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Abstract

 

Injury to the renal proximal tubule is common and may be

followed by either recovery or cell death. The survival of in-

jured cells is supported by a transient change in cellular me-

tabolism that maintains life even when oxygen tension is re-

duced. This adaptive process involves the activation of the

gene encoding the glucose transporter GLUT1, which is es-

sential to maintain the high rates of glucose influx de-

manded by glycolysis. We hypothesized that after cell injury

increases of cell Ca

 

2

 

1

 

 (Ca

 

2

 

1

 

i

 

) initiate the flow of information

that culminates with the upregulation of the stress response

gene GLUT1. We found that elevations of Ca

 

2

 

1

 

i

 

 caused by

the calcium ionophore A23187 activated the expression of

the GLUT1 gene in LLC-PK1 cells. The stimulatory effect

of Ca

 

2

 

1

 

i

 

 on GLUT1 gene expression was, at least in part,

transcriptional and resulted in higher levels of GLUT1

mRNA, cognate protein, cellular hexose transport activity,

glucose consumption, and lactate production. This response

was vital to the renal cells, as its interruption severely in-

creased Ca

 

2

 

1

 

-induced cytotoxicity and cell mortality. We

propose that increases of Ca

 

2

 

1

 

i

 

 initiate stress responses, rep-

resented in part by activation of the GLUT1 gene, and that

disruption to the flow of information originating from Ca

 

2

 

1

 

-

induced stress, or to the coordinated expression of the stress

response, prevents cell recovery after injury and may be an

important cause of permanent renal cell injury and cell

death. (

 

J. Clin. Invest.

 

 1996. 98:395–404.) Key words: acute

renal failure 

 

•

 

 glucose transport 

 

•

 

 renal tubule 

 

•

 

 cytosolic

calcium

 

Introduction

 

Injury to renal proximal tubules is common and may result in
cell recovery or cell death. The recovery process is promoted
by a temporary change in cellular metabolism that allows tu-
bular cells to survive even when oxygen tension is reduced (1,
2). This “metabolism of cell injury” involves the upregulation
of stress genes that promote cell viability and enhance cell sur-
vival (3–15).

The increase of cell calcium in injured cells (16, 17) while
cytotoxic in some cases (16,17) appears to be the activating sig-

nal for the expression of genes involved in the stress response
to hypoxia (11, 18) and to genotoxic agents such as H

 

2

 

O

 

2

 

, eto-
poside, and methyl methanesulfonate (5–7). Cells have
evolved a stereotypical response to calcium stress that com-
prises the activation of early response and stress response
genes. In epithelial and other cells increases of calcium acti-
vate the expression of the protooncogenes c-myc, c-fos, and
c-jun (14). The products of these early response genes act as
transcription regulators that may participate in cell growth, al-
though their specific roles in calcium stress are undetermined
(18). The functions of other Ca

 

2

 

1

 

 stress response gene prod-
ucts are better defined. For example, the hsp70 protein offers
cytoprotection to cells exposed to heat or calcium stress (7, 8,
18). The product of calcium-inducible gadd153 takes part in
DNA arrest (19), and the product of GRP78 retains misfolded
proteins in the endoplasmic reticulum (13).

When oxidative phosphorylation is not possible due to cell
injury or hypoxia, glycolysis becomes the main metabolic path-
way for substrate utilization (1, 2, 4). Thus, renal proximal tu-
bules increase glycolytic activity as oxidative metabolism is de-
creased when subjected to hypoxic stress (1, 2). This change in
function, known as the Pasteur effect (3, 4), assures tubular
production of ATP through anaerobic glycolysis and therefore
preserves tubular viability and even transport function (1, 2).
However, the production by glycolytic pathways of 2 moles of
ATP per mole of glucose consumed is much less efficient than
the yield from oxidative phosphorylation (1–4). Consequently,
the first requirement for injured tubules to keep up with meta-
bolic demands is to drastically enhance glycolytic flux, which
begins by increasing glucose uptake through high affinity glu-
cose transporters (1, 2). This action is conducted in part by up-
regulating the expression of low 

 

K

 

m

 

 glucose transporter 1
(GLUT1)

 

1

 

 (20, 21) in injured cells (3, 4, 12, 15, 22). Failure to
translate the upregulation of stress response genes into func-
tional proteins may aggravate the injury (23).

In this work, we tested the primary hypothesis that in-
creases of cell calcium, common in injured cells (24), activate
the expression of the gene encoding the ubiquitous glucose
transporter GLUT1 in renal cells. We also tested the second-
ary hypothesis that disruption of this stress response resulted
in greater cytotoxicity and cell mortality. We found that cal-
cium stress provoked with the ionophore A23187 activated
calcium-dependent transcription of the GLUT1 gene in LLC-
PK1 cells. This response resulted in greater levels of GLUT1
mRNA, cognate protein, higher glucose influx, and glycolytic
rates within hours. Moreover, this acute response was of criti-
cal importance for cell survival, as its interruption resulted in
greater cytotoxicity and mortality.
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1

 

i

 

, cytosolic calcium; 2-DG,

2-deoxyglucose; GLUT1, glucose transporter 1; 

 

3

 

H-DG, 

 

3

 

H-deoxy-

 

d

 

-glucose; LDH, lactic dehydrogenase.
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Methods

 

Cells and culture conditions.

 

The porcine proximal tubule-like cell

line LLC-PK1 (ATCC CRL 1392; reference 25) was obtained from

the American Type Culture Collection (Rockville, MD). LLC-PK1

cells exhibit marker and functional attributes of proximal tubule cells

(26). They express the Na

 

1

 

-glucose cotransporter 1 in the lumen,

whereas in their basolateral surface the only facilitative glucose trans-

porter expressed is GLUT1 (21, 26, and unpublished data from J.

