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At least two types of glucose transportcr cxist in cultured renal cpithclial cclls, a Na ~-glucose cotransporter (SGLT), capabic of 
interacting with i)-glucosc but not 2-deoxy-D-glucose (2dglc) and a facilitated transportcr (GLUT) capable of interacting with 
both o-glucose and 2dglc. In order to cxamine the polarity of transport in cultured renal epithelia, 2dglc and D-glucose uptakes 
wcrc mcasurcd in confluent cultures of LLC-PKt cells grown on collagen-coated filters that permitted access of medium to both 
sides of the monolayer. Th,; ratesof basolateral uptake of both 1 mM glucose (Km 3.6 mM) and 1 mM 2dglc (Km 1.5 mM) were 
greater than apical uptake rates and the (apical-to-basolateral)/(basolateral-to-apical) flux ratio was high for glucose (9.4) and 
low for 2dglc (0.8), thus, confirming thc lack of interaction of 2dglc with the apical SGLT. Specific glucose transport inhibitor 
studies using phlorizin, phioretin and cytochala;;ir, B confirmed tl,e polariscd distribution of SGLT and GLUT in LLC-PK~ cells. 
Basola:~ral sugar uptake could be altered by addition of insulin (1 mU/ml) which increased 2dglc uptake by 72% and glucose 
uptake by 50~ and by addition of 20 mM glucose to the medium during cell culture which decreased 2dglc uptake capacity at 
confluence by 30%. During growth to confluence, 2dglc uptake increased to a maximum, then decreased at the time of 
confluence, coincident with a rise in uptake capacity for a-methylm-glucoside, a hexose that interacts only with the apical SGLT. 
It ~as concluded that the noh-mctal~olisablc sugar 2d#c wan a useful, specific probe for GLUT in LLC-PK~ cells and that GLUT 
was Iocalised at the basolaterai membrane after confluence. 

Introduction 

Sugar uptahe by mammalian cells occurs by three 
different routes: (1) simple diffusion tluough the lipid 
bilayer; (2) facilitated diffusion, or (3) Na+-glucose 
cotransport [1]. Renal proximal tubule cells have been 
shown to have both an ~,pical Na +-glucose cotransport 
system [2,3] involving an SGLT transporter [4,5] and a 
basolaterai Na+-independent facilitated diffusion sys. 
tem [1,6] involving a GLUT-I or GLUT-2 transporter 
imform [4,7-10i~. In order to simplify th¢ study of 
transport mechanisms, cell culture systems have been 
established as models for renal epithelial transport 
[il]. The pig kidney cell line LLC-PK~ has proven 
useful for studying the renal Na*-glucosc cotranspo,t 
system [4,12-14] that i~ locaiised to the apical mem- 
brane of the cells [15]. The nucleotide sequence of 
SGLT has been determined in this cell line [4] and 
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found to be homologous to the Na+-coupled trans- 
porter SGLTI of intestinal cells [5]. The Na +-indepen- 
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volving the GLUT family of isoforms [7,8] has been 
found to be of the erythroid/brain type GLUT-I [4,16]. 
None of the other GLUT isoforms were detectable in 
LLC-PKI cells [4]. GLUT-1 was originally cloned erom 
human hepatoblastoma HepG2 cells by Mueekler et al. 
[91. 

In uptake studies in LLC-PKt cells, dissociation of 
sugar transport from intracellular metabolism of the 
transported sugar has bc,~n possible through the use o! 
non-metabolisable substrates such as a-methyl-n-glu- 
coside (AMG) for " ' " '  ~ u L i  i and .3-O-mcdlyI-D-glucose 
(OMG) or 2-deox3,-D-ghtcose (2dglc) for GLUT-1. 
GLUT-1 in LLC-PK~ has been characterised by Mullin 
et al. [17] using 2:lglc, a hexose *.he,: is phosphorylated 
in the cell but not mc:~abolised further. M~llin et al. 
[18] have also succeeded in producing LLC-PKt mu- 
tants with reduced uptake capacities for 2dglc and 
these cell lines may prove useful in determining the 
role played by GLUT-1 in normal glucose reabsorption 
by the kidney. Various factors can alter the rate of 
facilitated glucose transport by mammalian ceils, in- 
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eluding glucose availability [ 1,4,16,17] and the presence 
or absence of insulin [1,7,19,20]. The aim of the present 
investigation was to first determine if GLUT-1 has a 
polarised distribution in confluent LLC-PK~ cells by 
assessing unidirectional uptakes of 2dgic and their spe- 
cific inhibitor sensitivities. Secondly, the aim was to 
compare differences in uptake between a non-meta- 
bolisable sugar (2dglc) thai interacts only with GLUT- 1 
and a metabelisable sugar (glucose) that interacts with 
both GLUT-1 and SGLT1. A third aim was to deter- 
mine the effects of insulin, extracellular glucose and 
cell density on the express;ion of GLUT-I in culture. 

