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Transport of procainamidc, an anti-arrhythmic drug, was investigated in LLC-PK t kidney epithelial cell line. The uptake of 
precaiuamide by LLC-PK I munolaycrs cu]tured in plastic dishes was temperature-dependent, salnrahle and inhibited by organic 
cations such as cinlctidinc and N-aectylprocainamide. An aminocophalosporin antibiotic. ¢cphalexin, al~ inhibited pro- 
cainamidc uptake, but an organic anion, p-aminuhippurate, did not. The uptake of procainamide was greater at an alkaline 
external pH than at an acidic pH. in addition, procaie, antide uptake increased when inlraecllular pH was decreased and the 
uptake decreased when the intraccllular pH was incrca~d by ammonium chloride treatment, indicating the involvement of an 
H+/procainamid¢ anliport system in apical memhranu. The hasolateral to apical flux of pracainamide across LLC-PK I 
monolayers cultured on permeable supports was 2.5-times iarger than the apical to basolatera[ flux, and only the former process 
was inhibited hy other organic eutions. Thc~ findings suggest that LLC-PK I cells can transport prorainamide by the organic 
cation transport system and that proeainamide is transported unidirecflonally from hasolateral Io apical side across the cell 
monolaycrs. 

I n t r o d u c t i o n  

Procainamide, an anti-arrhythmic drug, is an organic 
cation and the kidney plays a major role in its disposi- 
tion [1,2]. Using rabbit proximal tubules perfused in 
vitro, MeKinney and Speeg [3] reported that pro- 
cainamide was actively secreted into the tubular lumen 
by an organic cation transport system. A number of 
studies using isolated renal brush-border and basolat- 
oral membrane vesicles, including those from our labo- 
rato~, have provided a great deal of information about 
the transport mechanisms of organic cations in the 
kidney. Specific transport of typical organic cations 
such as tetraethylammonium and N~-methylnieotina- 
mide has been shown in both basolateral and brush- 
border membranes [4-7], In basolateral membrane, 
organic cations are transported via a carrier-mediated 
system thal is stimulated by the intraceilular negative 
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potential [5,8]. In brush-border membrane, the trans- 
port of organic cations is driven by an H + gradient via 
an electroneutral H~/organie cation antiport system 
[5,9,10]. The transport mechanisms of procainamide in 
renal plasma membranes should be similar to those of 
tetraethylammonium [8,11]. Hmvever, Sokol and Me- 
Kinney [8] showed that, in contrast to tetraethylammo- 
nium, procainamide did not produce a trans-stimula- 
tion of [~H]procainamide transport in rabbit basolat- 
oral membrane, and they suggested that there may he a 
family of related transporters respon:ible for the initial 
step in renal tubular secretion of organic cations, Thus, 
further studies are needed to clarify the transport 
mechanism of proeainamide across renal epithelial 
cells. 

LLC-PK I, a ceil line derived from pig kidney [!2], 
possesses a structure and function simitar to those of 
renal proximal tubular cells [13]. We and others have 
been using this cell line for elucidating transport prop- 
crties at the cellular level as well as to study the. gone 
expression of some transporters in renal epithelia [14- 
17]. Recontly, LLC-PK~ cells were found to have the 
ability to transport tetraethylammonium and NL  
mcthylnicotinamide [18-20]. However, ~he number of 
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studies on organic cation transport using culture cells is 
still limited, and the involvement of transport mecha- 
nisms revealed by membrane vesicle studies (for exam- 
ple, H +,/organic cation antiport in brush-harder mem- 
brane) has not been established in intact epithelial 
cells. In addition, in contrast to the membrane vesicle 
studies, the transport of organic cations which are used 
for therapeufie purpose has not been tested in LLC- 
PK~ cells. In the present study, we studied the trans- 
port characteristics of procainamide in LLC-PKt cells, 
either by the cells cultured in plastic dishes or by those 
cultured on permeable supports. 

Materials and Methods 

Cell cuhure 
LLC-PK~ cells obtained from the American Type 

Culture Collection (ATCC CRL-1392)were cultured in 
plastic dishes (Coming Glass Works, Coming, NY) in 
medium 199 (Flow Laboratories, Roekville, MD) sup- 
plemented with 10% fetal bovine serum (Microbiologi- 
cal Associates, Bethesda, MD) without antibiotics, in 
an atmosphere of 5% C0:/95% air at 37°C, and were 
subcultured eveq, 4 to 5 days using 0.02% EDTA and 
0.05% tecpsin [17,21,22]. The cells were used between 
passages 222 and 245. 

