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T
he intracellular milieu, includ-
ing solute composition and
concentration of important
electrolytes, is carefully tuned

to support metabolism and other vital
cell functions. In addition, cell volume is
tightly regulated. A change in extracellu-
lar osmolality disturbs the delicate bal-
ance that maintains intracellular solute
composition and cell volume. To coun-
teract deleterious consequences of such
disturbance, cells have evolved a univer-
sal mechanism to respond to osmotic
stress by cell volume regulation (1) and
adaptive adjustment of compatible or-
ganic osmolyte levels (2). However,
these adaptive responses are not instan-
taneous, and osmotic stress causes sig-
nificant damage to proteins (3) and
DNA (4). Such damage can persist until
hyperosmotic stress diminishes (5). In
this issue of PNAS, Zhang et al. (6)
demonstrate that at least part of the
hyperosmotic damage to proteins and
DNA is caused by secondary oxidative
stress. Zhang et al. report the thought-
provoking observation that hyperosmo-
lality increases reactive oxygen species
(ROS) and protein carbonylation levels
in renal inner medullary (IM) cells in
vitro and in vivo. This observation signif-
icantly extends our understanding of the
molecular nature of the hyperosmotic
threat to cells. The work by Zhang
et al. also identifies ROS and protein
carbonylation as potential signaling in-
termediates for osmosensory signal
transduction.

Consequences of Hyperosmolality
Renal IM cells of mammals are rou-
tinely exposed to osmotic fluctuations as
a result of the renal concentrating
mechanism. Changes in renal urinary
concentration and excretion reflect the
degree of systemic hydration and salt
load. They are based on adjustments of
NaCl and urea concentrations in the
renal IM. Thus, hyperosmolality in the
renal IM is mainly a result of increased
concentrations of NaCl and urea. These
two major osmolytes have very different
effects on cells. First, NaCl does not
readily permeate the cell membrane,
and hyperosmolality in the form of ele-
vated extracellular NaCl leads to hyper-
tonicity. Hypertonicity results from
passive water loss due to osmosis and
causes cell shrinkage, macromolecular
crowding, and elevation of intracellular
electrolyte concentration (Fig. 1). In
contrast, urea penetrates cell mem-

branes with similar efficiency as water.
For this reason, elevated urea does not
cause significant water loss from cells
and is nonhypertonic. However, hyper-
osmotic urea accumulates inside cells,
where it is a strong protein denaturant.

Another difference between NaCl and
urea concerns their effect on genomic
integrity. Hypertonic NaCl causes DNA
double-strand breaks (dsb), whereas hy-
perosmotic urea does not (4). Because
of these different effects on macromole-
cules, it is not surprising that the signal-
ing pathways activated in response to
hyperosmotic NaCl differ considerably
from pathways turned on during eleva-
tion of urea (7). Zhang et al. (6) report
that another fundamental difference
between hyperosmotic NaCl and urea
consists in the induction of oxidative
nucleotide damage by elevated urea but
not NaCl. In addition, they find that
formation of 8-oxoguanine (8-oxoG) in
response to urea-mediated hyperosmola-
lity is accompanied by an increased
number of DNA single-strand breaks
(ssb), which are intermediary states of
nucleotide excision repair (6). These
results suggest that the different types of
DNA damage caused by hyperosmotic
urea and NaCl could contribute to the

activation of solute-specific mechanisms
of signaling and adaptation.

NaCl and urea contribute to about an
equal extent to the hyperosmotic milieu
in the renal IM. Although osmotic toler-
ance limits of renal IM cells are lower
than physiologically necessary when ex-
posed to either NaCl or urea increases,
a mixture of NaCl and urea significantly
increases osmotic tolerance limits (8). A
potential reason for this beneficial effect
of mixing NaCl and urea on renal IM
cells is that each solute causes somewhat
different lesions that are not additive
and, therefore, expands the tolerance
range during hyperosmolality.

Interestingly, despite the lack of oxi-
dative DNA damage in NaCl-stressed
renal IM cells, both forms of hyperos-
molality (NaCl and urea) cause oxida-
tive stress and increase levels of
glutathione and protein carbonylation
(6). Glutathione is the most abundant
low-molecular-weight thiol synthesized
de novo in animal cells. It represents the
major redox couple in animal cells and

