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At least two types of glucose transporter exist in cultured renal epithelial cells, a Na *-glucose cotransporter (SGLT), capabic of
interacting with n-glucose but not 2-deoxy-p-glucose (2dgle) and a facilitated transporter (GLUT) capable of interacting with
both p-glucose and 2dglc. In order to examine the polarity of transport in cultured renal epithelia, 2dgle and v-glucose uptakes
were measured in confluent cultures of LLC-PK, cells grown on collagen-coated filters that permitted access of medium tv both
sides of the monolayer. The rates of basolateral uptake of both 1 mM glucose (K, 3.6 mM) and 1 mM 2dglc (K, 1.5 mM) were
arcater than apical uptake rates and the (apical-to-basolateral) /(basolateral-to-apical) flux ratic was high for glucose (9.4) and
low for 2dglc (0.8), thus, confirming the lack of interaction of 2dglc with the apical SGLT. Specific glucose transport inhibitor
studies using phlorizin, phioretin and cytochalasin B confirmied the polarised distribution of SGLT and GLUT in LLC-PK, cells.
Basolaterai 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 celi culture which decreased 2dgle uptake capacity at
confluence by 30%. During growth to conflucnce, 2dglc uptake increased to a maximum, then decreased at the time of
confluence, coincident with a risc in uptake capacity for a-methyl-p-glucoside, a hexose that interacts only with the apical SGLT.
It was concluded that the non-metabolisable sugar 2dgic was a useiul, specific probe for GLUT in LLC-PK, cells and that GLUT

was localised at the basolateral membrane after confluence.

Introduction

Sugar uptake by mammeaiian cells occurs by three
different routes: (1) simple diffusion thiough the lipid
bilayer; (2) facilitated diffusion. or (3) Na*-glucose
cotransport [1]. Renal pruximal tubule cells have been
shown to have both an apical Na*-glucose cotransport
system [2,3] involving an SGLT transporter {4,5] and a
basolateral Na*-independent facilitated diffusion sys-
tem [1,6] involving a GLLUT-1 or GLUT-2 transporter
isoform [4,7-10). In order to simplify thc study of
transport mechanisms, cell culture systems have been
established as models for renal epithelial transport
[i1]. The pig kidney cell line LLC-PK. has proven
useful for studying the renal Na*-glucose cotransport
system [4,12-14] that is locaiised o 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 homologuus to the Na*-coupled trans-
porter SGLT]! of intestinal cells [5). The Na *-indepen-
dem facilitaied diffusion system of LLC-PK, cells in-
volving the GLUT family of isoforms [7,8] has been
found to be of the erythroid /brain type GLUT-1 [4,16].
None of the other GLUT isofor:ns were detectable in
LLC-PK, cells [4]. GLUT-1 was originally cloned from
human hepatoblastoma HepG2 cells by Mueckler et al.
[9].

In uptake studies in LLC-PK, cells, dissociation of
sugar transport from intracellular metabolism of the
transported sugar has becn possible through the use of
non-metabolisable substrates such as a-methyl-p-glu-
coside (AMG) for SGLT1 and 3-O-meihyl-p-glucose
(OMG) or 2-deoxy-»-glicose (2dglc) for GLUT-1.
GLUT-1 in LLC-PK, has been characterised by Mullin
et al. [17] using 23glc, a hexose thet is phosphorylated
in the cell but not mctabolised further. Mullin et al.
[18] have also succceded in producing LLC-FK, 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 cells, in-
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cluding 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 detcrmine if GLUT-1 has a .

polarised distribution in confluent LLC-PK, cells by
assessing unidireciional uj:takes of 2dgic and their sjc-
cific inhibitor sensitivities. Secondly, the aim was to
compare differences in uptake between a non-meta-
bolisable sugar (2dglc) that interacts only with GLUT-1
and a metabelisable sugar (glucose) that interacts with
both GLU7T-1 and SGLTI1. A third aim was to deter-
mine the effects of insulin. extracellular glucose and
cell density on the expression of GLUT-1 in cuiture.

