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proximal tubule and the descending limbs of Henle
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Primary cells of renal proximal tubule epithelium
S1 segment) of human kidney (HRPTE cells) up-
egulate aquaporin-1 (AQP-1) expression in response
o hyperosmolarity. NaCl and D(1)-raffinose increased
2-2.5 fold) AQP-1 expression when medium osmolarity
as 400 and 500 mOsm/kg.H2O. Urea did not have this

ffect. Unlike our previous findings with mIMCD-3
ells, vasopressin (1028M) did not affect AQP-1 expres-
ion in HRPTE cells in isosmolar or NaCl-enriched
yperosmolar conditions. Furthermore, HRPTE cells

ncreased (3-4 fold) AQP-1 expression when exposed to
yperosmolar Reno-60 and Hypaque-76 (diatrizoates,

onic) contrast agents at 400 and 500 mOsm/kg.H2O.
sosmolar (290 mOsm/kg H2O) Visipaque (iodixanol,
on-ionic) at 10% (v/v) concentrations also increased
QP-1 expression, and 25% v/v of Visipaque rendered
orphological alterations of HRPTE cells and a 3-fold

ncrease in AQP-1 expression after 24h exposure. Fi-
ally, semi-quantitative RT-PCR of HRPTE cells sub-

ected to various isosmolar or hyperosmolar condi-
ions demonstrated up-regulation of AQP-1 mRNA and
rotein levels. Our results suggest AQP-1 up-
egulation in HRPTE cells exposed to environmental
tresses such as hyperosmolarity and high doses of
sosmolar contrast agents. © 1999 Academic Press

Aquaporin-1 (AQP-1) was first discovered in the
lasma membrane of erythrocytes as a water channel
or high osmotic water permeability (1). AQP-1 (CHIP-
8) is expressed in various epithelial and capillary
ndothelial cells, and is abundantly present in kidney
roximal tubules and descending thin limbs (1, 2, 3, 4).
QP-1 has been suggested to possibly play a role in

constitutive” water reabsorption, especially in the
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L 33612. Fax: (813) 972-7623. E-mail: wjenq@com1.med.usf.edu.
240006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
5, 6).
The vasopressin (AVP) hormone acts primarily in
ammalian kidney collecting duct by binding to V2

eceptors in the basolateral membranes of principal
ells to stimulate adenylate cyclase. This enzyme acti-
ation initiates the intracellular trafficking and the
nsertion of the aquaporin-2 (AQP-2) to the apical

embrane for increasing water permeability (7, 8, 9,
0). AVP was also found to augment AQP-1 expression
n cultured mIMCD-3 cells under hyperosmolarity con-
ition with NaCl osmolyte, though the mechanism was
nknown (11).
A hyperosmolar environment stresses cells due to

he osmotic efflux of water that concentrates intracel-
ular salts and as a consequence, affects the structure
nd activity of the intracellular macromolecules, in-
luding proteins and DNA (12). The adaptation of renal
edullary cells to hyperosmolarity involves the altered

xpression of a number of genes including aldose re-
uctase, the transporters for betaine, taurine, inositol,
eat shock proteins, and MAP kinases (13). Hyperos-
olarity produced by increasing the concentration of
aCl or cell-impermeable D(1)-raffinose stimulates al-
ose reductase gene transcription, due to the elevated
ntracellular Na1 and K1 concentrations following the
nitial cell shrinkage (14, 15). However, the hyperos-

olal addition of urea cannot increase aldose reduc-
ase, implying that hyperosmolarity per se is not suf-
cient to up-regulate specific gene expressions (15).
It has been documented that a significant amount of
QP-1 is present in the renal proximal tubules (2, 3,
6, 17). This nephron segment, in conjunction with the
escending thin limbs, is responsible for an 80-90%
uid reabsorption of glomerular filtrate (18). Our pre-
ious results of NaCl (400 or 500 mOsm/kg.H2O) in-
uced AQP-1 expression in cultured mIMCD cells (11),
rompted us to further study the effects of hyperosmo-
arity on AQP-1 expression in human renal proximal



