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Abstract 

Background: Aquaporin 5 (AQP5) is most likely the primary water channel in the human nasal mucosa and 
acts as a key tight junction protein. The signaling cascades responsible for AQP5 regulation are still works in 
progress. 
Objective: This study sought to determine the effects of histamine and chlorpheniramine on AQP5 
expression in human nasal epithelial cells (HNEpC) and to detect the signaling cascades responsible for these 
effects. 
Methods: HNEpC were cultured with four concentrations of histamine or chlorpheniramine in vitro. The 
sub-cellular distribution of AQP5 was explored using immunocytochemistry. The pharmacologic effects of 
histamine and chlorpheniramine on the expression of the phosphorylation of cyclic adenosine 
monophosphate-responsive element binding protein (p-CREB), the AQP5 and the NF-κB protein were 
examined using Western blotting. 
Results: AQP5 was found to be located in cell membrane and cytoplasm and present in every group without 
significant difference. Histamine inhibits the expression of AQP5 and p-CREB in HNEpC, while 
chlorpheniramine dose-dependently increases these protein levels with statistical significance. HNEpC 
treated with histamine and chlorpheniramine in turn showed the same trends as those intervened separately 
with these two drugs. Moreover, chlorpheniramine had the ability to reverse the inhibitory effect of 
histamine. Western blotting analysis revealed that after incubation with 10-4 M histamine, NF-κB protein was 
significantly heightened by 165% compared with the untreated control group. Again, such increase can be 
significantly reversed after chlorpheniramine treatment. 
Conclusions: The current study demonstrated that histamine inhibits CREB phosphorylation in HNEpC, 
which results in decreased AQP5 expression via activation of NF-κB pathway. Chlorpheniramine attenuates 
the inhibitory effect of histamine in p-CREB/AQP5 expression via suppression of NF-κB signal cascades. This 
observation could provide additional insight into the anti-inflammatory effects of H1-antihistamines that 
contribute to maintain airway surface liquid and mucosal defense. 
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Introduction 
Both allergic rhinitis (AR) and chronic 

rhinosinusitis (CRS) are chronic inflammatory 
diseases of the upper airways that have a major 
impact on the quality of life of patients. The treatment 

is straightforward, and most patients response 
positively to anti-histamines and steroid nasal spray. 
However, the etiology and pathogenesis of CRS 
remain largely unknown. Some patients with CRS 

 
Ivyspring  

International Publisher 



Int. J. Med. Sci. 2017, Vol. 14 

 
http://www.medsci.org 

1269 

will progress to recurrent or persistent polyposis and 
show poor treatment response, while some do not.1 
Among hypotheses proposed to explain all or part of 
the clinical CRS spectrum, the “immune barrier 
hypothesis” posits that an intact barrier with tight 
epithelial junctions is necessary for a healthy nasal 
mucosa. Defects in this protective mechanical and 
innate immune barrier may lead to an abnormal 
microbiome, probably in biofilm format.2 Impaired 
mucociliary flow and a porous mechanical barrier 
caused increased access of pathogen-associated 
molecular patterns, thus stimulating a compensatory 
response and a subsequent dysregulated 
inflammatory cascade. 

Fluid and macromolecule secretion by 
submucosal glands in mammalian airways is believed 
to play an important role in airway antimicrobial 
defense and surface liquid homeostasis.3 Aquaporins 
(AQPs) are integral membrane proteins that function 
as molecular water channels in a variety of 
fluid-transporting tissues.4,5 AQPs facilitate water 
transport across epithelia and play an important role 
in normal nasal physiology. The deletion or decreased 
expression of AQPs dysregulates the tight junction 
function and permeability of the barrier, and is often 
associated with disease.6,7 AQPs 1–5 are all expressed 
in the human nasal mucosa; however only AQP5 is 
found in the apical membrane of columnar cells of the 
superficial epithelium and submucosal gland acinar 
cells.7,8 According to Kreda et al.5, AQP5 is most likely 
the primary water channel in the human nasal 
mucosa and acts as a key tight junction protein in the 
maintenance of mucosal water homeostasis. 
Abnormal AQP5 expressions with viscous gland 
secretions were known to promote bacterial adhesion 
and inhibit bacterial clearance by impeding ciliary 
function and were thought to be one of the 
pathogeneses of cystic fibrosis.9 In recent years, the 
association between the pathophysiology of CRS and 
AQP5 has been partly studied7, but the signaling 
cascades responsible for these effects are still works in 
progress. 