Materials and Methods

Cell culture. LLC-PK, :clls between passages 186
and 203 were maintained as described previously [12].
The culture medium consisted of Minimum Essential
Mcdium (MEM, Flow Laboratories) without antibiotics
and supplemented with 10% fetal bovine serum (FBS,
Flow Laboratorics) and vitamins as formulated for
Eagle's Basal Medium. Cells were routinely passaged
at weekly intervals using 6G.05% trypsin, 0.02% CDTA.

Sugar transport. For sugar uptake mcasurcmenits
from the apical or basolateral medium, cells were grown
in chambers consisting of a lucitc ring with 1 collagen-
coated (Ethicon) polycarbonate ftilter bottom 4.2 cm
inside diameter) as previously described [21]. The ring
was placed into a plastic culture dish, thes, separating
the apical medium inside the ring from the basolateral
medium outside the ring in the dish. This permitted
unidirectional uptake measurements, as well as tran-
scellular flux measurements. The ring was held in
position slightly above the bottom of the culture dish
by piastic tabs that extended aver the outside edge of
the dish, thus, allowing the medium in the dish to
bathe the underside of the cel' monolaye:. For experi-
ments with confluent cultures, rings vere seeded wiih
5+ 10" cells per ring: cultures were ref: d every day, and
uptake measurements were performed 3 days after
seeding. Only confluent monolayers with a trans-
epithzlial potential difference of > 0.3 mV (apical
negative) were used in the study.

The standard saline for the sugar uptake measure-
ments (Mopsai) consisted of (mM) 119 NaCli, 5.3 KCl.
6.6 sodium acetate, 2.8 CaCl,, 1.3 MgSO,, 2.0
KH,PO,, 6.6 NaHCO, and 9.3 sodium morpholino-
propancsulfonate (Mops) at pH 7.22. Various additions
were made to the apical or basolateral solutions ac-
cording to the experimental protocol. n-{"]glucose,
2-deoxy-b-{ *H]glucose (2dglc) and a-methyl-p{"Clglu-
cose (AMG? were added to onlv one side of the ring
tor measurement of apical or basolateral uptake. The
rings containing the cell monolayers were washed in
Mopsal at room temperature and suspended in a 60-mm
plastic culture disk: 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 [21].

At the finish of an incubation, the ring was taken
out of thc dish and adherent uptake solution was
rcmoved by aspiration. The rings were then washed 3
times in successive changes of ice-cold Mopsal contain-
ing 200 uM ecach of phloretin (Pht) and phlorizin
(Phz), followed by a brief aspiration of adhering wash
tolution. The ring was then immediately placed cell
side up onto filter paper (Whatman No. 1) soaked in
icc-cold Mopsal sitting on top of a cold, solid metal
cylinder. The filter with its attached cells was cut free,
divided in half and cach half transferred to a separate
centrifuge tube containing 2 ml of 0.4 M perchloric
acid (PCA). The complete washing procedure required
about 40 s,

Analysis of PCA extracts. Radioactivity and DNA
content of the cells were measured as previously de-
scribed [12). The values obtained 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 mi of the
0.4 M PCA extract following frecze-thawing and DNA
precipitation [12] was ncutralized with 2 M KOH using
0.27% Drowthymel blue as a pH indicator. After cen-
trifugation for 5 min in a Dynac tabletop centrifuge
(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 phiosphates were then precipitated by addition of
0.5 ml of 5% ZnSO, followed by addition of 0.5 ml of
U.3 M Ba{OH),. After mixing, the samples were left at
rmom temperature ior 20 min, then centrifuged as
before. A 1 ml sammple of supernatant was counted for
radioactivity to estimate frce sugar in the sample. Sugar
phosphate was taken as the difference between total
sugar ard 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 contain the metabo-
lites lactate, alanine, or glutamate [18,22]. Chromato-
gtaphic analysis on Whatman 3MM paper using 4: |
isopropanol /water as solvent was, thus, used to deter-
mine the amouni of intracellular free glucose.

