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Inflammatory bowel disease of the colon is associated
with a high osmolarity of colonic contents. We hy-
pothesized that this hyperosmolarity may contribute
to colonic inflammation by stimulating the proin-
flammatory activity of intestinal epithelial cells
(IECs). The human IEC lines HT-29 and Caco-2 were
used to study the effect of hyperosmolarity on the IEC
inflammatory response. Exposure of IECs to hyperos-
molarity triggered expression of the proinflamma-
tory chemokine interleukin (IL)-8 both at the secreted
protein and mRNA levels. In addition, hyperosmotic
stimulation induced the release of another chemo-
kine, GRO-�. These effects were because of activation
of the transcription factor, nuclear factor (NF)-�B,
because hyperosmolarity stimulated both NF-�B DNA
binding and NF-�B-dependent transcriptional activ-
ity. Hyperosmolarity activated both p38 and p42/44
mitogen-activated protein kinases, which effect con-
tributed to hyperosmolarity-stimulated IL-8 produc-
tion, because p38 and p42/44 inhibition prevented
the hyperosmolarity-induced increase in IL-8 produc-
tion. In addition, the proinflammatory effects of hy-
perosmolarity were, in a large part, mediated by ac-
tivation of Na�/H� exchangers, because selective
blockade of Na�/H� exchangers prevented the hyper-
osmolarity-induced IEC inflammatory response. In
summary, hyperosmolarity stimulates IEC IL-8 pro-
duction, which effect may contribute to the main-
tenance of inflammation in inflammatory bowel
disease. (Am J Pathol 2002, 161:987–996)

Recent evidence indicates that in addition to its important
role in the digestion and absorption of nutrients, the in-
testinal mucosa functions as an immunologically vital
organ. In recent years, a large body of evidence has
accumulated documenting that intestinal epithelial cells
(IECs) play a central role in orchestrating gut immune
responses to both exogenous and endogenous anti-
gens.1–6 An important feature of IEC immune processes
is that in response to an antigenic challenge or signals

received from neighboring immune cells, IECs produce a
wide range of inflammatory cytokines.7–12 In addition to
the classical inflammatory signals represented by bacte-
ria, bacterial products, or immune cell-derived cytokines,
nonimmune factors have also been shown to elicit up-
regulation of the IEC cytokine response. For example,
there is now good evidence showing that hypoxia, hy-
poxia/reoxygenation, and acidosis can induce the forma-
tion of cytokines by IECs,13–15 the process of which may
have a pathophysiological role in inflammatory bowel
disease or multiple organ failure.9,16,17 In addition, medi-
ators of the nervous system, such as acetylcholine18 and
neurotensin19 as well as adenosine20 have been reported
to activate inflammatory pathways in IECs. On the other
hand, relatively less attention has been focused on the
role of another nonimmune stressful factor, hyperosmo-
larity. The idea that hyperosmolarity may regulate IEC
production of inflammatory cytokines is based on evi-
dence that hyperosmolarity has been shown to be asso-
ciated with a variety of intestinal inflammatory conditions
that are characterized by overproduction of cytokines of
epithelial origin. These include Crohn’s disease and ul-
cerative colitis,21,22 as well as the inflammatory bowel
disease of the newborn, neonatal necrotizing enterocoli-
tis.23 Considering that in addition to renal epithelial
cells,24 IECs are exposed to the most extreme osmolar
environments, it can be hypothesized that episodes of
extreme hyperosmolarity may contribute to the exacerba-
tion of intestinal inflammatory disease via up-regulation of
the epithelial cytokine response.

In the present study, we examined the effect of hyper-
osmolarity on the intestinal epithelial inflammatory cyto-
kine response. Because the chemokine interleukin (IL)-8
is one of the best investigated inflammatory cytokines
released by IECs, we studied whether hyperosmolarity
induced the expression of IL-8 by the human IEC lines
HT-29 and Caco-2. Our results demonstrate that hyper-
osmotic stress activates the epithelial cell inflammatory
cascade resulting in the production of IL-8. In addition,
we provide evidence that the IL-8 response to hyperos-
motic stress is mediated by activation of the transcription
factor nuclear factor (NF)-�B as well as p38 and p42/44
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MAP kinases. Finally, we show that an important proximal
intracellular mediator of the IEC inflammatory response to
hyperosmolarity is the Na�/H� exchanger (NHE).

Materials and Methods

Cell Lines

The human colon cancer cell lines HT-29 and Caco-2
were obtained from American Type Culture Collection
(Manassas, VA). HT-29 cells were grown in modified
McCoy’s 5A Medium supplemented with 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA). Caco-2 cells were
grown in Dulbecco’s modified Eagle’s medium with high
glucose containing 10% fetal bovine serum as well as 0.1
mmol/L of nonessential amino acids and 1 mmol/L of
sodium pyruvate.

Drugs and Reagents

Amiloride HCl, 5-(N-ethyl-N-isopropyl)-amiloride (EIPA),
5-(N-methyl-N-isobutyl)amiloride (MIA), urea, mannitol,
sucrose, and MTT, as well as the nonselective NHE in-
hibitors cimetidine, harmaline, and clonidine were pur-
chased from Sigma (St. Louis, MO). Human IL-1� was
obtained from R&D Systems (Minneapolis, MN). The p38
inhibitor SB203580 and p42/44 inhibitor PD98059 were pur-
chased from Calbiochem (San Diego, CA). Stock solutions
of SB203580, PD98059, amiloride, EIPA, MIA, cimetidine,
harmaline, and clonidine were prepared using dimethyl
sulfoxide (DMSO, Sigma). The final DMSO concentration
in the medium for all concentrations of all agents was
0.5%. Vehicle controls also contained 0.5% DMSO.