Measurement o[proeab~amide uptake b~, LLC-PK t calls 
For the uptake experiments, 60-mm dishes were 

seeded with 4. l0 s cells in 5 ml of ~.~mplete culture 
medium (Medium 199 supplemented with t0% fetal 
bovine serum}. The cells were given fresh medium 
every 2-4 days after inoculation, and were used be- 
tween the 5th and 7th days (confluence). The uptake of 
proeainamidc was measured at 37°C or 4°C (on ice) as 
previously described [14[. Briefly, the uptake assays 
were performed in Dulbecco's phosphate-buffered 
saline (PBS buffer; 137 mM NaCI, 3 mM KCI, 8 mM 
Na2HPO~, 1.5 mM KH2PO4, t m M  CaCI, and 0.5 
mM MgCI,). After removal of the culture medium, 
each dish was washed twice with 5 ml of PBS buffer 
and allowed to preincubate for 10 min, Then, PBS 
buffer (2 ml) containing procainamide was added to 
each dish and the cells were incubated for a specified 
period. At the end of the incubation period, the medi- 
um was immediately aspirated and the dish was rapidly 
rinsed three times with 5 ml of ice.cold PBS buffer. 
Toe cells were scraped with a rubber policeman into 2 
ml of ice-cold PBS buffer and homogenized with a 
Polytron (Kinematica, Kriens-Luzcrn, Switzerland)at a 
setting of 7 for i rain. Proeainamide was determined by 
fluorescence polarization immunoassay. 

Measttrement of tke transepkhelial flux of procah~amide 
The transepithelial proca[namide flux was measured 

in the LLC-PKt monolayers cultured in Transwell 

chambers (Costar, Cambridge, MA). To prepare cell 
monolayers, cells were seeded at a density of 4- l0 s 
cells/era ~ on polycarbonate membrane fll~ers (3 pm 
pores) in Transwell cell chambers (4.71 cm -~ surface 
area), and the chambers were placed in six-well, cluster 
plates. The vntume of medium inside and outside the 
Transwel[ chambers was 1.5 ml and 2.6 ml, respec- 
lively. Fresh medium was replaced every 2-3 days, and 
the cells were used between the 5th and 7th days. 

Cell monalayers were washed with PBS buffer and 
allowed to preineubate for l0 rain at 37°C. Transport 
measurements were initialed by adding PBS buffer 
containing procainamidc either to the apical or to the 
basolateral side of the monnlayer. After incubation for 
15, 30, 45 and 60 rain. the medium in the other side 
was collected (100 p.I), and the rate of appearance of 
procainamide was measured by high-performance liq- 
uid chromatography (HPLC) as described below. 

Analytical methods 
in the measurement of uptake by the cells, pro- 

cainamide was determined by fluorescence polarization 
immunoassay using the TDX s~tem (Dainabot, Tokyo, 
Japan). In the transepithelial transport studies, pro- 
eainamide was measured by a high-performance liquid 
chromatograph LC-3A (Shimadzu, Kyoto, Japan) 
equipped with a fluorescence spectromonitor RF-5~ 
LC (Shimadzu). The conditions used for HPLC were as 
foltows: column, Zorbax-CN 25 cm x 4.6 mm 
(Shimadzu); mobile phase, 1.3% sodium acetate (pH 
5.8)/acetonitrile = 46: 54; flow rate, 0.8 ml/mia; exci- 
tation wavelength, 288 nm; emission wavelength, 356 
nm; injection volume, 51} t*l; temperature, 40°C. In 
some experiments, proeainamide was measured by the 
TDX system and by HPLC, and both assay methods 
gave almost the same results. Protein was determined 
by the method of Bradford [23], using the Bio-Rad 
Protein Assay Kit, with tmvinc y-globulin as standard. 

Materials 
Procainamlde, N.acetylprocainamide, cimetidine 

and p-aminohippurate were purchased from Sigma 
Chemical (St. Louis, MO). Cephalexin was generously 
provided by Shionogi (Osaka, Japan). All other chemi- 
cals used were of the highest purity availabte. 

