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ABSTRACT - PURPOSE. The knowledge of hepatic disposition kinetics of tacrine, a first cholinesterase 
inhibitor was approved by FDA for the treatment of Alzheimer’s disease (AD), would help to understand its 
hepatotoxicity, its therapeutic effect, and improve the management of patients with AD. The current study aims 
to characterize tacrine hepatic transport kinetics and study the role of organic cation transporters (OCTs), P-
glycoprotein (P-gp) and multidrug resistance-associated protein (MRP2) in tacrine sinusoidal uptake and biliary 
excretion. METHODS. Modulation of tacrine hepatic uptake and efflux, biliary excretion index (BEI%), were 
performed in sandwich-cultured primary rat hepatocytes (SCHs) using transporters inhibitors. Conformation of 
the integrity of SCHs model was established by capturing images with light-contrast and fluorescence microscopy. 
RESULTS. Tacrine uptake in SCHs was carrier-mediated process and saturable with apparent Km of 31.5±9.6 
µM and Vmax of 908±72 pmol/min/mg protein. Tetraethyl ammonium (TEA), cimetidine and verapamil 
significantly reduced tacrine uptake with more pronounced effect observed with verapamil which caused 3-fold 
reduction in tacrine uptake, indicating role for OCTs. Tacrine has a biliary excretion in SCHs with maximum 
BEI% value of 22.9±1.9% at 10 min of incubation. Addition of MK571 and valspodar decreased the BEI% of 
tacrine by 40 and 60% suggesting roles for canalicular MRP2 and P-gp, respectively. CONCLUSIONS. Our 
results show that in addition to metabolism, tacrine hepatic disposition is carrier-mediated process mediated by 
sinusoidal OCTs, and canalicular MRP2 and P-gp.  
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
_______________________________________________________________________ 
 
INTRODUCTION 
 
Tacrine (9-amino-1,2,3,4-tetrahydroacridine) was 
the first cholinesterase inhibitor approved by the US 
Food and Drug Administration (FDA) for the 
treatment of mild to moderate Alzheimer's disease 
(AD). Tacrine is an inhibitor for both cholinesterase 
enzymes, acetyl (AChE) and butyryl-cholinestrase 
(BChE); thereby, it is thought to increase brain level 
of acetylcholine and improve the cholinergic deficit 
observed in AD patients (1). Although tacrine 
therapy has shown improved psychomotor test 
scores in mild to moderately impaired AD patients, 
it was accompanied by serious hepatic adverse 
effects and significantly elevated hepatic 
transaminase concentrations in 25% of the patients 
(2, 3), and thus has a limited clinical application. 
Recently, novel tacrine analogues are extensively 
investigated in attempt to find less toxic compounds 
with multi-targeting mechanisms to AD pathology 
(4). 

 
 
The liver toxicity of tacrine is indicated by the 

increase in serum alanine aminotransferase (ALT) 
activity (5, 6). Tacrine systemic clearance is 
mediated mainly by the liver, and several studies 
have determined its metabolism by CYP450 enzyme 
complex, mainly CYP1A2 (7, 8); however, no 
available studies have characterized hepatic 
transport kinetics and biliary excretion of tacrine. 
The knowledge of the hepatic disposition of tacrine 
would be useful in explaining its hepatotoxicity and 
provide further information to clinicians who can 
optimize the dose and improve the management of 
patients with AD. In humans, oral bioavailability of 
tacrine is 17-24%, which is relatively low due to its 
first-pass metabolism (9). 
_________________________________________ 
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Tacrine clearance in human is mainly hepatic (10), 
while urine recovery of the sum of tacrine and its 
metabolites is less than 8% (11). The 
pharmacokinetic profiles of tacrine are variable 
between individuals, and characterized by non-linear 
kinetics with low bioavailability at low doses (9).  

Tacrine exerts its effect in the brain, and its 
transport across the blood-brain barrier (BBB) is 
carrier-mediated mainly through organic cation 
transporter 2 (OCT2) (12). Since tacrine is a cationic 
compound, it is conceivable that organic cation 
transporters (OCTs) contribute to its disposition 
throughout the body. OCTs are poly-specific organic 
cation transporters and belong to the SLC22 family. 
OCTs variable localization in the body, including 
intestine, liver, kidney and BBB, reflects their 
importance in mediating several biological and 
physiological functions. OCTs are involved in the 
uptake of many drugs from the small intestine and 
drug elimination across the liver and kidneys (13). 
On the canalicular side of hepatocytes, efflux 
transport proteins belong to the adenosine 
triphosphate (ATP)-dependent transport system 
(also known as the ATP-binding cassette (ABC) 
proteins), including P-glycoprotein (P-gp), 
multidrug resistance-associated protein (MRP2) 
(14), play an important role in biliary excretion of 
various drugs and/or metabolites.  