Dominguez). The cells were cultured on 100 mm (78.5 cm

 

2

 

) culture-

grade plastic dishes in nutrient 

 

a

 

-modified Eagle medium (

 

a

 

MEM)

supplemented with 2 mM glutamine, 10% FCS, and 5.5 mM glucose

unless indicated otherwise. The glucose concentration in the medium

was monitored with a glucose electrode, and the medium was replen-

ished every day.

The experimental protocols were conducted in confluent cells,

unless stated otherwise. LLC-PK1 cells were placed in media contain-

ing either vehicle (DMSO 0.1%) or 10 

 

m

 

M A23187 for 4 h, washed

three times with PBS, and allowed to recover for 20 more hours. In

some experiments the cells were pretreated with the extracellular cal-

cium chelator ethylene bis (oxyethylenenitrilo)-tetraacetic acid (EGTA),

2.5 mM, or the intracellular calcium chelator [1,2-bis-(

 

o

 

-aminophe-

noxy)-ethene-N,N,N

 

9

 

,N

 

9

 

-tetraacetic acid tetra-(acetoxymethyl)-ester]

(BAPTA-AM), 20 

 

m

 

M (27). At the conclusion of the experimental

manipulations the cells were washed with PBS, scraped off the plas-

tic, and processed. One-third of the cells was homogenized on ice

with a glass/Teflon

 

®

 

 homogenizer in TES-PI buffer containing (in mM):

Tris HCl, 20; sucrose, 255; and EDTA (ethylenediamine-tetraace-

tate), 1, plus leupeptin, 5 

 

m

 

g/ml; pepstatin, 5 

 

m

 

g/ml; and aprotinin, 5

 

m

 

g/ml, pH 7.4. Another third was saved for mRNA measurements,

and the remaining third for protein (28) and DNA (29) analyses.

 

Measurements of cytosolic free calcium.

 

Cytosolic calcium (Ca

 

2

 

1

 

i

 

)

was measured in LLC-PK1 cells by a modification of the fura2

method as reported by our laboratory (30). Cells were loaded with

12.5 

 

m

 

M fura2-AM and 0.0025% pluronic acid in MEM for 40 min at

37

 

8

 

C, washed in PBS, and resuspended for fluorescence determina-

tions in assay buffer (in mM): NaCl, 145; KCl, 5; MgCl

 

2

 

, 1; CaCl

 

2,

 

 1.5;

glucose, 5; (N-[2-hydroxyethyl]piperizine-N

 

9

 

-[2-ethylsulfonic acid])

(Hepes), 7; KH

 

2

 

PO

 

4

 

, 0.1; and K

 

2

 

HPO

 

4

 

, 0.5; pH 7.4. Ca

 

2

 

1

 

i

 

 was moni-

tored before and after addition of 10 

 

m

 

M A23187-4 bromo in the sam-

ple compartment of a DeltaScan double beam spectrofluorimeter.

The Ca

 

2

 

1

 

i

 

 values were calculated from the fluorescence elicited by the

ratio of dual excitation wavelengths (340/380 nM) detected at a single

emission wavelength of 540 nM.

 

Measurements of 2-deoxyglucose (2-DG) uptake.

 

LLC-PK1 cells

were grown on 35-mm diameter dishes (9.6 cm

 

2

 

). At the indicated

times, the medium was aspirated from the cells and they were washed

once with 1 ml of Krebs-Ringer-Hepes buffer (KRH in mM): 121

NaCl, 4.9 KCl, 1.2 MgSO

 

4

 

, 0.33 CaCl

 

2

 

, 12 Hepes, pH 7.4, at 37

 

8

 

C. 1 ml

of uptake solution (KRH buffer with 0.1 

 

m

 

M 2-DG and 1 

 

m

 

Ci/ml 

 

3

 

H

2-DG) was added to each dish for 3 min (uptake was linear for 5 min,

data not shown) at 37

 

8

 

C. The cells were subsequently washed three

times with 1 ml of ice-cold KRH buffer and solubilized with 1 ml of

1 N NaOH. 500 

 

m

 

l of this solution was used for 

 

b

 

 radioactivity scintil-

lation counting and the remaining 500 

 

m

 

l was neutralized with HCl

and used for protein determination. 5 

 

m

 

M cytochalasin B was in-

cluded in half of the dishes to determine nonspecific diffusion and

that value was subtracted from total 

 

3

 

H-2-DG cellular uptake to esti-

mate transporter-specific hexose flux (31). The uptake data were ex-

pressed as moles of 2-deoxyglucose, determined from the specific ac-

tivity of 

 

3

 

H-2-DG in the uptake solution, without or with cytochalasin

B, and

 

 3

 

H incorporated in cells.

 

Measurements of glucose and lactate in culture medium.

 

Six groups

of confluent LLC-PK1 cells (35-mm diameter dishes) were exposed

to either 0.1% DMSO (vehicle) or 10 

 

m

 

M A23187 for 4–24 h periods.

The cells were cultured in 

 

a

 

MEM with 2 mM glucose, 2 mM glutamine,

and 10 

 

m

 

M phlorizin (added to reduce glucose influx through the

Na

 

1

 

/glucose cotransporter; 26). In some experiments, 0.1 mM phlore-

tin was also included in the culture media to inhibit facilitative glu-

cose flux through GLUT1 (20). At the end of each time period the

culture medium was aspirated, centrifuged (16,000 

 

g

 

, 5 min, 4

 

8

 

C) and

analyzed immediately for glucose and lactate concentrations with a

YSI 2300 STAT glucose/lactate analyzer (Yellow Springs Instrument

Co., Yellow Springs, OH).

 

Measurements of cellular and medium lactic dehydrogenase

(LDH) levels.

