
Hyperosmolality in the form of elevated NaCl but not
urea causes DNA damage in murine kidney cells
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This study demonstrates, by using neutral comet assay and pulsed
field gel electrophoresis, that hyperosmotic stress causes DNA
damage in the form of double strand breaks (dsb). Different solutes
increase the rate of DNA dsb to different degrees at identical
strengths of hyperosmolality. Hyperosmolality in the form of
elevated NaCl (HNa) is most potent in this regard, whereas hyper-
osmolality in the form of elevated urea (HU) does not cause DNA
dsb. The amount of DNA dsb increases significantly as early as 15
min after the onset of HNa. By using neutral comet and DNA ladder
assays, we show that this rapid induction of DNA damage is not
attributable to apoptosis. We demonstrate that renal inner med-
ullary cells are able to efficiently repair hyperosmotic DNA damage
within 48 h after exposure to hyperosmolality. DNA repair corre-
lates with cell survival and is repressed by 25 mM LY294002, an
inhibitor of DNA-activated protein kinases. These results strongly
suggest that the hyperosmotic stress resistance of renal inner
medullary cells is based not only on adaptations that protect
cellular proteins from osmotic damage but, in addition, on adap-
tations that compensate DNA damage and maintain genomic
integrity.

Cells adapt to osmotic stress by cell volume regulation and
protection of protein structure, activity, and metabolism to

maintain proper cell function. Such protective responses are nec-
essary because osmotic stress alters cell volume, the concentration
and stability of proteins, and the rate of biochemical reactions (1).
Proteins are protected from osmotic stress by molecular chaperones
and compatible organic osmolytes (2, 3). We recently showed that
mouse renal inner medullary collecting duct (mIMCD3) cells
respond to hyperosmotic stress by induction of cell cycle arrest, the
tumor suppressor p53, and the growth arrest and DNA damage
inducible proteins GADD45 and GADD153 (4, 5). These responses
are known hallmarks of signaling pathways that counteract DNA
damage in mammalian cells (6, 7). DNA damage is defined as an
alteration of DNA structure capable of causing cellular injury and
reduction of viability or reproductive fitness of the organism (8).
Thus, an induction of DNA repair pathways may be required to
confer the high osmotic stress tolerance that is characteristic of
renal inner medullary cells. However, in contrast to the wealth of
knowledge about osmotic effects on cell volume and protein
stability and function, little is known about the consequences of
osmotic stress on DNA integrity in mammalian cells. Studies on
several mammalian cell lines, including CHO cells (9), PAP-HT25
cells (10), human peripheral lymphocytes (11), and V79 cells (12),
indicate that osmotic stress can lead to chromosomal aberrations.
Such aberrations may be the consequence of an increased fre-
quency of DNA double strand breaks (dsb) or result from an
inhibition of constitutive DNA-repair mechanisms. Hyperosmotic
stress inhibits inducible DNA repair pathways that are activated in
response to ionizing radiation in some mammalian cells (13, 14).
However, it is not known whether osmotic stress by itself increases
the amount of DNA dsb. We conducted this study to test the
hypothesis that hyperosmotic stress causes DNA dsb and that such
damage could be the trigger for the hyperosmotic induction of p53,
GADD45, GADD153, and cell cycle arrest. Our results indicate
that hyperosmolality because of elevated [NaCl] (HNa) but not
from high [urea] (HU) significantly increases the number of DNA

dsb in mIMCD3 cells. These data suggest that DNA dsb are not
caused by hyperosmolality per se but by changes in ionic strength,
cell volume, or macromolecular crowding. Thus, the accumulation
of urea in the renal inner medulla may be the result of evolutionary
selection based on a high compatibility of this abundant solute with
genomic integrity during hyperosmotic stress.

Methods
Cell Culture and Osmotic Stress Experiments. mIMCD3 cells were
generously provided by Steven R. Gullans (Harvard University,
Boston) and used for all experiments. They were grown in medium
consisting of 45% DMEM (low glucose), 45% Coon’s improved
F-12 medium (Irvine Scientific), and 10% FBS (Life Technologies,
Grand Island, NY). Osmolality of isosmotic control medium was
300 6 5 milliosmol (mosmol)ykg H2O. Cells were osmotically
stressed by instantly replacing control medium with hyperosmotic
medium that was prepared by addition of NaCl, urea, or other
solutes as indicated. For some experiments, the medium was
supplemented with 25 mM LY294002, a specific inhibitor of DNA-
activated protein kinases, including DNA-dependent protein kinase
(DNA-PK), ataxia telangiectasia mutated (ATM), and ATM re-
lated (ATR).

