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The mRNA and protein levels of aquaporin (AQP)5 in
the parotid gland were found to be potentially de-
creased by lipopolysaccharide (LPS) in vivo in C3H/
HeN mice, but only weakly in C3H/HeJ , a TLR4
mutant mouse strain. In the LPS-injected mice, pilo-
carpine-stimulated saliva production was reduced by
more than 50%. In a tissue culture system, the LPS-
induced decrease in the AQP5 mRNA level was
blocked completely by pyrrolidine dithiocarbamate,
MG132, tyrphostin AG126, SP600125, and partially by
SB203580, which are inhibitors for I�B kinase, 26S
proteasome, ERK1/2, JNK, and p38 MAPK, respec-
tively. In contrast, the expression of AQP1 mRNA was
down-regulated by LPS and such down-regulation was
blocked only by SP600125. The transcription factors
NF-�B (p65 subunit), p-c-Jun, and c-Fos were in-
creased by LPS given in vivo , whereas the protein-
binding activities of the parotid gland extract toward
the sequences for NF-�B but not AP-1–responsive ele-
ments present at the promoter region of the AQP5
gene were increased by LPS injection. Co-immunopre-
cipitation by using antibody columns suggested the
physical association of the three transcription fac-
tors. These results suggest that LPS-induced potential
down-regulation of expression of AQP5 mRNA in the
parotid gland is mediated via a complex(es) of these
two classes of transcription factors , NF-�B and
p-c-Jun/c-Fos. (Am J Pathol 2010, 177:724–734; DOI:

10.2353/ajpath.2010.090282)

Aquaporins (AQPs), the family of water channels, play a
fundamental role in transmembrane water movements in
microorganisms, plants, and animal tissues. To date, 13
members are known to belong to this channel family in
mammalians; they are designated AQP0-12.1 AQPs are
found not only in the tissues where the rapid and regu-
lated transport of fluid is necessary but also in many other
tissues where water channels play a fundamental role in
water metabolism. Several studies suggest that the func-
tion of some members of the AQP family is hormonally
regulated and that defects in their expression and/or
trafficking result in diseases in which fluid transport is
altered.2 For example, knockout or disruption of various
AQP genes results in permeability changes leading to
diseases in the kidney, lens, lacrimal, salivary, and sweat
glands in both animals and humans.3–6 Thus, nephro-
genic diabetes insipidus develops as a consequence of
mutations in the AQP2 gene; and cataract, when muta-
tions occur in AQP0.7,8 AQP5 was first identified in the
salivary gland,9 and its mutant rat and knockout mice
show decreased saliva production with altered composi-
tion.10,11 Recently, multiple AQPs were reported to be
regulated under pathophysiological conditions, and the
abnormal or lack of expression of AQP1, AQP2, AQP3,
and AQP4 is associated with a number of water-balance
disorders in the kidney.12,13

The endotoxin lipopolysaccharide (LPS) is the major
constituent of the outer envelope of Gram-negative bac-
teria,14 which is thought to be a cause of the widespread
cellular activation observed in patients with Gram-nega-
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tive septic shock. LPS-induced activation of pro-inflam-
matory cytokines and antipeptides, such as interleukin-6
and defensin, is mediated by the interaction of LPS with
membrane receptors including Toll-like receptor 4
(TLR4), CD14, or CD11/CD18. These molecules are sug-
gested to be associated with one another on the plasma
membrane.15,16 However, CD14 does not have a trans-
membrane domain,15–17 and CD11/CD18 does not ap-
pear to transduce a signal directly,18 suggesting that
TLR4 is the functional LPS signal transducer.19,20 Be-
cause it remains unknown whether the regulation of sal-
ivary gland AQPs is influenced by LPS, which is closely
related to inflammation, we investigated the effects of
LPS on the expression of AQP5 and AQP1 in the sub-
mandibular gland (SMG) and parotid gland (PG) of mice.

Signals from the TLR family of microbial sensors are
essential for generating innate immune responses to a
broad range of pathogens.14 Ligand binding to the ex-
tracellular domain of TLRs initiates a complex signal-
transduction cascade, which ultimately leads to activa-
tion of the transcription factor NF-�B and increases the
transcription of various pro-inflammatory cytokines. In
LPS signaling, the NF-�B pathway is of undoubted im-
portance, but the role of MAPK pathways has remained to
be determined. The MAPK pathways consist of three
members: i) ERK1/2, which is activated by chemoattrac-
tants and growth factors, ii) JNK, and iii) p38 MAPK,
which are stress- and cytokine-activated.21 These signal-
ing pathways are involved also in the inflammatory re-
sponse and are activated through well-described signal-
ing cascades.22

Water secretion as well as cytokine secretion from the
salivary gland is important for protecting the host from
microorganisms.5,11 AQP in the plasma membrane of
mammalian cells allows rapid and regulated water move-
ment in response to osmotic changes in the cellular en-
vironment. Because lung AQPs have been reported to be
influenced by acute viral infection,23 salivary gland AQPs
may be altered under certain pathological conditions as
well. We therefore hypothesized that the gene expression
of AQP5 and AQP1 in the SMG and PG may be regulated
by LPS released during inflammation.

In this study, we show that LPS strongly down-regu-
lates AQP5 mRNA expression via NF-�B and MAPK path-
ways and suggest that two classes of transcription fac-
tors, NF-�B and p-c-Jun/c-Fos, are synergistically
involved (cross-coupling) in this potentiation.