To study the interplay of the basolateral and 
apical (canalicular) transporters in tacrine hepatic 
disposition, a polarized system is required which 
expresses the transport proteins at their domains. 
Sandwich-cultured hepatocytes are the only in vitro 
model that allows hepatocytes to form canalicular 
networks in cell culture. Sandwich-cultured 
hepatocytes are a powerful in vitro model that can be 
used to study drug hepatic transport, drug 
metabolism, drug-drug interaction, and 
hepatotoxicity (15). To evaluate the role of 
transporters in tacrine hepatobiliary disposition, we 
used primary rat hepatocytes cultured in sandwich 
configuration (SCHs). Transport proteins 
expression, localization and function in SCHs have 
been extensively studied and the utility of this model 
to predict the biliary clearance and biliary excretion 
of several substances have been validated previously 
(16-18). In addition, biliary clearance values 
obtained for compounds using SCHs were found to 
correlate well with in vivo biliary clearance values 
measured with the same compounds in rats and 
humans (19-22). 

Although several reports have indicated that 
tacrine is predominately metabolized into various 
hydroxylated metabolites via CYP450 system, none 
of these reports highlighted the transport-based 
clearance of tacrine by the liver. Hence, in this study 
we aimed to investigate the role of transport proteins 
in hepatic disposition of tacrine.  Our findings 
demonstrated that, 1) in addition to metabolism, 
tacrine hepatic clearance is mediated by sinusoidal 
uptake and canalicular excretion by OCTs and the 
efflux transporters P-gp and MRP2, respectively, 
and 2) contribution of these transport proteins to 
tacrine hepatobiliary disposition could provide 
useful information to further understand reported 
hepatotoxicity and its non-linear pharmacokinetics 
profile. 
 
MATERIALS AND METHODS 
 
Materials 
 
Tacrine hydrochloride and MK571 were obtained 
from Cayman Chemical Company (Ann Arbor, MI). 
Collagenase (type I, class I), rat tail collagen (type I), 
Dulbecco’s modified Eagle’s medium (DMEM), and 
insulin were purchased from Invitrogen (Carlsbad, 
CA). Fluvoxamine maleate, verapamil 
hydrochloride, 5 - ( and – 6 ) – carboxy - 2' , 7 '-
dichlorofluorescein diacetate (CDFDA), 
dexamethasone, tetraethylammonium chloride 
(TEA), bovine serum albumin (BSA), soybean 
trypsin inhibitor, and fetal bovine serum (FBS) were 
purchased from Sigma-Aldrich (St. Louis, MO). ITS 
culture supplement (10µg/ml insulin, 10µg/ml 
transferrin, 10ng/ml selenous acid) was obtained 
from BD Biosciences (San Jose, CA). Valspodar was 
obtained from XenoTech (Lenexa, KS). Total 
protein measurement’s reagents with the 
bicinchoninic acid (BCA) method were from Pierce 
(Rockford, IL). All other chemicals and reagents 
were of analytical grade and were readily available 
from commercial sources. 
 
Animals 
 
Male Sprague Dawley rats from Harlan Laboratories 
(Houston, TX) were used for the isolation of 
hepatocytes from entire livers. Rats age were around 
2-3 months with average body weight between 260 
to 340 g. Animals were allowed to easy access for 
water and standard food and maintained at 22oC, 
35% relative humidity and 12 h dark/light cycle. All 
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animal experiments were approved by the 
Institutional Animal Care and Use Committee of the 
University of Louisiana at Monroe and all surgical 
procedures were consistent with the IACUC policies 
and procedures. 
  
Isolation of primary rat hepatocytes and 
preparation of sandwich culture 
The isolation of hepatocytes from animals’ livers 
were performed as previously described (23). After 
isolation of hepatocytes by several steps of 
centrifugation, cells were resuspended in serum-free 
medium and viability was determined using trypan 
blue method. Only hepatocytes with viability ≥ 80% 
were used in the preparation of sandwich culture. For 
SCHs preparation, plates were pre-coated with 50 
µg/ml collagen in 0.2 M acetic acid solution, and left 
to dry overnight inside the hood. Before seeding the 
cells, 24 or 6-well plates were neutralized by 
washing with sterile distilled water and hydrated by 
adding 0.5 or 1.5 ml/well DMEM for 2 to 3 h at 37oC. 
Hepatocytes were seeded at 0.7x106 cells/ml and 
allowed to attach for 1 to 2 h. The medium was then 
aspirated to remove unattached dead cells followed 
by addition of 0.5 ml/well of fresh medium (DMEM 
supplemented with 5% FBS, 100 U/ml penicillin, 
100 g/ml streptomycin, 4 mg/l insulin, and 1µM 
dexamethasone) and incubated for 6 h. Medium was 
then replaced with serum-free medium 
supplemented with 1% ITS, 100 U/ml penicillin, 100 
g/ml streptomycin, and 0.1 µM dexamethasone. 
Twenty four hours later, hepatocytes were overlaid 
with 0.25 mg/ml matrigel in ice-cold medium and 
incubated at 37oC for 24 h, after which medium was 
replaced with fresh medium everyday up to day 4 at 
which biliary excretion studies were performed. 
 