The concentration of sugar in cell water (H,0) was
calculated from cell volumes determined by OMG up-
take or from DNA content using a conversion factor of

098 107* ml cell water per wg DNA [12]. DNA was

measured colorimetrically by the diphenylamine reac-
tion of Burton [23].

Statictical analysis. All data are presented as the
mean + S.E. Statistical significance of the data at the
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Fig. 1. Polarised sugar uptake by LLC-PK,. The ‘nnidirectional uptakes of 1 mM p-glucose (A) and 2-deoxy-p-glucose (2dgle) (B) by confluent
monolayers of LLC-PK | cells grown on collagen-coated rings are presented as the mean uptakes of total sugar (umol/ml cell witer; + S.E. The
sample sizes are 4 for glucose and 4- 18 for 2dgle. Upta®~ was at room temperature.

95% confidence level was determined by the unpaired
Student’s t-test or hy analysis of variance (ANOVA).

Materials. Al chemicals used were analytical grade.
Unlabeled sugars and inhibitors were frem Sigma.
Phloretin-2'-(2-deoxy-p-glucoside) was synthesized by
Dr. R.F. Sullivan (Smith, Kline & French Laborato-
ries) and its siructurc was confirmed by C and H
analysis, mass spectrometry and determination of 2-de-
oxy-D-glucose in an acid hydrolysate. The purified ma-
terial used here was a gift from Mr. L. Petka, Research
and Development Division, Smith Kline & French
Laboratories, Phildelphia, PA). 2-deoxy-p-{1-’Hlglu-
cosc was purchased from Amersham and. p-["*Clglu-
cose (["*Clglucose)U), a-methyl-p-["*Clgluccpyrano-
side ([("Clglucuse)(UJ) and 3-O-methyi-p-{*Clglucose
{([("*ClglucoseXU) were puichased from New England
Nuclear. LLC-PK, cells were originally obtained from
Dr. R.N. Hull [24].

Results

Polarity of sugar uptake by LLC-PK

p-Glucose or 2-deoxy-p-glucose (2dglc) were added
to the apical or basolateral side of confluent 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 transport
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 varied and basolateral uptake rates
were measured after incubations of 3¢ min (2dglc) or
incubations of 3 min (glucose) at room temperature.
An Eadie-Hofstee pict for 2dglc uptake gave a high

affinity, low capacity uptake component with K, and
V... valies of 1.5 mM and 290 nmol/ml per min.
respectively (one experiment, n = 5-11 rings at cach of
seven 2dglc concentrations). A low-affinity, hig"-capac-
ity component of uptake was also present and presum-
ably represented passive uptake. K, and V,,, values
were also estimated for p-glucose upiake and found to
be 3.6 mM anc 5320 nmol/ml per min, respectively
(mean of 2 experiments, n =4 at each of five glucose
concentrations).

Various sugar transport inhibiiors were tested for
their ability to inhibit apical or basolateral uptake. The
effects of phlorizin (Phz), phloretin (Pht) and cyto-
chalasin B (CB) on i min glucose and 2dgic uptake
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Fig. 2. Effect of basolaterai phloretin on apical uptake of 2dgle.
Uptake conditions were sinniar to Fig. 1. Uptake is cxpressed as total
sugar in pmul/mi cell water (+£S.EJ. | mM 2idglc was presented 1o
the apical side of the ring in the presence (n = 4-6) or absence
(nn="7-11) of 200 uM phloretin added to the vasolateral 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 min tc reduce sugar crossing the monolayer and
entering the cclls from the opposite membrane. Apical
uptake ot giucosc was greatly inhibited by Phz and Pht;
apical 2dglc uptake was slightly blocked by Pht but not
affected by CB (Fig. 2a). The slight inhibition by Pht
may be due to basolatcral uptake after paracellular
flux across the monolayer as discussed for Fig. 2. In
Fig. 3b it can be scen that basolateral uptake of both
glucose and 2dgi: is highly sensitive to Pht and CB. Phz
had no effect on the basolateral uptake of glucose in
short 10 min incubation. A K; for CB was calculated
to be 3.9 uM, based on an experiment in which the
medium conceniration of CB was varicd tfrom 0.05 uM
to 50 uM (daia not shown). These CB results arc
similar to those reported previously [17].