Materials and Methods

Reagents

Pyrrolidine dithiocarbamate (PDTC), MG132, SB203580,
tyrphostin AG126, and SP600125 were obtained from
Sigma-Aldrich (St. Louis, MO). NO2/NO3 Assay Kit-FX
was purchased from Dojindo Laboratories (Kumamoto,
Japan). Medium 199 was obtained from Nissui (Tokyo,
Japan); and a one-step SYBER®PrimeScript RT-PCR kit
(Perfect Real Time) from TAKARA BIO INC (Shiga, Ja-
pan). Polyclonal goat anti-TLR4, goat anti-AQP5, rabbit

anti-human NF-�B p65 subunit, goat anti-human c-Fos,
rabbit IgG against p-c-Jun (phosphorylated c-Jun at both
Ser 63 and Ser 73), rabbit anti-human NF-�B p50, and the
blocking solutions for these antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Poly-
clonal rabbit anti-phospho-p44/42 MAPK (p-ERK1/2;
Thr202/Tyr204) and anti-p44/42 MAPK (ERK1/2) antibod-
ies were from Cell Signaling Technology, Inc. (Danvers,
MA). Poly (dI-dC) was obtained from Amersham Bio-
sciences (Piscataway, NJ). Alexa Fluor 594 donkey anti-
goat IgG (H�L) was from Molecular Probes (Invitrogen,
OR). Double-stranded DNA probes end-labeled with DIG
were obtained from Hokkaido System Science Co., LTD
(Hokkaido, Japan). All other regents were procured as
described previously.24,25

Animal Experiments

Male C3H/HeN, C3H/HeJ, and C57BL/6 (TLR4�/�) mice at
the age of 7 to 8 weeks were purchased from Japan SLC
(Shizuoka, Japan). Three pairs of C57BL/6 (TLR4�/�) mice
were obtained from OrientalBioService, Inc. (Kyoto, Japan);
they were mated in our animal facility to obtain offsprings.
All animals were housed under standard conditions. They
were sacrificed for experiments at the age of 8 to 9 weeks.
LPS dissolved in saline was injected i.p. at a dose of 100
�g/0.1 ml/mouse. In all in vivo experiments, each group
consisted of at least four mice.

The saliva secretion was provoked by pilocarpine in-
jection (1 mg/kg body weight, i.p.). The saliva from non-
treated and LPS-treated (24 hours) C3H/HeN, C3H/HeJ,
C57BL/6 (TLR4�/�), and C57BL/6 (TLR4�/�) mice was
collected by absorption into preweighed small cotton
pellet in the preweighed 1.5 ml-Eppendorf tube,24 and
their weights were immediately measured. From C3H/
HeN, C3H/HeJ, C57BL/6 (TLR4�/�), and C57BL/6
(TLR4�/�) mice, the sera before and after LPS-treatment
(24 hours) were obtained and saved at �80°C.

The protocol applied for the present animal experiment
was approved by the Institutional Review Board of the
Animal Committee of the University of Tokushima.

Tissue Culture of the PG

C3H/HeN mice were sacrificed, and their PGs were rapidly
dissected out and immersed immediately in ice-cold me-
dium (Medium 199, containing 10 mmol/L HEPES, 200 U/ml
penicillin G, and 200 �g/ml streptomycin; pH 7.4). After
having been washed three times with the above medium,
the glands were carefully freed from connective tissue and
lymph nodes under a stereomicroscope and cut into small
pieces (about 1 mm3). The tissue pieces were then ex-
planted onto siliconized lens papers,26 which were floated
on the culture medium (Medium 199, pH 7.4, containing 200
U/ml penicillin G, 200 �g/ml streptomycin, and 10 mU/ml
insulin). The explanted tissues were precultured overnight
(37°C, 5% CO2). For the time-course study, LPS at a final
concentration of 1 �g/ml was added to the culture medium
in the tissue culture system at 0, 18, 21, or 23 hours, and the
tissue explants were collected at 24 hours. Thus these
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tissues were cultured for a total of 24 hours, with the tissue
exposed to LPS for 0, 1, 3, 6 or 24 hours. For dose-response
study, the tissues were incubated with LPS for 6 hours. For
inhibitor studies, the appropriate concentrations of various
inhibitors were added, and the tissues were preincubated
for 1 hour. LPS (1 �g/ml) was then added, and the explants
were incubated for 6 hours.

All inhibitors were dissolved in dimethyl sulfoxide
(DMSO) or normal saline. Cultures given the equivalent
amount of DMSO (the final concentration 0.1%) or normal
saline were regarded as controls. The concentrations of
inhibitors used in the present study were as follow: PDTC
and AG126, 100 �mol/L; MG132, SB203580, and SP600125,
20 �mol/L.

Preparation of Total RNA and RT-PCR

Total RNA was isolated from PG, SMG, cultured PG tissues,
and bladder; and RT-PCR was performed as described
previously.24,25 The primers, designed from mouse AQP5
and AQP1 sequences, were as follows: 5�-CCGAGACT-
TAGGTGGCTCAG-3� (sense) and 5�-AGCGACTTCACA-
GACCGCAT-3� (anti-sense) for mAQP1 (GenBank/NCBI
Data Bank; accession number, NM007472); and 5�-
GGCCACATCAATCCGGCCATTA-3� (sense) and 5�-
GGCTGTTCCATGAACCCAGCC-3� (anti-sense) for
mAQP5 (GenBank/NCBI Data Bank; accession number,
NM009701). �-actin and mTLR4 were amplified, as de-
scribed previously.24

Real-Time RT-PCR Analysis

Real-time RT-PCR was performed by using a one-step
SYBER®PrimeScript RT-PCR kit (Perfect Real Time) as
described previously,27 except that the template RNAs
used were 10 ng. The sequences of PCR primers were
described previously.27 The relative mRNA amount for
AQP5 and AQP1 was calculated and normalized on the
basis of the amount of �-actin.

Anti-AQP5 and Anti-AQP1 Antisera

The anti-AQP5 and anti-AQP1 antisera used for Western
blotting were raised in rabbits immunized against keyhole
limpet hemocyanin conjugated to synthetic peptides, NH2-
CDHREERKKTIELTAH-COOH and NH2-CEEYDLDADDIN-
SRVEMKPK-COOH, which correspond to the C-terminal se-
quences of the respective water-channel proteins.
Specificities of these antisera were confirmed previously.10

Preparation of the Total Membrane Fraction,
Cytosolic Proteins, and Nuclear Extracts

The total membrane fractions of the PG and SMG dis-
sected from C3H/HeN and C3H/HeJ mice at 0, 6, and 24
hours after LPS injection were prepared as described
previously.27 To obtain cytosol proteins, the PG, SMG,
and bladder from nontreated C3H/HeN mice were ho-
mogenized in the buffer described previously25 and the

homogenate was centrifuged at 12,000 � g for 30 min-
utes at 4°C to obtain the supernatant. The PG extract
containing nuclear proteins (nuclear extracts) was pre-
pared as described by Chandrasekar et al28; ie, the PG
tissues from C3H/HeN mice at 0, 0.5, 1, 3, and 6 hours
after injection of LPS were homogenized in the buffer
referenced above and centrifuged at 12,000 � g for 10
minutes at 4°C to recover the supernatant. The concen-
tration of protein in all these samples was determined by
using a Bio-Rad protein assay kit and stored at �80°C.