Light microscopy 
Images were taken at day 1 and day 4 of SCHs. The 
formation and integrity of canalicular networks were 
observed during culture and confirmed using phase-
contrast microscopy, Nikon Eclipse TS100 inverted 
microscope from Nikon Instruments Inc. (Melville, 
NY).  
 
Fluorescence microscopy 
At day 4 of SCHs, 5-(and-6)-carboxy-2',7'- 
dichlorofluorescein diacetate (CDFDA) was used as 
a canalicular marker. Plates were rinsed with 
standard HBSS and incubated in the same buffer for 
10 minutes. The buffer was aspirated and replaced 
with 2 µM CDFDA dissolved in HBSS containing 5 

mM CaCl2 and incubated at 37oC for 10 minutes. 
Treatment was removed and cells were washed 4 
times with ice-cold standard HBSS. Images were 
taken for the canalicular fluorescent metabolite 
(CDF) using fluorescence microscope (Nikon 
Eclipse) at 20x magnification. 
 
Time and concentration-dependent uptake of 
tacrine in SCHs 
Time and concentration-dependent studies of tacrine 
were determined in day 1 of SCHs (no canalicular 
spaces were formed thus only uptake process can be 
investigated) (23). To determine the optimum time 
for tacrine uptake, SCHs were first gently washed 
with standard HBSS twice and then incubated with 1 
µM tacrine for designated time points  (2, 5, 10 and 
30 min). Treatment was removed and cells were 
washed 3 times with ice-cold HBSS. Cells were 
lysed by adding 200 µl 1% Triton X-100 containing 
1% protease inhibitors cocktail, and intracellular 
accumulation of tacrine at each time point was 
determined by HPLC analysis as described below. 
To examine the saturable and non-saturable 
(passive) part of tacrine uptake in SCHs, cells were 
treated with increasing concentrations of tacrine at 4 
and 37oC. SCHs were incubated with 0.5 ml of 
tacrine (0.1-500 µM) dissolved in standard HBSS in 
24-well plates, at 4 and 37oC, for passive and active 
uptake, respectively.  Michaelis–Menten parameters 
of the saturable uptake of tacrine were determined by 
subtracting uptake at 4oC from uptake at 37oC to 
obtain the saturable active process that was plotted 
against concentration. 
 
Inhibition of tacrine sinusoidal uptake in SCHs  
To investigate the role of OCTs that may involve 
tacrine hepatic uptake, inhibition studies were 
performed on day 1 of SCHs. SCHs were treated 
with several OCTs modulators including TEA 300 
µM, cimetidine 300 µM, verapamil (10, 50 and 100 
µM) and fluvoxamine (2, 10 and 50 µM). Cells were 
pre-incubated with inhibitors for 30 min to allow 
access of inhibitors to their targeted transporters. 
Subsequently, 1 µM tacrine were added along with 
the inhibitors and incubated for 5 min. Cells were 
washed 3 times with ice-cold HBSS and lysed. For 
CYP1A2 inhibition, cells were pre-incubated with 2, 
10 and 50 µM of fluvoxamine for 30 min and 
subsequently, uptake was initiated by replacing 
medium with 1 µM tacrine and incubated for 2 h.  
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Uptake of tacrine at different pHs 
For pH-dependent uptake experiments, 1 µM tacrine 
was incubated for 5 min at different pHs including 
6.4, 7.4 and 8.4. At the end of the experiments, 
medium was aspirated and cells were washed 3 times 
with ice cold standard HBSS while keeping plates on 
ice. Cells were lysed and quantitative determination 
of intracellular tacrine was performed by HPLC as 
described below.  
 