Replacement of the glucose moiety in phlorizin by
2dgle to produce 2dgle-phloretin reduced the effect of
this inhibitor on apical uptake of AMG, but the po-
tency of 2dgle-phlorctin on basolatera!l Gpiake ot glu-
cosc (total sugar) was siimiiar s that of Pht on its own
(Table ). 2dglc-phloretin had a much reduced potency
compared with Pht on basolatera!l uptake of 2dglc. The
data indicate that for an interaction of Phz with SGLT],
the presence of the entire glucose moiety, including a
free 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-
cral glucose for uptake into LLC-PX, cells is shown in
Tablc 1I. OMG inhibited glucose uptake in a dose-de-
pendent manner.
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TABLE 1

Phloretin, 2-deoxyglucose-phloretin and phlerizin effect on uptake of
sugars by LLC-PK,

Rings were incubated at room temperature for 60 min. 2dglc-phlore-
tin refers to phioretin-2'<(2-deoxy-p-glucoside). Sugars are present at
1 mM and inhibitors are present at 100 uM. Mean vaiues + S.E. of
total sugars (free sugar +sugar phosphate +other metabolites} (u =
4-6) are given in umal/ml cell H,0. Significance vs. control;
*P<0.02; ¥* P <001,

Inhibitor Total sugar uptake

(pmol/iml H,0)}

Apical

a-Methyl-p-glucoside

none (control)
philorizin
phloretin
2dgle-phloretin

J01+0.00
0.10£0,01 **
1.66 +0.06 **
247+0.01%

Basolateral
»-Glucose none (control) 7.5 +0.13
nhloretin 39 000 **
2dgle-phloretin 46 +021*

none (control) 2140 +0S5
phloretin 1.1 20,08 **

2dgle-phloretin -+ 13.0 +08 **

2-Deoxy-p-glucose

Transcelluler fluxes

The fluxes of 2dglc and glucose across LLC-PK,
monolaycrs were measured as previously described for
AMG [21]. Tic fo.. .atio for glucose, apical to basolat-
cral (J,) vs. basolateral to apical (J,,) was 9.4 (Fig.
4a), whereas the ratio of respective fluxes for 2dglc
(0.8) was much lower (Fig. 4b). The low J,, flux for
2dglc may represent movement through the paracelilu-
lar pathway.
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Fig. 3. Inhibitor sensitivity of polarised sugar uptake by LLC-PK,. Apical (A) and basolateral (B) unidirectional o-glucose (Glc) and

g‘d‘eo‘xy-b-glueose (2dglc) uptakes were measured in confluent cell cultures grown on collagen-coated rinzs in the presence and absence of

inhibitors. Incubation s for 10 min at room temperature. Inhibitors for 1 mM glucose uptake were 100 uM phlorizin (Phz), 100 «M phloretin

(Pht). or 40 1M cytochalasin B (CB). Inhibitors for 1 mM 2dglc uptake were 200 #uM Pht and 5 uM CB. Sumiple 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 win)+S.E.



TABLE 11

Effect of 2-O-methyl-n-glucose on basalateral uptake of glucose by
LLC-PK,

OMG concentration Glucose uptake (n)
(mM) (umol/mi H,0))

0 1.88 £0.24 R

1 1.60+0.09 4

5 1.18+0.06 * 4
10 093+ 0.04 ** 4

Rings were incubated at room remperature for 15 min. Glucose was
present at 1| mM and 3-O-methyl-b-glucose (OMG) as indicated.
Mean values + S.E. of total sugar are given in pmol/ml cell H,O.
Significance vs. conirol (no OMG); * P < 0.05; ¥* P < 0.02.