Neutral Comet Assay. Neutral comet assays were carried out as
described previously (15, 16) with minor modifications. Briefly,
cells were harvested by gentle trypsinization, resuspended in
0.5% low melting point agarose (FMC), and applied to micro-
scopic slides that were precoated with agarose. Slides were
incubated exactly 5 min in cold (4°C) neutral lysis buffer
containing 2% SDS, 25 mmolyliter EDTA-Na2, 35 mmolyliter
N-lauroyl sarcosine, and 10 mmolyliter Tris base (pH 8.0). Single
cell electrophoresis was carried out by placing slides containing
agarose-embedded, lysed cells in a horizontal electrophoresis
tray (Owl Scientific, Woburn, MA) and applying 40 V for 4 min
at 20°C. Slides were stained with SYBR Gold (Molecular
Probes) and analyzed by using a Leitz DMRDyRB fluorescence
microscope (Leica, Deerfield, IL). Images were taken with a
color chilled 3CCD digital camera (Hamamatsu, Middlesex, NJ)
and the comet moment quantified for at least 50 cells per sample
by using QUANTITY-ONE software (Bio-Rad). The comet mo-
ment is defined as the ratio of DNA in the comet tail versus DNA
in the comet head (17).

Pulsed Field Gel Electrophoresis (PFGE). Cell samples were prepared
by gentle trypsinization followed by embedding 107 cellsyml in
0.75% PFGE grade agarose (Bio-Rad). Agarose blocks were
digested for 3 days at 37°C in ESP solution (18). ESP solution
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contained 0.5 molyliter EDTA-Na2, 1% N-lauroyl sarcosine, and 1
mgyml proteinase K (Roche Molecular Biochemicals). After di-
gestion, agarose blocks were stored for ,1 wk in fresh ESP solution
at 4°C. PFGE was carried out in a CHEF Mapper XA system
(Bio-Rad) using the following conditions: 0.75% agarose, 200 s
pulse time, 48–72 h run time, 2 Vycm voltage, 106° angle, 13 TAE
(40 mmolyliter Tris base, 40 mmolyliter glacial acetic acid, 1
mmolyliter EDTA-Na2) running buffer, 10°C constant tempera-
ture. Gels were stained in 5 mgyml ethidium bromide for 30 min and
analyzed with a FluorS MultiImager and QUANTITY-ONE software
(Bio-Rad). Genomic DNA up to 10 Mb in size can be separated by
PFGE (18). Because mouse chromosomes are larger than 10 Mb,
intact DNA will stay in the wells and broken pieces migrate into the
lane during PFGE. The amount of DNA dsb is proportional to the
FAR (FAR 5 amount of DNA migrated into the lane vs. total
DNA present in the lane plus well) (19). We used Saccharomyces
cerevisiae chromosomal DNA (Bio-Rad) as size standards. All
samples within the same experiment were treated absolutely iden-
tical with regard to proteinase K digestion and PFGE, and no
data from different experiments are compared. The number of
replicates refers to data from different dishes of cells within an
experiment.

DNA Ladder Assays. Genomic DNA was isolated from 5 3 106 cells
per sample by using a DNA ladder kit according to manufacturer
instructions (Roche Molecular Biochemicals, cat. no. 1835246).
We modified the protocol slightly by adding an incubation of the
samples in 2 mgyml of RNase AyT1 (Ambion, Austin, TX) at
room temperature. After isolation, 3 mg of genomic DNA per
sample were loaded on 1% agarose gels and electrophoresed for
3 h at 50 V. Gels were stained with 5 mgyml ethidium bromide,
destained in deionized water, and the DNA bands visualized by
using a FluorS MultiImager (Bio-Rad).

Cell Morphology and Survival. Morphological characteristics of
mIMCD3 cells were evaluated with an inverted phase contrast
microscope (CK40; Olympus, New Hyde Park, NY). Photographs
were taken at 3400 magnification of each cell culture dish by using
a 35-mm camera (Yashica, Somerset, NY). Cell survival was
measured as the number of cells left attached on a dish after
exposing them to different treatments. Cell counts were performed
after harvest by using a Hausser hemocytometer.