Histamine is the most important preformed 
mediator in AR and CRS. Histamine causes mucus 
secretion, vasodilatation, tissue edema, and sneezing. 
However, little is known about the direct involvement 
of histamine in airway epithelial AQP5 regulation. 
Previous research has demonstrated that histamine 
downregulates AQP5 expression via inhibiting cyclic 
adenosine monophosphate (cAMP) response 
element-binding protein (CREB) phosphorylation 
(p-CREB)10, but the mechanism involved has not been 
clearly defined to date. H1-antihistamines work 
primarily through membrane-associated G 
protein-coupled receptors and blockage of 

downstream signaling cascades.11 Cumulative clinical 
evidence indicated additional anti-inflammatory 
effects of H1-antihistamines. However, its implication 
in pathophysiology of CRS, especially in patients with 
polyps was largely unknown. To further understand 
the pathophysiological role of histamine, 
H1-antihistamine and AQP5 in regulating human 
nasal secretion, primary cultures of human nasal 
epithelial cells (HNEpC) were established. This study 
hypothesized that histamine downregulates p-CREB 
and AQP5 via activation of NF-κB pathway and 
H1-antihistamine can attenuate it. Description of this 
pathway could provide theoretical basis for studying 
disorders of water metabolism; and the results thus 
obtained may shed light on novel approaches to 
treating inflammatory airway disease with 
hyperviscous gland secretions. 

Materials and Methods 
Primary cultures of HNEpC and grouping 

All cell culture reagents were purchased from 
Sigma-Aldrich (St. Louis, MO) unless otherwise 
stated. Nasal mucosa specimens were obtained after 
partial inferior turbinectomy performed on 8 patients 
(5 men and 3 women) who suffered from chronic 
nasal congestion due to turbinate hypertrophy or 
allergic rhinitis. The establishment of the 
experimental model employed had been published in 
our previous report.12 In brief, HNEpC primary 
cultures were obtained using the dispase dissociation 
technique and the epithelia cells were resuspended in 
keratinocytes serum-free medium and cultured in a 
25-ml flask in a humidified chamber with 95% air and 
5% CO2 at 37°C. Histamine and chlorpheniramine, a 
first-generation H1-antihistamine, were used as 
testing agents. There were four groups defined by the 
concentration of testing agents: 0, 10-6 M, 10-5 M, and 
the 10-4 M. When the cells reached 80% confluence, 
they were induced by histamine or chlorpheniramine 
for 4 or 24 hours, respectively. Finally, three HNEpC 
groups were first stimulated with 10-4 M histamine for 
4 hours, followed by 24-hour exposure to 0, 10-5 M, 
and 10-4 M chlorpheniramine, respectively. The 
untreated cells (no histamine or chlorpheniramine) 
were used as the control group. 

Immunocytochemistry 
Cells from primary cultures were passaged into 

immunocytochemical chamber slides on passage 1 
and were trypsinized after treatment with the above 
protocol. The cell suspension was prepared in PBS 
and cytocentrifugation was performed at 1500 rpm for 
5 minutes, to allow the cells to bind to the glass slide. 
The cytospin slides were rinsed three times with PBS 
and immunostained (ABC immunoperoxidase) with 
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the primary antibody (goat-anti-AQP5, Santa Cruz 
Biotechnology Inc, No.sc-9890, 1:250), as described 
previously. The sections were incubated with 
3-amino-9-ethylcarbazole (AEC) and AQP5 was 
visualized with a Nikon Eclipse E400 microscope. The 
specificity of the antibody was ensured by omitting 
the primary antibody in control sections. 