Electrophoretic Mobility Shift Assay for NF-�B

Electrophoretic mobility shift assay (EMSA) was performed
as described previously.28 Double-stranded DNA probes
for two consensus sequences (5�-AGTCTCAGGCACTTC-
CCTAAGCC-3� and 5�-ACTCCCGATCCACTCCCCC-
GCTCC-3�) of NF-�B (GenBank/NCBI Data Bank, acces-
sion number, AF087655) present in AQP5 promoter were
end-labeled with DIG (custom ordered from Hokkaido Sys-
tem Science Co., LTD, Japan) and used for EMSA as
probes (designated as probe 1 and probe 2, respectively).
Each nuclear extract (50 �g) was added to the binding
buffer containing 1 �g poly (dI-dC) and 0.05 �g probe to
make a total volume of 20 �l, and the mixture was then
incubated at room temperature for 20 minutes. In experi-
ments to show the specific DNA binding, 50� excess cold
probes or anti-p65 antibody was mixed with the extract
before the addition of the labeled probes; and the mixture
was preincubated at room temperature for 30 minutes.
Samples were loaded onto 4% polyacrylamide gels and
electrophoresed at 15 mA/gel on ice. The protein-DNA
complexes on the gel were transferred onto a nylon filter
(Amersham Hybond-N�, GE Healthcare UK, Backingham-
shire, UK) by a semidry method. The DNA on the blotted
filter was detected by using a DIG Luminescent Detection
kit for Nucleic Acids (Roche Applied Science, Tokyo, Ja-
pan) according to the manufacturer’s protocol.

Western Blotting

The total membrane fraction (for AQP5, AQP1, and actin),
nuclear extract (for p65, p-c-Jun, c-Fos, ERK1/2, and
p-ERK1/2), and cytosolic protein (for TLR4) was mixed
with 2� SDS sample buffer and incubated at 37°C for 30
minutes (for AQP1 and AQP5) or at 85°C for 15 minutes
(for p65, p-c-Jun, c-Fos, TLR4, actin, ERK1/2, and
p-ERK1/2). The samples for analysis of AQPs and c-Fos
were subjected to 12% and 8% polyacrylamide gels,
respectively; whereas those for other analyses were sub-
jected to 10% polyacrylamide gel. The amounts of sam-
ples applied for electrophoresis were as follows: 0.2 �g
and 5 �g of total membrane fraction for AQP5 and AQP1,
respectively; 20 �g of total membrane fraction for actin;
25 �g of cytosolic proteins for p65 and TLR4; 60 �g of
nuclear extract for c-Fos, and 30 �g of nuclear extract for
p65, p-c-Jun, ERK1/2, and p-ERK1/2. After electrophore-
sis and blotting, all filters were blocked with 3% nonfat
dry milk in 0.1% T-PBS (PBS containing 0.1% Tween-20)
at room temperature for 2 hours and then incubated
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overnight at 4°C with primary antibody. The dilution of
primary antisera or antibodies used was as follows: rabbit
anti-AQP5, 3000�; rabbit anti-AQP1, rabbit anti-actin,
rabbit anti-ERK1/2, or rabbit anti-p-ERK1/2, 1000�; goat
anti-TLR4, goat anti-c-Fos, rabbit anti-p65, and rabbit
anti-p-c-Jun, 0.4 �g/ml. All primary antisera/antibodies
were diluted with 1% nonfat dry milk in 0.1% T-PBS. For a
control reaction, the filter was incubated with the same
concentration of antiserum or antibody which had been
preabsorbed with the blocking peptides.24,25 The filter
was washed with 0.1% T-PBS, incubated with 3000�
diluted donkey anti-rabbit IgG-HRP or with donkey anti-
goat IgG-HRP followed by washing with 0.1% T-PBS. The
filter was then reacted with Enhanced Chemical Lumines-
cence reagents (GE Healthcare UK).

Nitrite Assay

Aliquots of 50 �l sera were mixed with 450 �l PBS and
placed on the 10K Amicon Ultra-0.5 filter. The sample
was then centrifuged to remove macromolecular com-
plexes. The filtered sera were used for NO2 or NO2/NO3

assay by using the NO2/NO3 Assay Kit-FX following man-
ufacturer’s instructions. Fluorescence was measured us-
ing a microplatereader (Thermo Fisher, Nippon Thermo
Co., Ltd.) with excitation and emission wavelengths at
365 and 460 nm, respectively.

Immunohistochemistry

The PG frozen sections were prepared from C3H/HeN
mice sacrificed at 0, 6, and 24 hours after the LPS injec-
tion and stained for AQP5 as described previously.10 To
localize transcription factors, double immunostaining was
performed using the frozen sections prepared from mice
injected with LPS 1 hour before sacrifice or cultured
tissues harvested at 1 hour after treatment with inhibitors
and/or LPS. They were fixed further in a 1:1 mixture of
ethanol and acetone at �20°C for 5 minutes, and blocked
with 5% donkey normal serum in PBS at room tempera-
ture. They were next immunoreacted with a mixture of 0.4
�g/ml goat anti-AQP5 antibody and 2 �g/ml rabbit anti-
p65 antibody, rabbit anti-p-c-Jun antibody, or 0.5 �g/ml
rabbit anti-p50 antibody in 1% donkey normal serum at
4°C overnight. After having been washed with PBS, the
sections were reacted with 200� diluted fluorescein iso-
thiocyanate (FITC)-conjugated affinity-purified donkey
anti-goat IgG (H�L) and 500� diluted Alexa Fluor 594
donkey anti-rabbit IgG (H�L) at room temperature for 2
hours. They were subsequently washed, counter-
stained with DAPI (4�,6-diamidino-2-phenylindole), and
examined with a fluorescence microscope (Nikon, To-
kyo, Japan).