Statistics. Data analysis was done by using STATMOST32 software.
Time series effects were evaluated by analysis of variance and
differences between values within a single series by Student–

Newman–Keuls test. Differences between pairs of data for the
same time point were analyzed by F test followed by either paired
t test or Mann–Whitney test.

Results
Hyperosmotic Stress Causes DNA dsb. mIMCD3 cells respond to
hyperosmotic stress by activation of growth arrest and DNA dam-
age inducible proteins GADD45 and GADD153 and the tumor
suppressor p53 (4, 5). Therefore, we investigated whether exposure
of these cells to hyperosmotic stress leads to an increase in DNA
dsb. When analyzed by neutral comet assay, mIMCD3 cells exposed
to isosmotic medium have short comet tails, indicating that the
number of constitutive DNA dsb is low (Fig. 1A). In contrast, comet
tails are much larger after 60 min exposure of cells to 725
mosmolykg HNa (Fig. 1B). Treatment of cells with 5 milliunityml
bleomycin for 60 min also increases comet tails of mIMCD3 cells
(Fig. 1C). Bleomycin was a positive control because it is a potent
inducer of DNA dsb (20). These results suggest that DNA dsb
increase rapidly during HNa. Indeed, the quantitative evaluation of
comet tails from three independent experiments shows that DNA
dsb increase significantly (P , 0.05) with increasing concentrations
of NaCl in the medium (Fig. 1E). The amount of DNA damage
during HNa is substantial because 60 min exposure of cells to 5
milliunityml bleomycin increases DNA dsb about as much as
exposure to 600–650 mosmolykg HNa (Fig. 1E). Effects of bleo-
mycin and HNa are additive (Fig. 1E). We confirmed the hyper-
osmotic induction of DNA dsb with PFGE. Again, the amount of
broken DNA is significantly higher in cells treated for 60 min with
600 mosmolykg HNa than in isosmotic controls and comparable to
that in cells treated with 5 milliunityml bleomycin for 60 min (Fig.
2). These data demonstrate that HNa leads to a significant and
rapid increase in DNA dsb in mIMCD3 cells.

DNA Damage Results from Elevated NaCl but Not Urea. We investi-
gated whether the hyperosmotic induction of DNA dsb is related to
hyperosmolality per se or a result of the concentration increase of
particular solutes. Interestingly, 60 min exposure of cells to 600
mosmolykg HU did not significantly increase DNA dsb (Fig. 2).
Urea penetrates mammalian cell membranes very well and does not
disturb cell volume. In contrast to inorganic ions, urea is also a
neutral solute. Thus, the different effects of HNa vs. HU on DNA
dsb could be attributed to either (i) solute-specific mechanisms, or
(ii) increases in intracellular ionic strength, macromolecular den-
sity, or cellynuclear volume. To distinguish between these two
possibilities, we exposed cells to hyperosmolality in the forms of
elevated NaCl, KCl, mannitol, and urea. Within 15 and 60 min, all

Fig. 1. Induction of DNA dsb in mIMCD3 cells by HNa. Neutral comet assay was used to measure DNA dsb. (A) Control cells kept in isosmotic medium have only
a short comet tail. (B) The comet tail increases after exposure of cells for 1 h to 725 mosmolykg HNa. (C) Exposure of cells for 1 h to 5 milliunityml bleomycin also
increases the comet tail. (D) Appearance of apoptotic cells when analyzed by neutral comet assay. Note the highly condensed nucleus and the very high ratio
of comet tail length and width to nuclear diameter. (E) Quantification of comet moment (fraction of DNA in the comet tail versus the comet head) in mIMCD3
cells. Data are means 6 SEM (n 5 3).
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solutes except urea cause an increase in DNA dsb (Fig. 3A). At 60
min, this increase is significantly larger (P , 0.05) for NaCl
compared with KCl and mannitol. At 15 min, the increase in DNA
dsb was not significantly different between NaCl and KCl, but
significantly smaller (P , 0.05) for mannitol (Fig. 3A). These data
suggest that hyperosmotic induction of DNA dsb is partly a result
of changes in intracellular ionic strength, cellynuclear volume, or
macromolecular density, and partly because of solute-specific ef-
fects. The significant differences between NaCl, KCl, and mannitol
for inducing DNA dsb are difficult to explain because, in theory, all
three solutes do not freely penetrate cell membranes and should
lead to comparable increases of intracellular inorganic ions. It may
be possible, however, that the intracellular Na1 concentration
increases more during HNa as a consequence of steeper Na1

gradients for Na1-coupled cotransporters. If this is the case,
our results suggest that Na1 is more potent for inducing DNA dsb
than K1.