Materials and Methods 

Ce// culture. LLC-PK I :ells between passages 186 
and 203 were maintained as described previously [12]. 
The culture medium consisted of Minimum Essential 
Medium (MEM, Flow Laboratories) without antibiotics 
and supplemented with 10% fetal bovine serum (FBS, 
Flow Laboratories) and vitamin~ a~ f, wmulatcd ;br 
Eagle's Basal Medium. Cells were routinely passaged 

().O,. ;t~ EDTA. at weekly intervals using lk05% tr.,,psin, ' "~' 
Sugar u'ansport. For sugar uptake measurements 

fram the apical or basolateral medium, cells were grown 
in chambers consisting of a lucite ring with :~ coila~en- 
coated (Ethicon) polycarbonate filter bottom ,'4.2 cm 
inside diameter) as previously described [~1]. The ring 
~a.,, placed into a plastic culture dish, th'_s, ~eparating 
the apical medium inside tile ring from the basolateral 
medium outside the ring in the dish. This pertained 
unidirectional uptake measurements, a: well as tran- 
scellular flux measurements. The ring was held in 
position slightly above the bottom of the culturc dish 
by plastic tabs that extended over the outside edge of 
the dish, thus, allowing the medium in the dish to 
bathe the underside of the ceP monolayer. For experi- 
ments with confluent cultures, rings v.,~:re seeded witii 
5.10" cells per ring: cultures wetc rcf~ d every day, and 
uptake measurements were performed 3 days after 
seeding. Only confluent monolayers with a trans- 
epithelial potential difference of ~ 0.3 mV (apical 
negative) were used in the study. 

The standard saline for the sugar uptake measure- 
merits (Mopsm) consisted of (raM) 119 NaCI, 5.3 KCI. 
6.0 sodium acetate, 2.8 CaC! 2, i.3 MgSO4, 2.0 
KH.,PO4, 6.6 NaHCO 3 and 9.3 sodium morpholino- 
propanesulfonate (Mops) at pH 7.22. Various additions 
were made to the apical or basolateral solutions ac- 
cording to the experimental protocol. D-[14 ]glucose, 
2-deo~,-D.[-~H]glucose (2dglc) and a-methyl-D-[ 14C]glu- 
cost {AMG) were added to onlv one side of the r;ng 
for measurement of apical or basolatcral uptake. The 
rings containing the cell monolayers were washed in 
Mopsal at room temperature and suspended in a 60-ram 
plastic culture dish containing 5 mi Mopsal (basolateral 

medium). An additional 5 ml of Mopsal was pipetted 
into the ring (apical medium) and the ring was placed 
on a Clinical Rotator (Thomas, Philadelphia, PA) at a 
slow speed and incubated at room temperature. The 
transcellular flux of isotope during an incubation was 
monitored as previously described r-,, 1 t~, 1.1. 

At the finish of an incubation, the ring was taken 
out of the dish and adherent uptake solution was 
removed by aspiration. Fhe rings were then washed 3 
tiw~es in successive changes of ice-cold Mopsal contain- 
ing 200 ~tM each of phloretin (Pht) ap.d phlorizin 
(Phz), followed by a brief aspiration of adhering wash 
,~.oh, ion. The ring was then immediately peaced cell 
side up onto filter paper (Wh-!tman No. 1) soaked in 
ice-cold Mopsal sitting on top of a cold, solid metal 
cylinder, The filter with its attached cells was cut free, 
divided in half and each half transferred to a separate 
centrifuge tube containing 2 ml of (I..4 M perchloric 
acid (PCA). The complete washing procedure required 
about 40 s. 

Analysis of P(_M extracts. Radioactivity and DNA 
content of the cells were measured as previously de- 
scribed [12]. The values obt.aiaed for both half filters 
from a single ring were averaged and presented as a 
single datum point in the results. For distinguishing 
between free sugar and sugar phosphate, 1.5 ml of the 
0.4 M PCA extract following freeze-thawing and DNA 
precipitation [12] wits neutralized with 2 M KOH using 
0.2,": P, romthymcl blue as a pH indica:or. After cen- 
trifugation for 5 rain in a Dynac tabletop centri|'uge 
(Clay Adams) at speed setting No. 50, 0.5 ml of super- 
natant was removed and the radioactivity in the sample 
counted for estimation of total sugar in the extract. 
Sugar phosphates w~?re then precipitated by addition el 
0.5 ml of 5% ZnSO~ followed by addition of 0.5 ml of 
tLJ M Ba(OH)~. After mixing, the samples were left at 

.~{S i~iR, *hr , .  oont r l f t lOad  as  r,)om temperature io~ ~ ' 
before. A 1 ml salnple of supcrnatant was counted for 
radioactivity to estimate frce sugar in the sample. Sugar 
phosphate was taken as the difference between total 
sugar apd free sugar. For a mctabolisable sugar like 
glucose, the non-precipitable radioactivity will not be 
equal to the free glucose concentration in the cell 
because the supernatant will also contai~ the metabo- 
lites lactate, alanine, or glutamate [18,22]. Chromato- 
gldphic analysis on Wl~atman 3MM paper using 4" i 
isopropanol/water as solvent was, thus, used to deter- 
mine the amoum of intracellular free glucose. 