tubule epithelial (HRPTE) cells. In our experiments,
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e increased the osmolarity of culture media for
RPTE cells with NaCl, urea, and the impermeant
(1)-raffinose in order to test their osmotic effects on
QP-1 inducibility. In addition, radiopaque contrast
gents (CA) have been reported to induce alterations in
enal hemodynamics and perhaps have a direct effect
f proximal tubular toxicity, especially patients with
re-existing renal insufficiency (19, 20, 21, 22). Previ-
us studies with Madin Darby canine kidney (MDCK)
ells by Hizoh et al. (23), demonstrated DNA fragmen-
ation, a hallmark feature of apoptosis, in cells exposed
o diatrizoates (hyperosmolar CA) and, to a lesser ex-
ent, NaCl or mannitol—but not urea, as evidence of
enal cell toxicity. In addition, Haller et al. (24) indi-
ated that polarized MDCK cells redistribute their sur-
ace marker proteins in the presence of CA, and that
he ionic diatrizoate is more toxic than the non-ionic
opamidol, partly due to its high osmolarity. The fact
hat AQP-1 is a major water channel protein in proxi-
al tubules encouraged us to investigate the effect of
A on cellular expression of AQP-1.

ATERIALS AND METHODS

Proximal tubule epithelial cells of human kidney (HRPTE) and
ntibodies. Normal proximal tubule epithelial cells were originally
solated from segment 1 of the proximal convoluted tubule of normal
uman kidneys. The primary HRPTE cells are commercially avail-
ble from Clonetics (San Diego, CA). The cells were maintained in
EGM medium (also from Clonetics) and only the cells of the 1st and
nd passages were used in experiments. The polyclonal rabbit anti-
QP-1 antibody, graciously given to us by Dr. Mark A. Knepper of
ational Institutes of Health, was used for this study. HRP-

onjugated donkey anti-rabbit IgG as the secondary antibody was
btained from Amersham (Arlington, IL).

Isosmolar and hyperosmolar treatments of HRPTE cells. HRPTE
ells (3000-3500 cells/CA2) were seeded to 6-well or 100-mm culture
ishes in REGM and were grown to sub-confluency (;80% confluent)
rior to various osmolar treatments for up to 24 h. The isosmolar
;290mOsm/kg.H2O) media include REGM, REGM 1 PBS (25%
/v), REGM 1 AVP (1028M), REGM 1 Visipaque (iodixanol at
0%, 20%, and 25% v/v), and the 20% v/v of each pre-diluted in
terile water to 290 mOsm/kg.H2O, Omnipaque (iohexol), Reno-60
diatrizoate meglumine), and Hypaque-76 (diatrizoate meglumine
odium) in REGM. The hyperosmolar media (400 and 500 mOsm/
g.H2O) tested in this study were REGM supplemented with NaCl,
(1)-raffinose, urea, Reno-60, and Hypaque-76. Both Visipaque

isosmolar) and Omnipaque (low-osmolar) are non-ionic, whereas the
igh-osmolar Reno-60 and Hypaque-76 are ionic.

Electrophoresis and immunoblotting. The sub-confluent HRPTE
ells (in 6-well dishes) grown in REGM were treated with or without
aCl 6 AVP for 6h or 24h. Similarly, the sub-confluent cells were

xposed for 24h to the normosmotic media or hyperosmotic NaCl,
(1)-raffinose, urea, or the contrast agents as described above. Total

ell lysates were made by adding a 250 ml per well of boiling sample
uffer at 2X concentration (1X 5 125mM Tris-HCl, pH 6.8, 2% SDS,
% glycerol, 0.003% bromophenol blue, and 1% b-mercaptoethanol).
abbit medullary extract (RME) was obtained by homogenization
nd extraction of the normal rabbit kidney medulla, and was used as
he positive control for the presence of AQP-1 water channel protein.
amples of cell lysate were diluted to , 0.05% SDS for protein
241
ye-binding assay (Bio-Rad, Richmond, CA). Total proteins of 5 mg
rom each sample were electrophoresed in 12% SDS-PAGE alongside
ith RME and pre-stained protein markers. The proteins on the gels
ere then blotted electrophoretically onto 0.45 mm nitrocellulose
embranes, and the AQP-1 protein bands were probed with anti-
QP-1 antibody, followed by imaging with enhanced chemilumines-
ence method (Amersham, Arlington, IL) and density analysis by
ideo scanning densitometry.