Results 

The time course of procainamide uptake by LLC- 
PK I cells cultured in plastic dishes was measured at 
37°C or 4°C to determine the general transport charac- 
teristics, As shown in Fig. I. the uptake of pro- 
cainamide at 37*(2 reached a near-steady state by l0 
rain. At 4°C, the uptake of procainamide was drasti- 
cally reduced. Thus, the uptake of procainamide by 
LLC-PK I celh was time- and temperature-dependent. 
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Fia. I. Time cwrse of procainamidc uplilke by LLC-PK, ccllr. 
LLC-PK, mlls were incubatrd m 2 ml of PUS buffu containing I 
mki prucaiwmide fur the indicutcd times ul SPC tcl or ill 4-C @I. 

bch poinl reprwms Ihe mcan fS.E. of tbrcr ddcrminetiunr. 

Fig. 2 shows the time course of procainamidc cftlux 
from LLC-PK, cells prcincubated with the drug for 30 
min. The effIux of procainamide at 37°C was very rapid 
and after It1 min, intracellular procainamide was al- 
mosl undetectable. In contrast, at 4°C. nearly 90% of 
procainamide remained in the cells even after 30 min 
incubation. 

Fig. 3 shows the concentration dependence of pro- 
cainamide uptake by LLC-PK, ceils. The relationship 
between cmcentration and the rate of uptake ap- 
proached saturation, but never attained it. An explana- 
tion for this phenomenon is that procainamide enters 
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Fig. 2. Elflur of pnxainamide (PAI from LLC-PK, cells. LLC-PK, 
cells wrr pmincubslcd tit 37°C in 2 ml of PBS butler amlaining Il.5 
mM prwinilmide fur 30 min. At the end of preincuhatinn. ccllr 
were rapidly washed with ice-cold PBS buffer. Then. 5 ml ul PBS 
huller was added to esch dish and the cells were incub;lled for the 
indicated times 81 37°C (0) ur at 4°C W. Al the xtrtcd times, 
pro&amide remaining in the crllr wa$ delermincd. Each pucnl 
repasenlf, Ibe mcan+S.E. of three dciermimdions except for two 

delerminations of the uptake at 4°C. 

the cells by two processes, a saturable and a non- 
saturable process. Therefore, the initial rate of pro- 
cainamide uptake can be cxprcsscd by the following 
equation: 

v,&l 
b’= - t A$] 

h’,, + 1st 

where V is the initial uptake rate, fS] is the initial 
concentraliod, V,,,,, is the maximum uptake rate hy a 
saturable process, K, is the Michaelis constant, and 
k, is the coefficient of simple diffusion (non-saturable 
process). The contribution of the non-saturable uptake 
(k,,[S]) was estimated by employing the straight-line 
equation generated at higher procainamide concentra- 
tions, and the saturable uptake was analyzed sftcr 
subtracting non-satureblc. uptake from the total uptake 
at each cuncentration [4,5,24]. The values uf apparent 
K, and I’,,,,, for saturable transport were 3.2 mM and 
17.X nmol/mg of protein per min, rcspcctivcly. 

We examined the cffccts of other organic ions on 
the uptake of procainamide by LLC-PK I cells (Fig. 4). 
Procainamide uptake was markedly inhibited by or- 
ganic cations such as cimetidine and N-acetylpro- 
cainamide Ia metabolite of pra‘ainamide), although 
the uptake was nat inhibited by p.aminohippurate, a 
typical organic anion. 