IL-8 and GRO-� Measurement

To study the effect of hyperosmolarity on IL-8 and GRO-�
production by IECs, HT-29 or Caco-2 cells in 96-well
plates were treated with isosmolar medium or varying
hyperosmolar medium prepared by dissolving increasing
amounts of mannitol, NaCl, or sucrose in isosmolar
growth medium described above (McCoy’s for HT-29
and Dulbecco’s modified Eagle’s medium for Caco cells).
The cells were incubated with hyperosmolar or isosmolar
medium for 18 hours. To test the effect of NHE or MAP
kinase inhibitors, these inhibitors or their vehicle (0.5%
DMSO in medium) were added to the cells immediately
after treatment with hyperosmolar medium, followed by
an incubation period of 18 hours. However, because
harmaline was toxic to the cells when the incubation
lasted for 18 hours, the effect of this agent on hyperos-
molarity-induced IL-8 production was tested 4 hours after
stimulation. In experiments investigating the effect of pH
changes on IL-8 production, 25 mmol/L of HEPES was
added to normal McCoy’s medium to increase the buff-
ering capacity of the medium. pH was then adjusted
using NaOH. Human IL-8 and GRO-� levels were deter-
mined from the cell supernatants using commercially
available enzyme-linked immunosorbent assay kits (BD
Pharmingen, San Diego, CA, and R&D Systems, Minne-

apolis, MN, respectively) and according to the manufac-
turers’ instructions.

RNA Isolation and Reverse Transcriptase-
Polymerase Chain Reaction (PCR)

Total RNA was isolated from HT-29 cells using TRIzol
reagent (Invitrogen). Reverse transcription of the RNA
was performed using MuLV reverse transcriptase from
Perkin Elmer (Foster City, CA). Five �g of RNA was tran-
scribed in a 20-�l reaction containing 2 �l of 10� PCR
buffer, 2 �l of 10 mmol/L dNTP mix, 2 �l of 25 mmol/L
MgCl2, 2 �l of 100 mmol/L dithiothreitol, 1 �l of 50 �mol/L
oligo d(T)16, and 0.3 �l of MuLV reverse transcriptase (50
U/�l). The reaction mix was incubated at 42°C for 15
minutes for reverse transcription. Thereafter, the re-
verse transcriptase was inactivated at 99°C for 5 min-
utes. Reverse transcriptase-generated DNA was am-
plified using the Expand High Fidelity PCR System
(Boehringer Mannheim, Indianapolis, IN). The PCR re-
action mix (25 �l) contained 2 �l of cDNA, water, 2.5 �l
of 10� PCR buffer, 1.5 �l of 25 mmol/L MgCl2, 1 �l of 10
mmol/L dNTP mix, 0.5 �l of 10 �mol/L oligonucleotide
primer (each), and 0.2 �l of DNA polymerase. cDNA was
amplified using the following primers and conditions: IL-825

5�-ATGACTTCCAAGCTGGCCGTGGCT-3� (sense) and 5�-
TCTCAGCCCTCTTCAAAAACTTCTC-3� (antisense) and
GAPDH-5�-CGGAGTCAACGGATTTGGTCGTAT-3� (sense)
and 5�-AGCCTTCTCCATGGTGGTGAAGAC-3� (anti-
sense), an initial denaturation at 94°C � 5 minutes, 27 and
23 cycles of 94°C � 30 seconds for IL-8 and GAPDH,
respectively, 58°C � 45 seconds, 72°C � 45 seconds; a
final dwell at 72°C � 7 minutes. The expected PCR prod-
ucts were IL-8 at 289 bp and GAPDH at 306 bp. PCR
products were resolved on a 1.5% agarose gel and stained
with ethidium bromide.