Determination of tacrine biliary excretion index 
(BEI%) and biliary clearance (Clbile) 
All experiments were conducted on day 4 of 
sandwich culture (17). Six well plates were washed 
twice with warm standard or Ca++-free HBSS (to 
maintain or break the canalicular networks) and 
incubated in their respective buffers for 5 min. 
Subsequently, 2 ml of tacrine in standard or Ca++-
free HBSS were added to cell culture plates and 
incubated for 5-30 min, at 37oC, to determine the 
time for maximum biliary excretion of tacrine. Plates 
were washed 3 times with ice-cold HBSS and lysed. 
Data were normalized to protein content in each well 
using BCA protein assay kit and BSA was used as 
standard.  In addition, the results were normalized to 
tacrine non-specific binding to matrigel by 
subtracting tacrine bound to matrigel coated wells 
without cells, which was less that 4%.The obtained 
data from the accumulation experiments of tacrine, 
in the presence or absence of calcium, were used to 
calculate BEI% using equation 1, and biliary 
clearance (Clbile) using equation 2, described below 
under data analysis. 
 
Effect of P-gp and MRP2 modulation on 
canalicular efflux of tacrine 
SCHs, day 4 of culture, were washed twice with 
HBSS with or without calcium and incubated for 5 
min. Subsequently, cells were pre-treated with 5 µM 
valspodar as P-gp inhibitor, or 10 µM MK571 as 
MRP2 inhibitor, followed by incubation of tacrine 
with the inhibitors for 10 min (maximum tacrine 
BEI%). Cells were lysed using 1% Triton X-100 
containing 1% protease inhibitors cocktail, by 
shaking on rocking platform for 1 h at room 
temperature. Intracellular tacrine concentrations 

were measured using HPLC. 

HPLC analysis of tacrine 
Tacrine quantification was determined by 
modification of previously published method (24). 
Tacrine concentrations from cells lysate and media 
were determined using an isocratic Prominence 
Shimadzu HPLC system (Columbia, MD) consisted 
of SIL 20-AHT autosampler, LC-20AB pump 
connected to a Dgu-20A3 degasser, and an RF10A 
XL fluorescent detector. Data acquisition was 
achieved by LC Solution software version 1.22 SP1. 
Tacrine was first extracted from the cell lysate by 
vortex mixing with 1:1 acetonitrile followed by 
centrifugation at 10 000 g for 10 min. Samples of 100 
µl from clear supernatant were loaded into inserts for 
analysis. Samples were separated using an Eclipse 
XDB-C18 column (150 x 4.6mm i.d., 5µm particle 
size; Agilent, CA, USA) with a mobile phase 
consisted of acetonitrile and 0.02 M phosphate buffer 
pH 2.5 (20:80, v/v) at a flow rate of 1.0 ml/min. 
Samples injection volumes were 20 µl. Fluorescence 
detection was performed at an excitation wavelength 
of 240 nm and emission wavelength of 360 nm. The 
total run time was 5 min with tacrine retention time 
at 2.9 min.  The analytical method was found to be 
linear in the studied range (0.01- 2 µM) with lower 
limit of quantification of 10 nM, and precise with 
coefficient of variation (%CV) less than 10%. 
 
DATA ANALYSIS 
 
B-CLEAR technology (Qualyst, Inc., Research 
Triangle Park, NC) was used to calculate the biliary 
excretion index (BEI), and was determined by the 
cumulative uptake method as previously described 
(16). Uptake of a substrate prepared in calcium 
containing buffer represents its accumulation into 
cells and canalicular lumen, while uptake in calcium-
free buffer represents its accumulation into cells 
only. The difference in readings between both 
treatments was used to calculate the BEI% and Clbile 
as shown in equations 1 and 2, respectively. In 
equation 2, AUCmedium was determined as the product 
of the incubation time and substrate initial 
concentration in the incubation medium. 
 
 
 

 

BEI% = 
Accumulation into cells+canaliculi +Ca++ - Accumulation into cells -Ca++

Accumulation into cells+Canaliculi (+Ca++)
 x 100         (1) 

Clbile = 
Accumulation into cells+canaliculi +Ca++ - Accumulation into cells -Ca++

AUCmedium
                      (2) 
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Biliary clearance values have a unit of ml/min/kg 
of body weight, based on 200 mg of protein/g of liver 
and 40 g of liver/kg of rat body weight (25). The 
Michaelis–Menten constant (Km) and the maximum 
transport rate (Vmax) were estimated using Prism 5 for 
windows, version 5.03 from GraphPad Software, 
Inc. (La Jolla, CA). 

 
STATISTICAL ANALYSIS 
  
Unless otherwise indicated, all data were expressed 
as mean ± SEM. The experimental results were 
statistically analyzed for significant difference using 
unpaired two-tailed Student’s t-test for comparison 
between two groups, and one-way analysis of 
variance (ANOVA) followed by Dunnett's post-hoc 
test for analysis of more than two groups. A P-value 
of less than 0.05 was considered statistically 
significant. 
 