 

LDH levels were measured by the method of Korze-

niewski and Callewaert (32) in LLC-PK1 cells cultured in 

 

a

 

MEM

with 5 mM glucose and 10 

 

m

 

M phlorizin. Total LDH produced in

each culture dish was measured. Total LDH was the sum of intracel-

lular LDH measured in LLC-PK1 cells washed with and homoge-

nized in PBS, plus LDH released into the media. The percent LDH

released in the medium was calculated as: [(medium LDH/total LDH)

 

3

 

 100].

 

Western blot analysis.

 

LLC-PK1 cells were homogenized on ice

with a glass/Teflon

 

®

 

 homogenizer in TES-PI buffer. The cell homoge-

nates were solubilized in Laemmli sample buffer and analyzed by

SDS-PAGE on 1.5-mm slab gels containing 8% polyacrylamide (33).

The proteins were electrophoretically transferred to nitrocellulose

(34) and reacted with specific polyclonal antibodies raised in rabbits

against a synthetic peptide representing the last 12 amino acids at the

COOH

 

2

 

 end of the rat GLUT1 protein (35) (East Acres Biologicals,

Southbridge, MA). Polyclonal antibody to the 

 

a

 

1

 

 subunit of Na

 

1

 

/K

 

1

 

ATPase was raised in rabbits immunized with a peptide fragment of

the subunit corresponding to amino acid residues 338–518 (Upstate

Biotechnology Inc., Lake Placid, NY). The cross-reacting proteins

were identified with 

 

125

 

I-protein A followed by autoradiography and

quantitated on the membranes by 

 

b

 

 radioactivity scanning (AMBIS).

 

Northern and dot blot analysis.

 

LLC-PK1 cells were disrupted in

10 ml of a solution containing 4 M guanidinium isothiocynate, 25 mM

Na

 

1

 

 citrate, pH 7.0, 0.5% sarkosyl, and 0.7% 

 

b

 

-mercaptoethanol. To-

tal RNA was recovered (by adding 0.5 ml of 2 M potassium acetate,

pH 5.5, and 0.8 ml of 1 M acetic acid, plus 7.5 ml of ethanol 

 

2

 

20

 

8

 

C

overnight) dissolved in DEPC-treated H

 

2

 

O, and quantity and purity

assessed by spectrophotometry at 260/280 nM wavelength (36). 20 

 

m

 

g

of RNA were denatured in formaldehyde and size-fractionated in 1%

agarose gels where integrity and relative amounts of RNA were

checked by ultraviolet shadowing. The RNA was transferred to “Ny-

tran” nylon membranes by capillarity (Schleicher and Schuell Inc.,

Keene, NH). mRNA from LLC-PK1 cells was also measured on dot

blots according to the manufacturer’s instructions (Schleicher and

Schuell Inc.). 20 

 

m

 

g of RNA was dissolved in 100 

 

m

 

l of DEPC water

with 200 

 

m

 

l of 6.15 M formaldehyde plus 5 

 

3

 

 SSC (1 

 

3

 

 SSC is 150

mM NaCl and 15 mM Na-citrate, pH 7.0), and then blotted using vac-

uum on Nytran nylon membranes (37), rinsed under vacuum with 5 

 

3

 

SSC, dried, and baked (80

 

8

 

C, 2 h) under vacuum. The RNA on the

membranes was hybridized (38) at high stringency (50% formamide,

2

 

3

 

 Denhardt’s solution, 1% SDS, 5

 

3

 

 SSC, and salmon sperm DNA,

100 

 

m

 

g/ml, at 42

 

8

 

C) to porcine GLUT1 cDNA (21, 39) and then to rat

28S rRNA (40), both labeled with 

 

32

 

P-ATP to a sp act of 0.5–1 

 

3

 

 10

 

9

 

cpm/

 

m

 

g by the oligolabeling method (41). The membranes were

washed in 0.2% SDS and 0.1 

 

3

 

 SSC at 52

 

8

 

C and exposed to Kodak

XAR-5 film at 

 

2

 

70

 

8

 

C with a Cronex (DuPont, Wilmington, DE) in-

tensifying screen. Cross hybridizing mRNAs were depicted by auto-

radiography and then quantitated on the membranes by 

 

b

 

 radioactiv-

ity scanning (AMBIS).

 

pUCAT and pGPCAT

 

333

 

 constructs.

 

We engineered pUCAT and

pGPCAT

 

333 

 

to measure the transcriptional activity of the GLUT1

gene in vivo. pUCAT was constructed from original pUC19 that

served as template (42). A 1634 HindIII-BamHI fragment containing

the chloramphenicol acetyltransferase (CAT) gene isolated from

pSV2CAT (43). The 5

 

9

 

 overhang ends of this fragment were con-

verted to blunt ends by filling in the ends with the Klenow enzyme in

the presence of dNTP. This fragment was inserted into pUC19 at the

SacI site which was converted to blunt ends with the single-stranded

specific enzyme S1. pGPCAT

 

333 

 

was engineered by subcloning the

last 333 bp of the rat GLUT1 promoter fragment located in the 5

 

9
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flanking region of the GLUT1 gene into pUCAT. The GLUT1 pro-

moter fragment was contained within the restriction sites 5

 

9

 

 SmaI and

3

 

9

 

 XhoI, which were used to cut and isolate the fragment from a 2.1-kb

promoter segment donated to us by Dr. Morris Birnbaum (Harvard

University, Cambridge, MA) (44). The 333-bp GLUT1 promoter

fragment was subcloned in a 5

 

9

 

→

 

3

 

9

 

 orientation immediately upstream

from the CAT gene (Fig. 1). The proper orientation and base compo-

sition of pGPCAT

 

333

 

 were verified by sequencing the 333-bp frag-

ment plus both junctional ends of pUCAT with Sequenace v. 2.0

(United States Biochemical, Cleveland, OH).

 

Measurements of GLUT1 gene transcription in vivo.

