Effect of PMA and 4α-PMA on P-gp ATPase activity
To confirm the transporter inhibition in the cellular studies 
and elucidate whether PMA exerted its effect via direct P-gp 
inhibition, the effect of PMA on P-gp ATPase activity was 
investigated by determining the release of inorganic phos-
phate (Pi) from the consumption of ATP using the Pgp-GloTM 
assay system with recombinant human Pgp membrane.  P-gp 
ATPase activity was apparently stimulated after treatment 
with PMA.  As shown in Figure 7A, PMA at concentrations of 
10 and 100 nmol/L significantly increased the Pi levels by 1.3 
fold and 2.5 fold, respectively, compared to the basal group.  
However, all results varied around basal values, and no sig-
nificant effects were observed even at 4α-PMA concentrations 
up to 500 nmol/L (Figure 7B).  

Discussion
Membrane transporters play a crucial role in the modula-
tion of absorption, distribution, metabolism, and excretion of 
drugs[34].  P-gp, a member of the ATP-binding cassette (ABC) 
superfamily encoded by the ABCB1 gene, is well known 
among these transporters.  P-gp functions as a barrier protein 
for the efflux of drugs and is a determinant of the pharmaco-
kinetics, efficacy, and toxicity of xenobiotics[35].  In the intes-
tine, P-gp is predominantly located in the apical membrane of 
mucosal cells and can extrude orally administered drugs back 
into the lumen, resulting in a reduction of the bioavailability 
of pharmaceutical agents[36].  Thus, the effect of PKC activation 
on the P-gp-mediated efflux of digoxin in Caco-2, MDCKII-
MDR1, and MDCKII-WT cell transport models was investi-
gated in the present study.

Prior to the investigation of PMA on the bidirectional trans-
port of digoxin in Caco-2 and MDCKII cell monolayers, the 
Caco-2 cell monolayer model and MDCKII-MDR1 cell mono-
layer model were validated by examining the basic transport 
characteristics of digoxin.  The results showed the suitability 
of these two cell monolayer models to investigate P-gp func-
tion in vitro and exhibited similar basic transport characteris-
tics of digoxin compared to data from several reports[37, 38].

Although there are well-documented reports on the use 
of PMA to induce the PKC signaling pathway and its potent 
effect on drug resistance in cancer cells, this is the first 
report to investigate the effect of PKC activation by PMA on 
the P-gp-mediated efflux of digoxin using the Caco-2 and 
MDCKII-MDR1 cell transport models.  In the current study, 

Figure 5.  Effect of PMA on the bidirectional transport of digoxin across 
MDCKII-MDR1 (A) and MDCKII-WT (B) cell monolayers.  The apparent 
permeability coefficient (Papp; mean±SD, n=3) and efflux ratio (ER) 
of digoxin in combination with PMA, 4α-PMA, and verapamil (VER) at 
the indicated concentrations in the apical-to-basolateral (AP-BL) and 
basolateral-to-apical (BL-AP) direction across MDCKII-MDR1 and MDCKII-
WT cell monolayers.  bP<0.05, cP<0.01 vs untreated control.

Figure 6.  Intracellular ATP levels in Caco-2, MDCKII-MDR1, and MDCKII-
WT cells.  Cells were incubated with PMA (1–100 nmol/L) and 4α-PMA 
(100 nmol/L) for 2 h.  The relative luminescence units (RLU) were 
measured according to that manufactures’ instructions of the CellTiter-
Glo luminescent cell viability assay.  Intracellular levels of ATP in cells are 
expressed as the intensity of the emitted RLU.  Data are presented as the 
mean±SD (n=3).  bP<0.05, cP<0.01 vs untreated control.
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PMA showed an inhibitory effect on the P-gp-mediated efflux 
transport of digoxin in a concentration-dependent manner in 
a Caco-2 cell monolayer.  In addition, the marked inhibition of 
PMA and VER on the net secretory transport of digoxin was 
further exemplified by the decrease in ER compared to the 
control.  Previous studies have reported that stimulation of 
PKC induced the efflux function of P-gp in multidrug-resistant 
cells through P-g phosphorylation in human glioma cells and 
human breast cancer cells[23, 24].  However, the results of this 
study suggested that PKC activation by PMA could inhibit 
the efflux function of P-gp through competitive inhibition in 
Caco-2 and MDCKII-MDR1 cells.  This distinct difference in 
the effect of PKC on P-gp mediated efflux function may result 
from difference in cell lines and modulation mechanisms.