The Kinetics of DNA Damage During Hyperosmolality Is Rapid. DNA
dsb increase very rapidly after exposure of cells to severe, lethal
HNa (800 mosmolykg; Fig. 3A). Under these conditions, maximum
damage is observed already after 15 min (data not shown). The
kinetics of hyperosmotic induction of DNA dsb is slower (maximum
at 3–6 h) when cells are exposed to lower, survivable levels of HNa
(600 mosmolykg; Fig. 3B). Interestingly, the amount of DNA
damage remains elevated (but does not further increase) for at least
18 h (Fig. 3B). These kinetic data suggest that DNA dsb mainly
occur in the early phase of HNa and that they occur more rapidly
with increasing severity of HNa. The rate of DNA dsb increases

Fig. 2. HNa but not HU increases DNA dsb in mIMCD3 cells. PFGE was used to measure DNA dsb. (A) Representative PFGE gel illustrating the rate of migration
of whole genomic DNA from cells exposed to isosmotic medium (300 mosmolykg), 600 mosmolykg HNa, 600 mosmolykg HU, and 5 or 50 milliunityml bleomycin.
(B) Quantification of DNA dsb by PFGE. The fraction of DNA recovered (FAR), which is the amount of DNA that has migrated from the well into the lane vs. total
DNA in lane plus well, is plotted. Data shown are means 6 SEM (n 5 3).

Fig. 3. Kinetics and solute-specificity of hyperosmotic induction of DNA dsb in mIMCD3 cells. (A) Cells were exposed to hyperosmolality of 800 mosmolykg for
15 min and 1 h. Hyperosmolality was because of addition of various solutes to regular growth medium. All solutes except urea increase DNA dsb rapidly (within
15 min). (B) DNA dsb after exposure of mIMCD3 cells to 600 mosmolykg HNa are elevated for at least 18 h. Inhibition of DNA-activated protein kinases by LY294002
during exposure of cells to 600 mosmolykg HNa leads to a significantly larger increase in DNA dsb (P , 0.05), indicating that these kinases are important for
preventing DNA dsb from occurring or for their repair. Data are means 6 SEM (n 5 3).
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rapidly within minutes to a few hours depending on the severity of
HNa. It stays elevated but does not increase further for at least 18 h,
indicating that the cells need longer than 18 h to fully match their
DNA repair machinery to account for all of the damage. However,
because DNA dsb remain elevated for many hours, either the rate
of DNA dsb remains higher than normal even after the initial
damage or DNA repair capacity is reduced in the first 24 h after
HNa because of decreased DNA accessibility as a result of salt-
induced chromatin compaction. Interestingly, during hyperosmo-
lality in the form of high KCl DNA repair may be more efficient
than during HNa (Fig. 3A).

DNA dsb Are Not Solely the Result of Apoptosis. Many types of stress,
including hyperosmotic stress (21, 22), induce apoptosis if the stress
level exceeds the tolerance limit of cells. A characteristic end stage
of apoptosis is degradation of genomic DNA into oligonucleosomal
ladders (23). Thus, we can expect DNA dsb as a result of apoptosis
when the osmotic tolerance threshold (600 mosmolykg for
mIMCD3 cells) is exceeded. However, increased DNA dsb ob-
served rapidly after onset of HNa are not the result of apoptosis,
even if HNa exceeds 600 mosmolykg. This conclusion is based on
four lines of evidence: (i) The kinetics of DNA dsb following HNa
are too rapid to be accounted for by apoptosis, which generally
needs several hours to more than a day to be apparent as DNA
degradation; (ii) The size of DNA fragments resulting from the
rapid hyperosmotic induction of DNA dsb is much larger (several
Mb; Fig. 2A) than the oligonucleosome fragments generated by
apoptosis; (iii) We have determined the number of apoptotic cells
with the neutral comet assay that identifies apoptotic cells clearly on
the basis of their highly condensed nuclei and very large comet tails
(Fig. 1D) (24). Apoptotic cells do not increase significantly within
2 h of HNa, even if such stress exceeds the cellular tolerance
threshold (Fig. 4A); and (iv) Oligonucleosomal ladders are not
detectable in mIMCD3 cells exposed to hyperosmotic stress up to
800 mosmolykg within 3 h of exposure (Fig. 4B). We conclude that
increased DNA dsb occurring rapidly after the onset of HNa are not
the result of apoptosis.