Intracellular free sugar values

After uptake, most intracellular 2dglc and glucose is
present as phosphorylated sugar. In the control experi-
ments of Table 1. 2dglc-phosphate represented 89% of
the total intracellular 2dglc in the cells after 1 h of
uptake and glucose 6-phosphate represenied 75% of
the total intracellular glucose after 1 h of uptake.
Apicai or basclateral 1 mM sugar uptakes of 1-2 h
incubation were carried out to ensure that uptake had
reached steady-staie conditions and ‘frec sugar’ and
phosphorylated sugar were compared in the cells. In
the case of a2 non-metabolised sugar like AMG, SGLT1
is capable of setting up a 3-fold concentration gradient
in LLC-PK, (Table D). In normal Na*-containing
medium, intraceliular ‘free glicose’ under steady-state
conditions, however, was not different fron. extracellu-
lar (1.11 £ 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 basolatcral
side (2.5 £ 0.19). Similar results were found for 2dgic.
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Intracellular 2dglc was 0.81 + (.19 mM (apical) and
2.29 4 0.2¢ mM (oasolateral). In order to test whether
the ‘free glucose’ concentration in the cell during api-
cal uptake could be increased by blocking efflux, total
and free sugar values were measured after 60 min
uptakes in the presence or absence of 40 yM CB,
Total glucose was unaffecied by CB treatment (3.37 +
0.17 vs. 3.61 1+ 0.16 in the presence of CB); wherers a
slight increase in the steady-state ‘frec glucose’ concen-
tration was observed after CB ireatment (1.11 + £.04
vs. 1.37 £0.G4 in the presence of CB) (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 extraccililar
sugar ratios of only 0.10 + 0.03 (n = 4) for apical up-
take and 0.55 + 0.13 (n = 4) for basolateral uptake in
the absence of CB. These results may be artificially
clevated duc to cextracellular *unrinsed’ free glucose.

Insulin effect on sugar uprake

Insulin stimulates the transport of sugars across the
basolateral membrane of LLC-PK, cells, as shown in
Fig. 5. Both glucose and 2dglc uptake from the basolat-
cral sidc of the monolayer were significantly increased
after treatment of the cells with 1 mU/ml insulin
(P <0.02 for glucose and P <0.0001 for 2dgic). In-
sulin, however, had no effect on the apical uptake of
AMGG olhpgh 3t slichtly, but non-significantly, stimu-
lated the apical uptake of glucose, possibly by an effect
on glucose mictabolism. Postulating a role for protein
kinase A in the above insulin effects, results not re-
ported here in detail showed a relatively small stimula-
tory effect of 1 mM dibuiyi! cAMP on both the apicai
and basctateral uptakes of glucosc and a significant
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= ] Avka > sasoatera
2 5
o ]

2 1 &
E’ A
g

g v

L.

o

3 5

®
H

Basolateral —2> Apicai

~i0 1

: . . T v v .
0 30 60
Time (min}

Fig. 4. Transcellular fluxes of glucose and 2-deoxy-p-glucose across LLC-PK, cet! sheets. Transceliular fluxes across conﬂu:’.n! LLC-PK,
monolayers grown on collagen-coated rings of p-glucose (A) and 2-deoxy-p-glucose (2dglc) (B) were measured ai room temperature. Sugar§ were
present ai | mM on one side of the monolayer only. Fluxes are giver as the mean value (nmol /ug DNA) + S.E. Sample size equals 6-29 rings.
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Fig. §. Insulin effccts on glucose, 2-deoxy-p-glucose and a-methyl-p-
glucoside uptake by LLC-PK cells, Insulin (1 md/mi) was added to
the same side of confluem LLC-PK | monolayers grown or collagen-
coated rings as the sugar and unidirectional uptakes of peglucose
(Gle), 2-deoxy-n-glucose (2dgle), and a-methyl-v-glucoside (AMG}
were measured. Sugar was peesent at 1| mM and uptakes were
measured at room temperature for 10 min (Gle), 30 min (2dgle), or
6) min (AMG). Iusulin was added at the same time as isotope.
Values are expressed as total sugar taken up (umol/ml cell water
per min) + S.E. Sample size equals 6 rings.