RESULTS 
 
Phase-contrast image of SCHs  
Light microscopy images were captured on day 1 and 
day 4 of SCHs. At day 1 of SCHs (Figure 1a), cells 
start to close to each other; however, canalicular 
spaces were not formed yet and the model is suitable 
to perform uptake studies. On the other hand, on day 
4 of SCHs (Figure 1b), canalicular spaces were 
formed extensively as indicated by the yellow arrows 
(canaliculi appear as bright white spaces), and their 
transport proteins are localized to their apical 
domains, which is suitable to perform biliary 
excretion studies.  
 
SCHs model validation 
In addition to the light microscopy imaging, we 
validated the functionality of our model using the 
canalicular marker, CDFDA. CDFDA is passively 
uptaken into hepatocytes and rapidly metabolized 
into 5-(and-6)-carboxy-2',7'-dichlorofluorescein 
(CDF), a fluorescent metabolite, which is actively 
effluxed into the canalicular spaces via MRP2 (16). 
As shown in Figure 1 c, CDF was intensely 
accumulated into the canalicular network, indicated 
by the arrows as green fluorescent color, which 
confirms the formation of canalicular spaces that are 
sealed by the tight junctions under the above 
mentioned condition. 
 
 
 

Kinetics of tacrine uptake in SCHs 
As shown in Figure 2 a, the uptake of 1 µM tacrine 
was rapid and time dependent reaching a plateau at 
10 min. Thus, for further characterization of tacrine 
uptake with modulators all consequent uptake 
studies were performed at 5 min. In addition, the 
uptake of tacrine in SCHs under the specified 
conditions was saturable process (Figure 2 b), with 
apparent Km value of 31.5±9.6 µM and Vmax of 
908±72 pmol/min/mg protein (Table I). 
 
Effect of OCTs inhibition on tacrine sinusoidal 
uptake  
To examine the contribution of OCTs to the uptake 
of tacrine, cells were treated with different cations 
(Figure 3 a). Cimetidine at 300 µM, verapamil and 
fluvoxamine at 50 µM concentration inhibited 
tacrine uptake by > 50% of its initial uptake, while 
the inhibitory effect of 300 µM TEA on tacrine 
uptake was less pronounced, but significant 
(P<0.05), and decreased tacrine uptake by ~18% 
compared to untreated control. In addition, 
verapamil inhibited tacrine uptake in a 
concentration-dependent manner (Figure 3 b) with 
maximal inhibition at 100 µM (P< 0.001). These 
results indicate a role of the organic cation transport 
proteins, OCTs, localized at the sinusoidal side of 
hepatocytes involved in the saturable uptake of 
tacrine.  

Pre-treatment of SCHs with 2, 10 and 50 µM 
fluvoxamine followed by 5 min co-incubation with 1 
µM tacrine caused a concentration-dependent 
reduction in tacrine uptake with approximately 2-
fold reduction at 50 µM fluvoxamine (Figure 4 a), 
suggesting an inhibitory effect on tacrine sinusoidal 
uptake. In addition, SCHs pre-treatment with 2, 10 
and 50 µM fluvoxamine, a CYP1A2 inhibitor, 
followed by 2 h incubation with 1 µM tacrine 
resulted in significant increase in tacrine intracellular 
accumulation only at 50 µM fluvoxamine (P< 0.001; 
Figure 4 b) due  to its inhibitory effect on tacrine 
metabolism. These results suggest fluvoxamine 
inhibitory effect on tacrine sinusoidal uptake in 
SCHs is greater than its effect on CYP1A2 
inhibition.  
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Figure 1. Phase-contrast and fluorescence images of 
SCHs cultured for 1 (a) or 4 (b & c) days. No canalicular 
spaces were formed on day 1 of SCHs (a), but they were 
formed extensively by day 4 as indicated by the yellow 
arrows as bright white lines (b). Canalicular spaces are 
shown as intense green fluorescent color (c) due to 
accumulation of the canalicular marker CDF. Scale bars = 
10 μm. 
 
 
pH-dependent uptake of tacrine 
 Incubation of tacrine at different pHs demonstrated 
a pH-dependent increase in the uptake of tacrine with 
average uptake values of 68±4, 405±16 and 816±62 
pmol/min/mg protein, at pH 6.4, 7.4 and 8.4, 
respectively. 

