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Abstract Cellular responses induced by stress are essential
for the survival of cells under adverse conditions. These
responses, resulting in cell adaptation to the stress, are
accomplished by a variety of processes at the molecular
level. After an alteration in homeostatic conditions, intra-
cellular signalling processes link the sensing mechanism to
adaptive or compensatory changes in gene expression. The
ability of cells to adapt to hyperosmotic stress involves
early responses in which ions move across cell membranes
and late responses characterized by increased synthesis of
either membrane transporters essential for uptake of organic
osmolytes or of enzymes involved in their synthesis. The
goal of these responses is to return the cell to its normal size
and maintain cellular homeostasis. The enhanced synthesis
of molecular chaperones, such as heat shock proteins, is
another important component of the adaptive process that
contributes to cell survival. Some responses are common to
different stresses, whereas others are specific. In the first
part of the review, we illustrate the characteristic and
specific features of adaptive response to hypertonicity; we
then describe similarities to and differences from other
cellular stresses, such as genotoxic agents, nutrient starva-
tion and heat shock.
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General pattern of adaptive responses of cells
to hypertonicity

Many types of mammalian cells can survive a moderately
hypertonic environment due to a specific adaptation process
that results in the cellular accumulation of compatible
osmolytes [25, 26]. This adaptation process, summarized in
Fig. 1, involves early responses, occurring over milli-
seconds to minutes, and later responses, requiring hours to
days. The virtually instantaneous reduction in cell volume
due to the osmotic efflux of water induced by acute
hypertonic stress is rapidly corrected by what is referred
to as regulatory volume increase (RVI). This early process
is mediated by pre-existing ion transport systems, including
the Na'—K'-2Cl" co-transporter (NKCC), the Na'/H"
exchanger and the CI /HCO3™ exchanger [86, 104]. These
increases in the intracellular concentrations of potassium,
sodium and chloride ions and the accompanying influx of
water cause RVI. The later phase is characterized by
increased production of heat shock proteins (HSPs) and
either the synthesis or the uptake and cellular accumula-
tion of compatible osmolytes. In mammalian cells, the
latter includes neutral amino acids or their derivatives,
polyols such as sorbitol and myo-inositol, and methyl-
amines such as betaine. The usual explanation of this
phenomenon is the need to replace the early cellular
accumulation of inorganic ions with small organic
molecules that do not affect cell function even at
relatively high intracellular concentrations [159]. Accumu-
lation of compatible osmolytes within the cell thus main-
tains intracellular water homeostasis without impairing
normal biochemical functions such as protein synthesis.
For example, overall cellular protein synthesis typically
halves during the first 30 min exposure to hypertonicity
but then recovers as cells accumulate compatible osmo-
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Fig. 1 Schematic illustration of |
the molecular mechanisms in-
volved in the adaptation of
mammalian cells to hypertonic
stress. Hypertonicity causes cell
shrinkage leading to increases in
intracellular ionic strength and
induces DNA breaks. RVI is
initially mediated by ions up-
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lytes and lose potassium [124, 127]. In a cell-free protein
synthesis system, both initiation and elongation are
inhibited by high concentrations of inorganic ions but not
by compatible osmolytes [22]. These compatible osmolytes
thus enable cells to survive under hypertonic conditions,
protecting them from apoptosis and modulating the adap-
tive response [5, 78, 100].

The adaptive responses to hypertonicity have been
studied mainly in kidney-derived epithelial cells, as these
cells are physiologically exposed to marked variations in
osmolarity during their normal function in vivo [17, 117].
However, similar responses have been detected in several
other cell models exposed to hypertonicity such as
chondrocytes [39], macrophages [40], endothelial cells
[127], mesothelial cells [100], nucleo pulposus cells [146],
astrocytes [119] and neurons [97]. The maintenance of
these responses to hypertonicity, which are quite expensive
in terms of gene information, gene expression and meta-
bolic input, suggests a physiological role. In this context, it
should be noted that articular cartilage is subjected to
mechanical stresses that modulate extracellular ionic and
osmotic conditions [111, 148]. During periods of pro-
longed mechanical loading, chondrocytes are exposed to
an increasingly hyperosmotic environment because fluid is
extruded, but cations are preferentially retained by
proteoglycans increasing the osmotic pressure within the
matrix. In a recent study, direct measurement of tissue
osmolality revealed that lymphoid tissues are hyper-
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osmolar (30 mosmol/kg higher than serum), indicating
the importance of the osmotic stress response pathway to
the function of lymphocytes in vivo during an immune
response [63]. In endothelial cells, such a role remains
obscure, although it is worth noting that endothelial cells
are constantly exposed to the shear and stress of blood
flow as well as modest alterations in blood osmolarity. It
is also likely that certain pathological conditions, such as
diabetic hyperglycaemia, hyperosmolar coma or severe
dehydration, might require fast osmotic responses. Such
osmotic adaptation might be particularly important to
endothelial cells that mediate the exchange of water, small
solutes, such as ions and nutrients, and even macro-
molecules between plasma and interstitial fluid.