NF-�B EMSA and Supershift Assay

HT-29 cells were stimulated with mannitol added to isos-
motic medium or isosmotic medium for varying lengths of
time and nuclear protein extracts were prepared as de-
scribed previously.26 To determine the effect of NHE
blockade, cells were treated with amiloride (300 �mol/L,
Sigma) or its vehicle (0.5% DMSO) concomitantly with
mannitol. All nuclear extraction procedures were per-
formed on ice with ice-cold reagents. Cells were washed
twice with phosphate-buffered saline (PBS) and har-
vested by scraping into 1.5 ml of PBS and pelleted at
1500 � g for 10 minutes. The pellet was resuspended in
three-packed cell volume of cytosolic lysis buffer [20%
v/v glycerol, 10 mmol/L HEPES, pH 8.0, 10 mmol/L KCl,
0.5 mmol/L ethylenediaminetetraacetic acid (EDTA), pH
8.0, 1.5 mmol/L MgCl2, 0.6% v/v Nonidet P-40, 0.5
mmol/L dithiothreitol, and 0.2 mmol/L phenylmethyl sul-
fonyl fluoride, 1 �g/ml aprotinin, 1 �g/ml leupeptin, and 1
�g/ml pepstatin A] and incubated for 15 minutes on ice
with occasional vortexing. After centrifugation at 4500 �
g for 10 minutes, supernatants (cytosolic extracts) were
saved for Western blotting studies, while the pellet was
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further processed to obtain nuclear extracts. Two cell
pellet volume of nuclear extraction buffer (20% v/v glyc-
erol, 20 mmol/L HEPES, pH 8.0, 420 mmol/L NaCl, 0.5
mmol/L EDTA, pH 8.0, 1.5 mmol/L MgCl2, 50 mmol/L
glycerol-phosphate, 0.5 mmol/L dithiothreitol, 0.2 mmol/L
phenylmethyl sulfonyl fluoride, 1 �g/ml aprotinin, 1 �g/ml
leupeptin, and 1 �g/ml pepstatin A) was added to the
nuclear pellet and incubated on ice for 30 minutes with
occasional vortexing. Nuclear proteins were isolated by
centrifugation at 14,000 � g for 15 minutes. Protein con-
centrations were determined using the Bio-Rad Protein
Assay (Bio-Rad, Hercules, CA). Nuclear extracts were
aliquoted and stored at �80°C until used for EMSA. The
NF-�B consensus oligonucleotide probe used for the
EMSA was purchased from Promega (Madison, WI). Oli-
gonucleotide probes were labeled with [�-32P]-ATP using
T4 polynucleotide kinase (Invitrogen) and purified in Mi-
croSpin G-50 columns (Amersham Pharmacia, Piscat-
away, NJ). For the EMSA analysis, 12 �g of nuclear
proteins were preincubated with EMSA-binding buffer
(8% glycerol v/v, 10 mmol/L Tris-HCl, pH 8.0, 1 mmol/L
MgCl2, 0.5 mmol/L EDTA, pH 8.0, and 0.5 mmol/L dithio-
threitol) as well as 15 ng/�l poly(dI)-poly(dC), 0.4 ng/�l of
single-strand DNA, and 0.2 mg/ml bovine serum albumin
at room temperature for 10 minutes before addition of the
radiolabeled oligonucleotide for an additional 25 minutes.
The specificities of the binding reactions were tested by
incubating samples with a 50-fold molar excess of the
unlabeled oligonucleotide probe. Protein-nucleic acid
complexes were resolved using a nondenaturing poly-
acrylamide gel consisting of 4% acrylamide (29:1 ratio of
acrylamide:bisacrylamide) and run in 0.5� TBE buffer
(45 mmol/L Tris-base, 45 mmol/L boric acid, 1 mmol/L
EDTA) for �2.5 hours at constant current (25 mA). Gels
were transferred to Whatman 3M paper, dried under
vacuum at 80°C for 40 minutes, and exposed to photo-
graphic film at �80°C with an intensifying screen. For
supershift studies, before addition of the radiolabeled
probe, samples were incubated for 30 minutes with 2 �g
of isotype control (rabbit polyclonal IgG Mad 1 antibody,
sc-222X), p65 (sc-109X), or p50 (sc-114X) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA).

Western Blot Analysis

HT-29 cells in six-well plates were treated with mannitol
(100 mmol/L) containing medium for varying lengths of
time. Ten �g of cytosolic protein extracts were separated
on 8 to 16% Tris-glycine gel (Invitrogen) and transferred
to a nitrocellulose membrane. The membrane was
probed with anti-phospho-p38 or anti-phospho-p42/44
MAP kinase antibody (Promega) and subsequently in-
cubated with a secondary horseradish peroxidase-
conjugated donkey anti-rabbit antibody (Boehringer).
Bands were detected using the ECL Western Blotting
Detection Reagent (Amersham Life Science, Arlington
Heights, IL).

Transient Transfection and Luciferase Activity

For transient transfections, 2 to 4 � 105 HT-29 cells were
seeded per well of a 24-well tissue culture dish 1 day
before transient transfection. Cells were transfected with
serum-free RPMI 1640 medium containing 25 �l/ml of
Lipofectamine 2000 reagent (Invitrogen) and 10 �g/ml of
plasmid DNA including a NF-�B luciferase promoter con-
struct or the empty vector (Clontech, San Diego, CA)
according to the manufacturer’s instructions. This NF-�B
luciferase vector contains four tandem copies of the
NF-�B consensus sequence fused to a TATA-like pro-
moter region from the Herpes simplex virus thymidine
kinase promoter. After 5 hours of incubation, medium was
replaced with McCoy’s 5A medium containing 10% fetal
bovine serum. Cells were allowed to recover at 37°C for
20 hours, and subsequently were stimulated with manni-
tol (100 mmol/L) containing medium or isosmotic medium
for 16 hours. Luciferase activity was measured by the
Luciferase Reporter Assay System (Promega) and nor-
malized relative to �g of protein.

Measurement of Mitochondrial Respiration

Mitochondrial respiration, an indicator of cell viability,
was assessed by the mitochondria-dependent reduction
of MTT to formazan. Cells in 96-well plates were incu-
bated with MTT (0.5 mg/ml) for 60 minutes at 37°C.
Culture medium was removed by aspiration, and the cells
were solubilized in DMSO (100 �l). The extent of reduc-
tion of MTT to formazan within cells was quantitated by
measurement of optical density at 550 nm using a
Spectramax 250 microplate reader (Molecular De-
vices, Sunnyvale, CA).27,28

Statistical Evaluation

Values in the figures and in the text are expressed as
mean � SEM of n observations. Statistical analysis of the
data was performed by one-way analysis of variance
followed by Dunnett’s test, as appropriate.