The concentration of sugar in cell water (H 2 0  ) was 
calculated from cell volumes determined by OMG up- 
take or from DNA content using a conversion factor of 
0.98.10 -4 m! cell water per ~g DNA [12]. DNA was 
measured colonmctrically by the diphenylamine reac- 
tion of Burton [23]. 

Statistical analysis. All data are presented as the 
mean + S.E. Statistical significance of the data at the 
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Fig. i. Polarised sugar uptake by LLC-PKt. The ,ufidirectional uptakes of ! mM o-glucose (A) and 2-deoxy-t~-glucose (2dglc) (B) by confluent 
monolayers of LLC-PK t cells grown on collagen-coated rings are presented as the mean uptakes of total sugar (pmol /ml  cell water~,_+ S.E. The 

sample sizes are 4 fiw glucose and 4-18 fiw 2dglc, Llpla"', was ,'tt room temper'ature. 

95% confidence level was determined by the unpaired 
Student's t-test or by analysis of ~ariance (ANOVA). 

Materials. All chemicals used were ~ma!ytical grade. 
Unlabeled sugars and inhibitors were from Sigma. 
Phloretin-2'-(2-deoxy-o-glucoside) was synthesized by 
Dr. R.F. Sullivan (Smith, Kline & French Laborato- 
ries) and its s~:ructure was confirmed by C and H 
analysis, mass spectrometry and determination of 2-de- 
oxy-o,glucose in an acid hydrolvsate. The purified ma- 
terial u,~ed here was a girl fl'om Mr. L. Petka, Research 
and Development Division, Smith Kiine & French 
Laboratories, Phildelphia, PA). 2-deoxy-o-[l-3H]glu - 
cose was purchased from Amersham and, o-[=4C]gh: - 
cose ([14C]glucose)(U), a.methyl-D-[t4C]gluccpyrano- 
side ([14C]glucose)(U)and 3-O-methyl-o-[v~C]gluc ose 
([14C]glucoseXU) were purchased from New England 
Nuclear. LLC-PKt cells were originally obtained from 
Dr. R.N. Hull [24]. 

Results 

Polarity of sugar uptake by LLC-PK I 
D-Glucose or 2-deoxy-D-glucose (2dgic) were added 

to the apical or basolateral side of coafluent monolay- 
ers of LLC-PK~ cells (Fig. 1). In saline containing a 
normal Na + concentration of 141.5 mM, the basolat- 
eral uptake rate was greater than the apical rate for 
both sugars. The rate of uptake of 2dglc from the 
apical side was very low and may in part be explained 
by 2dgic movement between cells followed by tra~,sport 
into the cells across the basolater,,~ membrane. This 
explanation is supported by the fact that most apical 
2dglc uptake was phloretin sensitive (Fig. 2). Sugar 
concentrations were vaned and basolateral uptake rates 
were measured after incubations of 30 rain (2dgic) or 
incubations of 3 mia (glucose) at room temperature. 
.am Eadie-Hofstee plot for 2dgic uptake gave a high 

affinity, low capacity uptake component with K,,and 
V,~,x values of 1.5 mM and 290 mnol/mi per rain, 
respectively (one experiment, n = 5-11 rings at each of 
seven 2dgic concentrations). A low-affinity, hig~i-capac - 
ity component of uptake was also present and presum- 
ably represented passive uptake. K m and Vm,,, , values 
were also estimated for D-gluco:,e uptake and found to 
be 3.6 mM and 5320 nmol/ml per min, respectively 
(mean of 2 experiments, n = 4 at each of five glucose 
concentrations). 

Various sugar transport inhibitors were tested for 
their ability to inhibit apical or basolateral uptake. The 
effects of phlorizin (Phz), phloretin (Pht) a~d cyto- 
chalasin B (CB) on I() min glucose and 2dglc uptake 
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Fig. 2. Effect of basolateral phloretin on apical uptake ol 2dglc. 
Uptake conditions were simdar to Fig. I. Uptake is ~:xp,:esse0 as total 
sugar in/xm~,l/ml cell water ( :t: S.E.). I mM 2dglc was presented ~o 
the apical side of the ring in the presence (n = 4-0) or absence 
(n - 7-11) of 200 .~:~M phloretin added to the basolateral side only. 
Data were collected from two or three separate culture experiments. 
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rates are shown in Fig. 3. Uptakes were only measured 
for 10 rain to; reduce sugar crossing the monolayer and 
entering the cc!ls from the opposite membrane. Apical 
up,'.ake ot glucose, was greatly inhibited by Phz and Pht; 
apical 2dglc uptake was slightly blocked by Pht but not 
affected by CB (Fig. 3a). The slight inhibition by Phi 
may be due to basolateral uptake after paracellular 
flux across the monolayer as discussed for Fig. 2. In 
Fig. 3b it can be seen that basolateral uptake of both 
glucose and 2dg;.:- is highly sensitive to Pht and CB. Phz 
had no effect on the basolateral uptake of glucose in u 
short 10 rain incubation. A K i for CB was calculated 
to be 3.9/~M, based ,m an experiment in which the 
medium coneemradon of CB was varied from 0.05 #M 
to 50 #M (da~a not shown). These CB results are 
similar to those reported pre~,iously [17]. 