See companion article on page 9491.
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Fig. 1. Effects of hyperosmolality on cell function are monitored by multiple sensors that integrate
signals and activate a signaling network that promotes either cell adaptation and survival or programmed
cell death (apoptosis). When hyperosmolality exceeds cellular tolerance limits, apoptosis is induced.
Oxidative stress and macromolecular damage are consequences of hyperosmolality that provide input
into such sensors. However, the initial mechanisms by which hyperosmolality generates oxidative stress
and some forms of macromolecular damage are not known. A major difference between hyperosmotic
urea and NaCl stress concerns the passive loss of cell water that only occurs during NaCl stress and other
forms of hypertonicity. Thus, hypertonicity generates additional avenues of sensory input that are missing
during hyperosmotic urea stress.
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a useful bioindicator of oxidative stress
(9). Protein carbonylation is a nonenzy-
matic protein modification that occurs
during oxidative stress. Protein carbonyl
groups (CO) are relatively stable once
formed, which enables accurate quantifi-
cation. Therefore, protein carbonyl
content is increasingly being used as a
biomarker of severe oxidative protein
damage. Several common renal diseases,
including diabetic nephropathy and
chronic renal failure, are associated with
elevated levels of protein carbonylation
(10). Thus, the link between hyperosmo-
lality, which is a common condition in
the renal medulla, and increased levels
of protein carbonylation provides an
interesting avenue for studying molecu-
lar processes that are disturbed in such
renal diseases.

Osmosensing
Because ROS have been proposed as
second messengers of environmental
stress they represent a potent avenue of
input for osmosensory signal transduc-
tion (11). Oxidative stress activates
many stress signaling pathways by direct
modification of signaling proteins, in-
cluding mitogen-activated protein ki-
nases, AP-1, and NF-�B transcription
factors (12–14). Alternatively, ROS acti-
vate stress signaling pathways indirectly
via damaging effects on macromolecules
(Fig. 1). However, at present, it is un-
known how hyperosmolality leads to
oxidative stress. Although membrane
rearrangements, cell shrinkage, macro-
molecular crowding, and elevated elec-
trolyte levels may cause oxidative stress
in cells exposed to hypertonicity, such
effects are not observed during hyperos-
motic urea stress. Because elevations in
both NaCl and urea cause oxidative
stress, it is more likely that other, as-yet-
unknown mechanisms are responsible
for increasing ROS levels in response to
hyperosmolality. Nevertheless, down-
stream events resulting from hypertonicity

and loss of cell water may be required
for preventing oxidative nucleotide dam-
age during hypertonic stress. How renal
IM cells achieve this protection from
oxidative DNA damage during hyperto-
nicity is not clear. Future research ad-
dressing the origin of oxidative stress

during hyperosmolality and the different
effects of hypertonicity and urea stress
regarding oxidative DNA damage
should provide interesting insight into
fundamental cellular processes affected
by hyperosmolality.

The signals emanating from oxidative
damage contribute to sensory input that
is perceived by stress sensors during
hyperosmolality. Such sensors include
generic stress sensors that monitor mac-
romolecular damage (15) as well as os-
mosensors that are specifically activated
in response to either hypertonicity or
urea stress. Much work has focused on
DNA damage sensors, and phosphatidyl-
inositol-3 kinase-like kinases (ATM,
ATR, DNA-PK) have emerged as cen-
tral early transducers of various types of
DNA damage, including hyperosmoti-
cally induced DNA damage (4, 16–19).
Protein damage sensors are less well
understood, but proteases, molecular
chaperones, and sensors associated with
the unfolded protein response in the
endoplasmic reticulum are potential
candidates. Paradoxically, we still know
little about the function of specific os-

mosensors in mammalian cells, although
the list of potential candidates is quite
extensive (20). However, it is clear that
multiple sensors perceive different types
of signals generated during hyperos-
motic stress. The integration of informa-
tion flow through such sensors is critical
for appropriate signal transduction
events that coordinate the cellular re-
sponse to different forms of hyperosmo-
lality (Fig. 1). The results reported by
Zhang et al. (6) suggest that secondary
messengers associated with oxidative
stress, e.g., H2O2, are involved in osmo-
sensory signal transduction. This infor-
mation significantly extends our
knowledge about upstream signals for
regulatory networks controlling osmotic
stress adaptation.

Osmosensory signal transduction stim-
ulates cell adaptation via repair of
macromolecular damage and reestablish-
ment of cell volume and electrolyte
homeostasis. However, severe hyperos-
molality that exceeds cellular tolerance
limits leads to activation of a cell death
program (apoptosis). At present, it is
not known how cells recognize that their
osmotic tolerance limits are exceeded
and apoptotic programs need to be acti-
vated. Potential cellular mechanisms of
assessing the severity of hyperosmolality
include quantification of macromolecu-
lar damage or oxidative stress. It will be
interesting to study the significance of
such potential mechanisms for hyperos-
motic stress quantification. Future re-
search in this area promises to shed
light on the pathology of renal and sys-
temic diseases associated with abnormal
osmoregulation. The link between hy-
perosmotic and oxidative stress demon-
strated by Zhang et al. (6) is particularly
intriguing with regard to renal prolifera-
tive diseases, including renal cancers. It
breaks ground for studying molecular
mechanisms of such diseases and will
stimulate approaches of disease preven-
tion and treatment.
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