Immunoprecipitation

Antibodies and normal IgGs (40 �g) were cross-linked to
380 �l of 50% Protein G Sepharose 4 Fast Flow (Amer-
sham Biosciences) by using dimethyl pimelimidate-HCl
according to the manufacturer’s directions (Pierce Bio-

technology, Rockford, IL). The nuclear extracts from LPS-
treated mice (3 hours) were incubated with antibody-
coupled Sepharose at 4°C overnight. The columns were
washed, and the protein bound was eluted. The eluate
was immediately neutralized and then processed for
Western blot analysis.

Statistic Analysis

Results were presented as means � SE. Data for time
course and dose response studies of mRNA (real-time
RT-PCR) were statistically analyzed by one-way analysis
of variance followed by Mann–Whitney’s U-test. Data for
other experiments were analyzed by Student’s t-test.

Results

Effects of LPS on Expression of mRNAs and
Proteins for AQP5 and AQP1 in the PG and
SMG in Vivo

To determine whether the expression of AQP5 and AQP1
in the PG would be affected by LPS, we injected mice
with LPS at a dose of 100 �g/mouse i.p. and sacrificed

Figure 1. Effects of LPS on expression of AQP5 and AQP1 mRNAs in the PG
and SMG. A: Agarose electrophoresis of RT-PCR products. �R indicates no
added RNA. B–G: mRNA analysis by real-time RT-PCR. A–E: Analysis of
mRNA prepared from C3H/HeN and C3H/HeJ mice. F and G: Analysis of
mRNA prepared from C57BL/6 (TLR4�/�) and C57BL/6 (TLR4�/�) mice.
Data are presented as the mean � SE of 4 mice. *P � 0.05, significantly
different from the control (0 hours).
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them after various time periods. By RT-PCR and real-time
RT-PCR analysis, a prominent decrease in AQP5 and
AQP1 mRNA levels was observed in the PG of C3H/HeN
mice at as early as 6 hours after the endotoxin injection;
and the level became minimal at 24 hours (Figure 1, A
and B). On the other hand, in the SMG, only a slight
decrease in the AQP5 mRNA level was seen by RT-PCR
at 24 hours after LPS injection (Figure 1A), and an ap-
prox. 50% reduction was detected by real-time RT-PCR
(Figure 1C). This LPS effect of reducing AQP5 and AQP1
mRNA levels in salivary glands would be mainly medi-
ated via TLR4, because such changes were least in
C3H/HeJ mice (Figure 1, A, D, and E), which mice are
known to have a defective TLR4 as a result of a point
mutation at nucleotide number 712 leading to replace-
ment of a proline with a histidine.29 Similar, results were
obtained in TLR4-knockout mice, C57BL/6 TLR4�/�, and
wild-type, C57BL/6 TLR4�/� mice by real-time RT-PCR
(Figure 1, F and G).

We next examined the effects of LPS on the protein
levels of AQP5 and AQP1. The total membrane fractions
were analyzed by immunoblotting with anti-AQP5 and
anti-AQP1 antisera. A 27-kDa band was observed by
immunoblotting with the anti-AQP5 antiserum, whereas
28-kDa (non-glycosylated) and 35–40-kDa (glycosy-
lated) bands were detected by anti-AQP1 antiserum in
the PG and SMG samples from both C3H/HeN and C3H/
HeJ mice (Figure 2, A–C). The specificity of these reac-
tions was confirmed by control experiments in which
peptide-preabsorbed antisera were used (Figure 2C).
The AQP5 protein level in the PG of C3H/HeN mice was
decreased as early as 6 hours post injection; more dra-
matically, this level became almost undetectable at 24
hours (Figure 2A). Similar to the effect on water-channel

mRNAs, LPS induced a little down-regulation of AQP5
and AQP1 proteins in the C3H/HeJ mice. The response of
the SMG to LPS was different from that of the PG; ie, the
level of AQP1 protein did not change in the SMG of either
C3H/HeN or C3H/HeJ mice, although the AQP5 level
decreased in the former but not in the latter mice (Figure
2, A and B). The reduction of AQP5 protein in the PG was
also obvious by immunohistochemistry; ie, AQP5 protein
expressed in the apical, lateral, and basal aspect of the
plasma membrane of the acinar cells was appreciably
decreased after LPS injection (Figure 2D).

Because LPS induced a prominent decrease in AQP5
protein levels, the rate of salivary secretion was mea-
sured to confirm the relevance of the AQP5 reduction to
the physiological function (Figure 3, A–F). The whole
saliva was collected immediately after pilocarpine injec-
tion. The whole saliva contains the secretions from the
SMG, PG, and sublingual gland, all of which tissues
express AQP5 in their acini.11 As shown in the Figure 3,
A–F, in LPS-treated C3H/HeJ and C57BL/6 (TLR4�/�)
mice, the rate of salivation was almost the same as that
by nontreated mice during 0 to 20 minutes after pilo-
carpine injection. However, a marked reduction in the
salivation rate was observed in the C3H/HeN and
C57BL/6 (TLR4�/�) mice treated with LPS, indicating a
strong correlation between physiological function and
AQP5 levels as well as effects of LPS.