Replacem~:nt of the glucose moi,;ty in phlorizin by 
2dglc to produce 2dglc-phloretin reduced the effect of 
this inhibitor on apical uptake of AMG, but the po- 
tency of 2dglc-phloretit~ on baso!'~te,~a! upi.,ke ot glu- 
cose (total sugar) was sJmilat- t~ *.hat of Pht on its own 
(Table l). 2dglc-phloretin had a much reduced potency 
compared with Pht on basolateral uptake of 2dgle. The 
data indicate that for an interaction of Phz with SGLTI, 
the presence of the entire glucose moiety, including a 
tree hydroxyl group on C-2, is required. On the other 
hand, the glucose moiety plays no role in the interac- 
tion of the phloretin moiety with GLUT-1 at the baso- 
lateral border, 

OMG is known to be transported by GLUT but not 
by SGLT in kidney. Its ability to compete with basolat- 
eral glucose for uptake into LLC-PK~ cells is shown in 
Table !1. OMG inhibited glucose uptake in a dose-de- 
pendent re=tuner. 

TABLE I 

Phloretin, 2.deoxyglucose-phloretin and phlorizin effect on uptake (¢ 
sugars by LLC-PK ! 

Rings were incubated at room temperatme for 60 min. 2dglc-phlore- 
tin refers to phioretin-2'-(2-deoxy-D-glucoside). Sugars are present at 
1 mM and inhibitors are present at 100 p.M. Mean va|ues±S.E,  of 
total sugars (free ~ugar + sugar phosphate + other metaboli|es) (n -- 
4-6) are given in p m~d/ml cell H~O, Si£,ificance vs control; 
* P < 0.02; * * P < 0.01. 

Inhibitor Total sugar uptake 
(# mol/ml  H ,O, 

Apical 
¢~- McthyI-D-glucoside 

Basolatcral 
D-Glucose 

2-Deoxy-D-glucose 

none (control) 3,t)l ±0.10 
phiolizhl O, lO ± O.O! * * 
phloretin 1.66 ± 0.06 * * 
2dglc-phlorctin 2.47 ±(~,! I * 

nonc (control) 7,5:1:0.13 
9hloretin 3:) ±0.10 * *  
2dglc-phlorctin 4.6 ~ 0.21 * 
none (control) 21.0 ±(1.5 
phloretin I, I :t: 0.(15 * * 
2dgl,'-phloretin 13.0 +0,8 ** 

Tramcelhder fluxes 
The fluxes of 2dglc and glucose across LLC-PK~ 

monolaycts were measured as previously describeo for 
AMG [21:. " i,,. i:t~...a'.io for glucose, apical to basolat- 
eral (J,b) vs. basolateral to apical (Jb,,,) was 9.4 (Fig. 
4a), whereas the ratio of respective fluxes for 2dgic 
(0.8) was much lower (Fig. 4b). The low J,,b flux for 
2dglc may represent movement through the paracellu- 
lar pathway. 
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Fig, 3, Inhibitor sensitivity of polarised sugar uptake by LLC-PK I. Apical (A) and basolateral (B) unidirectional oglucose (GIc) and 
2-deo.w-D-gh~cose (2dglc) uptakes were measured ~.n confluent cell cultures [ town on collagen-coated rin]s in the presence and absence of 
inhibitors, Incubation ~,~-:as for 10 rain at room temperature, inhibitors for 1 mM glucose uptake were 100/zM phlorizin (Phz), 100 p,M phloretin 
(Pht), or 40 #.M cytochalasin B (CB). Inhibitors for 1 mM 2dglc uptake were 200/~M Pht aad 5/~M CB. Sample size was 4 - 6 for glucose and 5 

- 18 for 2dglc. Values are given as the mean uptake of total sugar (nmol/ml cell water per o'dn) + S.E. 



TABLE I! 

Effect of .?-O-methyl-o.glucose on basalateral uptake of ghwose by 
LLC-PK t 

OMG concentration Glucose uptake (n) 
(mM) (/.tmol/ml H~O~) 

0 i.88 + 0.24 5 
! ! .60 5:0.09 4 
5 1.185:0.06, * 4 

10 q.93 5:(I.0.1 * * 4 

Rings were incubated at room ~emperature for 15 min. Glucose was 
present at I mM and 3-O-methyl-D-glucose (OMG) as indicated. 
Mean values/:S.E, of total sugar are given in ~mol /ml  cell H,O.  
Significance vs. control (no OMG); * P < 11.05; ** P < 11.02. 