 
 
Figure 2. Time and concentration dependant uptake of 
tacrine.  (a) Cellular uptake of 1 µM tacrine in SCHs at 
day 1. Points represent cumulative uptake for n = 4 at 
different treatment times, * P<0.05 compared to 2 and 5 
min, based on unpaired Student’s t test. (b) Uptake rate of 
tacrine at different concentrations in SCHs on day 1 at 4 
and 37oC showing non-linear pattern.  
 
 
Determination of tacrine biliary excretion and 
clearance  
SCHs, day 4, were used to characterize tacrine 
biliary excretion. As shown in Figure 5, tacrine 
biliary excretion was evident and was time-
dependent reaching maximum biliary excretion at 10 
min with BEI value of 22.9 %. The biliary clearance 
(Clbile) of tacrine was 275±12 ml/min/kg, as 
calculated using equation 2 shown under data 
analysis. 
 
Effect of P-gp and MRP2 inhibition on 
canalicular efflux of tacrine  
Tacrine biliary excretion was further characterized to 
elucidate its canalicular efflux mechanism(s) in 
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SCHs. The canalicular P-gp role in tacrine biliary 
excretion was tested by incubating cells with 5 µM 
valspodar which significantly reduced the BEI% of 
1 µM tacrine by approximately 60% from 22.9+1.9 
to 9.2+3.1%. In addition, tacrine canalicular efflux 
was inhibited by 10 µM MK571, and was reduced by 
approximately 40% from 22.9+1.9 to 13.8+4.1%. 
These results suggest a role for P-gp and MRP2 in 
tacrine biliary excretion (Figure 6).  
 

 
 
Figure 3. Effect of co-incubation of different OCTs 
inhibitors on tacrine uptake. (a) Effect of cimetidine, 
verapamil, TEA, and fluovoxamine on the uptake rate of 
tacrine in SCHs at day 1. (b) Concentration-dependent 
inhibition of verapamil on the uptake rate of tacrine in 
SCHs at day 1.  Points represent mean±SEM for triplicates 
from two independent experiments. * P<0.05 and *** 
P<0.01 compared to untreated control. 
 

DISCUSSION 
 
Tacrine was used in the treatment of patients with 
AD, and its mechanism of transport from blood to 
brain across the BBB was previously investigated 
(12). The systemic elimination of tacrine is mainly 
mediated by the liver (10). Several reports have 
indicated the elimination pathway of tacrine by the 
liver is mainly metabolism (7); however, the role of 
hepatic transport proteins in the hepatobiliary 
excretion of tacrine is poorly understood. 

In this study we used SCHs model to investigate 
the contribution of hepatic transport proteins to the 
hepatic disposition and biliary clearance of tacrine.  
As several studies, which focused on transporters 
contribution to the hepatobiliary disposition of 
drugs, demonstrated a remarkable agreement 
between human and rats data (26, 27), in the current 
study hepatocytes isolated from rats were utilized. 

The formation of intact canalicular networks in 
SCHs were confirmed by capturing light-contrast 
microscopy images at day 4 of SCHs (Figure 1b). In 
addition, CDFDA was used as a canalicular marker 
that showed the integrity and functionality of the 
model to perform biliary excretion experiments 
(Figure 1c).  CDFDA has been used extensively as a 
canalicular marker in the assessment of MRP2 
function and canalicular network formation in SCHs 
(18). Using SCHs, we were able to demonstrate the 
role of active transport processes in the sinusoidal 
uptake as well as the canalicular efflux of tacrine. 
Tacrine has a pKa value of 9.4 (28); therefore, it is 
positively charged at physiologic pH. Findings from 
the uptake studies demonstrated that tacrine cellular 
uptake is a saturable process and is mediated by the 
organic cationic transporters, OCTs, which are 
expressed on the sinusoidal side of hepatocytes (13). 
OCTs transport substances that are relatively 
hydrophilic, low molecular mass and are organic 
cations. Inhibition studies with TEA, a prototypical 
substrate and inhibitor of OCT subclasses members 
(13), verapamil and cimetidine supported 
contribution of OCTs to the uptake of tacrine in 
SCHs. These results are in agreement with previous 
reports indicated that OCTs play a major role in 
mediating the transport of tacrine across the BBB 
using LLC-PK1 cells (12). However, verapamil has 
been shown to inhibit not only OCTs but also OATPs 
(29).  
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Table 1. Kinetic Transport Parameters of Tacrine. 
Condition Kinetic Parameter Unit  
SCHs, day 1#    

Uptake Vmax     pmol/min/mg protein 908±72 

 Km       µM 31.5±9.6 

SCHs, day 4*    

 BEI% % 22.9±1.9 

 Clbile ml/min/kg 275±12 

# At day 1 of SCHs, cells form a monolayer while canalicular spaces are negligible and hence it is suitable to perform uptake 
studies. * After 4 days of culture, SCHs form intact canalicular spaces and the model is suitable to perform canalicular efflux 
studies. 
 
