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Abstract
Background: Hyperosmotic stress causes cell death
through activation of apoptotic pathways if the
protective osmolyte response is impaired. In this study
we attempt to elucidate the molecular mechanisms of
hypertonicity-induced apoptosis and the effect of
major organic osmolytes upon those. Methods:
Hypertonicity-induced changes in Bcl2-family protein
abundance and the presence of cytochrome c and
apoptosis inducing factor (AIF) in the cytoplasm, were
measured using western blot and immuno-
fluorescence labeling. To determine dissipation of
mitochondrial membrane potential ( ) though the
permeability transition pore (PTP), the lipophilic
cationic carbocyanine fluorescence probe JC-1 and
TMRM fluorescence probes were used. Results:
Hypertonic culture conditions increase the abundance
of proapoptotic Bax and the concentration of
cytochrome c and apoptosis inducing factor (AIF) in
the cytoplasm. These changes are associated with a
dissipation of and increased permeability of the

PTP. We further show that organic osmolytes stabilize
the and decrease the concentration of cytochrome
c and AIF in the cytoplasm. Conclusion: Our study
shows that organic osmolytes prevent hypertonicity-
induced apoptosis by preventing dissipation of
through stabilization of the PTP. These findings further
support the important role of organic osmolytes in
preventing hypertonicity-mediated cell death in
medullary kidney cells.

Introduction

Cells of the renal inner medulla are constantly
exposed to a hypertonic environment that is incompatible
with survival, unless cells accumulate organic osmolytes
such as betaine, inositol, sorbitol and glycero-
phosphorylcholine (GPC) [1-5]. Intracellular
concentrations of osmolytes are controlled by both rate
of synthesis and transport. Myo-inositol and betaine
transport is sodium-coupled, while sorbitol synthesis is
catalyzed by the enzyme aldose reductase (AR). Both
the sodium-myo-inositol (SMIT) [6] and betaine-GABA
transporter 1 (BGT1) [7], as well as AR [8], are induced
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by hypertonicity in renal medullary cells in vitro and in
vivo. Increased abundance of mRNA for SMIT, BGT1
and AR in response to hypertonicity depends on the binding
of a transcription factor TonE-binding protein (TonEBP/
NFAT 5) [9] to a tonicity enhancer element (TonE) [10].

Under hypertonic conditions, ions such as Na+, Cl-

and K+, accumulate in the cytosol and are exchanged for
compatible organic osmolytes that do not perturb
intracellular protein structure or function [5, 3]. Several
studies have demonstrated that hypertonicity induces
apoptosis in renal medullary interstitial cells (MICs) in
vitro and in vivo [1, 11]. One of these studies has shown
that hypertonic culture conditions induce the effector
caspase 3, subsequently leading to apoptosis and that
organic osmolytes significantly decrease apoptosis in
MICs [1]. Furthermore, TonEBP/NFAT5 nullmice show
apoptotic cells inthe renal medulla following dehydration,
indicating that the absence of TonEBP/NFAT5, and
therefore impaired osmolyte accumulation, decreases cell
survival [12]. However, the cellular mechanisms by which
organic osmolytes prevent activation of proapoptotic
pathways are largely unknown.

Mitochondria play a pivotal role in cell death through
the release of pro-apoptotic factors, which induce both
caspase-dependent and caspase-independent cell death
[13]. Increase in mitochondrial membrane permeability
is the critical step for the release of proapoptotic proteins,
such as cytochrome c and apoptosis inducing factor (AIF)
from the intermembrane space. Mitochondrial
permeability transition leads to mitochondrial membrane
depolarization, an event that leads to cytochrome c release
in apoptosis [14]. Mitochondrial permeability transition is
widely believed to be caused by the opening of a regulated
channel, the permeability transition pore (PTP). This
channel, PTP, can be defined as a voltage-dependent,
cyclosporine A (CsA) sensitive high conductance channel
and its open-close transitions are highly regulated by
multiple effectors [15]. The mechanisms by which Bcl-2
protein family members affect mitochondrial membrane
potential have been intensely investigated [16]. Membrane
potential can be regulated by targeting Bcl2 to the outer
mitochondrial membrane and over expression of Bcl-2
prevents membrane depolarization [17]. Other
proapoptotic Bcl-2 members, such as Bax, promote
membrane depolarization and the release of proapoptotic
factors such as cytochrome c and AIF [18, 19].