To determine whether the LPS induces any other gene
expression changes, the production of nitric oxide (NO2)
in the serum were determined. As shown in the Figure 3,
G and H, the production of NO2

� plus NO3
� was in-

creased to 4- to 400-fold after LPS injection in the
C57BL/6 (TLR4�/�) and C3H/HeN mice; however, these

Figure 2. Effects of LPS on expression of AQP5
and AQP1 proteins in the PG and SMG from
C3H/HeN and C3H/HeJ mice. A: C3H/HeN
mice. B: C3H/HeJ mice. C: Control experiment
using the total membrane fraction of the PG
from nontreated C3H/HeN mice. Ab indicates
antisera; p-Ab, peptide-preabsorbed antisera. D:
Immunohistochemical detection of AQP5 in the
PG of C3H/HeN mice that had been injected
with LPS at 0, 6, and 24 hours before sacrifice
(left, middle, and right pictures, respectively).
Green indicates FITC immunofluorescence
showing subcellular localization of AQP5; red,
propidium iodide showing cell nuclei.
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levels were almost same between LPS-treated and non-
treated C3H/HeJ or C57BL/6 (TLR4�/�) mice.

LPS-Induced Down-Regulation of AQP5 and
AQP1 in the PG in Vitro

A variety of LPS-signaling pathways have been eluci-
dated previously.14 The best described pathway among
them is the one via TLR4. The expression of TLR4 in the
SMG and PG of C3H/HeN mice was detected by RT-PCR
and Western blotting (Figure 4, A and B). Together with
data shown in the previous section these findings sug-
gest that i.p. injection of LPS provoked the down-regula-
tion of the expression of both the mRNA and protein of
AQP5 and AQP1 mainly via TLR4 in the PG. For the
purpose of confirming these biochemical data, we exam-
ined the LPS signaling that provoked down-regulation of
AQP5 and AQP1 in the PG in vitro. In the cultured PG, not
only AQP5 but also AQP1 mRNA expression was mark-
edly decreased in time- and dose-related manners after
the LPS challenge (Figure 4, C and D). These results
indicate that changes in AQP5 and AQP1 mRNA levels
elicited by LPS were provoked by the direct action of the
endotoxin on the PG and that such a tissue culture sys-
tem is useful for detailed study of LPS-induced down-
regulation of AQPs.

Effects of NF-�B and MAPK Inhibitors on
LPS-Induced Down-Regulation of AQP5 and
AQP1 mRNAs

One of the major pathways of LPS/TLR4 signaling in-
cludes NF-�B activation. To determine whether NF-�B
mediates LPS-induced down-regulation of AQP5 or
AQP1 mRNA expression, we used 2 inhibitors of NF-�B
activation (ie, PDTC and MG132). The former is an inhib-
itor of I�B phosphorylation, and the latter, an inhibitor of
proteasome responsible for I�B degradation. These 2
inhibitors are commonly used to block the NF-�B path-
way by different mechanisms. The PG explants were
preincubated in the presence or absence of PDTC or
MG132 for 1 hour. The explants were then stimulated with
LPS for 6 hours without removing the inhibitors. The LPS-
induced decrease in AQP5 mRNA was strongly blocked
by both PDTC and MG132, indicating the involvement of
the NF-�B pathway in LPS-induced down-regulation of
AQP5 in the PG. However, the AQP1 decrease by LPS
was not blocked by PDTC or MG132 in the same samples
used for the AQP5 experiment (Figure 5, A–C), suggest-
ing irrelevance of the NF-�B pathway in AQP1 down-
regulation in this tissue. The activity of p65 and p50 to be
translocated to the nucleus was detected by immunohis-
tochemistory (Figure 5, E and F). The LPS-induced nu-

Figure 3. Effects of LPS on salivary secretion
and production of serum NO2

�/NO3
� in C3H/

HeN, C3H/HeJ, C57BL/6 (TLR4�/�), and
C57BL/6 (TLR4�/�) mice. A–F: Pilocarpine-pro-
voked salivary secretion. Solid line indicates
control (non LPS-treated group); dashed line,
LPS-treated group. Upper graphs, C3H/HeN and
C3H/HeJ mice; lower graphs, C57BL/6
(TLR4�/�) and C57BL/6 (TLR4�/�) mice. A, B,
D, and E: Time course of salivary secretion. C
and F: Total salivary secretion (0–20 minutes
after LPS treatment); A–C: C3H/HeN and C3H/
HeJ mice. D–F: C57BL/6 (TLR4�/�) and
C57BL/6 (TLR4�/�) mice. G and H: Serum NO2

�

and NO2
� plus NO3

� levels in C3H/HeN, C3H/
HeJ, C57BL/6 (TLR4�/�), and C57BL/6
(TLR4�/�) mice before and after LPS injection.
G: NO2

� levels. H: Levels of NO2
� plus NO3

�.
Data are presented as the mean � SE of 4 mice.
*P � 0.05 and **P � 0.01, significantly different
from control at the same time points.
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clear translocation of p65 or p50 (nuclear staining) was
blocked by not only PDTC but also MG132.

Similarly, treatment of tissue explants with tyrphostin
AG126, an inhibitor of ERK1/2,30 or with SP600125, a
specific inhibitor for JNK,31 strongly suppressed the LPS-
induced decrease in AQP5 mRNA (Figure 5, A and B).
Also, the 2 inhibitors actually inhibited p-ERK1/2 and JNK
activities, respectively as shown in Figure 5D. These
results clearly demonstrate that these 2 pathways were
actually involved in LPS-induced down-regulation of
AQP5 mRNA. On the other hand, SB203580, a specific
inhibitor of p38 MAPK,32 only partially suppressed the
LPS-induced decrease in AQP5 mRNA. Also, the LPS-
induced decrease in AQP1 was suppressed only by
SP600125, and it was suppressed neither by tyrphostin
AG126 nor by SB203580. The present data suggest the
possibility that MAPK pathways (ERK1/2 and JNK) were
involved in LPS-induced down-regulation of AQP5 but
only JNK, in the AQP1 down-regulation.