inhibitory effect of 10 mM theophylline on the basolat-
cral uptake of glucose. '

Development of sugar transport polariiv in culture
Before LLC-PR, cultures attain confluence, Phz-

Sugar Uptake versus Cell Growth to Confluence
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Fig. 6. Sugar uptake by LLC -PK; cells vs, days in culture. At day 0,
collagen-coated rings were seeded with 2:10° cells fem® and cultures
were refed daily. Beginning at day 3. sugar uptukes were measured
for 1 mM 2-deoxy-n-{ *Higlucose (2dgle) in the presence and absence
of 0.1 mM Pht and for 1| mM a-methyl-o{ “Clatucoside (AMG) in
the presence and absence of 0.2 mM Phz. Uptakes were at reem
temperature for 30 min (2dgle! or 60 min (AMG), respectively.
Cultures were cenfluent at day 7. The mean DNA content per ring
{ug DNA/filter) is given (2 = 5). Pht and Phz-sensitive sugar up-
takes from two separate culture experiments are presented as the
mear value (nmel,/ml H,O0, per min) from 4 rings for 2dglc and 2
rings for AMG.

TABLE 111
Effcct of growth in high glucose mediuin on sugar uptake by LLC-PK !

2dglc uptake {(n) AMG uptake (n)

(pmol /mi cell (umol/mli celi

H,>0 per min) H,O0 per min)
Control 027 +0.02(4) 0.151£0.05 Q)
High glucose 019001 ) ¥ 0.124+0.03(2)

Cells were grown on rings in standard medium (control) containing §
mM b-glucose or in standard medium supplemented with 20 mM
v-glucose (25 mM final concentration). Cultures were refed daily.
For uptake of sugars, rings were incubated at room temperature for
10 min in the case of 2dglc uptake or 60 min in the case of AMG
uptake. Mo values + S.E. of 200 uM phloretin-sensitive uptake
Qdglc) or 200 uM phlorizin-scnsitive uptake are presented as
pmol,/ml cell H,O per min, Significance versus conteal: ¥ P < 0,08,