h~tmcelhdar flee sugar cahtes 
After uptake, most intracellular 2dglc and glucose is 

present as phosphorylated sugar, in the control experi- 
ments of Table I.. 2dglc.phosphate represented 89% of 
the total intraeellular 2dglc in the cells after 1 h of 
uptake and glucose 6-phosphate represented 75% of 
the total intraceilular glucose after 1 h of uptake. 
Apical or basolateral 1 mM sugar uptakes of 1-2 h 
incubation were carried out to ensure that uptake had 
reached steady..sta~.~: cot iditions and 'free sugar' and 
phosphorylated sugar were compared in the cells. In 
the case of a non-metabolised sugar like AMG, SGLTI 
is capable of setting t=~p a 3-fold concentration gradient 
in LLC-PK, (Table 1). In normal Na*-containing 
medium, intraceilular 'free glucose' under steady-state 
conditions, however, was not different fron, extracellu- 
lar (1.11 5:0.04 mM, n = 6) when glucose was pre- 
sented to the apical side of the cell but it exceeded 
extracellular when it was presented to the basolateral 
side (2.5 + 0.19). Similar results were found for 2dgic. 
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intracellular 2dglc was 0.81 + 0.19 mM (apical) and 
2.2-9 + U.2(~ mM (basolateral). In order to test whether 
the 'free glucose' concentration in thc cell during api- 
cal uptake could be increased by blocking efflu×, total 
and free sugar values were measured after 60 min 
uptakes in the presence or absence of 40 !~M CB. 
Total glucose was unaffected by CB treatment (3.37 5: 
0.17 vs. 3.61 _+ 0.16 in the plesence of CB); wherea.~ a 
slight increase in the steady-state 'free glucose' concen- 
tration was observed after CB treatment ( l . l l  5:';.04 
vs. 1.37+_0.04 in the presence of C B ) ( n  =6,  P <  
0.001). Calculations of actual free glucose levels in cell 
extracts after a 60 min uptake by chromatography 
analysis gave true intracellular sugar to extracdlular 
sugar ratios of only ().10 5:0.03 (n = 4) for apical up- 
take and (}.55 ± 0.13 (n = 4) for basolateral uptake in 
the absence of CB. These results may be artificially 
elevated due to extracellular 'unrinsed' free glucose. 

hlsufin effect oil sugar u/nak¢~ 
Insulin stimulates the transport of sugars across tile 

basolateral membrane of LLC-PK, ceils, as shown in 
Fig. 5. Both glucose and 2dglc uptake from the basolat- 
cral side of the monolayer were significant!y increased 
after treatment of the cells with 1 mU/ml  insulin 
(P < 0.02 for glucose and P < 0.0001 for 2dglc). in- 
sulin, however, had no effect on the apical uptake of 
.~,~r-~ : ,qhm,~ ;.', ~q~-hdy, but non-significantly, stimu- 
lated the apical uptake of glucose, possibly by an effect 
on glucose metabolism. Postulating a role for protein 
kinase A in the above insulin effects, results not re- 
ported here in detail sho~ved a relatively small stimula- 
tory effect of 1 mM dibutyil cAMP on bo;h the apical 
and base~atcrai aptakes of glucose and a significant 
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Fig. 4. Transcellular fluxes of glucose ;rod 2-deox3,-L,-glucose across LLC-PK~ c,:.!l sheets. Transcellular fluxes across conflu¢;nt LLC-PKs 
monolayers grown on collagen-coated rings of n-glucose (A) and 2-deoxy-D-glucose (2dglc) (B) were measured at room temperature. Sugars were 

present al I mM on one side of the monolayer only. Fluxes are given as the mean value (pmol/~zg DNA):I: S.E. Sample size equals 6-29 rings. 
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Fig, 5, lusuli;~ cfllccts o .  glu¢o,~;:, 2.dcoxyq).glue~)se and {~-ntethyl.t). 
glucoside uptake by LLC-PK I culls, Insulin ( i  nKJ/ml)was added to 
the: same rid;: of cont'hieflt LLC-PK t monohlyers grown on collagen- 
coated rings as the sugar and unidirectional uptakes of I)-glucose 
(GIc), 2-dcoxy-t)-glucosc (2dglc), and a-methyl-t)-gluct~side (AMG) 
were nteasured. Sugar was t:,'esent at I mM and uptakes were 
measured ;it room temperature for 10 rain (Gic), 3(1 rain (2dglc), or 
~) rain (AMG). Insulin v, as added ~,t the same lime as isotope:. 
Values are expressed as total sugar taken up (pmol /ml  cell v, atcr 

per min)± S,E. Sample size equals 0 rings, 

inhit)itory effect of 10 mM theophylline on the basolat- 
eral uptake of glucose. 

Det,dopment of sugar transport polarily #~ cuhure 
Before LLC.PK~ cultures attain confluence, Phz- 

Sugar Uptake versus Cell Growth to Confluence 

1 
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0 , . ,  . , . , . , . , .  , ~  0 
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Fig. 6. Sugar uptakc by LIoC.PK, cells vs. days in culture. At day 0. 
ctdlagen<oated rings were seeded with 2.10 ~ ~.ells/cm: a .d  cultures 
were refed daily. Beginning at day 3, sugar uptakes were measured 
for I mM 2-d~'o~y-D-[ ~tllgluco.~ (2dglc) in the presence and absence 
of 0.1 mM Pht and for I mM a.mcthybo.[t4C]glueoside (AMG) in 
the present,, and ab~nce of 0.2 mM Phz. Uptakes were at room 
temperature for ~) rain (2dgl¢. ~ or 60 rain (AMG), respectivel-y. 
f'u!tures were ¢c, nfluent at day 7. The= mean DNA content per ring 
(ttg DNA/filter) is given (n = 5). Pht and Phz-sensitive sugar u p  
takes from two ~parate  culture experiments are presented as the 
rnea~ value (nmel/ml H20  , per rain) from 4 rings for 2dglc and 2 

rings for AMG. 