Hypertonicity-induced apoptosis is predominantly
mediated through the intrinsic (mitochondrial) pro-
apoptotic pathway [1]. Since the release of cytochrome
c and AIF from mitochondria is an important step in the

activation of this pathway, we examined whether
osmolytes affect hypertonicity-induced rise in cytoplasmic
cytochrome c and AIF. Furthermore, we explored the
effect of osmolytes on hypertonicity-induced changes in
Bcl-2 and Bax levels and on the dissipation of
mitochondrial . We demonstrate that hypertonicity
increases Bax, AIF and cytochrome c levels and dissipates
the mitochondrial membrane potential. We show that
osmolytes prevent dissipation of  by decreasing Bax
and AIF levels and by stabilizing the PTP. Thus we provide
evidence that the protective mechanisms by which organic
osmolytes prevent apoptosis are twofold: first, preventing
the dissipation of mitochondrial membrane potential
through stabilization of the PTP leading to a decrease in
AIF and second by decreasing Bax levels, thus preventing
the release of cytochrome c from mitochondria.

Materials  and Methods

Cell culture
Primary cultures of mouse medullary interstitial cells

(MICs) were generated as describedpreviously [1]. C57BL mice,
obtained from The Jackson Laboratory (Bar Harbor, MA), were
used for all experiments and were performed according to
institutional animal care guidelines. Briefly, for the generation
of primary cell cultures, both kidneys were rapidly removed
under sterile conditions, inner medullary regions excised, and
treated as previously described to generate MICs. Cells were
then plated in 75-ml flasks and grown until confluent. Purity of
the primary cell culture population was confirmed with oil red
O stain under light microscopic examination as described
previously [1]. MICs were studied after three or four passages
and for experiments transferred to DMEM containing 2% fetal
calf serum. The effect of hypertonicity on MICs was examined
by increasing culture medium tonicity with NaCl to either 400
or 600 mosmol/L. MICs were exposed to hypertonic medium
for varying time periods, ranging from 5 minutes to 24 hours. In
the experiments with betaine preincubation, MICs were
incubated with culture medium of 350 mosmol/L containing 1
mmol/L betaine prior to being exposed to higher tonicities.

Immunofluorescent Studies
MICs cultured on glass coverslips were plunged

sequentially into methanol and acetone at -20°C, each for 10 min.
Thecells were rehydrated in PBS, blocked with 1% bovine serum
albumin in PBS for 15 min, and stained with primary antibodies
in blocking buffer for 1 h at room temperature. Primary antibodies
were directed against apoptosis inducing factor (AIF, 1:100
dilution, Chemicon International, Temecula, CA), Bax (b-9, 1:200
dilution, Santa Cruz Biotechnology, Santa Cruz, CA) and Bcl-2
(1:200, Dako, Carpinteria, CA). Following incubation with
primary antibody, cells were stained with either Texas Red-
conjugated goat anti-rabbit IgG (1:200 dilution), or fluorescein
anti-mouse IgG (H+L) using a M.O.M. kit (Vector Laboratories
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Inc., Burlingame, CA). Cells were then rinsed with PBS and
mounted in VectaShield mounting medium with DAPI (Vector
Laboratories Inc.). For mitochondrial potential assessment, cells
were loaded with tetramethylrodamine-methylester (TMRM)
and calcein-ester fluorescence probes (Invitrogen, Carlsbad,
CA). Cells were exposed to 1 μM/L Cyclosporine A (CsA) to
examine the role of the PTP in hypertonicity-dependent
dissipation of mitochondrial potential. Fluorescence was
observed using a Zeiss AXIOVERT Imaging upright microscope
driven by Metamorph software (Molecular Devices, Sunnyvale,
CA). Individual red and green stained images derived from the
same field were merged using Openlab 3.1.5 software
(Improvision Inc., Lexington, MA).