Total RNA isolation and Reverse Transcription/PCR (RT-PCR).
wo million HRPTE cells with or without hyperosmolar treatments

400 mOsm/kg.H2O) for 24h were each lysed in 1 ml of RNA STAT-60
TEL-TEST”B,” Inc., Friendswood, TX). Each cell lysate was then
ixed with 0.2 ml of CHCl3, vigorously shaken for 15 sec, and

ncubated for 5 min at room temperature before centrifugation at
2,000 xg for 15 min at 4 ºC. The total RNA in the upper aqueous
hase was precipitated with isopropanol. The RNA pellets thus ob-
ained were washed once with 75% ethanol, air-dried, and dissolved
n diethylpyrocarbonate (DEPC) treated RNase-free water. One mg
ach of total RNA together with oligo-dT primer and RNaseH2 re-
erse transcriptase (Life Technologies, NY) were used to generate
he first strand cDNA mix. Each cDNA mix was equally divided into
wo parts, in which each served as a template for an independent
olymerase chain reaction (PCR). Sequence-specific primers for hu-
an AQP-1 (59-CTTGGACACCTCCTGGCTATTGAC-39 and 59-AGC-
GGTGGGTC-CCTTTCTTTCAC-39) and for human b-actin (59-GCA-
CCTCACCCTGAAGTACC-39 and 59-GCTGGAAGAGTGCCTCAGG-
9) were employed in PCR, using GeneAmp PCR reagents (Perkin
lmer, Branchburg, NJ). Both sets of primer sequences were derived

rom the published cDNA sequences of AQP-1 (accession no.
77829) and b-actin (accession no. X00351). The PCR products

long with low molecular weight DNA markers (Research Genetics,
untsville, AL) were analyzed by electrophresis on 1.2% agarose

els. Video scanning densitometry was employed to analyze band
ensity of cDNA fragments.

The effects of osmotic agents and the contrast agents on the mor-
hology of HRPTE cells. Sub-confluent HRPTE cells were exposed
or 24h in normosmotic Visipaque (290 mOsm/kg.H2O, 25% v/v) or
yperosmotic REGM (400 and 500 mOsm/kg.H2O) which contained
aCl, D(1)-raffinose, urea, Reno-60, or Hypaque-76. The sub-

onfluent HRPTE cells incubated in the regular REGM growth me-
ium for 24h served as the control. Micrographs of HRPTE cells were
aken 24h post treatments, using a Nikon phase-contrast microscope
ith a 10x objective lens.

ESULTS

AQP-1 protein expression in normal HRPTE cells
xposed to AVP and/or NaCl supplemented REGM.
s shown in Fig. 1 (upper and lower panels) of Western
lotting analyses, AQP-1 up-regulation occurred at
east 6h after the cells were exposed to hyperosmotic

edia with the addition of NaCl (400 or 500 mOsm/
g.H2O) 6 AVP (1028M). Although a similar level of
QP-1 was present in the normosmotic control me-
ium (Ctl or Ctl 1 AVP, 290 mOsm/kg.H2O) after 6h or
4h incubation, a 24h hyperosmolar exposure enabled
he cells to increase AQP-1 levels to 2-2.5 fold higher
han those of normosmotic Ctl or Ctl 1 AVP (Fig. 1,
pper and lower panels). According to data shown in
ig. 1, under our experimental conditions, AVP had no
ffect on AQP-1 expression in HRPTE cells in either
ormosmotic or hyperosmotic condition.
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The AQP-1 expression in HRPTE cells treated for 24h
ith hyperosmotic agents or impermeant osmolytes.
he cell exposure to impermeant D(1)-raffinose spiked
edia (400 and 500 mOsm/kg.H2O) triggered the up-

egulation (2-2.5 fold increase) of AQP-1, is demon-
trated in Fig. 2. Similarly, NaCl supplement in me-
ium to the same hyperosmolarity conferred a similar
ncrease of AQP-1. However, the same hyperosmolarity
chieved by the addition of urea, did not affect the
QP-1 expression.