In this cell model, we reported [5, 127] that initial cell
shrinkage is followed by RVI concomitant with an increase
in intracellular potassium content. Then, the activity of
amino acid transport System A increases due to a
transcriptional regulation of SNAT-2 gene [4, 8], accompa-
nied by an accumulation of amino acids and a gradual
decline of cellular K" content [127]. The subsequent
decline in System A activity was paralleled by an induction
of the transporters of compatible osmolytes (betaine, myo-
inositol and taurine) [5, 127].

Recent observations have suggested that creatine sup-
plementation affords protection against hypertonicity in
muscle and endothelial cells [9] by acting as a compatible
osmolyte.
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The biochemical and molecular events characterizing the
hyperosmotic cellular response are quite specific and are
related to cellular homeostasis. However, different stressors
can induce similar cellular responses, and some of the
mechanisms involved in the adaptation are shared. This
aspect, summarized in Fig. 2, is discussed below, together
with further details of the responses to hypertonicity.

Early responses
Initiation of responses

Despite a large number of studies on the osmotic stress
response, the signals involved in the initiation of the
adaptive response pathways have yet to be elucidated. As
NKCC can also be activated by iso-osmotic cell shrinkage
in (Na'—K")-free medium [80] decrease in cell volume,
rather than increase in external osmolarity or ionic strength,
it seems to trigger initial ion uptake. Similar iso-osmotic
cell shrinkage also activates the uptake of amino acids
[125], again indicating that cell shrinkage is the trigger.
How this trigger is sensed, however, is not well under-
stood. Probably more than one volume-sensing mecha-
nism, such as change in membrane tension or cytoskeletal
architecture, increase in ionic strength or macromolecular
crowding, are involved in the initiation of different sig-
nalling pathways. Changes in intracellular concentrations
of specific ions (e.g. calcium) and activation of phosphor-
ylation/dephosphorylation reactions could also be involved
[86, 107, 141].

Fig. 2 Representative scheme
illustrating the pleiotropic
effects of hypertonic stress in

HYPERTONICITY

Because initial activation of ion transport occurs within
minutes, it is likely to stem from post-translational
modification, not increased synthesis of transporters, and
phosphorylation now seems to be the key. Lytle et al. [96]
showed that cell shrinkage induced both phosphorylation
and activation of NKCC. Phosphorylation of NKCC1 by
SPAK (STE20/SPS1-related proline/alanine-rich kinase)
activates the cotransporter [53, 129]. It has been reported
recently that reduced expression of WNK1 (with no lysine
protein kinase-1) or OSR1 (oxidative stress-responsive
kinase-1) causes a significant reduction in NKCC activity
in Hela cells in the presence of sorbitol, keeping with the
notion that these kinases are involved in the activation of
NKCC in response to hyperosmotic stress [11]. On the
other hand, recent work [43, 44] ruled out a role of myosin
light chain phosphorylation in the osmotic regulation of
NKCC, as suggested by earlier work [2, 42, 79].

The osmotic stress response pathway has been well
characterized in the yeast Saccharomyces cerevisiae [65]. In
this pathway, two osmotic sensor proteins, SI1 and Shol,
are linked to Hog-1, the p38 MAPK homolog high-
osmolality glycerol kinase, which regulates downstream
transcription factors for osmostress-regulated genes [131].
In contrast, in mammalian cells, the adaptive hyper-
osmotic stress response involves multiple signalling path-
ways. p38 MAPK is an essential component, but other
kinases such as ERK, JNK, PKC, PKA and ATM are
activated in response to hypertonicity [139]. Hypertonic
stress also activates cell surface EGF receptor tyrosine
kinase [92] as well as cytosolic tyrosine kinases such as
SRC, FYN and YES [34].
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DNA damage

High intracellular ionic strength induced by hyperosmolar-
ity causes DNA damage in the form of double-strand
breaks [85]. However, in contrast to responses induced by
many genotoxic agents, such damage is not repaired, and
adapted cells restore their proliferation rate despite the
presence of many double-strand DNA breaks [49-51]. It
has been proposed that such DNA damage could be the
sensor of hypertonic stress that initiates adaptive signalling
cascades.