DNA-Activated Protein Kinases Confer Osmoresistance. Ionizing ra-
diation and chemical carcinogens that cause DNA dsb also induce
DNA-activated protein kinases (DNA-PK, ATM, ATR) and p53
(25). Under these conditions, activation of DNA-activated protein
kinases depends on the amount of DNA dsb and accounts for p53
activation and stress compensation (26). Because we have shown
that HNa induces DNA dsb (this study) and p53 (5), we investigated
whether DNA-activated protein kinases are necessary for cell
survival during HNa. The synthetic compound LY294002 was used
to inhibit DNA-activated protein kinases followed by analysis of cell
morphology and survival after exposing cells to various osmolalities
for 15 h. Inhibition of these kinases greatly alters cell morphology
when cells are maintained in 600 and 800 mosmolykg HNa (Fig.
5A). Specifically, LY294002 causes severe cell shrinkage and de-
tachment (Fig. 5A). This is not the case with HU, although
vacuolarization of some cells results under such conditions (Fig.
5A). Inhibition of DNA-activated protein kinases reduces cell
survival by about 20% irrespective of osmolality, presumably be-
cause of inhibition of constitutive DNA repair (Fig. 5 B and C).
However, cell survival at 600 mosmolykg is only significantly
reduced compared with isosmotic controls during HNa but not HU,
and only if LY294002 is present (Fig. 5 B and C). These data
indicate that DNA-activated protein kinases are necessary for cell
survival during HNa but not HU.

DNA Repair Requires DNA-Activated Protein Kinase Activity. The
dependence of cell survival on DNA-activated protein kinases
during HNa but not HU suggests that they may be necessary for the
repair of DNA dsb. We tested this notion by measuring DNA dsb
in cells exposed to 600 mosmolykg HNa. When DNA-activated
kinases are inhibited by 25 mmolyliter LY294002, DNA dsb in-
crease significantly more than without this inhibitor starting at 3 h
(Fig. 3B). The effect of the inhibitor precedes apoptosis (Fig. 3B)
but is greatest when cells are exposed to HNa for longer than 24 h
(Fig. 6B). Whereas, in control cells, DNA dsb are fully repaired
within 3 days, DNA dsb continue to increase to very high levels in
the presence of 25 mmolyliter LY254002 (Fig. 6B). We conclude

Fig. 4. Apoptosis cannot account for the increased DNA dsb during the early phase of hyperosmotic stress because its kinetics is slower than the induction of
DNA dsb. (A) The percentage of apoptotic cells determined by neutral comet assay is low and not significantly different from isosmotic controls at all times when
cells are exposed to 525 mosmolykg HNa. Only after 15 h of exposure of cells to 725 mosmolykg HNa does the number of apoptotic cells increase markedly. Data
are means 6 SEM (n 5 3). (B) DNA ladder assay of mIMCD3 cells exposed to various degrees of HNa for 3 h. Equal amounts of whole genomic DNA were loaded
in each well. Exposure of cells to 50 mgyml etopside in serum-free medium served as a positive control for which the nucleosomal DNA ladder that is characteristic
for apoptosis can be seen (last lane). DNA ladders are not present in genomic DNA of mIMCD3 cells exposed to HNa for 3 h, indicating that apoptosis is manifested
at later times. Treatment with 25 mM LY294002 for 24 h did not induce apoptosis.
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that DNA-activated protein kinases are necessary for DNA dsb
repair during hyperosmotic stress.