sensitive AMG uptake is virtually absent whereas Pht-
sensitive 2dgle uptake is high (Fig. 6). At confluence
(day 7). AMG uptake begins to increase as SGLT! is
incerted in the apica! membrane [15] and 2dgle uptake
begins to decrcase. The decrease of the latter may be
due to scgregation of GLUT-1 to the basolateral side
of the cells. Extracellular glucose can also affect the
development or activity of the sugar transport systems
in culture. LLC-PK, cclis maintained in culture in 25
mM glucose compared with 5 mM glucose have a
significantly reduced capacity (30% decrease) for tak-
ing up 2dgle (Table 1IN, AMG uptake was also de-
crcased but not significanily. Since glucose was not
present during the uptake measurements, this reduced
uptake was not a competitive effect but presumably
represented down-regulation 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 ihe facilitated diffusion type have now been
identified and the kidney appears to have at least four
of these types, GLUT-1, GLUT-2, GLUT-3, and
GLUT-5 [1,4,7-10). Recent work has identificd the
facilitated system in LLC-PK, as the GLUT-! isotype
[4] which is also known to be present in renal proximal
tubule cells [10). The present study is consistent with
this conclusion, since the low K, for 2dglc uptake (1.5
mM) indicates a high affinity transport system consis-
tent with the high affinity GLUT-1 isoform [10]. The
LLC-PK, cell {ine criginally isolated by Hull et al. |24}
has proven to be an effective model for nvestigating
sugar uptake by the renal proximal iubule. The cell
line possesses an apical SGLTI for Na*-glucose entry
[2,4,12-14] and a Na*-independent GLUT-1 system
tor sugar efflux [4,16-18]. Although the cell line has
the sugar transport features characteristic of the proxi-
mal tubule cell, it may be consigerably modified in
other aspects, including the ability 10 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 thc non-metabolisable
hexose 2dglc. In the present study, GLUT-1 was inves-
tigated further for both 2dglc and p-giucose transport
and its basolateral location was firmly ¢stablished. Ba-
solateral uptake of 2dglc and glucose was much faster
than apical uptake (Fig. 1) and the inhibitor sensitivi-
ties (Fig. 3) and insulin effects (Fig. 5) of the unidirec-
tional uptakes indicated unique differences between
the apical and basolateral borders of the cells, thus,
confirming thc polarised distribution of the trans-
porters. Similar inhibitor sensitivities of Na *-indepen-
dent hexose uptake have beer: reported for LLC-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-limiting step in up-
take appears to be the membranc-transport step [17].
This conclusion is supported by the fact that the K,
for hexokinase-induced 2dgle phosphorylation (27 uM)
[26] is much lower than that for 2dglc uptake (1.5 mM).
In addition. a hexose that is not phosphorylated by
intraccllular hexokinase, OMG, reduces the rate of
basolateral glucose uptake, presumably by competitive
inhibition (Table 11). 2dgic (K, 1.5 mM) was a better
competitor of its own uptake than glucose (K 3.6
mM). The glucose K, is somewhat !2ce than the 0.0
mM reported for Na*-independent p-glucose uptake
into basolatcral membrane vesicles of the rabbit {5].
Apical uptake of 2dglc, although minimal, could be
explained either by leak across the monolayer followed
by basolateral upiake, benee its Pht sensitivity (Fig. 2),
or by passive diffusion. A lack of apical interaction of
2dgle 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
LLC-PK, cells, 2dglc appears to be an cffective and
specific probe of GLUT-1.

Unlike 2dgle, p-glucose is presumably capable of
interacting with both the apical SGLT1 and basolateral
GLUT-1. Previous studics have confirmed that glucose
interacts with the apical Na™-glucose cotransporter of
LLC-PK, cells [12,14]. Since glucose can interact with
both transporiers, it was necessary to confirm that the
basolateral glucose uptate seen in the present study
was not occuiring by passage through the cell sheet
and uptake by SULTI. This appeared not to be the
case, since the non-metabolisable sugar CMG, which
does not interact with SGLTI [12], was able to 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 cvidence, & non-metabolisable sugar trans-
ported exclusively by the apical SGLT1, AMG (10
mM), had no effect on the basolateral uptake of 1 mM
glucose (data not presented). thus, providing additional
support for the conclusion that basolateral n-glicose
uptake is via GLUT-1. 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
afready been absorbed. Although proximal tubule cells
in the kidney have a high capacity for gluconeogenesi.
[20,27), most LLC-PK, cells lack fructose 1,6-biphos-
phatasc activity iequired for this process, althcugh
some gluconcogenic strains have been isolated from
LLC-PK, cuitures [28]. In the intact kidney, renul
proximal tubuie cells show little glycolytic activity rela-
tive to thick ascending limb or aistai wubuic 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
(390 nmol/mg protein per min) [27). Mulhiy ct 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 staie aiid soluic transport in renal cells 20,27).
It is not known to what extent glucose uptake by
oroximal cells is involved in cell nutrition during the
process of glucose reabsorption; however, in renal cor-
tex approximately 18% of metabulism is supporied by
glucose [291. Glucose that enters the metabolic pool
may enter the ccll from either botder, and therefore, at
least part of the transported glucose cnters the
metabolic sink. Thus, uptakes and transcellular fluxcs
wiil Le affected by both the actual rate constants 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 excecds the extracellular.
Uphill (2-3 fold) transport of 2dglc at the basolateral
side in LLC-PK, is consistent with studics on basolat-
eral uptake of 2dglc in floundes kidney [30]. The mech-
anism of apparent uphill transport by a facilitated
diffusion system remains to be clucidated. In the case
of giucose, correction of the ‘free’ glucose value for its
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 2l [18]. This argues against a standard
inw:rpretation of the Crane-Schultz model of glucose
transport. It is difficult to propose a model for transcel-
lular glucose transpest (J,,) if the intracclular frec
glucose concentration is below 1.0, since the basolat-
cral exit of glucose would appear to prucced via a
facilitated diffusion system against its own concentra-
tion gradient. Perhaps compartmentation of trans-
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ported glucose could explain this paradox. Compared
to glucose uptake, AMG is concentrated inside LLC-
PK, cells (Table D. This difference may be explained
on the basis of complete lack of AMG efflux via the
basolateral transporter [21]. The intracellular ‘frec’
glucose concentration resulting from apical uptake of
glucosc was not greatly enhanced, however, by blocking
glucose efflux across the basolateral border with 40
uM CB.