All cells have DNA damage-response pathways, which
can repair DNA accurately and prevent accumulation of
mutations. This is essential in preventing diseases caused
by mutations induced by ionizing radiation, UV radiation,
chemical carcinogens, reactive oxygen species or alkylating
agents. DNA damage rapidly arrests the cell cycle, and
DNA repair, specific to the type of DNA damage, is
activated. Cell cycle arrest generally persists until the DNA
is repaired. Failure to repair the DNA damage activates
apoptosis, which eliminates potentially malignant cells. The
exact nature of the response depends on the type and extent
of the DNA damage [164].

Exposure of renal inner medullary cells to high levels of
NaCl induces DNA breaks [50, 85]. Such DNA damage
caused by hypertonicity triggers a transient cell cycle arrest
at any stage of the cell cycle [47, 48]. Activation of G2/M
arrest is similar to that induced by UV radiation [24] and is
mediated by p38 kinase [48] and GADD45 protein [99]. In
common with the response elicited by many genotoxic
agents, p53 protein is involved in the Gl arrest [47].
Expression of growth arrest DNA damage (GADD) genes
(GADD45 and GADD153) is induced by genotoxic agents
that cause DNA damage and also by nutrient depletion.
Potential GADD45 functions during environmental stress
include promotion of cell cycle arrest, apoptosis, chromatin
remodeling and DNA repair. Recent results demonstrate
that induction of GADD45 isoforms inhibit mitosis and
promotes G2/M arrest during moderate hyperosmotic stress
[99]. A similar role of GADD45 in cell cycle checkpoint
pathways responsible for G2/M arrest has also been
demonstrated in human keratinocytes exposed to UV
radiation and alkylating agents, where it inhibits the activity
of the Cdc2-cyclin Bl complex [161]. It has been shown
that essential amino acid deprivation induces GADD153
expression by both transcriptional and post-transcriptional
mechanisms [23]. Moreover, glutamine deprivation has
been found to cause rapid elevation of GADD45 and
GADDI153 via marked stabilization of mRNA levels in
human breast cell lines [1].

In contrast to the responses evoked by many genotoxic
agents, the cell cycle arrest induced by hypertonicity does
not activate the DNA repair machinery. Cells adapted to

@ Springer

high NaCl restore their proliferation rate despite the
presence of numerous double-strand DNA breaks [49, 50].
Thus, both in cell culture (kidney derived mIMCD3,
COS-7, HEK293 cells and mouse embryonic fibroblasts)
and in vivo (inner medullary cells in mice), high NaCl
causes persistent DNA damage that is not repaired unless
physiological NaCl levels are restored. The activation of
several components of the canonical DNA damage
response, such as Mrell exonuclease, Chkl and histone
H2AX, is impaired and results in the inhibition of DNA
repair. High NaCl causes Mrell exonuclease to move
from the nucleus to the cytoplasm; Chkl and histone
H2AX, which become phosphorylated immediately after
induction of DNA breaks by genotoxic agents, are not
phosphorylated in response to hypertonicity [49, 50]. No
increase in YH2AX foci formation (an indicator of DNA
damage) was detected in hypertonic saline-treated human
amnion FL cells [165]. However, neutral comet assay
conducted on these cells also produced negative results.
These data suggest that hypertonic saline itself may not
induce significant DNA damage, at least in this cell model,
and raise the question of whether DNA breaks are a
hallmark of hypertonic stress. These discrepancies could be
due to the difference in cell model (origin, cells adapted to
high NaCl vs cell acutely treated) and/or to the different
extent of NaCl elevation.

Nevertheless, although high NaCl inhibits some mech-
anisms of the DNA repair, it up-regulates some other
components, such as GADD45 [99], GADD153 [84], p53
[46], Ku86 [52] and ATM [69] proteins, known to be
involved in the response to DNA damage. Some of these
proteins might have a different role in hypertonic stress
condition because the persistence of DNA damage might be
required for cell adaptation to hypertonicity and cell
survival. DNA breaks might thus represent the primary
signal responsible for initiating the adaptive signalling
cascades.