 

 
Figure 4. Effect of fluvoxamine on tacrine uptake in 
SCHs at day 1. (a) Concentration-dependent inhibition of 
fluvoxamine on the cumulative uptake of tacrine. 
Hepatocytes were pre-incubated with fluvoxamine for 30 
min followed by uptake of 1µM tacrine for 5 min.  * 
P<0.05, *** P<0.01 compared to untreated control. (b) 
Pre-incubation of SCHs with increasing concentration of 
fluvoxamine for 30 min followed by uptake of 1µM 
tacrine for 2 h. *** P<0.01 compared to untreated control. 
 

 

Figure 5. Representative time course of tacrine biliary 
excretion index (BEI%) in SCHs at day 4. BEI% value of 
1µM tacrine was calculated at each time point. Bars 
represent the mean ± SEM (n = 3), * P<0.05 compared to 
5 min, based on unpaired Student’s t test.  
 

 
Figure 6. Effect of P-gp (valspodar) and MRP2 (MK571) 
inhibition on the cumulative uptake and BEI% of 1µM 
tacrine.  Cumulative uptake of tacrine was determined 
after 10 min incubation in SCHs at day 4. Bars represent 
the mean ± SEM (n = 4), ns = not significant, ** P<0.01 
compared to corresponding control. 
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Nonetheless, the contribution of OATPs in 
mediating tacrine uptake was rolled out by inhibition 
studies with rifampicin, a known OATPs inhibitor 
(30), which did not alter tacrine cellular 
accumulation (data not shown). Hence, the reduction 
in tacrine uptake caused by inhibition with verapamil 
was attributed mainly to OCTs inhibition. 
Verapamil, TEA and cimetidine have shown to 
inhibit OCT members including OCT1-3 and 
OCTN2 expressed in different cell lines (13, 31, 32). 
However, as OCT2 has not been detected in rats’ 
hepatocytes [10], our results demonstrated tacrine as 
a substrate for OCT1, OCT3 and/or OCTN2. In 
addition, our data showed that tacrine uptake was pH 
dependent with approximately 3-fold decrease in 
acidic pH (6.4) and 2-fold increase in alkaline pH 
(8.6) compared to uptake at neutral pH (7.4).  Among 
the OCT transporters expressed in the liver, OCTN1 
and OCTN2 were reported to be pH-dependent, and 
they transport cations by a proton antiport 
mechanism (33-36). Like OCTN2, OCTN1 has been 
reported to mediate the transport of several 
compounds including verapamil and TEA (33), 
however its cellular localization has not been 
confirmed yet. Collectively, the saturable uptake of 
tacrine by hepatocytes could be attributed to OCTs 
family members including OCT1, OCT3 and 
OCTN1/2. 

Tacrine hepatic metabolism is mainly mediated 
by CYP1A2. Tacrine metabolism was only inhibited 
by SCHs pre-treatment with fluvoxamine which 
caused a 2-fold increase in tacrine intracellular 
accumulation (Figure 4 b). However, this increase 
was not observed when tacrine was co-incubated 
with fluvoxamine, rather its uptake was reduced by 
approximately 2-fold, (Figure 4 a). These results 
suggest that when fluvoxamine was co-incubated 
with tacrine, fluvoxamine inhibited tacrine uptake 
and decreased its intracellular accumulation, while 
when cells were pre-treated first with fluvoxamine 
and then treated with tacrine alone, this allowed for 
CYP1A2 inhibition and decreased tacrine 
intracellular concentration. Hence, fluvoxamine 
could interfere not only with tacrine hepatic 
metabolism, but also with its sinusoidal uptake 
probably via OCTs. 

In addition to hepatic metabolism, our results 
suggested elimination of tacrine into the bile. This 
was evident by biliary excretion experiments in 
SCHs, where tacrine BEI% was estimated to be 
about 23% (Figure 5). To investigate transporters 
involved in the biliary excretion of tacrine, P-gp role 