The effect of medium pH on procainamide uptake 
was studied (Fig. 5A). Procainamide uptake was greater 
at pH 8.4 and lower at pH 6.0 compared with the 
uptake at pH 7.4. We also examined the eflecr OF 
alterations in intracellular pH produced by ammonium 
chloride on pmcainamidc uptake. When LLC-PK, cells 
arc cxposcd to ammonium chloride (acute trcatmettt), 
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LLC-PK, celk. LLC-PK, celk were incubated in 2 ml of PBS lwffer 
containing L mM prwzinamide lar 2 min in the presence or ahscncs 
ol’orgenic ions at the concentmtinns shown: CIM. cimetidinc; N&PA. 
N-iwetylproeainamidu; and PAH. p-!3minuhippurare. E3ch value rep 
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Fig. 5. Effect al medium pH (A) and intracellular ptl (61 on 
prwainamide uptake hy LLC-PK, cells. IA) LLC-PK, tells ryere 
incubated in 2 ml of PBS buffer with differcnr pH containing U5 mM 
prcctirumidc for I min. The pH of PBS buffer WIS &x3ed to 6.0. 
7.4. and 8.4 by adding ;1 whdion of hydrochloric acid or xldilrm 
hydroxide. Each value reprcxnls the meanfS.E. of five m ix 
determinations.(B) IIC-PK, cells were preincubated in 5 ml of PBS 
buffer in ihe absence (Control. Acua NH,Clj or prance (Prr 
Nti&!l) of 30 mM NH&I for 20 min. Then. the prcincubntion 
medium was aSpirated. and the cells were incubalrd iq 2 ml of PBS 
bulfer cuntz.irdng 0.5 mM proninXnidr Iur I min in the absence 
(Gmtrol. Pre NH&l) or presence IAcute NH&II of W mM NH&I. 
The usmolarity of t!x up%& wdicrr. KS !wt constwd by tiding 
nwnnitol. Each v&? represcnf~ #he mean+S.E. of four OF foe 

delcrmintitions. 
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Fig. h. Transport uf pracrinamide BCWES LLC-IX, mwol;lyer~. (Al 
Procinamide IM gM> was oddcd to the hawlatcd aide of cell 
mor&ycrr in the irbsenw (0) or prerrnce of II) mM cimrlidinr 
(ClM; ~1 nr N-~we~ylpwoinamidr (NAPA: 01. and bdwlwral w 
apical flws WTC mcasurcd by cullccting llwl pl of apiczd medium al 
15, X1,45, and fAl min. (BI PrwGnamide (20 @MI wils added IO the 
apical side in the absence (0) or prerence nf IO mM uimrtidine ( A) 
or N-areylprocainamide (0). and apical lo basolateral fluxes were 
measured by mllecring Ilk gl of hwlatcrrl medium. Each point 

reprevnts rhc merni S.E. of 4-7 dctcrminiltions. 

ilr:racellulsr pH rapidly tecwn~es more alkaline. On the 
contrary, when ammonium chloride is added to the 
preincubation medium and then is removed (pxtreat- 
merit), intracellular pH fall3 [tS,ZS]. As shown in Fig. 
58, procainamide uptake by LLC-PK, cells was in- 
creased by the pretreatment and decreased by the 
acute treatment uf cells with ammonium chloride. 

Next, in order to sludy transepithelial transport of 
procainamide, we measured the unidirectional flux of 
procainamidc across LLC-PK, cell monolayers cul- 
tured on permeable supports. Fig. 6 shows the basolat- 
era1 lo apical (Fig. 6A) and apical to basolateral (Fig. 
6B) ftux af procainatnide. The basolateral to apical flux 
of procainamide was ahout 2.5~times larger than the 
reverse. Adding cimetidine or N-acetylprocainamide to 
the basolateral side dxrcascd basolateral to apical 
procainamide flux. On the other hand, apical to baso- 
lateral flux was nor inhibited by these arganic cations. 

Fig. 7 shows the cis effect of cephalexin, an amino- 
cephalosporin antibiotic, on the uptake (Fig. 7A1 and 
the unidirectional flux (Fig. 78) of procainamide. 
Cephalexin markedly inhibited the uptake of pro- 
cainamide by LLC-PK, cells cultured in plastic dishes. 
On the other hand, the inhibitory effect on the basolat- 
era1 to apical flux of procainamide was relatively weak. 

~iscusriorl 

The present results dcmonslrate that procainamide 
can be transported by the organic cation transport 
system in the kidney epithelial cell line LLC-PK,. First, 
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Fig. 7. GEcl of cepbatcxin on uprake (14) and basolaleral lo apical 
flux (B)of pmcainamidc in LLC-PK, CCIII. (A) LLC-PK, cells grown 

in plastic dishes were incuhalrd in 2 ml of PBS bulfer containing 0.5 
mM pmcainamide for I win in lhe absence or presence of 10 mM 
cephrlsxin (CEX). Each value represents ihc mran*S,E. of five 
dcrerminatinnr. (8) Basolalcral to apical flux of procainamide (SO 
pM) BE~W LLC-PK, cell monolayers was measured as described in 
Fig. 6A in Ihe absence OT presence of 10 mM cephalcxin (CEX, 
basolaieral side). Each VPIUC represents the mean+%, of 6vc or sk 

delerminalianr. 