ATM kinase is activated early during the DNA damage
response to ionizing and UV radiation by autophosphor-
ylation on S1981, and this activation is not strictly
dependent on direct binding to DNA strand breaks but
may stem from a disruption of chromatin structure [14].
Hypertonicity also activates ATM by phosphorylation on
S1981 [69], and the role of this activation during hyper-
tonic stress has been reported recently. ATM is involved
in the activation [69] and nuclear translocation [163] of
tonicity-responsive enhancer-binding protein (TonEBP).
ATM activity is necessary although not sufficient for full
hypertonicity-induced TonEBP transcriptional competence.
In contrast, the activation of ATM by other DNA damage
agents does not activate TonEBP [69], suggesting that
additional signals elicited by hypertonic stress but not by
ionizing and ultraviolet radiations are required.
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Dmitrieva et al. [52] have recently demonstrated that
Ku protein (a factor playing a central role promoting
DNA end-joining in the repair of DNA double-strand
breaks) is not involved in DNA repair; but in cells adapted
to high NaCl, it helps maintain chromosomal integrity
despite the continuous presence of DNA breaks. Indeed,
cells deficient in Ku protein have impaired proliferation,
aberrant mitosis and increased chromatin fragmentation on
exposure to high NaCl

Stress-mediated activation of p53, a well-known tumour
suppressor, usually results in cell cycle delay until damage
is repaired, enhancing cell survival or inducing apoptosis,
which removes highly damaged cells. In hyperosmotic
conditions, p53 protein rapidly increases, being phosphor-
ylated on S15 and becoming transcriptionally active [46],
although in this situation, the role of p53 is poorly defined.
Accumulation and activation of p53 in proliferating
mIMCD3 cells induced by hypertonic treatment restricts
DNA replication and, in contrast to other stresses, reduces
apoptosis [46, 47]. Despite these observations, Cai et al.
[31] failed to find a significant role for pS3 in normal renal
inner medullary cells under conditions like those in vivo.
Similarly, in NIH 3T3 cells exposed to acute elevation of
osmolarity, p53 is involved in the sequence of signalling
events in the cell shrinkage-induced caspase-3 activation
[59], but a clear-cut role of p53 as inducer of the intrinsic
apoptotic cascade remains to be established. It should be
noted that the release of cytochrome ¢ from mitochondria,
which is involved in the activation of caspase-9, an
activator of caspase-3, was not evaluated in this paper and
was not detected by other authors [36, 105].

Cell shrinkage and induction of apoptosis

A peculiar variant of iso-osmotic cell shrinkage, apoptotic
volume decrease, is a hallmark of the apoptotic mode of
programmed cell death and is considered an integral part of
the apoptotic pathway [21, 98]. Apoptosis can be triggered
under hypertonicity when the mechanisms involved in cell
adaptive responses are impaired by rapid and intense
elevation of the osmolarity. Under severe hypertonic
conditions [7, 105] or when a full adaptation is prevented
by deprivation of compatible osmolytes [5, 78], the cells
die by apoptosis. Moreover, a moderate osmotic stress is
sufficient to induce apoptosis in thymocytes and lymphoid
cells that lack an active RVI response and do not
compensate for an initial reduction in cell volume after
exposure to hypertonicity [20]. These findings suggest that
apoptosis is associated with an early cell shrinkage when an
adequate compensatory RVI cannot be triggered. The
persistence of cell shrinkage plays a critical role in
activating the apoptotic process, although the underlying

mechanisms are unclear. Conversely, in some cell types,
transport proteins normally activated by shrinkage and
contributing to RVI are inhibited during apoptosis [87,
158]. An example is given by Fas (CD95)-receptor
stimulation that leads to the inhibition of Na'/H" exchanger
with associated cell shrinkage and DNA fragmentation in
Jurkat T-lymphocytes [87]. A model of apoptosis dependent
on cell shrinkage has been described at the molecular level
in leukaemia-derived cells subjected to acute deprivation of
glutamine, a major compatible osmolyte involved in the
regulation of cell volume [60]. In particular, the rapid and
persistent cell shrinkage associated with glutamine depri-
vation has been shown to activate the extrinsic apoptotic
pathway by promoting the ligand-independent multimeriza-
tion of surface Fas (CD95) receptors. A comparable
mechanism might play a role in the promotion of the
reported ligand-independent clustering of TNF receptors
responsible for the activation of the apoptotic pathway
under hypertonic stress [58, 88].

Induction of osmolyte transport systems
Amino acids

The amino acid transport known as System A [120] is
regulated in a variety of ways [27] including hyperosmotic
stress [124] and amino acid starvation [103]. Cell incuba-
tion in isosmotic, amino acid-free saline, a condition known
to reduce the intracellular amino acids pool, is followed by
gradual and progressive cell shrinkage [54] with an increase
in ionic strength within cells [55]. In contrast with the
immediate cellular response to hyperosmotic shrinkage,
which takes place within seconds and involves increases in
the intracellular concentrations of charged ions, cell
shrinkage induced by amino acid starvation is not recovered
even after prolonged exposure. However, cells activate the
system A transport system, and when the extracellular
medium is supplemented with amino acids, cell volume
rapidly recovers [54].