Results

Hyperosmolarity Induces IL-8 Protein Secretion
by HT-29 and Caco-2 Cells

Exposure of HT-29 cells to hyperosmotic medium con-
taining mannitol stimulated IL-8 production when com-
pared to isosmolar medium (Figure 1A). Mannitol stimu-
lated IL-8 production in a concentration-dependent
manner. Increasing medium osmolarity with NaCl (Figure
1B) or sucrose (data not shown) reproduced the stimu-
latory effect of mannitol on IL-8 production, also in a
concentration-dependent manner. Mannitol was also
tested in Caco-2 cells, where similar to results in HT-29
cells, it increased the release of IL-8 (Figure 1C).

In contrast to the membrane impermeable agents
mannitol, sucrose, and NaCl, the membrane permeable
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agent urea (100 mmol/L) failed to augment the produc-
tion of IL-8 (5.17 � 0.39 ng/ml in control HT-29 cells
versus 4.11 ng/ml � 0.31 ng/ml in 100 mmol/L urea-
treated HT-29 cells, n � 6, P � 0.05).

To determine, whether the hyperosmotic inflammatory
response of IECs resulted in the production of other
inflammatory mediators, we next tested the effect of os-
molytes on the production of another chemokine, GRO-�.
Similar to results with IL-8, hyperosmotic medium con-
taining either mannitol or NaCl induced the release of
GRO-� into the medium from HT-29 cells (Figure 1D).
These results support the idea that hyperosmolarity stim-
ulates a full-blown inflammatory response in IECs.

Hyperosmolarity-Induced IL-8 Production by
HT-29 Cells Is Dependent on NHE Activation
and Is Not Mediated by an Increase in pH

Because NHEs are important membrane proteins that are
involved in mediating the intracellular effects of hyperos-
molarity,29–31 we tested the possibility that hyperosmo-
larity increased IL-8 production via an NHE-dependent
mechanism. Inhibition of NHE activation with amiloride,
MIA, or EIPA almost completely abrogated the stimula-
tory effect of mannitol on IL-8 production (Figure 2; A, B,
and C). Furthermore, the nonselective NHE inhibitors ci-

metidine, clonidine, or harmaline all blunted the IL-8 re-
sponse to mannitol (Figure 2; D, E, and F). Interestingly,
in these studies using NHE inhibitors, IL-8 production
was lower than in the studies depicted in Figure 1, which
was because of the presence of DMSO. That is, because
in independent experiments, we found that 0.5% DMSO
that was used to dilute the NHE inhibitors caused a
substantial decrease in both baseline and hyperosmolar-
ity-stimulated IL-8 levels (Figure 3A). DMSO was not toxic
to the cells, as determined with the MTT assay. Finally,
NHE inhibition also decreased IL-8 production, when it
was induced using hyperosmolar NaCl or sucrose (data
not shown). The effects of NHE inhibitors were specific,
because none of the NHE inhibitors had any effect on cell
viability (data not shown).

In an attempt to identify mechanisms contributing to
the NHE-mediated inflammatory response caused by hy-
perosmolarity, we tested the possibility that an increase
in intracellular pH32 underlies the enhancing effect of
hyperosmolarity-induced NHE activation on IL-8 produc-
tion. To this end, we exposed HT-29 cells to medium with
increasing pH (7.3 to 7.8) for 18 hours. The pH value of
7.3 was the starting point because we found that Mc-
Coy’s 5A medium with 10% fetal bovine serum had a pH
of 7.3 (data not shown). Because hyperosmolarity has
been documented to increase intracellular pH by up to

Figure 1. Hyperosmolarity stimulates IL-8 production by both HT-29 (A and B) and Caco-2 (C) cells. Cells were incubated with hyperosmotic medium prepared
by the addition of mannitol (A and C) or NaCl (B) to isosmolar growth medium. NaCl concentrations depicted on the x axis represent NaCl amounts added to
isosmolar growth medium that already contains �140 mmol/L of NaCl (B). In control wells, cells were incubated with isosmolar growth medium. D: Hyperosmotic
medium containing either mannitol or NaCl also stimulates GRO-� production by HT-29 cells. Supernatants for IL-8 and GRO-� measurement were taken 18 hours
after the hyperosmolar challenge. Data are mean � SEM of n � 6 to 12 wells from two different experiments. *, P 	 0.05; **, P 	 0.01.
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0.5 U,32 the highest pH studied was 7.8. As shown in
Figure 3B, increasing medium pH failed to enhance IL-8
production, indicating that a change in intracellular pH is
unlikely to mediate the augmenting effect of hyperosmo-
larity-induced NHE activation on IL-8 production.

p38 and p42/44 Activation Contributes to
Hyperosmolarity-Induced IL-8 Production in
HT-29 Cells

Downstream from NHEs, activation of p38 and p42/44
MAP kinases are well-characterized signaling path-
ways, whereby extracellular hyperosmolarity exerts it
cellular effects.33 Therefore, we examined whether hy-
perosmolarity enhanced IL-8 production by a mecha-
nism involving p38 and p42/44. Using Western blotting
with antibodies against the active, double-phosphory-
lated form of p38 and p42/44, we found that hyperos-
motic medium containing 100 mmol/L mannitol in-
duced both p38 and p42/44 activation in HT-29 cells
(Figure 4A). Mannitol induced p38 activation as early
as 15 minutes after stimulation, which remained in-
creased during the 90-minute observation period. The
mannitol-induced activation of p42/44 was delayed as
compared to p38, reaching its maximum 60 minutes
after mannitol administration.