 

LLC-PK1

cells, 30–50% confluent grown on 10-cm diameter culture dishes,

were cotransfected by the calcium phosphate precipitation method

(45, protocol 9.1.1) with pGPCAT

 

333

 

 (5–15 

 

m

 

g) and pCH110 (1.5 

 

m

 

g)

containing the 

 

b

 

-galactosidase gene driven by the simian virus 40

early promoter (SV promoter, 45, 46). The transfected LLC-PK1 cells

were grown for an additional 72 h, and then exposed to the experi-

mental maneuvers. The culture media were removed, and the cells

washed three times with PBS. To measure the activity of the enzyme

CAT in transfected cells, 1 ml of cell lysis buffer (Promega Corp.,

Madison, WI) was added to the dishes, and after 15 min the cells were

scraped off and centrifuged (12,000 g, 5 min). CAT activity was mea-

sured in 60–80 ml aliquots of centrifuged cell lysate with 50 ml of 1 M

Tris, pH 8.0; 10 ml of 14C-chloramphenicol, 0.1 mCi; and 20 ml of 20

mM acetyl CoA (45). The reaction was conducted for 2–4 h at 378C,

and the products, 14C-chloramphenicol and its metabolites, were ex-

tracted with 900 ml of ethyl acetate and vacuum dried. The sample

was resuspended with 30 ml of ethyl acetate, and 15 ml were then

spotted on a thin layer chromatography plate, resolved with chloro-

form:methanol (95:5) and quantitated by b radioactivity scanning

with an AMBIS b scanner. b-galactosidase was measured in cell ly-

sates (200 ml) added to 500 ml of a solution containing 60/40 mM,

Na2HPO4/NaH2PO4; 10 mM, KCl; 1 mM, MgCl2; 50 mM, 2-mercapto-

ethanol; and 100 ml of O-nitrophenyl-b-d-galactopyranoside; 2 mg/ml,

Figure 1. The construct pGPCAT333. The CAT gene, including the 

polyadenylation sequence from the SV region, was subcloned into 

pUC19. The resulting construct was designated pUCAT. We then 

subcloned into pUCAT, in a 59→39 direction, the last 333 bp of the 

GLUT1 promoter fragment located in the 59 flanking region of the 

GLUT1 gene. The 333-bp fragment contained the transcription ini-

tiation site and was located between restriction sites 59 SmaI and 39 

XhoI of the GLUT1 promoter (44). This reporter construct was des-

ignated pGPCAT333.

Figure 2. 3H-DG uptake in LLC-PK cells. The first two bars repre-

sent, from left to right, total 3H-DG uptake in control cells in the ab-

sence of cytochalasin (solid) and in the presence of 5 mM cytochalasin 

(open). The second two bars represent total 3H-DG uptake in cells 

exposed to 10 mM A23187 in the absence of cytochalasin (solid) and 

in the presence of 5 mM cytochalasin (open). The data are means and 

SE for n 5 6. The numbers 13.7 and 23.2 are the mean values for cy-

tochalasin-sensitive 3H-DG uptake in control and A23187 treated 

cells, respectively.

Figure 3. The levels of glucose (top) and lactate (bottom) in the me-

dia. LLC-PK1 cells were cultured in the presence of vehicle (0.1% 

DMSO, open circles, n 5 3) or 10 mM A23187 for 4, 12, or 24 h (closed 

circles, n 5 3). The culture medium was supplemented with 2 mM 

glucose, 2 mM glutamine and 10 mM phlorizin was added to inhibit 

glucose flux through Na1/glucose cotransporters (26). The data show 

that A23187 increased glucose consumption and lactate production.
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and incubated (378C, 20 min). The reaction was stopped with 500 ml

of Na2CO3, and the product calculated from the OD read at 420 nM.

CAT activity is expressed as percent conversion of total 14C-chloram-

phenicol to the mono and diacetylated forms, normalized to b-galac-

tosidase activity (45).

Materials. BSA and 14C-chloramphenicol were from ICN Bio-

medicals, Irvine, CA. 3H-2-deoxyglucose, 32P-dCTP, and 125I-protein

A were from Dupont-New England Nuclear, Boston, MA. Percoll,

formamide, Denhardt’s solution, SDS, guanidinium isothiocyanate,

sodium citrate, pH 7.0, sarcosyl, leupeptin, pepstatin, aprotinin, and

b-mercaptoethanol were from Sigma Chemical Co., St. Louis, MO.

The nitrocellulose and nylon membranes were from Schleicher and

Schuell Inc. Rabbit antibodies to rat GLUT1 and rat a1 subunit of

Na1/K1 ATPase were purchased from East-Acres Biologicals, South-

bridge, MA and UBI, Lake Placid, NY, respectively. The b scanner

was from AMBIS, San Diego, CA, and the DeltaScan spectrofluorim-

eter was from Photon Technology International, Princeton, NJ.

Statistical analysis. The data are expressed as mean6SEM. Statis-

tical differences between groups were calculated with Student’s t test

for unpaired groups and ANOVA with Bonferonni’s t test.

Results

Activation of glucose transport and glycolysis. LLC-PK1 cells
were exposed to control vehicle (0.1% DMSO) or 10 mM
A23187 for 4 h in MEM, washed with PBS three times, and then
cultured in fresh media for an additional 20 h. The effect of

Figure 4. Cytosolic free Ca21 (Ca21
i, top) and GLUT1 mRNA levels 

(bottom) in LLC-PK1 cells exposed to 0.1% DMSO or 1–10 mM 

A23187. Ca21
i was measured with fura2 and GLUT1 mRNA on dot 

blots. Whereas DMSO did not affect the levels of Ca21
i or GLUT1 

mRNA, A23187 caused an incremental increase in both Ca21
i (n 5 2 

per point) and GLUT1 mRNA levels (n 5 3 per point).