Western Blot
Following exposure to hypertonic medium, MICs were

washed twice in PBS, lysed in ice cold RIPA buffer (Tris-HCL,
pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) with protease inhibitor cocktail (Hoffmann-La Roche
Ltd., Basel, Switzerland) and incubated on ice for 30 min. Protein
content of the final extracts was estimated using the BCA kit
according to the protocol of the manufacturer (Bio-Rad,
Richmond, CA). Typically, 50 μg protein was separated on SDS-
polyacrylamide gel electrophoresis (PAGE) and electroblotted
to nitrocellulose membranes. Biotinylated SDS-PAGE standards
(broad range, Bio-Rad) were used for size determination.
Proteins were detected by the ECL Western blotting analysis
system (Amersham Pharmacia, Arlington Heights, IL). The
following primary antibodies were used: purified anti-
cytochrome C, anti-Fas (CD95) and anti-Fas ligand (CD178)
(Biosciences Pharmingen, San Jose, CA); anti-Bcl-2 and anti-
Bax antibodies (Santa Cruz Biotechnology, Santa Cruz, CA),
cleaved anti-caspase-8 and caspase-9 antibodies (Cell
Signaling, Beverly, MA). Secondary antisera were anti-rabbit
IgG Horseradish Peroxidase linked whole antibody and anti-
mouse IgG Horseradish Peroxidase linked whole antibody
(Amersham Biosciences). Membranes were exposed to Kodak
Scientific Imaging film. To determine densities of protein bands
blots were analyzed using -imaging software (Bio-Rad).

Isolation of Mitochondria
Mitochondrial and cytosolic fractions of MICs were

isolated as described previously [20]. MICs were centrifuged
at 600g for 10 minutes, cell pellets were washed once with ice-
cold PBS, spun down and resuspended with five volumes of
buffer A (0.25 M sucrose, 20 mM HEPES-KOH pH 7.4, 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA and 1 mM sodium EGTA ,
1mM dithiothreitol, 1mM PMSF) and homogenized with 10
strokes using a teflon homogenizer. Homogenates were
centrifuged twice at 750 g for 10 min at 4 °C. Supernatants were
then centrifuged at 10,000 x g for 10 minutes at 4 °C, the pellets
resuspended in buffer A and stored at -80 °C. Supernatants of
the previous 10,000 x g spin were then further centrifuged at
100,000 x g for 1 hour at 4 °C. Supernatants from this
centrifugation were also stored at -80 °C for further experiments.
In both mitochondrial and cytosolic fractions, total amounts of
lactate dehydrogenase (cytosolic marker) and glutamate
dehydrogenase (mitochondrial marker) were measured. Protein

concentrations were determined using the method described
by Bradford [21]. Relative specific ativities (RSA) of LDH and
GDH were calculated as specific activities fraction/specific
activities homogenate. RSAGDH in mitochondrial fractions was 2.20
compared to 0.15 in the cytosolic fraction. RSALDH in the
mitochondrial fraction was 0.45 compared to 4.71 in the cytosolic
fraction.

Measurement of  in Isolated Mitochondria
To determine  in isolated mitochondria to assess the

integrity of mitochondrial membrane following exposure to
isotonic and hypertonic buffer conditions, the lipophilic cationic
carbocyanine fluorescence probe JC-1 was used.

To monitor the kinetics of changes in  during
hypertonic stress treated with or without osmolytes,
mitochondria (1 mg/ml) were incubated with JC-1 (5 ug/ml) in
PBS at different time points and fluorescence intensity was
recorded at room temperature using fluorescence microplate
reader (Fluoroskan Ascent FL, Labsystens OY, Helsinki,
Finland). An excitation wavelength of 485 nm was used, and
emission by the dye monomers and aggregates was measured
at 538 nm (green) and 590 nm (orange-red), respectively. A

Fig. 1. Cytochrome c levels in cytosolic and mitochondrial
fractions of medullary interstitial cells (MICs) following
exposure to 600 mosmol/L for 3, 6, 12 and 24 hours. Cytosolic
cytochrome c abundance was markedly increased at 6 and 12
hours. Cytochrome c levels were determined using western
blot; iso=isotonic medium (295 mosol/L), h= hours,
HT=hypertonic culture medium. All values are mean ± SEM of
n=4. *p<0.05 compared to isotonic control at 0 hours.
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ratiometric method was used with this dye (590/538 nm) to
provide a semi-quantitative measurement of . Carbonyl
cyanide 3- chlorophenylhydrazone (CCCP, 50uM), was added
to mitochondrial suspensions as a positive control to verify
the sensitivity of JC-1 to .

Statistics
Results are presented as mean ± S.D. of 4-6 replicates.

Differences were considered statistically significant if p < 0.05,
using analysis of variance and Bonferroni t tests.