As just described, AQP1 down-regulation was sup-
pressed only by SP600125 and was not suppressed by
tyrphostin AG126 nor by SB203580. Also, the two inhib-
itors for NF-�B did not block the LPS-induced down-
regulation of AQP1, probably because no NF-�B–binding
element is found at the promoter of the AQP1 gene by
computer analysis of available databases (GenBank/
NCBI Data Bank; accession number, MMU 67925). We
assume that only the JNK pathway was involved in AQP1
down-regulation much less efficiently than in AQP5
down-regulation. For the regulation of AQP5 transcrip-

tion, AG126 or SP600125 completely suppressed the
LPS-induced down-regulation, whereas SB203580 only
partially did so, suggesting the strong possibility of the
involvement of c-Fos and c-Jun, but less possibility, if
any, of the involvement of CREB transcription factor in the
AQP5 down-regulation. Therefore, it is very probable that
c-Fos/p-c-Jun in addition to NF-�B was involved in the
LPS-induced down-regulation of AQP5.

Thus in the next experiment we analyzed the existence
and/or induction of transcription factors NF-�B and c-Jun/
c-Fos in the PG of C3H/HeN mice.

LPS-Induced NF-�B DNA-Binding Activity

By Western blotting, we examined the expression of p65,
a subunit of NF-�B, in the PG of normal C3H/HeN mice
(Figure 6A). As shown in Figure 6A, a band with an
apparent MW of 65-kDa was detected in the PG, which
specificity was confirmed by preabsorption of the anti-
body with the blocking peptide. To evaluate possible
changes in the DNA-binding activity of putative PG
NF-�B to the AQP5 promoter in response to LPS, we
performed an EMSA using 2 DIG-labeled NF-�B DNA-
binding sequences (probe 1 and probe 2; see Materials
and Methods section) of the AQP5 promoter. The results
showed that the DNA-binding activity of the PG nuclear
extract toward the NF-�B-responsive element of the
AQP5 promoter increased at 1 hour after LPS injection
(Figure 6B). This activity was decreased by the presence
of cold probe and/or anti-p65 antibody, suggesting the
specificity of the reaction. The existence of p65 in nuclei
of PG acini was confirmed by double immunostaining for
AQP5 and p65 (Figure 6C).

LPS-Induced AP-1/c-Fos/c-Jun DNA-Binding
and AP-1/CREB-Binding Activities in the PG

Similarly, EMSA was also performed by using DIG-labeled
AP-1/c-Fos/c-Jun and AP-1/CREB DNA binding sequences
(5�-GTCTAGTGTGACTAAAGTGATGGA-3� and 5�-
AGAAACGAAGAGTCAGAGAGACAG-3�, respectively)
as probes because these consensus sequences were
found in the AQP5 promoter. The result indicated that
these sequences did not show a distinct different elec-
trophoretic pattern between the PG proteins before and
after LPS stimulation (data not shown); suggesting the
protein induced by LPS did not directly bind to these
elements.

Detection of LPS-Induced Changes in p-c-Jun
and c-Fos Protein Levels in the PG

Although EMSA by using AP-1/c-Fos/c-Jun binding se-
quences of the AQP5 promoter did not detect any bind-
ing protein in the PG extract, we next examined to detect
the changes in the p-c-Jun and c-Fos levels in the PG
tissue, because p-c-Jun and c-Fos are thought to play
central roles in inflammatory responses among the AP-1
family proteins. As shown in Figure 7A, the antibody

Figure 4. Expression of TLR4 mRNA and protein in the PG and down-
regulation of PG AQP5 and AQP1 by LPS in vitro. A, Analysis of the TLR4
mRNA by RT-PCR. M indicates marker (100 bp DNA Ladder); S, SMG; P, PG;
B, bladder; �R, no added RNA. B: Western blotting of cytosolic proteins to
detect TLR4. Ab indicates anti-TLR4 polyclonal antibody; p-Ab, peptide-
preabsorbed anti-TLR4 polyclonal antibody. S, P, and B, SMG, PG, and
bladder, respectively. C and D: Real-time RT-PCR analysis of the AQP5 and
AQP1 mRNAs in the PG tissues cultured in vitro in the presence and absence
of LPS. C: Dose–response curve. The PG tissues were cultured in the pres-
ence of the indicated amounts of LPS for 6 hours. D: Time course. The PG
tissues were cultured in the presence of 1 �g/ml LPS for the time indicated.
*P � 0.05, significantly different from the control (0).
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preabsorption experiment clearly showed the presence
of 39-kDa p-c-Jun and 55-kDa c-Fos in the PG, which
molecular weights agreed well with values reported for
them.33 Western blotting revealed that p-c-Jun and c-Fos
levels in the PG were significantly increased by LPS in a
time-dependent manner (Figure 7B). Also, immunohisto-
chemistry of p-c-Jun indicated the localization of this
transcription factor in the nuclei of PG acinar cells, which
were distinguished from duct cells by the presence of
AQP5 (Figure 7C).

Possible Formation of a Complex of NF-�B,
p-c-Jun, and c-Fos

By in vitro tissue culture experiments, blocking of the
NF-�B, p-c-Jun, or c-Fos pathway completely sup-
pressed the down-regulating effect of LPS on AQP5
mRNA (Figure 5), implying that all three of these tran-
scription factors were indispensable for this mechanism.
Thus, the possibility that the three transcription factors
form a complex was tested by conducting a coimmuno-

precipitation experiment using Sepharose coupled with
anti-NF-�B, anti-p-c-Jun, and anti-c-Fos antibodies (Fig-
ure 7D). The assessment of the eluates from these anti-
body Sepharose columns, which had been loaded and
incubated with a PG extract from an LPS-stimulated
mouse (3 hours), showed that p-c-Jun was bound spe-
cifically to all of these antibody Sepharose columns, sug-
gesting the formation of a complex of the three transcrip-
tion factors. On the other hand, when the PG extract from
nontreated mice was applied, eluate from the anti-NF-�B
column did not contain any detectable amount of p-c-
Jun. Although the present Western blotting detected p-c-
Jun in the eluate from anti-p-c-Jun column and anti-c-Fos
column, their levels were, again, much less than those
shown in samples from LPS-injected mice. These exper-
iments imply that basal level of the p-c-Jun/c-Fos com-
plex was present in the PG of non-treated mice.

