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Abstract

In antidiuresis, the intrarenal distribution of HSP25/
27, oB-crystallin, HSP72, OSP94 and HSP110 corre-
sponds to the osmotic gradient between cortex and
papilla: low amounts in the cortex and high values in
the inner medulla and papilla. In addition, medullary
HSP72 levels change appropriately with the diuretic
state. Studies on MDCK cells suggest that, in the re-
nal medulla in vivo, stressors, such as NaCl and low
pH, may act in concert to induce HSP72 expression.
Urea, added to the medium at high concentrations
(600 mM), causes the majority of MDCK cells to die.
Prior exposure of these cells to hypertonic media
(NaCl addition), a maneuver that induces HSP72,
protects the cells against the deleterious effects of
high urea concentrations. Inhibition of HSP72 expres-
sion by stable antisense transfection or SB203580
treatment abolishes the beneficial effects of prior hy-
pertonic stress. Conversely, overexpression of HSP72
under isotonic conditions by a dexamethasone-driven
vector confers substantial resistance against subse-

quent exposure to high urea concentrations. Taken
together these results suggest that also in the renal
inner medulla, NaCl-induced enhancement of HSP72
expression may help counteract the detrimental ef-
fects of high urea concentrations.
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Inmost cells, changesin extracellular tonicity, i.e.
in the concentration of solutes for which the cell mem-
braneis poorly permeable (i.e. NaCl), elicit an ordered
and highly organized sequence of eventsthat lead ulti-
mately to osmotic adaptation. This process entails not
only the loss or gain of inorganic and organic solutes
in responseto hypo- or hypertonic stress[1], but also a
variety of complementary reactions affecting basic el-
ements of cell life, such as reorganization of the cell
structure (cytoskeleton), aterationsin cell metabolism,
cell growth and differentiation, and transcriptional ac-
tivation or repression of specific genes[2].

In the mammalian organism, only the cells of the
renal medulla are subject to substantial fluctuationsin
extracellular solute concentrations. In antidiuresis,
medullary cells are confronted with high extracel lular
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NaCl and urea concentrations, which then fall rapidly
during the onset of water loading [3]. It is well estab-
lished that the high extracellular NaCl concentrationsin
antidiuresisare balanced osmotically in the cell by small
organic solutes (* organic osmolytes’) [3], thusavoiding
the negative effects of chronically elevated intracellular
eectrolyte concentrations. Whilst ureaenterscellsreadily
and need not to be compensated osmotically by non-urea
osmolytes, high intracellular concentrations of urea per-
turb the structure and function of proteins. Thereis evi-
dence suggesting that two of the organic osmolytes, be-
taine and glycerophosphorylcholine, not only contribute
to osmotic balance but al so counteract and mitigate these
negative effects of high ureaconcentrationson cell func-
tion [4].

Inthe past few yearsit hasbecomeincreasingly clear
that accumul ation of organic osmolytesisonly one com-
ponent of the osmotic response of medullary cellsto high
extracellular solute concentrations (reviewed in [3]).
There is evidence that specific stress proteins, the heat
shock proteins (HSPs), participate in the adaptation of
these cells to an adverse environment. HSPs belong to a
conserved class of proteins that are expressed constitu-
tively by cells or/and induced by exposure to stressful
conditions. According to their molecular weight, particu-
lar HSPs are classified into specific HSP families. Most
HSPsare molecular chaperones: they interact transiently
with unfolded or partially folded proteins and thereby
assist in the correct folding of proteins, participate in
intracellular protein trafficking, interact with cytoskel-
eton elements and may even help refolding misfolded
proteins.