TABLE Ii I 

Efjcct of growth in high gh~cose madison on ~,gar uptake by LLC-PK! 

2dglc uptake (n) AMG uptake (n) 
(#mol /ml  cell (#mol /ml  cell 
H ,O pt:r rain) H ,O pLr rain) 

Control 027 ± q.02 (4) 0.15 ± 0.05 (2) 
High glucose (|.19 ±0.01 (4) * 0.12 ±0.03 (2) 

Cells were grown on rings in standard medium (control) containing 5 
mM D-glucose or in standard medit, m supplemented with 20 mM 
D-glucose (25 mM final concentration). Cullures were refed daily. 
For uptake of sugars, rings were incubated at room t;.;mperature h~r 
10 min in the case of 2dglc uptake or 61J rain in the case of AM(J 
uptake. Me:m values±S,E, of 2it() #M phloretin-scnsitivc uptake 
(2dglc) or 200 #M phlorizin-scnsitive uptake are presented as 
#mo l /ml  cell 1'120 per rain, Significance versu~ con!rtd" * P < 0.05. 

sensitive AMG uptake is virtually absent whereas Pht- 
sensitive 2dglc uptake is high (Fig. 6). At confluence 
(day 7), AMG uptake begins to increase as SGLT! is 
ia~erted in ti,c apic:tl mc:::hraac [15] and 2dglc uptake 
begins to decrease. The decrease of the latter may be 
due to segregation of GLUT-I to the basolaterai side 
of the cells. Extracelhtlar glucose can also affect the 
development or activity of the sugar transport systems 
i~ culture. LLC-PK~ cells maint:.~med in culture in 25 
mM glucose compared with 5 mM glucose have a 
~ignificantly reduced capacity (31l~ decrease) for tak- 
ing up 2dglc (Table !!1). AMG uptake was also de- 
creased but not significandy. Since glucose was not 
present during the uptake measurements, this reduced 
uptake was not a competitive effect but presumably 
represented down-reguhttion of transporters and/or  a 
decrease in their activity or their affinity for hexoses. 

Discussion 
A family of five or more mammalian glucose trans- 

porters of the facilitated diffusion type have now been 
identified and the kidney appears to have at least four 
of these types, GLUT-I, GLUT-2, GLUT-3, and 
GLUT-5 [1,4,7-10]. Recent work has identifitM the 
facilitated system in LLC-PK a as the GLUT-I isotype 
[4] which is also known to be pr,'~.ent ia renal proximal 
tubule cells [10]. The present study is consistent with 
this conclusion, since the low K m for 2dglc uptake (1.5 
raM) indicates a high affinity transport system consis- 
tent with the Mgh affinity GLUT-I isoform [I0]. The 
LLC-PK I cell line originally isolated by Hull et al. [2g] 
has proven to be an effective model for :nvestigaUng 
sugar uptake by the renal proximal tubule, The cell 
line possesses an apical SGLTI for Na+-glucose entry 
[2,4,12-14] and a Na+-independent GLUT-I system 
lor 3ugar effi~,x [4,16-18]. Although the cell line has 
the sugar transport features characteristic of the proxi- 
mal tubule cell, it may be consicterably modified in 
other aspects, including the ability to carry out gluco- 



neogenesis [13] or transport organic acids [25]. Mullin 
et al. [17] characterised Na~-independent sugar trans- 
port in LLC-PK~ cells using the non-metabolisable 
hexose 2dglc. In the present study, GLUT-I was inves- 
tigated further for both 2dglc and D-glucose transport 
and its basolateral location was firmly established. Ba- 
solateral uptake of 2dglc and glucose was much faster 
than apical uptake (Fig. 1) and the inhibitor sen,:itivi- 
ties (Fig. 3) and insulin effects (Fig. 5) of the unidirec- 
tional uptakes indicated unique differences between 
the apical and basolaterai borders of the cells, thus, 
confirming the polarised distribution of the trans- 
porters. Similar inhibitor sensitivities of Na +-indepen- 
dent hexose uptake have beer, ~eported for I_,L,C-PK~ 
cells [17] and for basolateral membrane vesicles iso- 
lated from rabbit kidney cortex [6]. 