Figure 5. Measurements of cytosolic free calcium (Ca21
i) in LLCPK1 

cells exposed to 10 mM A23187 (arrow). The tracings represent three 

conditions: cells in control assay buffer, cells in assay medium che-

lated with 2 mM EGTA, and cells chelated with 20 mM BAPTA-AM 

and then suspended in assay medium. The addition of 10 mM A23187 

increased Ca21
i in all groups, but external and internal Ca21 chelation 

blunted the rise of Ca21
i. The tracings are representative of five to 

seven experiments.

Figure 6. Northern blot analysis of mRNA encoding the GLUT1 

gene in LLC-PK1 cells. Total RNA was extracted from three groups 

of cells: control (1), exposed to 10 mM A23187 (2), or to EGTA 2 mM 

followed by 10 mM A23187 (3). 20 mg of cell RNA were loaded on 

each lane, and high stringency hybridization was performed with 32P-

dCTP–labeled cDNA encoding GLUT1. Exposure to A23187 for 4 h 

increased GLUT1 mRNA levels, whereas prior exposure to EGTA 

blunted the effect of A23187. Three separate experiments are repre-

sented.

Figure 7. The fractional ratio GLUT1 mRNA/28S rRNA 3100. Ex-

posure to 10 mM A23187 increased GLUT1 mRNA/28S rRNA 

3100, and EGTA reduced the effect. A23187 alone or with EGTA 

had a minimal effect on LLC-PK1 28S rRNA. The data represent 

three independent experiments.
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acute calcium stress on hexose influx was examined immediately
after the 20 h period. 3H-deoxy-d-glucose (3H-DG) uptake was
measured in the absence and in the presence of 5 mM cytocha-
lasin B, and facilitative transporter (cytochalasin-sensitive) 3H-DG
flux rate was calculated from the difference of 3H-DG flux rate
without and with cytochalasin B (31). Fig. 2 illustrates that to-
tal uptake of 0.1 mM 3H-DG increased in LLC-PK1 cells ex-
posed to A23187 from a control rate of 29.861.5 pmoles/mg
protein/min to 45.361.9 (P , 0.0001). The majority of the in-
creased transport activity was due to cytochalasin B–sensitive
3H-DG flux, which was 13.761.5 pmoles/mg protein/min in

control cells and 23.261.9 in cells exposed to the ionophore
(P 5 0.002). We surmise that a substantial proportion of the
response to A23187 is mediated through GLUT1, the only glucose
transporter sensitive to cytochalasin B in LLC-PK1 cells (21).

The higher hexose uptake in LLC-PK1 cells exposed to
A23187 was accompanied by corresponding increases in glu-
cose consumption and lactate production, Fig. 3. Confluent
LLC-PK1 cells were cultured for 4, 12, and 24 h (Methods) in
the presence of 2 mM glucose and 10 mM phlorizin with either
0.1% DMSO (controls) or 10 mM A23187. The inhibitor phlo-
rizin was added to block glucose influx through the apical Na1/
glucose cotransporter system expressed in LLC-PK1 cells (21,
26). After 4 h, media glucose and lactate concentrations were

Figure 8. Western blot analysis of GLUT1 and a1 subunit of Na1/K1 

ATPase (a1) detected in homogenates of LLC-PK1 cells. Cell protein 

from three separate groups of cells was included: control, exposed to 

10 mM A23187, or to EGTA 2 mM followed by 10 mM A23187. 

GLUT1 protein levels increased after exposure to 10 mM A23187 

alone. The prior addition of 2 mM EGTA attenuated the effect of the 

ionophore. In contrast, levels of the a1 subunit of Na1/K1 ATPase 

were not changed by the experimental conditions. The transport pro-

teins were detected after size-fractionation of protein (100 mg) by im-

munoblotting with GLUT1 or a1 subunit of Na1/K1 ATPase antibod-

ies. Numbers indicate apparent molecular weight in kD.

Figure 9. Plot of GLUT1 protein levels assessed by b radioactivity 

scanning. The findings in the three experiments illustrated in Fig. 5 

were confirmed by b radioactivity scanning of the membranes. Treat-

ment with A23187 stimulated a significant increase in GLUT1 pro-

tein (A2), compared to control cells (C), and prior chelation with 

EGTA blunted the response to A23187 (EGTA&A2).

Figure 10. Western blot analysis of GLUT1 and the a1 subunit of 

Na1/K1 ATPase (a1) detected in homogenates of LLC-PK1 cells. 

Four separate groups of cells were included: control (C), exposed to 

10 mM A23187 (A2), preloaded with 20 mM BAPTA-AM (B), and 

preloaded with 20 mM BAPTA-AM followed by 10 mM A23187 

(B&A2). GLUT1 protein levels increased after exposure to 10 mM 

A23187 and chelation with BAPTA attenuated the effect of the iono-

phore. In contrast, steady state levels of the a1 subunit of Na1/K1 AT-

Pase were not changed by the experimental conditions. The transport 

proteins were detected after size-fractionation of protein (100 mg) by 

immunoblotting with GLUT1 or a1 subunit of Na1/K1 ATPase anti-

bodies. Numbers indicate apparent molecular weight in kD.

Figure 11. Plot of GLUT1 protein levels assessed by b radioactivity 

scanning. Findings in the three experiments shown in Fig. 7 were con-

firmed by b radioactivity scanning of the membranes. There was a 

significant increase in GLUT1 protein above control (C) treatment 

with A23187 (A2). BAPTA loading did not change GLUT1 levels 

significantly (B), whereas prior chelation with BAPTA blunted the 

response to A23187 (B&A2).
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1.3860.06 and 0.1160.04 mM in control cells and 1.3460.06
and 0.4060.06 in cells exposed to A23187. These two sets of
values were not statistically different between the two groups
(P . 0.05). However, after 12 h, medium glucose and lactate
levels in controls, 1.3560.05 and 1.0360.07, were significantly
different than in cells exposed to A23187, 1.0360.03 and
2.0360.07 (P , 0.05 for both groups). After 24 h the differ-
ences were even greater; glucose and lactate levels in controls
were 0.9260.01 and 1.9360.04 and in cells exposed to A23187
were 0.3060.02 and 3.4260.03 (P , 0.05 for both groups).