To examine, whether this activation of p38 and p42/44
caused by mannitol contributed to the stimulatory effect
of mannitol on IL-8 production, we next investigated

whether MAP kinase inhibition decreased mannitol-in-
duced IL-8 production. Treatment of the cells with either
the selective p38 inhibitor SB203580 (Figure 4B) or the
selective p42/44 inhibitor PD98059 (Figure 4B) produced
a concentration-dependent blunting of the IL-8 response
to mannitol. Furthermore, neither of these inhibitors
caused any toxicity, as determined using the MTT assay
(data not shown). These data indicate that both p38 and
p42/44 activation contributes to the stimulatory effect of
mannitol on IL-8 production by IECs.

Hyperosmolarity Stimulates IL-8 mRNA
Accumulation in HT-29 Cells

We next examined whether the effect of hyperosmolarity
on IL-8 protein synthesis was associated with increased
accumulation of IL-8 mRNA. Treatment of HT-29 cells
with hyperosmotic medium containing 100 mmol/L of
mannitol for 4 hours stimulated the accumulation of IL-8
mRNA as measured by reverse transcriptase-PCR (Fig-
ure 5). Furthermore, similar to its effect on IL-8 produc-
tion, amiloride abolished the mannitol-induced increase
in IL-8 mRNA levels, confirming that NHEs play a central
role in the hyperosmolarity-induced IL-8 response in
HT-29 cells (Figure 5). The effect of both mannitol and
amiloride was selective because none of these agents
affected mRNA levels of the housekeeping gene GAPDH.

Figure 2. Treatment of HT-29 cells with the selective NHE inhibitors amiloride (A), MIA (B), or EIPA (C) suppresses mannitol-induced IL-8 production. Treatment
of HT-29 cells with the nonamiloride NHE inhibitors cimetidine (D), clonidine (E), or harmaline (F), reproduces the suppressive effect of selective NHE inhibitors
on the production of IL-8 by mannitol-induced HT-29 cells. When harmaline was used, supernatants for IL-8 measurement were taken 4 hours after the
hyperosmotic challenge. In the case of amiloride, MIA, EIPA, cimetidine, and clonidine, IL-8 levels were measured from supernatants obtained 18 hours after the
hyperosmotic challenge. Hyperosmotic medium prepared by the addition of 100 mmol/L of mannitol to isosmolar growth medium was used for hyperosmotic
stimulation. Data are mean � SEM of n � 6 to 12 wells from two different experiments. *, P 	 0.05; **, P 	 0.01. Dotted bar, no mannitol; cross-hatched bars,
mannitol.
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Hyperosmolarity Induces Activation of NF-�B in
HT-29 Cells

Because NF-�B is the central regulator of IL-8 gene ex-
pression in IECs,4 we examined the effect of hyperosmo-
larity on NF-�B activation both by measuring NF-�B DNA
binding and NF-�B-dependent transcriptional activity.
Exposure of HT-29 cells to hyperosmotic medium con-
taining 100 mmol/L of mannitol induced a NF-�B DNA-
binding complex that was not seen in unstimulated cells
(Figure 6). This complex could be detected as early as 15
minutes after hyperosmotic stimulation, became maximal
45 minutes after the stimulus, and had almost completely
disappeared 90 minutes after stimulation (Figure 6). Su-
pershift studies established that the complex induced by
mannitol contained both p65 and p50. That is because
both the p65 and p50 antibodies inhibited the formation
of this complex (Figure 7). Stimulation of the cells with
IL-1� induced a complex that was identical in its position
to the one induced by mannitol and also contained both
p50 and p65 (data not shown). Finally, similar to its action
on IL-8 protein synthesis and mRNA expression, NHE
inhibition by amiloride caused a near complete disap-
pearance of the mannitol-induced NF-�B DNA-binding
complex (Figure 7).

We next investigated whether the mannitol-elicited in-
crease in NF-�B DNA binding corresponded with an
increase in NF-�B-dependent gene transcription. To this
end, HT-29 cells were transiently transfected with a NF-
�B-luciferase reporter construct or the empty vector. Ex-
posure of HT-29 cells to hyperosmotic medium contain-
ing 100 mmol/L of mannitol for 16 hours induced a
substantial increase in luciferase activity in cells trans-
fected with the NF-�B-luciferase reporter construct but
not the empty vector (Figure 8). Therefore, we can con-
clude that hyperosmolarity activates NF-�B-dependent
transcriptional activity in HT-29 cells.

Figure 3. A: DMSO (0.5%) inhibits both basal and mannitol (100 mmol/L)-
stimulated IL-8 production by HT-29 cells. Growth medium on cells was
switched with fresh growth medium with or without mannitol, both in the
presence or absence of 0.5% DMSO. IL-8 production was measured from
supernatants taken 18 hours after the addition of fresh medium. B: Increasing
medium pH fails to augment the production of IL-8 by HT-29 cells. Growth
medium on cells was switched with fresh growth medium with pH values
ranging from 7.3 to 7.8. IL-8 production was measured from supernatants
taken 18 hours after the addition of fresh medium. Data are mean � SEM of
n � 6 to 12 wells from two different experiments. **, P 	 0.01.