Complementary DNAs coding for amino acid trans-
porters with operative properties typical of System A have
now been cloned independently by three groups [133, 142,
160]. The transporter, originally named ATA-2, SAT2, SA1,
is called SNAT2 (sodium-dependent neutral amino acid
transporter-2) [101] and belongs to the SLC38 family. An
increase in the mRNA for SNAT2 has been demonstrated
during exposure to hypertonic stress and amino acid
deprivation [4, 5, 8, 56, 57], indicating that transcriptional
regulation underlies the induction of System A by both
stresses. Although no direct regulation of the SNAT2 gene
by activation of TonE (see “Compatible osmolytes” below)
during hypertonic stress has been demonstrated, an amino
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acid response element in the first intron of the SNAT2
gene has been identified [122]. There is only one report
indicating that, in transgenic T blasts, loss of NFATS
(TonEBP) function decreases the amount of SNAT2
mRNA under hypertonic condition [144]. In human fibro-
blast, inhibition of SNAT2 expression by RNA interfer-
ence prevents not only the accumulation of amino acids
but also recovery of cell volume [18]. It should be noted,
however, that the RVI response in these cells is associated
with an only slight increase in cell potassium content,
suggesting that ion transport systems exert little effect on
RVI [38].

Investigations have been performed to define the signal
transduction pathways involved in the response of SNAT2
gene to amino acid depletion as well as to hypertonic stress.
The involvement of ERK1/2 in the signalling pathways
activated by both amino acid starvation and hypertonicity
has been demonstrated in human fibroblasts [54]. Lopez-
Fontanals et al. [95] showed that in CHO-K1 cells, the
kinase pathways for these two stresses differ, that ERK
and JNK were required only for the response to amino
acid depletion, not for the response to hypertonicity,
whereas p38 seemed to be involved only in the osmotic
response. It should be noted, however, that these authors
failed to detect SNAT2 mRNA in CHO-K1 cells exposed
to hypertonicity, in contrast to results obtained by others
with the same [8] or different kinds of cells [4, 5, 56, 57,
113, 143, 144]. Consistent with the idea that two different
signalling pathways are involved is the recent finding that
induction of the mRNA by amino acid starvation involves
phosphorylation of elF2a (eukaryotic initiation factor 2a),
whereas the response to hypertonic stress is independent
of elF2a [61].

Other cellular stresses also affect amino acid transport
System A. During the early phase of a hyperthermic treat-
ment, 3T3 cells exhibit an increase in the activity of
specific amino acid transporters mediated by an activation
or relocation of pre-existing transport proteins [128]. In
contrast with hypertonic stress [145], this induction does
not require mRNA and protein synthesis. Similar results
have been obtained in L6 muscle cells exposed to sodium
arsenite or to heat shock [102]. Both of these stresses
enhance System A activity within minutes, which is too
soon to be accounted for by transcriptional regulation. The
role of an increase in the uptake of amino acids in response
to heat shock is not clear, although it may be related to the
concomitant swelling observed in the early phase of heat
shock [128].

Cyclic strain, an experimental condition that mimics the
change in vessel diameter of the major arteries as result of
pulsatile blood flow, stimulates L-proline uptake in vascular
smooth muscle cells. In common with hypertonic treatment,
this stress increases the Vmax for proline uptake, induces
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the expression of SNAT2 mRNA, and depends on protein
synthesis [134].

Compatible osmolytes

When osmotic stress persists for a longer period of time,
osmolytes that are more compatible than amino acids are
required. During prolonged exposure of cells to hyper-
tonicity, cell survival depends on the synthesis either of a
compatible osmolyte itself (e.g. sorbitol) or of BGT1, SMIT
and TAUT transporters and intracellular accumulation of
betaine, taurine and myo-inositol [26]. Indeed, cells do not
adapt and die by apoptosis when hypertonic medium has
been depleted of these compatible osmolytes despite the
persistence of high intracellular amino acids level [5].

A major role in this response to hyperosmolarity is
played by TonEBP, a member of the NFAT family of
transcription factors [12, 106, 156]. The activation of
TonEBP leading to the induction of osmoprotective genes
by binding to Ton-E (tonicity responsive enhancer) is
achieved by different pathways that regulate phosphoryla-
tion and nuclear translocation [37, 147], transactivation [89]
and induction [155]. The full activation of the key factor
TonEPB requires the coordinated activity of Fyn, PKA, p38
and ATM and possibly other factors. It is not clear,
however, if phosphorylation plays a key role in the
regulation of the activity of TonEBP [71]. Recently, it was
shown that MDCK cells expressing kinase-active MEKK3
showed increased BGT1 mRNA, and TonE-mediated
reporter gene expression correlated with up-regulation of
p38ax and ERKS [121]. Another mechanism induced by
hypertonicity to stimulate TonEBP activity requires the
dissociation of RNA helicase A, which normally exerts an
inhibitory effect on TonEBP [35]. Finally, it is noteworthy
that the activation of osmoprotective genes can be achieved
independently of TonEBP activation, as reported in rat
brain [97]. Depending on the neuronal cell type and on the
gene considered, TonEBP may be insufficient or unneces-
sary for the hyperosmotic response. Amino acid depletion,
like hypertonicity, has been found to give rise to a nuclear
redistribution of TonEBP and a stimulation of myo-inositol
transport in human fibroblasts [55].