Changes in cytosolic free calcium and GLUT1 mRNA. The
next series of experiments were designed to define the cellular
mechanism activated by A23187, which caused higher hexose
uptake and glucose consumption in LLC-PK1 cells. Initially,
the association between cytosolic free calcium (Ca21

i) and
GLUT1 mRNA levels in LLC-PK1 cells exposed to A23187
was confirmed (Fig. 4). Ca21

i was measured in LLC-PK1 cells
loaded with the fluorescent Ca21 indicator fura-2 (30) before
and after addition of 0.1% DMSO or 1–10 mM A23187.
GLUT1 mRNA was measured on dot blots. After exposure to
0.1% DMSO or A23187 for 4 h, GLUT1 mRNA and 28S
rRNA were measured and expressed as the fractional ratio
GLUT1 mRNA/28S rRNA 3 100. The levels of Ca21

i and
GLUT1 mRNA levels were not altered by addition of 0.1%
DMSO to the culture media. However, incremental exposure
to A23187, from 1 to 10 mM, increased Ca21

i and GLUT1
mRNA levels proportionally. Ca21

i increased (in nM) by D 5
1 45, D 5 1 287, and D 5 1 432 (n 5 2) after adding 1, 2.5,
and 10 mM A23187. GLUT1mRNA/28S rRNA 3 100 in-
creased from 20.161.4 in control cells exposed to DMSO to
55.163.8 (n 5 3, P , 0.05) in cells exposed to 10 mM A23187.

The relationship of Ca21
i and GLUT1 gene expression was

also examined in cells exposed to A23187 while internal or ex-
ternal Ca21 was chelated with BAPTA-AM and EGTA, re-
spectively (Fig. 5). Ca21

i levels were monitored in three groups
of cells before and after addition of 10 mM A23187-4 bromo to
the assay buffer. The first group of cells were not treated be-
fore A23187, and Ca21

i increased from a basal level of 247624
nM to 663663 (D 5 1 416664, n 5 7). The second group of
cells were first exposed to 2 mM EGTA, which reduced basal
Ca21

i to 166615 nM (significantly lower than the first group;
P 5 0.015) and after A23187 Ca21

i only increased to 374627
(D 5 1 208638, n 5 7, significantly lower than the first group;
P 5 0.016). In the third group, cells were first loaded with 20
mM BAPTA-AM, and basal Ca21

i, 185610, was not signifi-
cantly lower than control (P 5 0.07). However, after A23187,
Ca21

i only increased to 29069 (D 5 1 105614, n 5 5, a value
significantly lower than the first group, P 5 0.002). These ex-
periments demonstrated that external (EGTA) and internal
(BAPTA-AM) chelation of Ca21 blunted the acute rise of
Ca21

i evoked by A23187.
GLUT1 mRNA and cognate protein levels. The effect of

Ca21 stress induced with 10 mM A23187 on GLUT1 mRNA
levels from LLC-PK1 cells is shown in Fig. 6. LLC-PK1 cells
were exposed to vehicle (0.1% DMSO), 10 mM A23187, or 2
mM EGTA immediately followed by 10 mM A23187 for 4 h.
The cells were washed three times with PBS and then cultured
in fresh media without additions for another 20 h. At this
point, total RNA was isolated, size-fractionated by agarose gel
electrophoresis, transferred to nylon membranes, and hybrid-
ized under high stringency conditions with 32P-labeled GLUT1
and 28S rRNA cDNA probes. After exposure to A23187 for

4 h, GLUT1 mRNA levels increased and chelation of extracel-
lular Ca21 with EGTA blunted the effect of A23187. GLUT1
mRNA levels were normalized to the content of 28S rRNA
measured on the same membranes (Fig. 7) and expressed as
GLUT1 mRNA/28S rRNA 3 100. In control cells, the frac-
tional ratio was 4.260.4 and increased to 15.361.3 in cells
treated with A23187 (P , 0.05). However, the stimulatory ef-
fect of A23187 was significantly reduced to 10.860.2 (P , 0.05
vs. A23187 alone) when external Ca21 was chelated with
EGTA.

The levels of GLUT1 protein were measured in cells from
the same three groups (Control, A23187, and EGTA 1

A23187). Total cellular proteins were size-fractionated by poly-
acrylamide gel electrophoresis, immobilized on nitrocellulose
filters, and reacted with specific transporter antibodies fol-
lowed by 125I-protein A. GLUT1 protein migrated as a broad band
(43–55 kD) as previously described (20) (Fig. 8). From these
representative immunoblots it appeared that exposure to

Figure 12. Chloramphenicol acetyltransferase (CAT) activity in ly-

sates from LLC-PK1 cells transiently cotransfected with pGPCAT333 

and pC110 constructs (see Fig. 1). CAT enzymatic activity was higher 

in LLC-PK1 cells exposed to A23187 (A2) than in control cells (C). 

BAPTA chelation did not change basal CAT activity (B), but, attenu-

ated the effect of A23187 (B&A2). The C label in the bottom of the 

vertical legend represents authentic chloramphenicol. The middle 

and upper C9 represent the converted monoacetylated and diacety-

lated forms of chloramphenicol, respectively. The data include two 

independent representative experiments.

Figure 13. Plot of CAT activity assessed by b radioactivity scanning. 