Assay of AQP5, p-CREB and NF-κB levels 
Nuclear and membranous protein was isolated 

separately for the detection of membranous AQP5, 
nuclear p-CREB (Ser133) and nuclear NF-κB using the 
Nuclear-Cytosol Extraction Reagent Kit (Pierce, 
Rockford, IL), with the loading control: HSP-90, SP-1 
and GAPDH, respectively. Samples were subjected to 
12% SDS-PAGE and were electroblotted onto 
polyvinylidene difluoride membranes (Millipore 
Corporation, Billerica, MA). The membranes were 
blocked and then incubated sequentially with both 
primary (goat-anti-AQP5 antibody at 1:200 dilutions, 
rabbit-anti-p-CREB (Ser133) antibody at 1:250 
dilutions, anti-NF-κB p65 antibody, 0.5 µg/ml) and 
secondary antibodies. The relative band intensity was 
analyzed using TotalLab Quant software (TotalLab 

Ltd., Newcastle, UK) and was expressed as ratio of 
protein to control. 

Statistical Analysis  
SPSS 13.0 software (SPSS Inc, Chicago, IL) was 

used for statistical analysis. Statistical significance 
was evaluated using analysis of variance, followed by 
a Dunnet test. A p value < 0.05 was considered to 
indicate statistical significance. Each data point was 
expressed as the mean (SD).  

Ethical considerations 
The research protocol (NO: 1-104-05-143) has 

been reviewed and approved by the Institutional 
Review Board of Tri-Service General Hospital. 

Results 
Immunocytochemistry 

AQP5 was present in every group (Fig. 1). 
Images at high magnification showed subcellular 
localization of AQP5, obviously in cell membrane and 
cytoplasm. There were trends of higher AQP5 
expression after chlorpheniramine treatment but 
lower AQP5 expression after histamine stimulation, 

indicating stimulatory effect of 
chlorpheniramine and 
inhibitory effect of histamine, 
respectively. However, no 
apparent difference was noted 
between each group after 
intervention. 

Western blotting 
The protein level of 

nuclear p-CREB and 
membranous AQP5 detected by 
Western blotting after 
histamine stimulation are 
shown in Fig. 2. As can be seen, 
both levels decrease in a 
concentration-dependent 
manner. Incubation with 10-6 M, 
10-5 M, and 10-4 M of histamine 
led to decreases in AQP5 of 
1.66%, 36.05%, and 60.36%, 
respectively compared with the 
0 M group. p-CREB protein 
decreased significantly by 
3.65%, 20.23%, and 24.52% in 
the 10-6 M, 10-5 M, and 10-4 M 
groups, respectively compared 
with the 0 M group. Both AQP5 
and p-CREB expression in 10-5 
and 10-4 M groups showed 
statistically significant differ-

 

 
Figure 1. Immunocytochemistry images demonstrate expressions of AQP5 within HNEpC at different 
interventions: (A) control, (B) 10-4M histamine, (C) 10-4M chlorpheniramine, and (D) 10-4M histamine and 
chlorpheniramine (scale bars = 20 μm). 
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ences after histamine intervention, compared with 
those of the untreated control group (p < 0.05). 

 

 
Figure 2. Western blotting for AQP5 and p-CREB (Ser133) protein levels in 
HNEpC incubated with histamine. α-actin and SP-1 were used as loading control 
for AQP5 and p-CREB, respectively. Data represent the fold increase in 
expression of target protein relative to control. *p < .05 versus untreated 
control. 

 
A completely opposite result was shown after 

intervention with chlorpheniramine (Fig. 3). The 
expression of AQP5 showed dose-dependent 
relationships with 10-6 M, 10-5 M, and 10-4 M of 
chlorpheniramine, leading to increases of 3.84%, 
7.62%, and 18.26%, respectively compared with the 0 
M group. Except for the10-6 M group, all differences 
were statistically significant (p < 0.05). p-CREB 
protein in the10-6 M, 10-5 M, and 10-4 M groups was 
significantly increased by 6.65%, 38.53%, and 42.85%, 
respectively compared with the 0 M group (p < 0.05). 