Compatible osmolytes are not only important for cell
volume homeostasis but also for cell protection during
other stressful conditions: They can act as chemical chaper-
ones and stabilize native protein structures and function
[41, 132, 154]. Exposure to ultraviolet B or A radiation
increased osmolyte uptake in human keratinocytes [153] by
affecting BGT-1, SMIT and TAUT-T mRNAs levels. In
common with hyperosmotic conditions, the increase in
osmolytes uptake reflects an increased synthesis of trans-
porter proteins rather than the activation of pre-existing
transporters. This increase in osmolytes uptake by UV is
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thus a part of the defence strategy of keratinocytes to the
detrimental effects of UV irradiation.

It has been proposed that desiccation, another stress
which, in common with hypertonicity, leads to efflux of
intracellular water, also induces similar cellular responses.
A human cell line derived from embryonic kidney is
capable of responding to desiccation stress via rapid
activation of JNK and p38MAPK, but there is no induction
of aldose reductase, BGT-1 or SMIT genes [67, 68].

Heat shock response
Induction of heat shock proteins

In addition to accumulating osmolytes, cells are also
protected from hypertonicity by expressing HSPs. These
molecular chaperones are induced during the first hours
of hypertonic treatment to counteract the detrimental
effects of elevated intracellular ionic strength and to
protect intracellular macromolecules against unfolding and
aggregation [33, 126]. HSP70 also exerts anti-apoptotic
effects under stressful conditions [45, 62, 110], which
include hypertonic stress [90, 118]. The list of stressors that
induce HSPs is large and includes various acute and
chronic conditions such as elevated temperature, heavy
metals, chemical toxicants, infections, oxidative stress
[108, 109] as well as hypertonicity [33, 126]. The HSP70
family represents the most highly conserved of the HSPs
and includes both constitutively expressed and inducible
members [94].

The transcriptional response to heat shock is considered
a paradigm for inducible gene expression in eukaryotic
cells. It is mediated by the binding of the heat shock factorl
(HSF1) to the heat shock elements (HSEs) in the promoter
of HSP genes. HSF1 is present in unstressed cells as an
inactive monomeric form complexed with HSP90, P23
and an immunophilin [19]. HSF1 activation involves
trimerisation, acquisition of DNA-binding activity and
transcriptional competence. Recently, it has been reported
that HSF1 activation by heat shock is also mediated by a
ribonucleoprotein complex containing translation elonga-
tion factor eEF1A and a non-coding RNA called HSR1
[137]. Activation of HSFI is a multistep process. HSF1
binding to DNA is insufficient to induce transcription, and
complete transcriptional activity requires hyperphosphory-
lation of HSF1 [66]. Although heat shock and most other
stresses convert HSF1 to the fully active trimer capable of
gene transcription, other stresses activate HSF1 to an
intermediate trimeric state, which is able to bind DNA but
is transcriptionally inert.

A transient and brief exposure of cells to a hypertonic
medium (hypertonic shock) leads to the activation of HSF1

as a function of the osmotic strength of the medium [3, 32].
However, unlike the response to heat shock, the activation
of HSF1 by a hypertonic shock is not followed by increased
transcription of HSP70 gene or by the accumulation of
HSP70 mRNA or protein in either 3T3 [3] or Hela cells
[32]. Similarly, sodium salicylate treatment activates HSF1
without gene transcription [72, 73]. In contrast to hyper-
tonic shock, however, prolonged exposure to a moderately
hypertonic medium induces accumulation of the HSP70
mRNA and protein after a few hours [33, 115, 126]. The
mechanism of this enhanced expression of the HSP70
during such hypertonic treatment is not completely under-
stood. In 3T3 cells exposed to prolonged hypertonic
treatment, HSF1 activation and HSP70 gene transcription
are not required for increased HSP70 expression. Instead,
ActD chase experiments suggest that post-transcriptional
stabilization contributes to the accumulation of HSP70
mRNA. In contrast, the increase in mRNA level of SNAT2,
another gene induced by hypertonicity with similar kinetics,
is regulated mainly at the level of transcription [6].