Findings in three independent experiments, including the two illus-

trated in Fig. 9, were confirmed by b radioactivity scanning of the 

membranes. CAT activity increased significantly after A23187 (A2) 

compared to control (C). BAPTA loading did not change CAT activ-

ity significantly (B), whereas prior chelation with BAPTA blunted 

the response to A23187 (B&A2).
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A23187 was associated with an increase of GLUT1 protein
levels and that preexposure to EGTA blunted the response.
These findings were confirmed by b radioactivity scanning of
the blots in all subsequent experiments (Fig. 9). Interestingly,
the increase in GLUT1 protein level was associated with a cor-
responding decrease in the apparent molecular weight of
GLUT1 (compare GLUT1 sizes between groups in Figs. 8 and
10). On the other hand, exposure to A23187, with or without
EGTA, did not affect the levels or the apparent size of the a1

subunit of Na1/K1 ATPase (a1) in LLC-PK1 cells (Fig. 8).
The influence of cell Ca21 on the upregulation of GLUT1

gene expression was verified with a different experimental
protocol, using the intracellular chelator BAPTA-AM (see
above) (Fig. 10). LLC-PK1 cells were first exposed to vehicle
(0.1% DMSO) or 20 mM BAPTA-AM for 1 h, washed three
times, incubated with or without 10 mM A23187 for 4 h,
washed, and then allowed to recover in fresh media for 20 ad-
ditional hours. As noted above, after exposure to A23187,
GLUT1 protein levels increased with an apparent reduction in
its molecular weight. A summary of the results obtained by de-
tection of the b radioactivity on the immunoblots is shown in
Fig. 11. LLC-PK1 cells exposed to A23187 increased their
GLUT1 protein levels 2.260.1-fold over control cells (P ,

0.001). BAPTA alone had a minimal effect, 1.2760.23-fold
(P 5 0.4), but when added before A23187, BAPTA reduced
the effect of A23187 to only 1.5560.14-fold from control (P 5
0.017 vs. A23187 alone). Cell DNA measured at the end of the
experiment was 10265 mg/78.5 cm2 culture dish in controls and
remained relatively constant in the other three groups. DNA
level in cells treated with A23187 was 9767, in cells loaded
with BAPTA it was 96611, and in cells loaded with BAPTA
and then exposed to A23187 it was 96612 (P . 0.5 for all).

GLUT1 gene transcription. Since exposure to A23187 in-
creased both GLUT1 mRNA and protein, we tested the idea
that in cells under Ca21 stress the GLUT1 gene was transcrip-
tionally activated. First, we developed a new plasmid reporter
construct, pUCAT. We then subcloned into pUCAT a 333-bp
promoter fragment located at the 39 end of the promoter lo-
cated in the 59 flanking region of the GLUT1 gene. 

This segment is flanked at the 59 end 39 ends by SmaI and
XhoI restriction sites, respectively (44). This novel construct
termed pGPCAT333 (Fig. 1) was used to report the transcrip-
tion of the GLUT1 gene in transient transfection experiments
of LLC-PK1 cells. To test the effectiveness of pGPCAT333,
LLC-PK1 cells were first cotransfected with 10, 15, and 20 mg
of pGPCAT333 DNA and with 1.5 mg of pC110 plasmid DNA,
containing the b galactosidase gene driven by the simian virus
40 early promoter (SV40 promoter, 45, 46). The addition of
the GLUT1 promoter fragment strongly induced the CAT
gene with a percent conversion of native to acetylated 14C-
chloramphenicol of 6268, 8362, and 9361% per dish, whereas
LLC-PK1 cells cotransfected with pC110 and pUCAT without
the GLUT1 promoter insert, while expressing b galactosidase,
demonstrated complete absence of CAT activity, and served
as negative controls in all transfection experiments (not shown).
The positive controls were cells cotransfected with the con-
structs pRSVCAT (46) and pC110 (45, 46) and expressed
CAT activity of 9861%.

Basal CAT activity in LLC-PK1 cells cotransfected with
pGPCAT333, 7.5 mg and pC110, 1.5 mg/78.5 cm2 dish, was
3468% conversion of 14C-chloramphenicol normalized to
b galactosidase activity. The controls were incubated with vehi-
cle (0.1% DMSO) for 4 h, washed, and then incubated in fresh
media for 20 more hours. The second group of cells were incu-
bated with A23187 for 4 h and then allowed to recover for 20 h
in fresh media. In these cells CAT activity increased to 6061%
(P 5 0.03). A third group of cells was preloaded with BAPTA-
AM, 20 mM, and then treated like the first group. BAPTA
alone did not affect CAT activity: 3966% (P 5 0.5). In the
fourth group of cells, BAPTA preloading reduced to 3168%
(P 5 0.8 vs. controls) the stimulation of CAT activity induced
by subsequent exposure to A23187 for 4 h, as described in the
second group (Figs. 12 and 13). The negative controls, repre-
sented by cells cotransfected with pUCAT without the
GLUT1 promoter, did not express CAT activity.

GLUT1 transport function and cytotoxicity. Since activation
of GLUT1 gene by A23187 was understood to be part of the
stress response that increased hexose transport activity and
glycolysis, we tested if the greater activity of GLUT1 was pro-
tective to LLC-PK1 cells under Ca21 stress. LLC-PK1 cells
were cultured in the presence of 5 mM glucose, 10 mM phlo-
rizin, with or without 0.1 mM phloretin, added immediately
before a 4-h period of exposure to either 0.1% DMSO (vehi-
cle) or 10 mM A23187 in 0.1% DMSO. The cells were washed
and cultured for an additional period of 16 h in fresh medium
containing either DMSO (vehicle) and phlorizin with or with-
out phloretin. The results of these experiments are summarized
in Table I and Fig. 14. Cell injury caused by A23187 stimulated
glycolysis, as indicated by increased glucose consumption and lac-
tate production. The ionophore was cytotoxic, as demon-
strated by the fourfold rise in LDH release, although cell via-
bility, represented by DNA content, was comparable to con-
trol cells only exposed to DMSO. The addition of A23187 to
the media also increased GLUT1 protein levels and as previ-
ously illustrated (Figs. 8 and 10), the apparent size of the
GLUT1 protein was reduced to z 35 kD (Fig. 14). Phloretin,
an inhibitor of facilitative glucose transporters, reduced cellular
glucose consumption and lactate production and also potenti-
ated the cytotoxicity and lethality of A23187, as indicated by
greater cellular LDH release and lower DNA levels, respec-
tively. It is noteworthy that phloretin alone evoked a remarkable