The effects of contrast agents on cellular expression of
QP-1. Figure 3 revealed the AQP-1 up-regulation

3-4 fold increase) in HRPTE cells upon a 24h exposure
o various contrast agents (CA) supplemented REGM,
nder our experimental conditions. Both hyperosmolar
eno-60 and Hypaque-76 (diluted to 400 and 500
Osm/kg.H2O) as well as the isosmolar Visipaque (290
Osm/kg.H2O, 25% v/v) enabled the cells to increase

FIG. 1. Western blot analyses of AQP-1 of HRPTE cells under
sosmolar (Ctl and Ctl 1 AVP) or hyperosmolar (NaCl 6 AVP, 400
nd 500 mOsm/Kg.H2O) conditions. Despite various treatments, the
evel of AQP-1 in cells remained rather low and constant after 6h of
ncubation. However after 24h of challenge with NaCl 6 AVP, AQP-1
evels increased to 2-2.5 fold as compared to those of isosmotic
ontrols (Ctl and Ctl 1 AVP). AVP (1028M) supplement showed no or
nsignificant effect on the expression of AQP-1 channel protein, ei-
her in isosmolar or hyperosmolar media. The positive controls,
QP-1 in rabbit medullary extract (RME) and a 29.6 kDa protein
arker, are shown on the far left. Four separate experiments yielded

he representative results as shown.
242
0% and 25% v/v concentration in REGM as assessed
y immunoblotting analyses, indicated up-regulation
f AQP-1 channel protein in HRPTE cells (Fig. 3), but
his up-regulation occurred to a lesser degree when a
ower concentration (10% v/v) was used (data not
hown). When Reno-60, Hypaque-76, and Visipaque, in
0% v/v concentration, were included in the media
Reno-60 and Hypaque-76 were pre-diluted to an osmo-
arity of 290 mOsm/Kg.H2O), the up-regulation of
QP-1 was only present with Visipaque (Fig. 4). This
xperiment indicated that Visipaque had a direct stim-
latory effect on AQP-1 expression at isosmolar con-
entrations, while Reno-60 and Hypaque-76 only af-
ected AQP-1 expression by increasing medium
smolarity.

Up-regulation of AQP-1 mRNA levels of osmotically
hallenged or contrast agents- treated HRPTE cells by
emi-quantitative RT-PCR. Our semi-quantitative
T-PCR results of HRPTE cells (24h post-treatments)
evealed the discrete cDNA fragments of 557 bp and
03 bp for human AQP-1 and b-actin, the housekeep-
ng control, respectively (Fig. 5, upper and lower pan-
ls). There is an approximate 2-fold increase in AQP-1
RNA in cells stressed with 290 mOsm/kg.H2O of 10%

/v Visipaque or 400 mOsm/kg.H2O each of NaCl and
aCl 1 AVP as opposed to the normosmotic control

ells (Ctl-290 mOsm). A very faint band corresponding
o AQP-1 cDNA fragment in normosmotic control was
resent in the agarose gel and the original print (not

FIG. 2. The effect of osmotic agents on the expression of AQP-1
ater channel in HRPTE cells. The addition of either NaCl or im-
ermeant raffinose to REGM growth media, to achieve an osmolarity
f 400 or 500 mOsm/kg.H2O, rendered a 2-2.5 fold increase of AQP-1
xpression in cells after a 24h incubation. On the contrary, the
yperosmotic challenge of cells with urea to 400 or 500 mOsm/
g.H2O showed a similar level of AQP-1 as compared with that of
ormosmotic control (Ctl) and did not affect the cellular expression of
QP-1. The 28 kDa AQP-1 of rabbit medullary extract (RME) and a
rotein marker of 29.6 kDa are indicated in the far left. The data
hown from video scanning densitometry analyses are representa-
ive of four independent experiments.
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hown), though the resolution seemed to be diminished
n its photo-reprints. While urea (400 mOsm/kg.H2O)
reatment did not significantly affect the level of AQP-1