The P-gp-overexpressing cell line MDCKII-MDR1 was used 
to carry out the transport assay to confirm the results obtained 
in the Caco-2 cell monolayer.  The results showed that PMA 

significantly inhibited the P-gp-mediated efflux transport of 
digoxin in the MDCKII-MDR1 cell model.  To verify that these 
results were truly caused by P-gp, transport studies of digoxin 
in the presence of PMA were performed in the corresponding 
MDCKII-WT cells.  In the non-transfected MDCKII-WT cells, 
PMA did not show a similar reduction of the ER ratio as in 
MDCKII-MDR1 cells.  We speculated that the distinctly differ-
ent level of P-gp expression leads to the completely different 
behavior in the two MDCKII cell lines.  Additionally, the nega-
tive control for PMA, 4α-PMA, had no significant impact on 
A-B or B-A transport of digoxin in all three cell lines, confirm-
ing the key role of the PKC signaling pathway in the inhibition 
of P-gp-mediated transport of digoxin.

Based on the observed inhibition of the P-gp-mediated 
transport of digoxin, the effect of various concentrations of 
PMA on the intracellular ATP level was evaluated.  A signifi-
cant decrease of intracellular ATP levels was observed in the 
Caco-2 cells and MDCKII-MDR1 cells but not MDCKII-WT 
cells after PMA treatment.  This type of phenomenon in dif-
ferent cell types (MDCKII-MDR1 cells and MDCKII-WT cells) 
may result from different expression levels of P-gp.  

To further investigate the interaction between PMA and 
P-gp, the effect of PMA on the P-gp ATPase activity was 
examined using a P-gp ATPase activity kit in vitro.  PMA sig-
nificantly stimulated ATPase activity compared to the basal 
group, suggesting that PMA modulated P-gp-mediated efflux 
in cells via the inhibition of ATP-driven P-gp activity.  It is 
well documented that P-gp-mediated drug efflux transport 
depends on the energy from ATP hydrolysis[39, 40].  The hydro-
lysis and energy release of ATP derived from the synergistic 
action of drug binding sites and nucleotide-binding domains 
(NBDs) help P-gp to transport a wide variety of compounds 
across the cell membrane and is also assumed to influence 
each other by alterations of conformation[41, 42].  In the present 
study, PMA was found to stimulate P-gp ATPase activity in a 
P-gp-enriched cell membrane fraction.  It is well known that 
stimulators of ATPase activity are likely substrates of P-gp-
mediated efflux that could competitively inhibit the transport 
of other P-gp substrates.  Therefore, these results indicated 
that PMA is likely a substrate for P-gp-mediated efflux that 
could lead to a decrease in P-gp-dependent digoxin efflux 
through competitive inhibition.  This finding is similar to 
previous reports that ATPase activity can be stimulated by 
verapamil in Caco-2 cells.  Drugs and modulators may affect 
ATPase activity in cells in a complex manner, and their exact 
mechanisms of action have yet to be completely elucidated[43].

In summary, the present study demonstrated that PMA has 
an inhibitory effect on the P-gp-mediated efflux of digoxin 
in Caco-2 and MDCKII-MDR1 cells.  The present study pro-
vides useful information for predicting and understanding 
potential DDIs when P-gp substrates, such as digoxin, are co-
administered with clinical drugs and other xenobiotics that 
could activate PKC.  Further studies are required to verify the 
inhibition of P-gp-mediated efflux transport in vivo and clarify 
whether the P-gp ATPase inhibition is due to direct interac-
tion with P-gp NBDs, heterotropic allosteric modulation, steric 

Figure 7.  P-gp ATPase activity in P-gp-containing membranes.  Drug-
stimulated P-gp ATPase activity was reported as fold-stimulation relative 
to the basal P-gp ATPase activity in the absence of drug (A).  The drug-
stimulated ATPase activity (nmol Pi/min/mg protein) after incubation with 
PMA (1–500 nmol/L) and 4α-PMA (1–500 nmol/L) was calculated as the 
difference between the amounts of Pi released from ATP in the absence 
and the presence of Na3VO4 (B).  Data are presented as the mean±SD 
(n=3).  bP<0.05, cP<0.01 vs untreated control.
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blocking of substrate binding sites, or a combination thereof.
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