Figure 14. Western blot analysis of GLUT1 detected in homogenates 

of LLC-PK1 cells. Four separate groups of cells were included: con-

trol cells exposed to 0.1% DMSO (C), exposed to 10 mM A23187 (A), 

exposed to phloretin 0.2 mM immediately before addition of 0.1% 

DMSO (P), and exposed to phloretin 0.2 mM immediately before ad-

dition of 10 mM A23187 (P1A). GLUT1 protein level increased after 

exposure to 10 mM A23187 and its apparent molecular weight was re-

duced. Phloretin by itself also caused an increase in GLUT1 protein 

level, but when added before A23187, phloretin attenuated the in-

crease in GLUT1 protein level (see Table I).
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increase in the level of GLUT1 protein, which was of similar
molecular weight to the mature GLUT1 protein expressed in con-
trol cells. Thus, Ca21 cytotoxicity increased GLUT1 expres-
sion in LLC-PK1 cells, and inhibition of GLUT1 activity was
accompanied by greater cytotoxicity and significant mortality.

Discussion

LLC-PK1 cells injured by a Ca21 ionophore (47) increased fa-
cilitative deoxyglucose uptake, glucose consumption, and lac-
tate production. The results show that a great proportion of
stimulated hexose transport activity was mediated through the
glucose transporter GLUT1, because GLUT1 is the only facili-
tative glucose transporter expressed in LLC-PK1 cells (21) and
also because the changes in transport occurred in conjunction
with increases in the levels of GLUT1 transcription, mRNA,
and cognate protein. A relatively small increase in cytochala-
sin-insensitive hexose uptake was also observed, which may
represent hexose flux through apical Na1/glucose cotransport-
ers (26).

The stimulation of the GLUT1 gene by A23187 was in part
secondary to mobilized Ca21

i, in that increases of Ca21
i and

GLUT1 mRNA levels were proportional, and more signifi-
cantly, chelation of extracellular and intracellular Ca21 attenu-
ated the stimulation of GLUT1 gene transcription and the in-
crease of GLUT1 mRNA and protein levels. Exposure to
A23187 not only increased the level of GLUT1 protein, but it
also reduced the apparent size of GLUT1 protein on SDS gels.
These two findings may represent an increase in the half-life
(t1/2) of new GLUT1 protein that was less glycosylated than
mature GLUT1 protein (35), as shown for cells under Ca21

(48) or starvation (49) stress. We presume that Ca21 chelation
did not entirely block the stimulation of GLUT1 because Ca21

i

mobilization by A23187 was not entirely abrogated by either
of the two chelators. On the other hand, Ca21-independent ac-
tivation of GLUT1 may also play a prominent role in the re-
sponse to injury. Indeed, it is fitting to consider that renal
stress responses to hypoxic or chemical renal injuries may not
be dependent on changes of Ca21

i, which are not always de-
tected in damaged renal tubules (50).

We used a transient transfection model of LLC-PK1 cells
to investigate the role of GLUT1 gene transcription on the ac-
tivation by A23187. The transfected vector, pGPCAT333, ex-
pressed abundant CAT basal activity, which is consistent with
constitutive expression of GLUT1 (44), and A23187 further in-
creased CAT activity. This effect was mediated to some extent

by increases of cell Ca21, since chelation with BAPTA-AM
blunted the effect of A23187. The signal activator of GLUT1
transcription stimulated by Ca21

i is unknown. It is possible that
Ca21/calmodulin-dependent functions regulated GLUT1 gene
expression as shown for other genes (51). However, other con-
trolling mechanisms, such as stabilization of GLUT1 mRNA
or protein, cannot be ruled out as regulators of GLUT1 gene
expression.

The protective value of stimulated GLUT1 to stressed
LLC-PK1 cells was demonstrated by inhibiting with phloretin
the transport activity of GLUT1 before exposure to A23187.
The interruption of the response with phloretin, an inhibitor of
facilitative glucose transporters (20), prevented the increase in
glucose consumption, aborted the concomitant stimulation of
cell glycolysis, and enhanced cytotoxicity and cell mortality. A
comparable adverse outcome may occur during aminoglyco-
side nephrotoxicity, where injury may be aggravated by failure
to translate the activation of GLUT1 into a higher number of
transporters (23).

The response of GLUT1 gene to Ca21 stress is not limited
to kidney cells (22) and may represent a more generalized re-
action to injury. We suggest that this reaction involves the re-
cruitment of GLUT1 and other genes critical for cell survival,
such as the regulation of DNA synthesis (5, 52) and protein
processing (9, 14). We surmise that GLUT1 activation leads to
greater glycolytic flux, which protects cultured cells subjected
to Ca21 stress (51). The protective mechanism is most likely
derived from ATP production (1–4), although generation of
intracellular acidosis (53) may afford additional protection
(54). We realize that glycolysis is not a prominent energy
source for normal renal tubular cells in vivo (1, 2), and it is
conceivable that metabolic responses of damaged renal tu-
bules may be different than those of LLCPK1 cells. However,
in view of the activation of GLUT1 in injured tubules (23), and
the rapid switch to glycolysis observed in hypoxic proximal tu-
bules (1, 2), one may envision that in vivo GLUT1 and glycoly-
sis play prominent roles in the recovery of injured tubules. Ac-
cordingly, we conclude that in renal cell injury, increases of
Ca21

i participate in the flow of information that culminates in
greater glucose transport. This stress response enhances cell
recovery after injury, and its disruption could lead to greater
cell damage and even cell death.
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