Phosphorylation of both glucose and 2dglc is exten- 
sive and rapid; therefore, the rate-limit.;ng step in up- 
take appears to bc the nlembrane-transport step [17]. 
This conclusion is supported by the fact that the K,,, 
for hexokinase-induccd 2dglc phosphorylation (27 p.M) 
[26] is much lower than that for 2dglc uptake (1.5 mM). 
In addition, a hexose that is not phosphorylated by 
intracellular hexokinase, OMG, reduces the rate of 
basolateral glucose uptake, presumably by competitive 
inhibition (Table I1). 2dgic (Km 1.5 mM) was a better 
competitor of its own uptake than glucose (K m 3.6 
mM). The glucose K m is ~nmewl~at !:~::r ~.han ~!,,e ¢}.o 
mM reported for Na+-independent o-glucose uptake 
into basolateral membrane vesicles of the rabbit ['~]. 
Apical uptake of 2dglc, although minimal, could be 
explained either by leak across the monolayer followed 
by base, lateral uptake, hence its Pht sensitivity (Fig 2), 
or by passive diffusion. A lack of apical interaction of 
2dgic in LLC.PK~ differs from the studies by Silverman 
[3] in the dog kidney, indicating that 2dglc was capable 
of interacting only with the brushborder transporter 
(GLUT) and not the antiluminal system (SGLT). In 
LL.C-PI,~ I cells, 2dglc appears to be an effective and 
specific probe of GLUT-I. 

Unlike 2dgle, o-glucose is presumably capable of 
interacting with both the ar~ical SGLT1 and basolateral 
GLUT-I. Previol~s studic:~ have cc, nfirmed that glucose 
interacts with the apical Na'-glucose cotransportcr of 
LLC-PK t cells [12,14]. Since glucose can interact with 
both transportexs, it was necessary, to confirm that the 
basolateral g!ucose upta~:e seen in the present study 
was not occurring by passage through the cell sheet 
and uptake b~: SULTI. This appeared not to be the 
case, since the non-metabolisable sugar OMG, which 
does not interact with SGLTI [12], was able ~o com- 
pete for glucose uptake at the basolateral side of the 
cell sheet (Table I1). In addition, the lack of effect of 
Phz on basolateral glucose uptake and its high sensitiv- 
ity to Pht (Fig. 3b) confirmed that glucose entry into 
the cell from the basolateral side was via GLUT-1. As 
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further evidence, a non-metabolisable sugar trans- 
ported exclusively by the apical SGLTI, AMG (1(1 
mM), had no effect on the basolateral uptake of 1 mM 
glucose (data not prese,~tcd), thus, pr,.widi,,.g a~ditional 
support for the conclusion "°"*,,,,t ~oa.-,U,,,~,,,.,,~ ....... ~ ~-glucosc 
uptake is via GLUT-I. The physiological significance 
of this uptake in intact renal tubules is not known: 
however, it may be nutritional, especially in those 
portions of the nephron where luminal glucose has 
already been absorbed. Although proximal tubule cells 
in the kidney have a high capacity for gluconeogenesi., 
[20,27], most LLC-PK i cells lack fructose 1,6-biphos- 
phatasc activity ~equired for this process, altheugh 
some gluconeogenic str;uns have been isolated from 
LLC-PK I cultures [28]. in the intact kidney, remll 
proximal tubule cells show little glycolytic activity rela- 
tive to thick ascending limb or oistai tubuk: cells [20,27]. 
The capacity of the proximal tubule to produce ATP 
from glucose (132 nmol/mg protein per min) is only 
about one third that of medullary thick ascending limb 
(391) nmol/mg protein per min) [27]. Mullra et al. 
[18,22] showed significant glycolytic conversion of glu- 
cose to lactate and subsequent conversion of lactate to 
alanine in LLC-PK,. Various studies have demon- 
strated a close linkage between glucose metabolism, 
energy state aJ~d ~olutc transport in renal cells [211,27]. 
It is not known to wh~t extent glucose uptake by 
pr.,~×imal cells is involved ir~ ce!! nutrition durint~ the 
process of glucose reabsorption; however, in renal cer- 
rex approximately 18% of metabt,lism is supported by 
glucose [291. Glucose that enters the metabolic pool 
may enter the cell from either border, and the:'cfore, at 
least part of the transported glucose enters the 
metabolic sink. Thus, uptakes and transceilular fluxes 
will kc affected by broth the actual rate co~stants for 
transport as well as the rate of glucose metabolism, the 
latter affecting intracellular concentrations of glucose. 

Under steady-state conditions, the intracellular free 
sugar concentration for 2dglc exceeds the extracellular. 
Uphill (2-3 fold) transport of 2dgic at the basolateral 
side in LLC-PK~ is consistent with studies on basolat. 
eral uptake of 2dglc in flounder kidney [30]. The mech- 
anism of apparent uphill transport by a facilitated 
diffusion system remains to be elucidated. In the case 
of glucose, correction of the 'free' glucose value tbr i',s 
metabolised products indicates that the actual free 
glucose concentration in the cell is well below the 
extracellular concentration, as pointed out previously 
by Mullin ~t :~!. [18]. This argues agailist a standard 
int~:rpzetation of the Crane-Schultz model of glucose 
transport, it is difficult to propose a model for trade,cel- 
lular glucose transpe:'t (J,,~,) if the intrace!!ular frec 
glucose concentration is belo~ 1.0, ,~ince the basolat- 
c ral exit of glucose would appear to proceed via a 
facilitated diffusion system against its own concentra- 
t;.m gradient. Perhaps corppartmcntation of trans- 
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ported glucose could explain this paradox. Compared 
to glucose uptake, AMG is concentrated inside LLC- 
PK ! cells (Table I). This difference may be explained 
on the basis of complete lack of AMG efflux via the 
basolateral transporter [21]. The intracellular 'free' 
glucose concentration resulting from apical uptake of 
glucose was not greatly enhanced, however, by blocking 
glucose efflux across the basolateral border with 40 
~tM CB. 