As described previously, our in vivo experiments
showed that the response of SMG AQP5 to LPS was less
than that of PG AQP5 (Figures 1 and 2). On the other
hand, from the data shown above, NF-�B is supposed to

Figure 5. Effects of inhibitors for the NF-�B and MAPK
pathways on LPS-induced down-regulation of AQP5 and
AQP1 mRNA levels in cultured PG. A: mRNA analysis by
RT-PCR. B and C: mRNA analysis by real-time RT-PCR. B:
AQP5 levels. C: AQP1 levels. **P � 0.01, significantly differ-
ent from respective control (no LPS in “None” or “DMSO”
group); †P � 0.05, ‡P � 0.01, significantly different from the
culture given LPS in “None” or “DMSO” group; §P � 0.05,
¶P � 0.01, significantly different from no-LPS group given
the same inhibitor. D: Effects of AG126 and SP600125 on
LPS-induced phosphorylation of c-Jun and ERK. E and F:
Effects of PDTC and MG132 on LPS-induced nuclear trans-
location of p65 and p50. Red (Alexa Fluor 594) showing p65
(E) or p50 (F) protein; blue (DAPI) showing cell nuclei.
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play a crucial role in LPS-induced potential down-regu-
lation of AQP5 in the PG. To pursue the cause of such a
poor response of SMG AQP5 to LPS, we examined the
expression of p65 in the SMG by Western blotting and
immunohistochemistry. By Western blotting, different
from the p65 level found in the cytosolic proteins and
nuclear extracts of the PG, the expression of this protein
in SMG was very low (ie, p65 was not detectable in either
the cytosolic protein fraction nor nuclear extract of the
SMG in both non-treated and LPS-treated C3H/HeN
mice; data not shown). Similarly, by immunohistochem-
istry, p65 was not detected in acinar and duct cells of
the SMG, although the expression levels of p-c-Jun
and c-Fos in the SMG were comparable with those in
the PG (data not shown). These data imply that the

poor response of SMG AQP5 to LPS would be, at least
in part, due to lower expression of p65 in the SMG than
that in the PG.

Discussion

We found that LPS down-regulated AQP5 and AQP1
mRNA expression in one of the salivary glands, PG, both

Figure 6. Analysis of NF-�B in the PG. A: Western blotting of the NF-�B
protein in a PG nuclear extract from a C3H/HeN mouse injected with LPS 1
hour before sacrifice. Ab indicates anti-p65 polyclonal antibody; p-Ab, pep-
tide-preabsorbed anti-p65 polyclonal antibody. B: EMSA of NF-�B in the PG
from nontreated and LPS-injected C3H/HeN mice. probe1, 5�-AGTCTCAG-
GCACTTCCCTAAGCC-3�; probe 2, 5�-ACTCCCGATCCACTCCCCCGCTCC-3�.
Lane 1, no probe and no protein sample; lanes 2–6, experiments in the
presence of probe; lane 2, no protein sample; lane 3, nuclear extract from
nontreated C3H/HeN mice; lane 4, nuclear extract from LPS-injected C3H/
HeN mice; lane 5, nuclear extract from the LPS-injected C3H/HeN mice
preincubated with 50-fold molar excess of unlabeled double-stranded oligo-
nucleotide of NF-�B specific probe; lane 6, nuclear extract from an LPS-
injected C3H/HeN mouse, with extract preincubated with antibody against
p65. An arrowhead indicates the shifted double strand DNA probes. C:
Immunohistochemical detection of p65 and AQP5 in the PG of a C3H/HeN
mouse that had been injected with LPS 1 hour before sacrifice. Subcellular
localization of p65 protein by Alexa Fluor 594 (red, upper left), subcellular
localization of AQP5 by FITC immunofluorescence (green, upper right),
cell nuclei stained by DAPI (blue, lower left), and a merged picture (lower
right) are shown. Ac indicates an acinus; Dc, a duct. Arrowheads indicate
typical nuclei of acinar cells showing exact localization of p65 in the nucleus.

Figure 7. Analysis of p-c-Jun and c-Fos in the PG. A: Control experiment
using the cytosolic proteins of the PG from C3H/HeN mice injected with LPS
1 hour before sacrifice. Ab indicates anti-p-c-Jun (left) and anti-c-Fos (right);
p-Ab, peptide-preabsorbed p-c-Jun antibody (left) and peptide-preabsorbed
c-Fos antibody (right). B: Time course of expression of p-c-Jun and c-Fos
proteins in the PG of LPS-injected C3H/HeN mice, as detected by Western
blotting. C: Immunohistochemical detection of AQP5 and p-c-Jun in the PG
of C3H/HeN mice injected with LPS 1 hour before sacrifice. Pictures show
subcellular localization of p-c-Jun by Alexa Fluor 594 (red, upper left),
subcellular localization of AQP5 by FITC immunofluorescence (green, up-
per right), cell nuclei stained by DAPI (blue, lower left), and a merged
picture (lower right) are shown. Ac indicates an acinus; Dc, a duct. Arrow-
heads indicate typical nuclei of acinar cells showing exact localization of
p-c-Jun in the nucleus. D: Association of p-c-Jun with NF-�B subunit p65 and
c-Fos. Eluates from various antibody columns were subjected to Western
blotting. Ab indicates anti-p-c-Jun polyclonal antibody; p-Ab, peptide-preab-
sorbed anti-p-c-Jun polyclonal antibody. E: PG nuclear extract prepared from
LPS-injected C3H/HeN mouse (15 �g). N, J, F, gI, and rI, eluates from
antibody columns or normal IgG columns. N, rabbit anti-p65 column; J,
rabbit anti-p-c-Jun column; F, goat anti-c-Fos column; gI, normal goat IgG
column; rI, normal rabbit IgG column. A 0.25-mg aliquot of the PG nuclear
extract was applied to the anti–p-c-Jun column, and 1-mg extracts to the
other columns.
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in vivo and in vitro. Such an LPS effect was largely medi-
ated by TLR4, because this endotoxin only poorly af-
fected the mRNA/protein level for AQP5 and AQP1 in
C3H/HeJ mice, a TLR4-mutant strain. The LPS effect of
down-regulating AQP5 and AQP1 mRNA expression may
be attributed to the direct action of this endotoxin on the
PG, because PG strongly expressed TLR4 and the en-
dotoxin effects were also observed in an in vitro tissue
culture system.