Figure 4. Hyperosmolarity induces p38 and p42/44 activation in HT-29 cells
(A). Cells were incubated with hyperosmotic medium prepared by the
addition of mannitol (for a final concentration of 100 mmol/L) to isosmolar
medium for the indicated time periods. p38 and p42/44 activation was
determined using Western blotting using antibodies raised against the active,
double-phosphorylated form of p38 and p42/44. This figure is representative
of two separate experiments. Treatment of HT-29 cells with the selective p38
inhibitor SB203580 or selective p42/44 inhibitor PD98059 suppresses the
hyperosmolarity-induced IL-8 response (B). Hyperosmolarity was achieved
by the addition of mannitol (for a final concentration of 100 mmol/L) to
isosmolar medium. In control wells, cells were incubated with isosmolar
medium. Data are mean � SEM of n � 12 wells from two separate experi-
ments. *, P 	 0.05; **, P 	 0.01. Dotted bar, no mannitol; cross-hatched
bars, mannitol.

Figure 5. Hyperosmolarity induces up-regulation of IL-8 mRNA levels in
HT-29 cells. Amiloride pretreatment (300 �mol/L) inhibits hyperosmolarity-
induced IL-8 mRNA accumulation. Lanes 1 and 2: Control (isosmolar medi-
um); lanes 3 and 4: hyperosmolarity (100 mmol/L of mannitol); lanes 5 and
6: amiloride and hyperosmolarity. GAPDH levels were not affected by both
hyperosmolar and amiloride treatment. IL-8 and GAPDH mRNA levels were
quantitated using reverse transcriptase-PCR. This figure is representative of
three separate experiments.
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Discussion

In this study, we show that osmotic stress increases IL-8
gene expression and protein secretion in the human in-
testinal epithelial cell lines HT-29 and Caco-2. The regu-
lation of cell function by osmotic stress requires osmo-
sensing structures, which can sense these volume
changes, and osmosignaling pathways that can transmit
the signal toward the effector sites of regulation.

NHEs are well-described osmosensing structures that
could contribute to the hyperosmolarity-induced en-
hancement of IL-8 production in IECs.29–31,34 Recent
studies have documented that NHEs are a gene family
from which seven mammalian isoforms (NHE1, NHE2,
NHE3, NHE4, NHE5, NHE6, and NHE7) have been
cloned and sequenced.35–38 IECs are unique in that in

contrast to most other cell types that express only one
NHE isoform. IECs have been found to express NHE1 to
NHE4, although the expression of these isotypes varies
even between different cell clones.39–44 NHEs are re-
versibly inhibited by amiloride, MIA, and EIPA, as well as
by a variety of nonrelated drugs, including cimetidine,
clonidine, and harmaline.37,38 Because NHE inhibition
with these agents produced a near complete prevention
of the hyperosmolarity-induced enhancement of IL-8 pro-
duction, it can be suggested that NHEs play a central role
in the hyperosmolarity-induced signal cascade of IECs
resulting in IL-8 production. Although a role for NHEs in
the regulation of inflammatory cytokine production has
been reported previously,45–47 our study is the first one to
demonstrate that NHEs regulates a hyperosmolarity-in-
duced inflammatory response. In this respect, it is also
important to mention that we recently found that lithium,
an agent known to stimulate NHEs, induced the intestinal
epithelial inflammatory response.48 This lithium-induced
IEC inflammatory response was suppressed by NHE in-
hibitors in the same way as the response triggered by
hyperosmolarity.48 Thus, these data with lithium further
highlight the importance of NHEs in the regulation of the
IEC inflammatory response. At this point, it would be
difficult to speculate which NHE isoform(s) participate in
the regulation of IL-8 production and other inflammatory
processes. Because NHE inhibition yielded a similar sup-
pression of cytokine production in macrophages45 and
human umbilical vein endothelial cells,49 both of which
express only NHE1,50,51 it is possible that NHE1 is the
most important isoform regulating cellular inflammatory
events.

Recent evidence suggests that NHEs and the intestinal
epithelial inflammatory response are interconnected on
yet another level. That is, an interesting study by the
group of Rocha and colleagues52 showed that chronic
treatment with the inflammatory cytokine interferon-�
down-regulated the expression of NHEs in IECs. Taken

Figure 6. Hyperosmolarity induces NF-�B DNA binding in HT-29 cells. Cells
were incubated with hyperosmotic medium prepared by the addition of
mannitol (for a final concentration of 100 mmol/L) to isosmolar medium for
the indicated time periods. NF-�B DNA binding was assessed using EMSA.
The figure is representative of two separate experiments.

Figure 7. Amiloride pretreatment (300 �mol/L) inhibits hyperosmolarity-
induced NF-�B DNA binding in HT-29 cells. NF-�B-specific complexes are
indicated by arrows as determined by antibody supershifting. Hyperosmo-
larity was produced by the addition of mannitol (for a final concentration of
100 mmol/L) to isosmolar medium for 45 minutes. Control cells were treated
with isosmolar medium. This figure is representative of three separate ex-
periments.