Discussion
We report that HNa but not HU causes DNA dsb in mammalian
kidney inner medullary cells and that these cells have means to

counteract such DNA damage. These results represent evidence for
hyperosmotic stress-induced DNA damage. They provide a ratio-
nale for our previous observations of hyperosmotic induction of
DNA damage pathways and checkpoints in mammalian kidney cells
exposed to HNa (4, 5). The mechanism by which HNa causes DNA
dsb is currently elusive. Only few DNA-damaging agents cause
direct breakage of the DNA phosphodiester backbone, among
them ionizing radiation, hydrogen peroxide, and bleomycin (17).
The majority of genotoxic agents cause damage to nucleotide bases.
Such damage is removed by nucleotide excision repair, which
introduces DNA strand breakage as an intermediate stage (17). We
currently do not know whether DNA dsb resulting from HNa are
a direct result of breakage of the phosphodiester backbone or an
indirect consequence of strand breakage during nucleotide excision
repair. The fast kinetics of hyperosmotic DNA dsb seems to favor
direct breakage of the phosphodiester backbone as the underlying
mechanism. This, in turn, may explain the increased frequency of
chromosomal aberrations in some mammalian cells exposed to
hyperosmolality (9–12).

Several mechanisms by which DNA dsb could occur during
hyperosmolality can be envisioned: First, increasing ionic strength,
macromolecular crowding, or physical distortion of the nuclear
matrix as a result of cell shrinkage may cause changes in DNA
bending. This could translate into mechanical straining of DNA
strands in areas where chromatin packaging of DNA is too rigid and
enhance the likelihood of breakage in these regions. A certain
number of DNA dsb occurs constitutively but such damage is
readily compensated for by constitutive DNA repair. An increase
of DNA dsb disturbs the steady state between constitutive DNA
damage and repair with a net increase in DNA dsb. Because of the
fast kinetics of hyperosmotic induction of DNA dsb, it is plausible
that DNA regions prone to mechanical straining break rapidly
during hyperosmotic stress as a direct consequence of cellynuclear
shrinkage, increased ionic strength, or macromolecular crowding,

Fig. 5. Solute-specific effects of inhibition of DNA-activated protein kinases on mIMCD3 cells exposed to hyperosmotic stress. (A) Morphology of mIMCD3 cells
after growing them for 15 h in various media with or without 25 mM LY294002. (Magnification, 3400.) NaClyurea 600 5 600 mosmolykg HNayHU, NaClyurea
800 5 800 mosmolykg HNayHU. (B and C) Effect of LY294002 on number of cells left in a confluent 10-cm dish after 15 h culture in various osmolalities. (B) HNa.
Data are means 6 SEM (n 5 3). Note that cell number drops significantly after exposure to 600 mosmolykg with LY294002 but not without it. (C) HU. Data are
means 6 SEM (n 5 3). Unlike with HNa, cell numbers are not significantly different between 300 and 600 mosmolykg even in the presence of LY294002 during
HU. When error bars are not visible, they are smaller than the corresponding symbol.

Fig. 6. SuppressionofcellgrowthandDNArepairby theDNA-activatedprotein
kinase inhibitor LY294002. DNA dsb in mIMCD3 cells exposed to 600 mosmolykg
HNa are significantly increased at 24 h in isosmotic controls and in cells treated
with 25 mM LY294002 plus HNa but not in cells treated with 25 mM LY294002 in
isosmotic medium. DNA dsb continue to increase significantly when cells are left
in HNa plus 25 mM LY294002, whereas they decrease to baseline by day 3 in HNa
without LY294002. There is a small but significant increase in DNA dsb at 72 h
when cells are exposed to 25 mM LY294002 in isosmotic medium. However, this
increase is much smaller compared with the effect of LY294002 in HNa. DNA dsb
were measured by PFGE; FAR 5 amount of DNA in laneyamount of DNA in (lane
plus well). Data are means 6 SEM (n 5 3).
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which are phenomena that are not evoked by HU. DNA repair
(homologous recombination andyor nonhomologous end joining)
seems to be a two-step process to: (i) prevent a further increase in
DNA dsb and (ii) normalize the amount of DNA dsb.