the uptake of procainamide by LLC-PK, monolayers 
cultured in plastic dishes was tcmperaturc-dependent, 
saturable and inhibited by organic cations but not by 
,an organic anion. In addition, the uptake was depen- 
dent on the medium and intracellular pH. Secondly, 
basolateral to apical procainamide flux acrOsS LLC-PK, 
monolayers cultured on Permeable supports was larger 
than the reverse and was inhibited by organic cations. 

In the cellular uptake study, we measured pm- 
cainamide uptake by LLC-PK, monolayers cultured in 
plastic dishes. The TeSUltS suggest that the specifically 
mediated system is involved in procainamide trampOrt 
in the apical membrane. This finding is consistent with 
our previous report describing that tetracthylammoni- 
urn, a typical organic cation, is transported by a 
carrier-mediated system in apical membrane vesicles 
isolated from LLC-PK, cells 1261. In addition, McKin- 
ncy et al. [IS] reported that tetraethylammonium accu- 
mulated inside LLC-PK, cells grown on plastic dishes 
by a saturable, mediated mechanism in the apical cell 
membrane. Thus, apical membrane of LLC-PK, cells 
should have the organic cation transport system which 
can transport various substrates such as terraethyl- 
ammonium and procainamide, as do the renal brush- 
border membranes. However. the apparent K, va!ue 
of procainamide uptake in the present study was higher 
than that reported by McKinney and Kunnemann [ 1 l] 
using brush-border membrane vesicles isolated from 
rabbit kidney {K, = 0.54 rnM). The reason for this 
discrepancy is not clear. It may be due to the differ- 
ence of experimental systems. For example, McKinney 
and Kunnemann 1111 measured procainamide uptake 
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by brush-border membrane vesicles in the presence of 
a relatively large pH gradient (1.5 pH unit). Alterna- 
tively, the influx of procainamide across the apical 
membrane should be unphysiological direction and 
therefore the apparent K,, might become larger in 
intact cells, 

Prcton gradient-dependent uphill transport of or- 
ganic cations W/organic cation antiport) was demon- 
strated in renal brush-border membrane vesicles from 
rat, dog and rabbit [5,9,11]. However, the involvement 
of the H+/organic cation antiport system has not been 
well established in intact cells. McKinney et al. [18] 
showed that tetracthylammonium uptake by LLC-W, 
cells was influenced by the pH of the incubation 
medium with greatest uptake occurring at the most 
alkaline PH. On the contrary, they did not observe the 
effect of cell pi-l which was altered by ammonium 
chloride on tetraethylammonium uptake. Taken to- 
gether, they discussed that H+/organic cation antiport 
should not be the predominant mechanism for tctra- 
ethylammonium uptake in apical membrane of LLC- 
PK, cells. In the present study, we also tested the 
effect of medium pH on proeainamide uptake as well 
as the effect of intracellular pH which was altered by 
ammonium chloride treatment of cells. In contrast to 
the results of McKinney et al. [IS], procainamide up- 
take was changed under both experimental wnditions, 
and in a manner which can be explained by H+/pro- 
cainamide antiport mechanism. Thus, H+/organic 
cation antiport system may be involved in pro. 
cainamide transport across the apical ce!1 membrane of 
!.LC-PK,. Recently, Yuan et al, 1271 demonstrated the 
presence of H”/tetraethylammonium antiport system 
in the apical membrane of opossum kidney (OK) cells, 
another cell line derived from the American opossum 
kidney. Further studies are needed to clarify the role 
of H’/organic cation antiport system in the trans- 
epithelial transport of procainamide. 