was studied. P-gp is localized at the canalicular 
domain of rat SCHs (17), and it is  primarily 
responsible for the biliary excretion of organic 
cations and neutral molecules (37). In our 
experiments, the canalicular efflux of tacrine 
decreased significantly when co-incubated with 5 
µM valspodar by approximately 60% (P< 0.01; 
Figure 6) supporting a role for the canalicular P-gp 
in mediating tacrine biliary excretion. The inhibition 
of tacrine efflux by valspodar can also be noticed 
from the increased accumulation of tacrine in the 
absence of calcium, where the tight junctions are 
broken and their content is released into the medium. 
Hence, inhibition of P-gp efflux function by 
valspodar resulted in more intracellular 
accumulation of tacrine compared to untreated 
control. The inhibitory effect of valspodar on P-gp 
function in SCHs is consistent with our previous 
report (23). A previous work, however, by Doan and 
colleagues demonstrated that tacrine is not a P-gp 
substrate based on permeability screening studies for 
93 compounds performed on MDR1-transfected 
MDCK type II cells (38). They found that the 
permeability of 10 µM tacrine following 1 h 
treatment was not altered by 1 µM elacridar, a P-gp 
inhibitor. This discrepancy in the results could be 
attributed to differences in the experimental design, 
type of cells, and concentration of tacrine that were 
used.   

MRP2 is another efflux transporter localized at 
the canalicular side of SCHs and was investigated in 
our study as a potential transporter to play a role in 
tacrine biliary excretion. P-gp and MRP2 are 
important in the elimination of many endogenous 
and exogenous xenobiotics and they have 
overlapping substrate specificity (39). MK571, an 
MRP2 inhibitor, caused 40% reduction in the BEI% 
of tacrine, suggesting a role for MRP2 in mediating 
tacrine canalicular excretion. The biliary 
excretion of tacrine mediated by P-gp and MRP2 
could be clinically important. Several endogenous 
and exogenous molecules are substrates for P-gp and 
MRP2, and may competitively inhibit tacrine biliary 
excretion. Although bile-mediated hepatic clearance 
of tacrine is moderate, failure in this mechanism by 
transport competition or due to disorders such as 
hepatic or gallbladder diseases could increase 
hepatic levels of tacrine hence increasing the risk of 
hepatotoxicity. Likewise, many endogenous amines 
(e.g., epinephrine, dopamine, and choline) and 
exogenous drugs (e.g., quinidine, vancomycin, 
procainamide, digoxin, trimethoprim and 



J Pharm Pharm Sci (www.cspsCanada.org) 17(3) 427 – 438, 2014 
 

 
 

436 

metformin) are cationics (positively charged at 
physiologic pH) and thus have the potential to 
interact, and may compete, with tacrine for hepatic 
extraction. Moreover, the involvement of uptake and 
efflux transporters in tacrine hepatobiliary 
disposition could explain, at least in part, the non-
linear kinetic behavior observed with tacrine at 
different doses (9). In addition to metabolism, tacrine 
hepatic uptake and excretion are active and saturable 
processes, thus at low doses, tacrine hepatic 
extraction is more efficient resulting in low 
bioavailability; however, at higher doses, tacrine 
could saturate its own hepatic uptake, metabolism 
and/or biliary excretion resulting in enhanced 
bioavailability. As P-gp and OCTs transport proteins 
are also expressed in the endothelial cells of the 
BBB, they are expected to play an important role in 
controlling tacrine transport into and out of the brain. 
A previous study has shown the involvement of 
OCTs in the transport of tacrine across the BBB of 
rats with major contribution of OCT2 (12); however, 
the role of P-gp in this process remains to be 
investigated. 

The obtained results in this study demonstrated 
a role for transport proteins in mediating tacrine 
hepatobiliary disposition that could be valuable for 
further consideration to understand its hepatotoxicity 
and its non-linear pharmacokinetic profile. 
Nonetheless, animal studies are required for further 
confirmation of the role of these transport proteins in 
tacrine hepatic clearance in vivo and for any possible 
drug-drug interaction at the transport level. In 
conclusion, tacrine uptake by hepatocytes is a 
saturable process with multiple mechanisms 
mediated, at least in part, by OCTs family members, 
and its uptake is pH and temperature dependent. In 
addition to clearance of tacrine by metabolism, 
biliary excretion of the parent compound is evident 
and mediated by P-gp and MRP2. 
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carboxy-2',7'-dichlorofluorescein; DMEM, 
Dulbecco’s modified Eagle’s medium; EGTA, 
ethylene glycol tetraacetic acid; FBS, fetal bovine 
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MK571, 5-(3-(2-(7-chloroquinolin-2-yl) ethenyl) 
phenyl)-8-dimethylcar-bamyl-4,6-dithiaoctanoic 
acid; MRP2, multidrug resistance-associated protein 
2; OCT, organic cation transporter; P-gp, P-
glycoprotein; SCHs, sandwich cultured primary rat 
hepatocytes; TEA, tetraethyl ammonium. 
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