Fig. 2. Immunofluorescence labeling (Texas red) of Apoptosis Inducing Factor (AIF) in medullary interstitial cells (MICs) under
isotonic and hypertonic conditions (400 and 600 mosmol/L for 12 hours). Preincubation of MICs with 1 mmol/L betaine followed
by exposure to 600 mosmol/L for 12 hours markedly decreased AIF staining (right lower quadrant). AIF/ -actin ratio was
determined by western blot in MICs exposed to 400 and 600 mosmol/L for 12 and 24 hours respectively. All values are mean ± SEM
of n=4; *p<0.05 compared to isotonic controls.

Fig. 3. A: Medullary interstitial cell (MIC) mitochondria were labeled with TMRM (5 μM, red) and calcein AM (1 μM, green)
under isotonic conditions, followed by exposure to 600 mosmol/L medium tonicity for 6 hours (middle column) and 12 hours (right
column). Hypertonicity induced rapid loss of TMRM and calcein fluorescence over the course of 12 hours (top row, right image).
Preincubation of MICs with 1 mM/L betaine preserved mitochondrial potential as shown by persistent strong TMRM stain over
12 hours. Knock down of Bax (insert) using silencing RNA also increased TMRM staining over 12 hours of hypertonic exposure
(bottom row, right image). TMRM= tetramethylrhodamine methyl ester, iso=isotonic conditions. B: Cytoplasmic Bax levels
increased in MICs that were exposed to 600 mosmol/L for 6 (middle column) and 12 hours (right column). After 12 hours of
hypertonic medium, Bax fluorescence (green, top row, right image) was strongest in mitochondria (co-labeled with MitoTracker,
red, second row from top, right image). To the contrary Bcl-2 fluorescence (green, second row from bottom) was markedly
decreased at 6 and 12 hours of exposure to 600 mosmol/L (middle and right image). Bcl-2 primarily located in mitochondrial
regions of the cytoplasm as shown by the Mitotracker stained organelles (red, bottom row) under isotonic conditions. Exposure
to 600 mosmol/L medium showed persistent mitotracker staining of mitochondria for 6 and 12 hours (bottom row). Images are
representative of four experiments.
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Results

Organic osmolytes prevent cytochrome c and AIF
release to cytoplasm
Release of cytochrome c and Apoptosis inducing

factor (AIF) from the mitochondrial intermembrane space
is an initiating step in the induction of the mitochondrial
proapoptotic pathways [22-24]. To examine the effect of
hypertonic stress on mitochondrial cytochrome c release,
we exposed MICs to 600 mosm/L for 3, 6, 12 and 24
hours followed by measurement of cytochrome c in
mitochondrial and cytoplasmic fractions. Three hours of
exposure to hypertonic medium initiated cytochrome c
release from mitochondria. Cytoplasmic cytochrome c
levels continued to increase over the following 9 hours
and peaked 12 hours after onset of hypertonicity (Fig. 1).
Moreover, MICs exposed to medium tonicity of 400 and
600 mosm/L for 12 and 24 hours showed significant
increases in cytoplasmic AIF levels, both by western blot
and Texas-red immunofluorescence. Preloading of MICs
with 1 mmol/L betaine significantly decreased AIF
concentration in the cytosol (Fig. 2).

Hypertonicity affects the mitochondrial
permeability transition pore
The mitochondrial permeability transition pore (PTP)

is an important regulator of the mitochondrial membrane
potential. The PTP plays an important role in the release
of proapoptotic factors such as cytochrome c and AIF
from the mitochondrial intermembrane space [25]. We
examined the effect of hypertonicity on the PTP and the
mitochondrial membrane potential ( ). Cells were
loaded with the membrane potential-sensitivedye TMRM
and esterified calcein, followed by exposure to hypertonic
medium for 6 and 12 hours. Under isotonic conditions
mitochondria accumulated both TMRM (red
fluorescence) and calcein (green fluorescence, Fig. 3A
first row, left image). Increase in medium tonicity to 600
mosmol/L decreased fluorescence of both dyes (Fig. 3A
first row, middle and right image). Incubating cells with 1
mmol/L betaine at 350 mosmol/L, prior to elevating tonicity
to 600 mosmol/L, preserved mitochondrial TMRM
fluorescence (Fig. 3A, second row, middle and right
image). Bax knock down with Bax siRNA also prevented
hypertonicity-induced dissipation of TMRM fluorescence
(Fig. 3A, last row).