Evidence for the participation of HSPs in the os-
motic stressresponse stems mainly from experimentson
cell cultures. For instance, exposure to hypertonic me-
diainduces the expression of avariety of HSPsin renal
epithelia cells [5-7]: in addition to HSP72, HSP25/27,
the osmotic stress protein 94 (OSP94), and HSP110 are
induced under such conditions. Further evidence for the
contribution of HSPsto cellular osmoadaptation hasbeen
delivered by studieson theintrarenal distribution of vari-
ous HSPs in the renal medulla [8-12]. These investiga-
tions showed that in kidneys producing a concentrated
urine HSP25, oB crystallin, HSP72 and OSP4 display
adistribution pattern corresponding to that of tissue sol-
ute concentrations: high, intermediate and low contents
of these HSPs in inner medulla, outer medulla and cor-
tex, respectively. This distribution pattern, however, is
not observed for other members of the HSP family, such
as the constitutively expressed HSP73 (also termed

HSC70) and HSP60[11, 13]. In addition, the expression
of HSP25 mRNA [14], HSP72[8, 13], and OSP94 mRNA
[10] changes appropriately with the diuretic state.

Apart from high extracellular NaCl concentrations,
additional stress factors may affect expression of HSPs
in the renal medulla. Since it is virtually impossible to
study the effects on HSP expression of one specific stress
factor independent of others in vivo, we chose MDCK
cells as a model for examining the effects of various
putative medullary stress factors, either individual or in
combination, on HSP72 expression [15]. Exposure of
MDCK cells to 300 mM urea in the medium does not
lead to a significant increase in HSP72 mRNA abun-
dance or HSP72 content. When, however, the urea con-
centration of the medium is raised to 600 mM most of
the cells detach and die. Increasing the medium tonicity
by addition of 50 or 150 mM NaCl causes both HSP72
MRNA abundance and HSP72 content to rise appropri-
ately. Likewise, acidification of themediumtopH 6.5is
associated with higher HSP72 mRNA abundance and
HSP72 content. Moreover, the stimulation of HSP72
expression caused by addition of 50 mM NaCl is en-
hanced further by acidosis. However, reducing the me-
dium pH to 6.5 in cultures that were exposed aso to an
additional 150 mM NaCl does not increase HSP72 ex-
pression further [ 15]. These observations suggest that in
MDCK cellsHSP72 expression is already maximal at a
total NaCl concentration of about some 300 mM (~600
mOsm/kg) in the medium.

As aready noted, addition of 300 mM urea to the
medium does not affect HSP72 expression significantly.
However, exposure of MDCK cells to acidic medium
(pH 6.5) in combination with 300 mM urea increases
HSP72 content by afactor of 4. Thisrisein HSP72 ex-
pression greatly exceedsthat achieved with acidosisalone
(Fig. 1). The enhancement of acidosis-induced HSP72
expression by urea may be due to amplification by urea
of the destabilizing effect of increased proton concen-
trations on protein structure. Unfolded proteins are
known to promote HSP72 expression.

Since in the renal papillain vivo extracellular po-
tassium concentrations may reach 40 mM or more, we
also examined the effect of increased extracellular po-
tassium concentrations on HSP72 expression in MDCK
cells. Although arisein extracellular potassium concen-
tration to 40 mM roughly doubles HSP72 content, this
increase does not exceed that achieved by the addition
of sodium saltsin equiosmolar concentrations[15]. This
finding suggests that this rise in HSP72 expression is
probably not due to specific effects of potassium but
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rather to an increase in extracellular tonicity. The obser-
vation that several medullary stressfactors act synergis-
tically on HSP72 expression suggests that the relatively
high content of HSP72 in the inner medulla of chroni-
cally diuretic rats [13] is due to the concerted action of
several, albeit weakly acting, stressors.