Figure 8. Hyperosmolar stimulation increases NF-�B-dependent transcrip-
tional activity as compared to isosmolar stimulation. HT-29 cells were tran-
siently transfected with a NF-�B-luciferase promoter construct, after which
the cells were incubated for 16 hours with either hyperosmolar (100 mmol/L
of mannitol) or isosmolar (control) medium. NF-�B-dependent transcrip-
tional activity was determined using the luciferase assay (pNF-�B-Luc). This
figure also shows that hyperosmolarity does not influence luciferase activity
in cells transfected with an enhancerless construct (pTAL-Luc). Data are mean �
SEM of n � 14 to 16 wells from two separate experiments. **, P 	 0.01.
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together, based on the above evidence, we speculate
that the mechanism of NHE promotion of inflammatory
processes may have evolved as a positive feedback
signal during IEC activation. On the other hand, the
down-regulation of NHEs by inflammatory signals may
serve as a protective mechanism against the NHE-ampli-
fied inflammatory response during chronic inflammatory
states.

Two of the best-characterized osmosignaling struc-
tures in mammalian cells are p38 and p42/44 MAP ki-
nases.32,33 We found that activation of both the p38 and
p42/44 MAP kinases is involved in the IL-8 response of
IECs to hyperosmolarity. Evidence supporting the notion
that both the p38 and p42/44 MAP kinases mediate the
effect of hyperosmolarity on IEC IL-8 production is two-
fold. First, hyperosmolarity stimulated the activation of
both p38 and p42/44. Second, selective pharmacological
inhibition of both p38 and p42/44 activation decreased
the hyperosmolarity-induced production of IL-8.

NF-�B is a key determinant of the intestinal epithelial
inflammatory cascade and occupies a central role in the
transcriptional activation of the IL-8 gene in IECs.4,53–59

Recent evidence has implicated NF-�B as an important
osmosignaling molecule that is activated in response to
hyperosmolarity in both renal medullary interstitial and
endothelial cells.24,60 Furthermore, it was recently shown
that the hyperosmolarity-induced activation of NF-�B is
crucial in the initiation of cyclooxygenase-2 gene expres-
sion in renal epithelial cells.24 Interestingly, a very high
concentration of mannitol (300 mmol/L) has recently been
reported to increase intracellular IL-18 by �20% in
Caco-2 cells,61 however, the role of NF-�B in this re-
sponse has not been investigated. Similarly, although
hyperosmolarity has been documented to produce an
inflammatory response in other, nonintestinal cell types,
the role of NF-�B in those processes has not been char-
acterized.62–66 Our results demonstrating that hyperos-
molarity induces both NF-�B DNA binding and NF-�B-
dependent transcriptional activity in IECs, provide
evidence that NF-�B is one of the central osmosignaling
factors that mediate the production of IL-8 by gut epithe-
lial cells in response to hyperosmolarity. In addition to
NF-�B, a variety of transcription factors has been shown
to convey the effects of extracellular hyperosmolarity on
gene expression. These include AP-1,67 NF-AT,68

CREB,69 and tonicity-responsive enhancer-binding pro-
tein.70 It will require further study to characterize, which of
these or other transcription factors may also contribute to
the enhanced inflammatory response of IECs caused by
hyperosmotic stress.

It is important to mention that IL-8 production was
induced when osmotically active agents that are limited
in their ability to cross the plasma membrane were used.
However, when hyperosmolar solutions of urea, an agent
that readily crosses the plasma membrane were used, no
enhancement in IL-8 production was seen. Because os-
motic agents that are membrane impermeable cause cell
shrinkage but urea does not, it can be speculated that
hyperosmolarity stimulates IL-8 production in IECs by a
mechanism involving cell shrinkage.

The intestinal mucosa is a semipermeable membrane
across which osmotic equilibration occurs. This is most
evident in the very proximal small bowel, wherein both
hyper- and hypotonic meals are rendered isosmotic.
Subsequently, isotonicity is maintained during distal pro-
gression of a meal until it reaches the distal bowel. Al-
though fasting colonic contents are isotonic,71 because
bacterial metabolism of carbohydrates generates poorly
absorbed solutes, the osmolarity of intraluminal contents
after meal intake is increased in the colon.72 There are
several implications arising from our results. We specu-
late that the inflammatory response to hyperosmolarity in
the gut may have developed as a protective mechanism
against pathogens ingested with food. Furthermore, we
hypothesize that although a limited inflammatory process
caused by a transient increase in osmolarity may be
beneficial, long-lasting substantial hyperosmolarity may
have deleterious effects. For example, because patients
with Crohn’s disease have dramatically higher colonic
osmolarity than healthy patients,21,22 it is possible that
this high colonic osmolarity may contribute to the chronic
inflammatory activity of the colonic mucosa in Crohn’s
colitis. In fact, the degree of hyperosmolarity observed in
Crohn’s colitis (�100 to 110 mosmol/L21,22) is similar to
the extent of hyperosmolarity caused by 100 mmol/L of
mannitol or 50 mmol/L of NaCl, which induced a substan-
tial inflammatory response in the HT-29 or Caco-2 cells in
our study. Similar mechanisms may operate in neonatal
necrotizing colitis, because hyperosmotic feeding has
been shown to be associated with an increased inci-
dence of this disease in low-birth-weight human infants.23