Hypertonicity affects Bcl-2 and Bax levels
We further examined the effect of hypertonicity on

the pro- and anti-apoptotic Bcl-2 family members Bax

Fig. 4. Bcl-2/Bax ratio was determined by western blot in MICs
under isotonic conditions (0 hour) and after exposure to 600
mosmol/L medium tonicity for 6, 12 and 24 hours. Compared to
isotonic controls, the Bcl-2/Bax ratio markedly decreased at 6,
12 and 24 hours following exposure to hypertonic culture
conditions. Preincubation of MICs with 1 mmol/L betaine
markedly inhibited Bax expression at 6, 12 and 24 hours of
hypertonicity and reversed the ratio in favor of Bcl-2. Western
blot is representative of four individual experiments. Values in
graph blot are mean ±SEM of n=4. *p<0.05 compared to identical
time point without betaine treatment.

and Bcl-2. Bax levels significantly increased following
exposure to 600 mosmol/L medium for 6 and 12 hours
(Fig. 3B, first row, middle and right image). Bax was
predominantly located close to the mitochondria, which
could be visualized using red fluorescent Mitotracker dye
(Fig. 3B, second row from top, middle and right image).
Exposure to 600 mosmol/L medium tonicity decreased
mitochondrial BcL-2 levels (Fig. 3B, third row, middle
and right image) which was predominantly localized to
the mirochondria under sotonic conditions (Fig. 3B, bottom
row , left image). As shown by western blot in Fig. 4, the
Bcl-2/Bax ratio decreased in MICs grown at 600 mosmol/
L and was reversed by preloading cells with betaine at
400 mosmol/L, prior to increasing the medium tonicity to
600 mosmo/L.

Hypertonicity affects Mitochondrial Membrane
Permeability
Mitochondrial membrane potential was measured in

isolated mitochondria under isotonic and hypertonic

Hypertonicity-induced Mitochondrial Membrane Permeability Cell Physiol Biochem 2010;25:753-760
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conditions, with and without addition of individual
osmolytes, using the JC-1 fluorescence ratio of red to
green (Fig. 5). Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), a depolarizing agent of the mitochondrium,
induced dissipation of the mitochondrial potential and
lowered the  by 70%. Exposure of isolated
mitochondria to hypertonic buffer (600 mosmol/L) for
60 minutes showed a similar degree of  dissipation.
Addition of betaine, inositol or sorbitol to the

Fig. 6.  Medullary interstitial cells
(MICs) were loaded with TMRM and
exposed to 600 mosmol/L for 12 hours
with or without Cyclosporine A (CsA).
CCCP (50 μM) was used as positive
control to dissipate the mitochondrial
membrane potential both under isotonic
and hypertonic conditions (top and
middle row, middle images). Hypertonic
medium caused significant loss of
membrane potential, which was
prevented by CsA (middle row, left and
right images). Preloading MICs with
organic osmolytes (1 mmol/L medium
concentration), prior to exposure to 600
mosmol/L for 12 hours, preserved
mitochondrial as shown by persistent
TMRM fluorescence.

hypertonic buffer prevented the dissipation of .
To further examine the role of the PTP in

hypertonicity-induced dissipation of the mitochondrial
membrane potential, we exposed medullary interstitial
cells to hypertonic medium with or without CCCP and
Cyclosporine A (CsA), a stabilizer of the PTP. Reduction
in TMRM staining following exposure to both
hypertonicity and CCCP is shown in Fig. 6 (upper and
middle row). CsA prevented the dissipation

Fig. 5. Isolated mitochondria (1mg/ml) from medullary
interstitial cells were suspended in isotonic and hypertonic
(600 mosmol/L) PBS buffer for 30 or 60 minutes and changes in
mitochondrial membrane potential ( ) were measured by the
JC-1 fluorescence ratio of red to green (see methods). CCCP
(50 μM) was used as positive control. The osmolytes betaine,
inositol or sorbitol were added to hypertonic buffer (600 msmol/
L, PBS) at 1 mmol/L. Hypertonicity dissipated  to a similar
degree as CCCP. Addition of betaine, inositol and sorbitol
significantly diminished  dissipation. *p<0.05 compared to
samples at identical time points and 600 mosmol/L medium
tonicity without osmolyte supplementation.