FIG. 3. The impact of ionic hyperosmolar (Reno-60 and
ypaque-76) and non-ionic isosmolar (Visipaque) contrast agents

CA) on the expression of AQP-1 in HRPTE cells. Except Reno-60
upplemented medium of 500 mOsm/kg.H2O, which conferred cells
ith a 3-fold increase in AQP-1, supplements of Visipaque (25% v/v),
enal-60 (to 400 mOsm/kg.H2O), or Hypaque-76 (to 400 and 500
Osm/kg.H2O, respectively) resulted in a 3.5-4 fold cellular increase

f AQP-1 as compared to that of control (Ctl, 290 mOsm/kg.H2O). The
8 kDa AQP-1 in RME (as a positive control) and a marker of 29.6
Da are shown in the far left. According to triplicate experiments
nd video scanning densitomety, the representative AQP-1 protein
ands and data are shown.

FIG. 4. AQP-1 expression of HRPTE cells in REGM supple-
ented with isosmolar PBS, Visipaque, or pre-diluted (to 290 mOsm/

g.H2O in sterile water) Omnipaque, Reno-60 and Hypaque-76, all
ere 20% v/v of supplemental concentration. The non-ionic Visi-
aque (64mg I/ml of medium) invoked a 2-2.5 fold AQP-1 increase in
ells as opposed to PBS Ctl or REGM Ctl. Whereas, none of the
iluted Omnipaque (non-ionic, 26.1mg I/ml of medium), Reno-60
ionic, 12.1mg I/ml of medium), or Hypaque (ionic, 12.4 mg I/ml of
edium) significantly altered the cellular expression of AQP-1 as

ompared to those of PBS Ctl and RECA Ctl. The AQP-1 of RME and
29.6kDa protein marker are indicated. Six immunoblots from trip-

icate experiments yield the representative results as shown.
243
RNA, D(1)-raffinose supplement to 400 mOsm/
g.H2O hyperosmolarity rendered a 2.5-fold increase

n cellular mRNA level of AQP-1. Moreover, a 24h
xposure of cells to either Reno-60 or Hypaque-76 CA
f 400 mOsm/kg.H2O revealed at least a 4-fold increase
n the mRNA level of AQP-1 (Fig. 5, upper panel).
evertheless, the level of b-actin in HRPTE cells re-
ained rather constant and is independent of osmolar-

ty changes in the media (Fig. 5, lower panel). The
p-regulation of mRNA levels suggests that either
ranscriptional or post-transcriptional mechanisms in-
rease mRNA abundance.

Morphological alterations of HRPTE cells upon 24h
xposure to osmotic agents and contrast agents. Mi-
rographs of HRPTE cells showed similar cell morphol-
gy and size (110 6 10 cells/ mm2) when comparing Ctl
ells (290 mOsm/kg.H2O) with cells subjected to hyper-
smolarity with NaCl (400 mOsm/kg.H2O), D(1)-

FIG. 5. The semi-quantitative RT-PCR measurements of AQP-1
xpression in HRPTE cells in the presence or absence of various
smotic agents and contrast agents for 24h. RT-PCR using AQP-1
pecific primers showed, as compared to the normosmotic control
ells, an approximate 2-fold increase in AQP-1 mRNA in cells
tressed by 10% v/v Visipaque of 290 mOsm/kg.H2O or 400 mOsm/
g.H2O each of NaCl and NaCl1AVP. While urea (400 mOsm/
g.H2O) treatment did not significantly increase the AQP-1 mRNA,
(1)-raffinose rendered a 2.5-fold increase in cellular mRNA level of
QP-1. Furthermore, 24h exposure of cells to either Reno-60 or
ypaque-76 contrast agents of 400 mOsm/kg.H2O resulted in at