The J,,JJt,., transcellular flux ratios fi~r glucose and 
2dglc were 9.4 and 0.8, respectively (Fig. 4). The glu- 
cose flux ratio is only about 2/3 of the AMG ratio of 
15 [21], possibly because less glucose is offered to the 
basolateral side for efflux from the cell than in the case 
of AMG due to a portion of cell glucose being diverted 
to metabolism, in addition, glucose, but not AMG, is 
able to enter the cell via the basolatcral GLUT-!, thus, 
increasing the rb, , flux component. The very low flux 
ratio for 2dglc is as expecled, since 2dgic does not 
interact with SGLTI in LLC-PK t cells and, therefore, 
can only enter the cell rapidly from the basolateral 
side. Exit into the apical medium is presumably by 
passive diffusion of free sugar. 

Up-regulation and down-regulation of GLUT iso- 
torms have been studied in various cell lines [I] and 
serum giucose and various growth factors can lead to 
changes in gene transcription and mRNA accumula- 
tion. in LLC-PK~ glucose availability during the growth 
and maintenance of the cells can affect the rate of 
glucose transport by both SGLTI [4,16,31,32] and 
GLUT-I [4,17]. Withdrawal of glucose from the 
medium surrounding LLC-PK I cells [4,16,17], as in 
other cell lines [1], during culture causes all increase in 
transport rate [17] and an increase in GLUT-I mRNA 
[4]. in the present study, high glucose (25 raM) during 
culture had the expected opposite effect on the uptake 
of 2d81c and glucose, causing decreases in the uptake 
capacities at both the apical and basolateral cell bor- 
ders (Table !11), 

Insulin is known to affect glucose metabolism and 
glucose uptake in a number of cell types, especially 
skeletal mvscle and adipocytes where it is believed to 
increase a unique population of transporters of the 
GLUT-4 isoform that are not present in the plasma 
membraae in the non-hormone-stimulated state [!,7]. 
in adipocytes GLUT-I is also increased by insulin 
although to a much lesser extent [I]. Insulin, however, 
seems to have little effect on renal cells. Some studies 
have shown that insulin may stimulate Na + transport 
and phosphate transport and inhibit gluconeogenesis 
[ 19,20], There are no known direct effects of insulin on 
glucose metabolism although there is some evidence 
that the Na + transport effect referred to above is 
glucose-dependent [20] and involves an alteration of 
the apical Na +/H +-exchanger [19]. There is also no 
clear evidence in the literature for a direct in:,ulin 

effect on glucose uptake by renal cells, although such 
an effect has been postulated [19,33]. In the present 
study, insulin directly stimulated 2dglc and glucose 
uptake by LLC-PK~ cells (Fig. 5), but it was only 
effective when applied to the basolateral side of the 
cell. This finding supports more indirect evidence on 
the localisation of the insulin-sensitive transport step in 
renal cortical cells in flounde~ kidney [33]. The extent 
of stimulation (72%) was much less than in insulin-reg- 
ulated cells like adipocytes xvhere 8-fold or greater 
enhancements are observed [1]. it seems unlikely, 
theretore, that insulin is stimulating insertion of 
GLUT-I in the basoiaterai membrane in a manner 
similar to tile insertion of GLUT-I and GLUT-4 in 
adipocytes. Therefi~re, the effect of insulin on 2dglc 
uptake may be relatively non-specific, involving effects 
on metabolism or on Na ~ or phor, phate transport [19]. 

Growing cells and terminally difl'erentiated cells 
have very different sugar transport profiles. It was 
previously shown that confluent LLC-PK ~ ctdtures have 
low uptake capacities for 2dglc compared to subconflt~- 
ent cultures [17] whereas AMG uptakes are greater in 
confluent cultures compared to growing cells [12]. in 
the present study, Pht-sensitive 2dglc uptake increased 
to a peak activity just befl~re confluence and then fell 
after confluence when the cells terminally differenti- 
ated (Fig. 6). This pattern is similar to the profile l'or 
basolateral amino-acid uptake: in this cell line [34]. 

in conclusion, the GLUT-I Na+-independent 2dglc 
transport system of LLC-PK~ cells, originally described 
by Mullin et al. [17,18], was shown to bc Iocalised at 
the basolateral border of confluent cell monolayers. 
Even in normal Na+-containing medium, there was no 
interaction of 2dglc with the apical Na ~-glucose co- 
transporter SGLTI, thus. confirming the usefulness of 
2dgic as a specific probe lor GLUT-I in LLC-PK~ 
cells. The transport system was responsive to insulin 
and capable of transporting o-glucose in a similar 
manner to 2dglc. The development of 2dglc and AMG 
transport activity during culture was dependent on cell 
growth and differentiation and could also be affected 
by the glucose concentration in the ~,,lture medium. 
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