Zhang/Chen/Chen/MoeckelCell Physiol Biochem 2010;25:753-760
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of mitochondrial membrane potential under hypertonic
conditions (Fig. 6, middle row, right image). Organic
osmolytes betaine, inositol and sorbitol prevented
dissipation of mitochondrial potential under hypertonic
culture conditions (Fig 6, bottom row).

Discussion

In a previous study we showed that hypertonic
culture medium induces apoptosis in MICs and
that organic osmolytes prevent this [1]. This study is aimed
at investigating the mechanisms how osmolytes prevent
hypertonicity-induced apoptosis in MICs. We show that
hypertonic culture conditions markedly stimulate
mitochondrial depolarization. Hypertonic medium induces
Bax expression and Bax siRNA under these conditions
prevents dissipation of the mitochondrial potential.
Hypertonic culture conditions further increased
cytochrome c and AIF levels in the cytosol. We report
the novel finding that osmolytes prevent the hypertonicity-
induced depolarization of mitochondria and decrease
the subsequent release of cytochrome c and AIF to
the cytosol. We speculate that this protective effect of
organic osmolytes is mediated by decreasing the
mitochondrial membrane permeability. Possible
mechanisms that could explain how osmolytes
mediate these effects include inhibiting Bax or directly
stabilizing the PTP.

MICs exposed to hypertonic culture medium for
several hours showed dissipation of mitochondrial
potential and subsequent release of proapoptotic factors
cytochrome c and apoptosis inducing factor (AIF).
Previous studies in both isolated mitochondria and intact
cells, using damaging agents other than hypertonic buffer,
have shown that cytochrome c release takes place
following dissipation of mitochondrial potential [25, 26].
Moreover, high NaCl conditions have been shown to
induce cell cycle delay and mitochondrial injury in kidney
cells from the medulla [27, 28]. Our findings in isolated
mitochondria from MICs indicate that hypertonicity
dissipates the mitochondrial potential ( ) and that CsA,
a stabilizer of the permeability transition pore (PTP), and
osmolytes prevent this dissipation. The protective effect
of osmolytes might be exerted in a similar fashion as the
protective effect of CSA, by stabilizing the PTP.
Supporting this conclusion is the observation that trehalose
improves inner mitochondrial membrane integrity and
decreases mitochondrial potential loss secondary to

desiccation [29]. A recent study showed that release of
cytochrome c from mitochondria is dependent upon
electrostatic interactions between cytochrome c and
mitochondrial membranes [30]. Osmolytes might have a
modulating effect on electrostatic association of
cytochrome c to mitochondrial membranes, which might
further play a role in preventing cytochrome c release to
the cytosol.

Another possible mechanism how osmolytes might
prevent apoptosis is by inhibiting the action of Bax.
Hypertonicity-induced stimulation of Bax might be an
important step that induces leakage of cytochrome c and
AIF to the cytosol. Activated Bax, which has intrinsic
pore-forming activity, may permeabilize the mitochondrial
outer membrane and induce leakage of proapoptotic
factors to the cytosol [31]. Translocation of Bax from
the cytoplasm to the mitochondrial outer membrane is a
regulatory step prior to cytochrome c release in other
cell models of apoptosis [32]. Bax forms selective
channels for cytochrome c and AIF release from the
intermembrane space [33, 34]. Our study shows that Bax
might play a role in hypertonicity-induced dissipation of
mitochondrial potential. This could be mediated through
Bax-dependent pore formation or Bax-induced
destabilization of the PTP. Preloading cells with betaine
prior to hypertonic stress markedly reduced Bax
expression and subsequent AIF release. Organic
osmolytes might have a negative effect on Bax-mediated
pore formation or might prevent the destabilizing effect
of Bax on the PTP. Further studies are needed to examine
these possibilities.

In summary we report an important novel observation
that organic osmolytes prevent mitochondrial
depolarization and the efflux of the mitochondrial
proapoptotic factors cytochrome c and AIF in
hyperosmotically stressed medullary interstitial cells.
Osmolytes decrease mitochondrial membrane
permeability through yet unknown action on the
mitochondrial PTP or by reducing Bax-mediated pore
formation. Our study indicates that organic osmolytes are
important for the prevention of apoptosis in medullary
interstitial kidney cells.
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