The J,;,/J,. transcellular flux ratios for 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 duc to a portion of cell glucose being diverted
to metabolism. In addition, glucose, but not AMG, is
able to enter the cell via the basolateral GLUT-I, thus,
increasing the !, tlux component. The very low flux
ratio for 2dgle is as expected, since 2dgle does not
interact with SGLT1 in LLC-PK, cells and, therefore,
san 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-
forms have been studied in various cell lines {1] 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-1 [4,17). Withdrawal of glucose from the
medium surrounding LLC-PK, cells [4.16,17], as in
other cell lines {1], during culture causes an increase in
transport rate [17] and an increase in GLUT-1 mRNA
(4]. In the present study, high glucose (25 mM) during
culture had the expected opposite effect on the uptake
of 2dglc and glucose, causing decreases in the uptake
capacitics at both the apical and basolateral cell bor-
ders (Table T,

Insulin is known to affect glucose metabolism and
glucose uptake in a number of cell types, especially
skeletal muscle 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 [1,7).
In adipocytes GLUT-! is also increascd by insulin
although to a much lesser extent [1). Insulin, however.
scems to have little effect on renal cclls. Some studies
have shown that insulin may stimulatc 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 insulin

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 flounder Kidney [33). The extent
of stimulation (72%) was much less than in insulin-reg-
ulated cells like adipocytes where 8-fold or greater
cnhancements are observed {1]. It scems unlikely,
therefore, that insulin is stimulating insertion of
GLUT-1 in the basoiateral membrane ia a manner
similar to the insertion of GLUT-1 and GLUT-4 in
adipocytes. Therefore, the effect of insulin on 2dgle
uptake may be relatively non-specific, involving effects
on metabolism or on Na* or phosphate transport [19)].

Growing cells and terminally differentiated cells
have very different sugar transport profiles. It was
previously shown that confluent LLC-PK, cultures have
low uptake capacitics for 2dgle compared to subconflu-
ent cultures [17] whercas AMG uptakes are greater in
confluent cultures compared to growing cells [12]. In
the present study, Pht-sensitive 2dgle uptake increased
to a peak activity just before confluence and then fell
after confluence when the cells werminally differenti-
ated (Fig. 6). This pattern is similar to the profile tor
basolateral amino-acid uptake in this cell line [34].

In conclusion, the GLUT-1 Na’-independent 2dgle
transport system of LLC-PK, cells, originally described
by Mullin ct al. [17,18], was shown to be localised 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
2dglc as a specific probe for GLUT-1 in LLC-PK,
cells. The transport systecm was responsive to insulin
and capable of transporting p-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 culture medium.
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