One of the major pathways provoked by LPS is the one
leading to NF-�B activation via TLR4. The NF-�B tran-
scription factor is known to be activated in response to
inflammation. Here we found that the NF-�B pathway was
involved in the LPS-induced down-regulation of AQP5 but
not AQP1, because two inhibitors of NF-�B, PDTC and
MG132, blocked the down-regulation of AQP5 but not
AQP1 mRNA after the endotoxin stimulation in the in vitro
experiments. These data were supported by the fact that
two consensus sequences for the NF-�B binding site
were found in the 5�-flanking region of the AQP5 gene,34

whereas no such binding site was found in the promoter
region of the AQP1 gene. TNF-� is known to decrease the
expression of AQP5 mRNA and protein in MLE-12 cells,
in which activation of TNF-� receptor-1 and NF-�B sig-
naling are involved.35 Using the specific NF-�B–binding
sequences, we showed that the AQP5 promoter could
bind this transcription factor and that the binding was
increased by LPS. In addition, the expression of NF-�B in
the PG was increased, and it was localized in nuclei of
acinar cells in PG from LPS-stimulated mice. Taken to-
gether, our findings suggest that the activation of NF-�B
is indispensable for AQP5 down-regulation by LPS.

The above data prompted us to investigate whether
any other pathway in the LPS signaling is involved in
AQP5 and AQP1 regulation. TLR4 stimulation is known to
trigger the MAPK pathway, resulting in the activation of
kinases, such as ERK1/2, JNK, and p38 MAPK.36,37 It has
been shown also that p38 MAPK mediates the transloca-
tion of CD14, a membrane transporter protein38,39 asso-
ciated with TLR4, whereas JNK activation is important for
LPS-induced expression of MCP-1 (monocyte chemoat-
tractant protein).40 Besides ERK1/2 and JNK have been
shown to play pivotal roles in LPS-induced acute lung
injury.41 Tyrphostin AG126 and SP600125, commonly
used to inhibit ERK1/2 and JNK, respectively, completely
blocked the down-regulation of AQP5 mRNA by LPS.
Also, the LPS-induced decrease in the AQP5 mRNA was
partially blocked by SB203580, an inhibitor of p38 MAPK.
These results suggest that the MAPK pathway was in-
volved in the LPS-induced down-regulation of AQP5
mRNA. However, only JNK signaling pathways was im-
plied to be involved in the down-regulation of AQP1.
Because the consensus sequences for an AP-1/c-Jun/c-
Fos binding site is present in the 5�-flanking region of the
AQP5 gene,34 we tested the DNA-binding of the PG
nuclear extract to this sequence. No appreciable binding
was detected by EMSA, though p-c-Jun and c-Fos were
induced by LPS in the PG.

Our inhibitor experiments showed that the activation of
both NF-�B and c-Jun/c-Fos was indispensable for AQP5

down-regulation by LPS and that only NF-�B DNA-bind-
ing activity was increased in the LPS-induced PG. It has
been reported by Stein et al that cross-coupling of c-Jun
or c-Fos with the NF-�B subunit p65 through the Rel
homology domain leads to a synergized potentiation of
both AP-1 and NF-�B transactivation.42 More recently,
Shyu et al visualized AP-1–NF-�B ternary complex forma-
tion in activated T cells.43 In asthma, therefore, elevation
of both AP-1 and NF-�B may lead to far greater inflam-
mation than would have been present if either transcrip-
tion factor alone had been activated.44 In fact, by an
immunoprecipitation experiment using an extract of an
LPS-stimulated mouse PG, we detected the binding of
p-c-Jun to the anti-c-Fos and anti-p65 columns, implying
that these three proteins were associated with each
other. Further, p65, p-c-Jun, and AQP5 were colocalized
in the acinar cells in the PG after LPS injection. Thus, it is
probable that p-c-Jun and c-Fos induced by MAPK path-
ways after LPS stimulation interact with NF-�B p65 result-
ing in acute down-regulation of AQP5 mRNA in the PG via
cross-coupling.

In the present study, the amount of the AQP5 protein in
the plasma membrane and the mRNA expression level
were decreased after LPS injection. This decrease at 24
hours would be likely, because AQP5 and AQP1 expres-
sion in the lung of FVB/N wild-type mice is reported to be
decreased after an adenoviral infection.23 Down-regula-
tion of AQP5 and AQP1 was only weakly seen in C3H/HeJ
mice, a TLR4-mutant strain, and the expression of TLR4
in the salivary gland was confirmed in the present study,
which well agrees with the recent report by Nishimura et
al.19 By binding to the TLR4, LPS is known to up-regulate
various inflammatory mediators and proteins, such as
interleukin-6 and COX-2.37,45 On the contrary, recent
data revealed that LPS is also involved in down-regula-
tion responses. For example, LPS suppresses ApoE gene
(human apolipoprotein E) in macrophages.36 Baranova
et al have reported that LPS is able to down-regulate both
mRNA and protein of the scavenger receptor B1 and
ATP-binding cassette A1 in a macrophage cell line, RAW
cells.46 Here we demonstrated that LPS down-regulated
the expression of AQP5, an important water channel in
the salivary gland. The physiological significance of such
down-regulation is still unclear. However, because saliva
secretion is strongly affected by the AQP5 protein level
(10,11, and this study), we hypothesize that AQP5 down-
regulation, resulting in reduced saliva secretion, may
facilitate keeping a high body temperature (fever), which
is induced by LPS on its direct interaction with the hypo-
thalamus. This would be advantageous for the defense
system of host animals.

There are no previous reports describing the effect of
endotoxin on the acute responses of salivary gland AQPs
in humans or animals. Here, we have provided the first
evidence that LPS induces down-regulation of AQP5
mRNA in the PG. We suggest that the NF-�B transcription
factor is directly involved in the AQP5 down-regulation
and that cross-coupling with p-c-Jun/c-Fos transcription
factors facilitate potentiation of such regulation.
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