east a 4-fold increase in the mRNA level of AQP-1. Nevertheless, the
ousekeeping b-actin in HRPTE cells remains rather constant de-
pite the treatments. Four independent RT-PCR experiments involv-
ng cells of passages 1 and 2, followed by the video scanning densi-
ometry, yield the representative data as shown. DNA markers of
00 bp are indicated in the far left.
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FIG. 6. Micrographs showing HRPTE cells after a 24h exposure in REGM growth media alone and in REGM supplemented with various
smotic agents or contrast agents. Panel A demonstrated the similar cell morphology and size (110 6 10 cells/mm2) when comparing Ctl cells
290 mOsm/kg.H2O) with cells treated with NaCl (400 mOsm/kg.H2O), D(1)-raffinose (400 and 500 mOsm/kg.H2O), or urea (400 and 500
Osm/kg.H2O). Panel A also resulted in a significant cell swelling phenomenon upon cellular exposure for 24h in NaCl supplemented REGM

500 mOsm/kg.H2O, 85 6 5 cells/mm2 ). In addition, cells exposed to the isosmolar Visipaque (25% v/v in REGM) for 24h, as shown in panel
, exerted an alteration in cell morphology without affecting cell size (108 6 5 cells/mm2). Also shown in panel B, while cells adapted to
244
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affinose (400 and 500 mOsm/kg.H2O), or urea (400
nd 500 mOsm/kg.H2O). However, a significant cell
welling phenomenon occurred with increased cell size
85 6 5 cells/mm2) when cells were exposed to 500

Osm/kg.H2O of NaCl supplemented REGM for 24h
Fig. 6, panel A). Furthermore, cells exposed to isosmo-
ar Visipaque (25% v/v in REGM) for 24h, as shown in
anel B of Fig. 6, showed alterations in cell morphology
onsistent in better definition of the cell nuclei without
hanging the cell size (108 6 5 cells/mm2), as compared
o the Ctl cells shown in panel A. Also shown in panel
, HRPTE cells incubated with Reno-60 or Hypaque-76

FIG. 6—

eno-60 and Hypaque-76 supplemented REGM (both 400 mOsm/kg.H
orphology. However, the enhanced supplements of both CA in REG
pon a 24h treatment. Cell numbers per unit area as Mean 6 SE w
245
upplemented REGM (both 400 mOsm/kg.H2O in os-
olarity) did not show appreciable changes in cell mor-

hology or size (105 6 5 cells/mm2). However, as with
he cells treated with NaCl, when the osmolarity of the
edia was enhanced to 500 mOsm/kg.H2O, cell swell-

ng with reduced cell number per area equivalent
77 6 5 cells/mm2) was observed after a 24h incubation.

ISCUSSION

Our previous data using cultured mIMCD-3 cells
ad indicated that AQP-1 is a gene that is up-regulated

ntinued

) without any appreciable change in cell size (105 6 5 cells/mm2) and
to 500 mOsm/kg.H2O encouraged cells to swell (77 6 5 cells/mm2)
obtained from at least five measurements. Bar represents 25 mm.
Co
2O
M
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y AVP (11). In this study we showed that HRPTE
rimary cells express AQP-1 under isosmotic condi-
ions, in concert with the understanding of the proxi-
al tubule as being a major site of nephron for the

resence of AQP-1 and water reabsorption (5, 16). The
esponse of HRPTE cells to hyperosmolarity by up-
egulating the AQP-1 expression over normosmotic
ontrol cells seems to agree with our former findings
ith mIMCD-3 cells, except that the AQP-1 channel
rotein expression in the latter was not up-regulated
nder isosmotic conditions. Although with hyperos-
otic exposure there was at least a 6h delay for
RPTE cells to up-regulate AQP-1 protein expression