The expression of HSPs in response to other stressful
conditions via stabilization of the induced mRNAs, rather
than by transcriptional activation of heat shock genes, has
been reported. In human peripheral blood monocytes,
phorbol esters induced accumulation of mRNA and an
increased expression of HSP90 and HSP70 that are not
blocked by the transcriptional inhibitor ActD [70]. In
chondrocytes and other cells, continuous high hydrostatic
pressure causes HSP70 accumulation via HSP70 mRNA
stabilization without transcriptional induction of the HSP70
gene [74, 75]. Post-translational regulation of HSP70 in
several kinds of cells exposed to electromagnetic fields at
low frequency has also been described recently [10]. This
stress leads to the accumulation of inducible HSP70 by
increasing its stability independently of HSP70 gene
transcription and the synthesis of new mRNA and protein.

As described above, TonEBP plays a central role in the
cellular response to hypertonicity, increasing the transcrip-
tion of osmoprotective genes that leads to the accumulation
of compatible osmolytes. Interestingly, TonEBP, whose
mRNA is stabilized by hypertonicity [30], also regulates a
HSP70 gene named HSP70-2 in mouse inner medullary
epithelial cells (mIMCD) cells [157] and in human
embryonic kidney epithelial cells [64]. HSP70 mRNA is
significantly decreased in Hela cells where TonEBP
expression was silenced by RNA interference [112].
Analysis of HSP70 mRNA expression is complicated
because two different HSP70 genes express identical
proteins but have completely different sequences in the
untranslated region [150], and the names given in human,
mouse and rat differ in a confusing fashion, even in the
same species [162]. For example, the above-cited mouse
HSP70-2 gene is also called hsp70.1, and mouse HSP70-1
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is also called hsp70.3 or Hsp70Al1. Woo et al. [157]
reported that in response to hypertonicity, HSP70-2 mRNA,
but not HSP70-1, was induced. This is in agreement, not in
conflict as indicated by Huang and Tunnacliffe [67], with
the findings of Shim et al. [140] that heat shock induces
both hsp70.1 and hsp70.3 mRNA, whereas osmotic stress
induces expression of hsp70.1. In hsp70.1-deficient mouse
embryonic fibroblasts, an increased susceptibility to osmotic
stress and apoptosis has been described [90, 140]. In
p2mIME cells, however, a linear or single step increase in
osmolarity elevates both hsp70.1 and hsp70.3 mRNAs [29].
Because only hsp70.1/HSP70-2 contains three TonE sites
and hsp70.3/HSP70-1 does not, alternative mechanisms not
implicating TonEBP activation could be involved in the
induction of HSP70 mRNA under hypertonicity.

Osp94 has been identified as a new member of the
HSP110/SSE subfamily of HSPs and is induced by hyper-
osmotic stress [81, 149], heat shock and cadmium in
cultured mIMCD3 cells [135]. The 5'-flanking region of the
Osp94 gene has functional Ton-E and HSE enhancer
elements that respectively respond independently to hyper-
tonicity and heat stress [82]. Treatment of mIMCD3 cells
with MAPK inhibitors showed a marked decrease in
Osp94 mRNA level induced by hypertonic stress. In
contrast, the induction of Osp94 mRNA by heat shock
was insensitive to these inhibitors. Similarly, when the cells
were pretreated with MG132, a proteasome inhibitor, the
increased level of Osp94 mRNA caused by either hyper-
tonic or heat-shock stress was abolished.