In summary, the present study provides evidence that
hyperosmolarity stimulates the IEC inflammatory cas-
cade, a process that involves activation of MAP kinases,
NHEs, as well as NF-�B, and results in the production of
IL-8 and GRO-�.
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28. Haskó G, Kuhel DG, Németh ZH, Mabley JG, Stachlewitz RF, Virág L,
Lohinai Z, Southan GJ, Salzman AL, Szabó C: Inosine inhibits inflam-
matory cytokine production by a posttranscriptional mechanism and
protects against endotoxin-induced shock. J Immunol 2000, 164:
1013–1019

29. Haussinger D, Schliess F: Osmotic induction of signaling cascades:
role in regulation of cell function. Biochem Biophys Res Commun
1999, 255:551–555

30. Lang F, Busch GL, Ritter M, Volkl H, Waldegger S, Gulbins E, Hauss-
inger D: Functional significance of cell volume regulatory mecha-
nisms. Physiol Rev 1998, 78:247–306

31. Haussinger D: Liver fibrosis and Na�/H� exchange. Gastroenterol-
ogy 2001, 120:572–575

32. Krump E, Nikitas K, Grinstein S: Induction of tyrosine phosphorylation
and Na�/H� exchanger activation during shrinkage of human neu-
trophils. J Biol Chem 1997, 272:17303–17311

33. Lee JC, Young PR: Role of CSB/p38/RK stress response kinase in
LPS and cytokine signaling mechanisms. J Leukoc Biol 1996, 59:
152–157

34. Demaurex N, Grinstein S: Na�/H� antiport: modulation by ATP and
role in cell volume regulation. J Exp Biol 1994, 196:389–404

35. Donowitz M, Khurana S, Tse CM, Yun CH: G protein-coupled recep-
tors in gastrointestinal physiology. III Asymmetry in plasma mem-
brane signal transduction: lessons from brush-border Na�/H� ex-
changers. Am J Physiol 1998, 274:G971–G977

36. Numata M, Orlowski J: Molecular cloning and characterization of a
novel (Na�, K�)/H� exchanger localized to the trans-Golgi network.
J Biol Chem 2001, 276:17387–17394

37. Szabo EZ, Numata M, Shull GE, Orlowski J: Kinetic and pharmaco-
logical properties of human brain Na(�)/H(�) exchanger isoform 5
stably expressed in Chinese hamster ovary cells. J Biol Chem 2000,
275:6302–6307

38. Yu FH, Shull GE, Orlowski J: Functional properties of the rat Na/H
exchanger NHE-2 isoform expressed in Na/H exchanger-deficient
Chinese hamster ovary cells. J Biol Chem 1993, 268:25536–25541

39. Gonda T, Maouyo D, Rees SE, Montrose MH: Regulation of intracel-
lular pH gradients by identified Na/H exchanger isoforms and a
short-chain fatty acid. Am J Physiol 1999, 276:G259–G270

40. Janecki AJ, Montrose MH, Tse CM, de Medina FS, Zweibaum A,
Donowitz M: Development of an endogenous epithelial Na(�)/H(�)
exchanger (NHE3) in three clones of caco-2 cells. Am J Physiol 1999,
277:G292–G305

41. Maouyo D, Chu S, Montrose MH: pH heterogeneity at intracellular and
extracellular plasma membrane sites in HT29–C1 cell monolayers.
Am J Physiol 2000, 278:C973–C981

42. Turner JR, Black ED, Ward J, Tse CM, Uchwat FA, Alli HA, Donowitz
M, Madara JL, Angle JM: Transepithelial resistance can be regulated
by the intestinal brush-border Na�/H� exchanger NHE3. Am J
Physiol 2000, 279:C1918–C1924

43. Ghishan FK, Knobel SM, Summar M: Molecular cloning, sequencing,
chromosomal localization, and tissue distribution of the human
Na�/H� exchanger (SLC9A2). Genomics 1995, 30:25–30

44. Dudeja PK, Rao DD, Syed I, Joshi V, Dahdal RY, Gardner C, Risk MC,
Schmidt L, Bavishi D, Kim KE, Harig JM, Goldstein JL, Layden TJ,
Ramaswamy K: Intestinal distribution of human Na�/H� exchanger
isoforms NHE-1, NHE-2, and NHE-3 mRNA. Am J Physiol 1996,
271:G483–G493

45. Nemeth ZH, Mabley JG, Deitch EA, Szabo C, Hasko G: Inhibition of
the Na�/H� antiporter suppresses IL-12 p40 production by mouse
macrophages. Biochim Biophys Acta 2001, 1539:233–242

46. Haddad JJ, Land SC: Amiloride blockades lipopolysaccharide-in-
duced proinflammatory cytokine biosynthesis in an I� B-alpha/NF-�B-
dependent mechanism. Evidence for the amplification of an antiin-
flammatory pathway in the alveolar epithelium. Am J Respir Cell Mol
Biol 2002, 26:114–126

47. Rolfe MW, Kunkel SL, Rowens B, Standiford TJ, Cragoe Jr EJ, Strieter
RM: Suppression of human alveolar macrophage-derived cytokines
by amiloride. Am J Respir Cell Mol Biol 1992, 6:576–582

48. Németh ZH, Deitch EA, Szabó C, Fekete Z, Hauser CJ, Haskó G:
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