as was the case for mIMCD-3 cells), the addition of
VP to either isosmotic or hyperosmotic media did not
ffect the AQP-1 expression in HRPTE cells (Fig. 1).
his suggests differential regulatory mechanisms of
QP-1 expression in different segments of the
ephron. We found that NaCl and D(1)-raffinose os-
olytes (400 and 500 mOsm/kg.H2O) stimulated
QP-1 up-regulation to a similar extent, whereas urea
id not (Fig. 2). This may relate to the finding of Oka-
aki et al. (25) which demonstrated that human em-
ryonic kidney cells exposed to hypertonic NaCl, but
ot urea, elicited phosphorylation of certain nuclear
roteins to weaken their binding activity to oligo B, a
egative calcium responsive element that mediates
yperosmolarity-induced gene stimulation. Further-
ore, cell exposure to hyperosmolarity activates the

smotic response elements (ORE) that govern the up-
egulation of aldose reductase, organic osmolyte trans-
orters, and other related genes (13, 15, 26).
Urea transporters (UT1, UT2 and UT3) found in rat

idney, and human urea transporter HUT11 (rat UT3
omologue) found in bone marrow and red cell mem-
ranes also can function as water channels (27, 28, 29).
here is also an AVP-inducible urea-specific HUT2

ound in human renal collecting duct (28). Interest-
ngly, the newly discovered AQP-9 from human leuko-
ytes also facilitates urea transport (30). The presence
f urea transporters and the possible presence of AQP
ater channels other than AQP-1 might explain, at

east in part, our results showing no significant effect
f AQP-1 expression upon cellular exposure to hyper-
onic urea. Although D(1)-raffinose is an impermeant,
hile NaCl can be transported in and out of the cells

hrough various ion channels, these cannot preclude
he water transport through aqueous channels, and
erhaps AQP-1. Our data with HRPTE cells indicated

similar up-regulation of hyperosmotic NaCl and
(1)-raffinose in raising AQP-1 expression at both
RNA and protein levels (Fig. 2 and 5). This suggested

hat AQP-1 gene expression is regulated by specific
RE, though the actual signal transduction pathways
ight vary between NaCl and raffinose osmolytes.
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an are recognized to be risk factors for contrast
gents (CA)-induced renal impairment or renal failure.
ontrast agents may cause renal vasoconstriction that
an lead to the pathogenesis of CA-induced nephrotox-
city. Both high-osmolar CA diatrizoate and low-
smolar CA iopamidol were found to induce osmotic
iuresis, and tubular dysfunction of the proximal
ephron in the chronic renal failure patient (21). Al-
hough the cellular mechanisms of CA-induced renal
ysfunction are not clear, it prompted us to examine
heir impact on AQP-1 expression in HRPTE cells,
ince AQP-1 is responsible for major water reabsorp-
ion in the proximal nephron. We found that both ionic
yper-osmolar Reno-60 and Hypaque-76 (diluted to
00 and 500 mOsm/kg.H2O) stimulated a 3-4 fold in-
rease of cellular AQP-1 (Fig. 3). The non-ionic isosmo-
ar Visipaque (290 mOsm/kg.H2O, 25% v/v) also raised
QP-1 levels 3.5-fold (Fig. 3). However, when Om-
ipaque (non-ionic), Reno-60, and Hypaque-76 were
iluted to 290 mOsm/kg.H2O prior to cell incubation
20% v/v in REGM), the levels of AQP-1 expression
emained rather constant as compared to those of nor-
osmotic REGM Ctl and PBS Ctl (Fig. 4). In addition,

sosmolar Visipaque supplemented to REGM at 20%
/v elevated the level of AQP-1 to 2.5-fold as opposed to
he normosmotic controls (Fig. 4). The results shown in
igs. 3 and 4 reveal that both osmolarity and dose of
A affect cellular expression of AQP-1. In any event,

he doses of isosmolar Visipaque (20% and 25% v/v in
EGM) employed in this study were higher than the
iluted low- or high-osmolar CA. A dose response rela-
ionship between Visipaque doses (10%, 20% and 25%
/v) and the levels of AQP-1 expression was also ob-
erved (data not shown), which confirms that nor-
osmotic (290 mOsm/kg.H2O) CA doses alone contrib-