Cross tolerance to stresses

Acquired thermal tolerance is the ability of cells to tolerate
a severe heat shock, too severe to be tolerated normally,
after they have been “conditioned” by preliminary exposure
to a mild heat shock [83, 93, 123]. Exposure to a mild form
of one stress can also confer tolerance to a severe form of a
different stress. This “cross stress tolerance” has been
demonstrated after pre-conditioning cells with heat shock to
several other stresses, including ATP depletion [76, 151,
152], ultraviolet radiation [15], gamma radiation [77] and
ischemia-reperfusion injury [91, 130]. Although it might
not be the sole factor involved [13], the increased cellular
expression and retention of HSPs induced by the mild heat
shock provides the obvious explanation for such acquired
tolerance [123]. Several studies have demonstrated that
chaperone-mediated cytoprotection can be largely attributed
to the suppression of apoptosis [45, 62, 90, 110, 118].
Induction of the expression of HSPs is the obvious common
response to most stresses, but complete adaptation of
cultured cells to an increase in osmolarity clearly involves
other biochemical processes with an ordered sequence of
changes occurring over a period of about 24 h. Cells must
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accumulate compatible osmolytes and/or HSP70 to tolerate
subsequent, more severe hypertonicity. Adaptation to mild
hypertonicity renders endothelial cells tolerant to subse-
quent otherwise lethal hypertonic stress [7]. This osmotol-
erance is associated with the cellular accumulation of
osmolytes such as amino acids, betaine and myo-inositol
and does not correlate with HSP70 expression. In contrast,
HSP72 plays a major role in MDCK cells adapted to high
NaCl when they are challenged with hyperosmotic so-
lutions of urea, a potent protein-destabilizing agent, which
freely enters cells [114]. HSPs might have a particularly
important protective role under these conditions, and
several reports have described a primary role of HSPs
in the acquisition of urea resistance [16, 115, 116]. Step-
wise or gradual adaptation from isotonic conditions
might also enable the cells to survive even more severe
hypertonic stress. Cai et al. [28] showed that almost
90% of mIMCD3 remained viable, when their culture
medium was slowly changed, over a period of 20 h from
0.6 to 1.6 osmol (kg H,0)-1, compared with only 30%
survival when the change was abrupt. A more gradual
increase in osmolarity provides more time to accumulate
compatible osmolytes and to enhance the expression of
HSP70 [29].

Endothelial cells adapted to hyperosmolarity become
tolerant to subsequent otherwise lethal heat shock [7].
Similarly Santos et al. [136] showed that mIMCD3 cells
rendered osmotically tolerant by gradual adaptation to
hypertonic media are also more resistant to a thermal stress
and to a variety of other stressful conditions (hydrogen
peroxide, therapeutic drugs and heavy metal compounds).
Preliminary heat shock increases the survival of mIMCD3
cells during their subsequent exposure to hypertonicity
[135]. However, preliminary exposure of endothelial cells
to mild heat shock does not provide protection against
subsequent hyperosmotic challenge, suggesting that the
extent of such cross tolerance is limited, at least in
endothelial cells [7]. There is no evidence that heat shock
can induce the expression of the transporters for amino
acids or compatible osmolytes such as betaine. It does not
induce mRNA for ATA2 in mIMCD3 cells [113] or for
BGT1 in MDCK cells [138].

Conclusions and perspectives

The general mechanisms involved in cellular adaptation to
hyperosmolarity have been known for some time, although
new insights are emerging. Sensing hypertonicity in
mammalian cells has been variously attributed to changes
in intracellular cell volume, ionic strength and molecular
crowding. Additional perturbations must now be consid-
ered, including DNA damage. In contrast to the repair-
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response to DNA damage caused by genotoxic agents,
DNA double-strand breaks induced by hypertonicity are
not repaired and do not impair cell proliferation and
survival. During the early phase of DNA repair, ATM, a
protein kinase involved in this process, has a new role
leading to the activation of TonEBP. More studies are
needed to elucidate the role of DNA damage in the
adaptive response to hypertonicity, and many questions
remain to be answered. What causes DNA breaks? Are
DNA breaks to be considered a general hallmark caused
by hypertonicity? Is the appearance of DNA breaks
dependent on the nature of the solute employed (NaCl
vs sucrose) and function of the final osmolarity imposed?
How can cells ignore their DNA damage? How is
apoptosis suppressed?

Although a fundamental role of TonEBP in cells
under hypertonic stress is well established, important
questions remain regarding the identity of its activators
and the associated signalling pathways. Whether activa-
tion of TonEBP is required for SNAT2 transcription in
response to hypertonicity is still unclear, as is the identity
of the other transcription factors or regulatory elements
involved.

We ran into difficulties during the comparison of the
responses evoked by the stressors considered in this
review because some stressful conditions are applied for
a short time (heat shock and UV radiation), whereas
others (hypertonicity and amino acids deprivation) are
imposed continuously. Supporting these considerations, a
hypertonic shock induces HSF1 activation but differently
from the heat shock does not induce gene transcription;
in contrast, during hypertonic treatment, HSF1 is not
involved in the HSP70 transcription, TonEBP regulates a
HSP70 gene named HSP70-2 by binding to TonE
elements, and post-transcriptional stabilization contributes
to the accumulation of HSP70 mRNA. Moreover, the
same stress applied with different intensity (e.g. different
osmolarities) may induce divergent responses. Cellular
shrinkage, depending on the cell type, length and
intensity of stress, may lead to opposite responses: RVI
associated with survival or lack of RVI with concomitant
appearance of apoptosis. Persistence of cell shrinkage
plays a critical role in activating the apoptotic process,
although the mechanisms involved in the transition
between the survival pathway and the decision for
apoptosis remain to be elucidated.
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