Using LLC-PK, monolayers cultured on permeable 
supports, we demonstrated that basolatersl to apical 
procainamide flux was 2.S.times larger than apical to 
basolatcral flux, and only basolateral to apical flux was 
inhibited by other organic cations. These results indi- 
cate that specifically mediated flux of procainamide 
across LLC-PK, monolayers occurs only from the base. 
lateral to apical side, and the apical to basolateral flux 
represents a non-specific process such as a paracellular 
transport (leakage through the intercellular lateral 
space). Ot! the other hand, procainamide uptake by 
LLC-PK, cells cultured in plastic dishes (which should 
reflect the apical transport) was inhibited by other 
organic cations as debcribed above. Taken together, 
these results suggest that, when procainamide was 
added to the apical side, the drug can enter the cells 
across ihc apical membrane but can hardly be trans- 
ported from intracellular compartment to basolateral 
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side across the basolatcral membrane. We ]lave previ- 
ously shown that organic cation transporl in basolatcral 
membrane, but not in brush-border membrane, was 
sensitive to the membrane potential [5]. Therefore, the 
interior negative pown|ial of the cells should restrict 
the procainamide flux from inside the cells to basolat- 
eral side across the basolatera[ membrane, resulting in 
the unidirectional transport of procainamide from ba- 
solateral to apical side across LLC-PK~ monolayem. 
When compared with the renal proximal tubule, this 
unidirectional transport should correspond to the tubu- 
lar secretion. Transport of tetraetbylammonium and 
N Lmethylnicotinamide was also shown to bc unidirec- 
tional in LLC-PK I monolayers [19,20]. 

Cellular uptake and the transepithctia] flux of pro- 
cainamide decreased in the presence of cimetidine or 
N-acetylprocainamide. These results suggest that pro- 
cainamide can share a common transport system with 
cimetidine and ~-acetylproceinamidc in LLC-P:<~ 
cells. Cimetidine, a histamine Hz-receptor antagonist, 
is transported by organic cation transport systems in 
rat renal brush-border and basolateral membranes [28]. 
Several reports have demonstrated that procainamide 
and cimetidine compete for a common secretory mech- 
anism in proximal tubules perfused in vitro [31, in 
brush-border membrane vesicles [29], and in isolaled 
pcrfused rat kidney [30], X-Acetylprocainamidc is an 
active metabolite of procainamide and is mainly ex- 
creted unchanged in urine [2,31]. Funck-Brentano et 
al, [32] demonstrated that the accumulation of N- 
acetylprocainamide during proeainamide therapy can 
alter procainamide elimination in man. They discussed 
that the pharmacokinetic interaction between N- 
acetyIproeainamide and procainamide is due to compe- 
tition for renal proximal tubule secretion. MeKinney 
and Speeg [3] showed thai N-aeetylprocainamide had 
an inhibitory effect on procainamide secretion by prox- 
imal tubules in vitro. The present study in LLC.PK~ 
ceils provides direct evidences indicating that the com- 
petition for secretion between these organic cations 
occurs at the cellular level in renal proximal tubules. 

We have previously shown that aminoeephalosporin 
antibiotics such as cephalexin and cephradinc can be 
transported by an organic cation transport system in 
renal brush-border membrane 133]. In brush-border 
membrane vesicles, aminoeephalosporin antibiotics in- 
hibited tetraethylammonium uptake, and the uptake of 
these drugs were actively driven by an outward H + 
gradient [33}. Thus, aminocephalosporin antibiotics are 
substrates for H+/organic cation anliport system in 
brush-border membrane. On the o!her hand, cephal- 
exin did not affect tetraethylammonium transport in 
basolateral membrane [34]. Therefore, it is interesting 
to compare the effect of cephalexin on the apical 
uptake and transcpithelial flux of procainamide in 
LLC-PK I cells. Cephalexin markedly inhibited the apt- 

cal uptake of procainamide, but the effect on trans- 
epithelial flux was relatively weak, The initial step of 
the transepithelial flux is the uptake from basolateral 
side into the cells across hasolateral membrane. There- 
fore, cephalexin may affect procainamide transport in 
apical membrane in preference to that in basolateral 
membrane, which is consistent with the finding ob- 
tained by membrane vesicle studies [33,34]. Thus, or- 
ganic cation transporl systems in lhe apical and haso- 
lateral meml~n.,~es oi LLC-aK~ may have similar sub- 
strata specifieities with those in renal brush-border and 
basolateral membranes, respectively. 

In conclusion, proeainamide can be transported in 
LLC-PK l cells by an organic cation transport system. 
I.LCPK I cells should provide a useful model system to 
study the cellular and Iransepithelial transport mecha- 
nisms of organic cations and drug interaction in renal 
proximal tubules. 
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