The second scenario by which hyperosmotic stress could cause
DNA dsb is by means of formation of free radicals. Although we are
unaware of any direct evidence for an increase in free radicals
during hyperosmotic stress, several indirect indications exist. For
instance, several free radical scavenging enzymes, including cata-
lase, superoxide dismutase, and gluthatione peroxidase, are acti-
vated during hyperosmotic stress in cells of the rat blood brain
barrier (27). Furthermore, phospholipase A2 activity is rapidly
osmoregulated in many cell types (28) leading to prostaglandin
synthesis and production of free radicals by interconversion of
prostaglandins (29). In addition, many compatible organic os-
molytes protect cells against free radicals (30, 31).

DNA dsb may also be caused by changes of chromatin
compactness and DNA accessibility during hyperosmotic stress.
Such changes are likely because most forms of hyperosmolality
lead to an increase of cationic counter ions that compete with
histones and other positively charged nuclear proteins for bind-
ing to the negatively charged DNA phosphodiester backbone.
Thus, an increase in these ions may replace histones from DNA
and change chromatin structure. Such effects are commonly
used in vitro for salt-extracting histones from chromatin (32), but
it is currently uncertain to what extent they play a role in vivo.
Changes in chromatin compactness lead to changes in DNA
accessibility, and this may disturb the steady state of constitutive
DNA repair vs. DNA damage or allow enhanced access of
nucleases or radicals to certain regions of DNA. Alternatively,
the stability of chromosomal sized DNA may suffer from
replacement of histones by inorganic cations leading to an
increased frequency of DNA dsb. These effects of inorganic ions
are offset by accumulation of compatible organic osmolytes,
which are more compatible with chromatin structure (33).

HU does not lead to increases in cationic counter ions because
urea penetrates cell membranes relatively freely and causes no
change in cell volume or ionic strength. This may explain the lack
of increased DNA dsb during HU. Hyperosmolality because of
increases of other solutes (KCl or mannitol) increases DNA dsb
similar to HNa, presumably because they all result in changes of cell
volume and ionic strength. However, KCl and mannitol are less
potent for inducing DNA dsb than NaCl. This difference is likely a

result of ion-specific effects. HNa may activate Na1-coupled co-
transporters or increase passive leakage of NaCl into cells and
thereby transiently increase the intracellular sodium concentration.
However, it remains to be tested whether increasing intracellular
Na1 is more potent than K1 for causing DNA dsb. Nevertheless,
our data provide a rationale for why urea and not exclusively
inorganic salts accumulate in several hyperosmotic tissues of ver-
tebrates, including the mammalian kidney inner medulla and
elasmobranch tissues. Although urea is highly proteotoxic, its
availability as a nitrogeneous waste product and its compatibility
with DNA structure may have been factors for its evolutionary
selection as a major solute in hyperosmotic tissues of vertebrates.
Urea is filtered into the nephron as a metabolic waste. However, it
is not simply excreted but instead reabsorbed from the nephron into
the inner medullary interstitium where it partly replaces NaCl. The
reabsorption of urea into the renal inner medullary interstitium may
be a result of evolutionary selection based on its benefit of being
more compatible with genomic integrity of renal cells than NaCl
during periods when the kidney has to adjust to producing highly
concentrated urine.

Renal inner medullary cells tolerate large osmolality changes
even if NaCl is increasing. Thus, they must have means to detect and
repair DNA dsb under these conditions. Our data suggest that
DNA-activated protein kinases such as DNA-PK, ATM, andyor
ATR are necessary for detecting andyor repairing DNA dsb during
hyperosmotic stress. These kinases are structurally similar to phos-
phatidylinositol-3-kinase (PI3K) and can be specifically inhibited by
25 mM LY 294002 (34, 35). However, our data do not exclude that
PI3K, which is inhibited by 25 mM LY294003, or an unknown
LY294002-sensitive protein kinase may mediate cell survival and
DNA repair during hyperosmotic stress. Although plausible, we
view the involvement of PI3K as less likely because DNA-activated
protein kinases are directly activated by DNA dsb and participate
in DNA damage pathways, whereas PI3K is not (35). Specifically,
DNA-activated protein kinases phosphorylate and activate p53 on
Ser15 (36), a phenomenon observed in mIMCD3 cells exposed to
HNa but not HU (5).

In conclusion, our study indicates that HNa but not HU causes
DNA dsb and that this DNA damage leads to activation of
DNA-activated protein kinases that are necessary for DNA
repair and cell survival during HNa. This, in turn, provides an
explanation for the induction of the p53 pathway and growth
arrest in mIMCD3 cells exposed to HNa.
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