The signal cascade leading to enhanced transcrip-
tion of the HSP72 gene following hypertonic stress is
incompletely understood. Similar to other HSP genes,
the 5'-region of the HSP72 gene includes so-called heat
shock elements (HSESs) that are targets for specific tran-
scription factors, the heat shock transcription factors
(HSFs). Although increased binding of HSF to HSEs has
been documented in 3T3 and Hel a cells after raising
extracellular tonicity, thisis not associated with enhanced
expression of HSP72 in these cells [16, 17]. Hence, a
causal role for HSF activation in hypertonicity-induced
upregulation of HSP72 expression is uncertain. The ob-
servation that, in MDCK cells, SB203580, a potent in-
hibitor of p38 MAP kinase, significantly diminishes the
upregulation of HSP72 expression after hypertonic stress
suggeststhat thissignal cascade participatesin the modu-
lation of HSP72 expression initiated by changes in ex-
tracellular tonicity [18, 19].

Thefunctional role of hypertonicity-induced expres-
sion of HSP72 in renal medullary cells was studied in
greater detail in MDCK cells. After exposure to hyper-
tonic fluids medullary cells initially shrink and exhibit
increased intracellular concentrations of monovalent in-
organic electrolytes (“ionic strength”). Subsequently,
organic osmolytes gradually accumulate and intracellu-
lar ionic strength normalizes pari passu. An early specu-
lation was that the comparatively rapid rise in intracel -
lular HSP72 content after hypertonic stress protects med-
ullary cells against the adverse effects of elevated intra-
cellular concentrations of inorganic el ectrolytes by bridg-
ing the gap between the rise in extracellular tonicity and
the completion of osmolyte accumulation [5]. The ob-
servation, however, that even after chronic exposure to
hypertonic stress, i.e. when osmotic adaptation is com-
plete, intracellular HSP72 contents are still elevated, led
us to suspect that this heat shock protein has additional
functions. We then observed that MDCK cells adapted
to high extracellular NaCl concentrations, and thus dis-
playing high intracellular HSP72 levels, show increased
resistanceto high ureaconcentrationsin the medium (600
mM) [6]. To examine whether HSP72 may be respon-
sible for this cytoprotection, hypertonicty-induced ac-
cumulation of HSP72 was inhibited. MDCK cells were
exposed to SB203580 prior to exposure to elevated ex-
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Fig. 1. Effect of low pH (6.5), high urea concentration (300 mM)
and acombination of these conditionson HSP72 levelsin MDCK
cells. Means + SEM; * significantly different from controls; #
significantly different from MDCK cells exposed to pH 6.5; data
from [15].
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Fig. 2. HSP72 levels in MDCK cells (see the block above for
illustration) correlate positively with resistance to high urea con-
centrations (600 mM); WT isotonic, wild-type MDCK cells kept
in isotonic medium; WT + 2d NaCl, wild-type MDCK cells pre-
treated for 2 days in hypertonic medium (addition of 150 mM
NaCl); HSP72as+ 2d NaCl, MDCK cells stably transfected with
HSP72 antisense construct and pretreated for 2 days in hyper-
tonic medium; mock + 2d NaCl, mock-transfected MDCK cells
pretreated for 2 days in hypertonic medium; means + SEM; *
significantly different from groups ,, WT + 2d NaCl* and , mock
+ 2d NaCl“; datafrom [18, 20].
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tracellular NaCl concentrations[18, 19]. This maneuver
effectively suppresses hypertonicity-induced induction
of HSP72 and rendersthe cell s subsequently susceptible
to high urea concentrations [18]. Similar results are ob-
tained when induction of HSP72 by hypertonic stressis
impaired by stable transfection of MDCK cells with an
HSP72-antisense construct. These cells do not respond
to hypertonic stress with increased HSP72 production
and are equally susceptible to a subsequent exposure to
600 mM urea in the medium as sham-transfected cells
kept inisotonic medium [18, 20] (Fig. 2). The view that
increased intracellular HSP72 content protects MDCK
cellsagainst urea-induced apoptosisisfurther supported
by experiments on MDCK cells transfected with a dex-

amethasone-inducible vector encoding the complete
HSP72 reading frame. After induction of HSP72 syn-
thesis by dexamethasone these cells display improved
resistance to the del eterious effects of high ureaconcen-
trations [21].
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