ted to AQP-1 up-regulation in HRPTE cells.
ccording to Dobrota et al. (31), rats receiving a high
ose of dimeric isotonic visipaque (iodixanol at 3 g I/kg)
howed numerous large protein-containing vacuoles or
roplets in the cells of proximal convoluted tubule. We
peculate that the higher final concentration of organ-
cally bound iodine (reflecting higher iodine doses) in
isipaque than those of diluted high-osmolar CA used

n this study may, in part, account for the cellular
p-regulation of AQP-1.
In our semi-quantitative RT-PCR experiments, the

evel of AQP-1 mRNA (Fig. 5) reflected immunoblotting
esults of AQP-1 channel protein up-regulation (Figs.
–4), suggesting the transcriptional up-regulation or
ost-transcriptional stabilization of AQP-1 in HRPTE
ells exposed to various hyperosmotic agents or con-
rast agents. As expected, the mRNA levels of house-
eeping b-actin remained rather constant in cells with
r without hyperosmotic or CA treatments. Neverthe-
ess, the elevated cellular AQP-1 mRNA levels, under
yperosmolarity or high concentration of normosmotic



contrast agents, might be due to either the increased
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ranscription of the gene, the increased stability of its
RNA, or both. In addition, the putative osmotic re-

ponse elements (OREs) reside in promoter sequence of
QP-1 gene is speculated.
Finally, panels A and B of Fig. 6 are cell morphology

verviews of HRPTE cells impacted by hyperosmotic
gents and contrast agents. Cells treated with 25% v/v
isipaque (80 mg I/ml, 290 mOsm/kg.H2O) manifested
distinctive morphological change in which the nuclei

nd nucleoli stand out without altering the cell size
panel B). Since the degree of contrast enhancement is
irectly related to iodine content in an administered
ose of CA, the high iodine content in Visipaque
25% v/v) media may have contributed to the enhanced
maging of cellular nuclei and nucleoli we observed in
RPTE cells. However, cell-swelling phenomena were
iscerned in cells after a 24h treatment with 500
Osm/kg.H2O each of NaCl (panel A), Reno-60 and
ypaque-76 (panel B). According to Wener and Tinel

32), the regulatory volume increase of rat hepatocytes
pon hypertonic exposure (300 to 400 mOsm/l) can be
ttributed to elevated Na1 conductance, Na1-H1 ex-
hange, and Na1-K1-2Cl2symport. Moreover, the over-
ll osmotic balance of hyperosmotic stressed cells de-
ends on balancing the sum of Na1 influx via Na1

onductance, Na1-H1 exchange and Na1-K1-2Cl2symport,
o the amount of Na1 extrusion via Na1-K1-ATPase
lus the actual increase of intracellular Na1. Since the
ctivity of Na1-K1-ATPase is volume-induced along
ith the increased Na1 conductance in hyperosmotic

ondition (33), the Na1-K1-ATPase activity might have
eached maximum levels at certain high osmolarity
onditions. Thus, we postulate that at 500 mOsm/
g.H2O, HRPTE cells tend to retain Na1, which in
ombination with an increase in the AQP-1 water
hannel might, in part, explain the cell swelling phe-
omenon. In addition, upon cellular challenge with
yperosmolarity, the transported plus synthesized or-
anic osmolytes and undetermined solutes (idiogenic
smoles) (34), along with up-regulated AQP-1, might
lso contribute to the observed cell size increase.
To date, this is the first report demonstrating that

rimary cells of human proximal tubules can respond
o hyperosmolarity by increasing AQP-1 expression. It
s also a novel discovery since the hyperosmolar
eno-60 and Hypaque-76, together with the isosmolar

ontrast medium Visipaque ($10% v/v) are capable of
riggering AQP-1 up-regulation. Our data indicate that
QP-1 is osmoinducible in primary cells of human
roximal tubules. Thus, it is essential to further inves-
igate the mechanisms of AQP-1 up-regulation at the
olecular level. Such information will allow us to gain
ore insight in the area of physiology and water ho-
eostasis in kidney tubules.
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