Experimental results of HNEpCs incubated first 
with 10-4 M histamine for 4 hours and then with 0 
M,10-5 M, and 10-4 M chlorpheniramine for 24 hours 
showed the same trends as those intervened with test 
agents separately. Histamine obviously inhibits the 
expression of AQP5 and p-CREB, while 
chlorpheniramine increases these protein levels 
dose-dependently (Fig. 4). Incubation with 10-4 M 

histamine led to decreases of 56.95% and 25.22% in 
AQP5 and p-CREB expression, respectively, as 
compared with the untreated control group (no 
histamine or chlorpheniramine) (p < 0.05). 
Chlorpheniramine has the ability to reverse the 
inhibitory effect of histamine and the decrease in 
AQP5 and p-CREB expression were 54.11% and 
11.27% at 10-5 M and 4.29% and 3.87% at 10-4 M, 
respectively, as compared with the untreated control 
group. 

 

 
Figure 3. Western blotting for AQP5 and p-CREB (Ser133) protein levels in 
HNEpC incubated with chlorpheniramine (CTM). HSP-90 and SP-1 were used 
as loading control for AQP5 and p-CREB, respectively. Data represent the fold 
increase in expression of target protein relative to control. *p < .05 versus 
untreated control. 

 
Moreover, NF-κB protein assayed by Western 

blotting after incubation with 10-4 M histamine was 
significantly heightened by 165.0% (p < 0.05) 
compared with the untreated control group. Again, 
these increases can be markedly reversed after 
chlorpheniramine treatment and the decreases in 
NF-κB were 20.37% and 23.45% at 10-5 M and 10-4 M, 
respectively, as compared with those without 
chlorpheniramine treatment (Fig. 4, Group 4) (p < 
0.05). 
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Discussion 
Water transport in nasal mucosa play a very 

important role in the pathogenesis of AR and CRS. 
AQP5 is a water-selective transporting protein and is 
generally expressed in the membrane and cytoplasm 
of the secretory cells in glandular tissues.4,7 It is 
proposed that AQP5 is more important than other 
AQPs in a nasal mucosa and is a rate-limiting barrier 
in mucin production. Under hypo-osmotic stress, 
AQP5 is obviously downregulated and this repression 
might promote clogging or increase the risk of 
infections with pathogenic bacteria.13 Mice lacking 
AQP5 show increased bronchoconstriction of the 
airways.14,15 However, Seno et al.8 noted no difference 
in expression of AQP5 in the human nasal mucosa 
and its mRNA among AR, CRS and control patients. 
Shikani et al.7 showed that the epithelial expression of 

AQP5 was significantly lower in patients with nasal 
polyps as compared with the control. Whether the 
compromise of mucosal epithelial barrier is caused by 
loss or internalization of epithelial AQP5 remains 
unclear. Therefore, the role of AQP5 in pathogenesis 
of AR and CRS remained unclear and the lack of 
literature in this field prompted our in vitro research.  

Previous studies have suggested that the 
cAMP-protein kinase A (PKA)/p-CREB pathway is 
involved in AQP5 expression.16,17 Research on lung 
epithelial cell lines in mice revealed that the agonist of 
cAMP can increase the expression of p-CREB and 
AQP5 while these effects can be blocked by a PKA 
inhibitor.16-20 CREB is a well-known transcription 
factor and CREB phosphorylation at serine 133 is 
reported to be critical in AQP5 expression.16-18 As a 
homodimer or heterodimer, p-CREB binds to the 

conserved CREB-responsive elements 
present at the promoter region of the 
AQP5 gene, and the gene transcriptions 
of AQP5 are induced.17 The current 
results are consistent with the findings 
that p-CREB has a major role in AQP5 
expression of HNEpC and that higher 
expression of p-CREB was associated 
with increased AQP5 protein. Therefore, 
to understand the regulation of AQP5, 
the implications of CREB 
phosphyrylation merit more in-depth 
study. 

Histamine plays a major role in AR 
or CRS and causes the hypersecretion of 
nasal mucosa11; hence, it is important to 
delineate the regulatory mechanism of 
histamine signal cascades. CREB is an 
important mediator of the effect of 
histamine.21 A study showed that CREB 
plays an important role in regulating 
histamine action at the gene expression 
level, and its phosphorylation following 
histamine stimulation has been reported. 
Hegyi et al.21 used a mouse model that 
lacked endogenous histamine to study 
how histamine deficiency impacts CREB 
signaling. They found that cells show 
higher constitutive CREB activity in the 
absence of histamine and intracellular 
cAMP levels increased greatly. In their 
study on human nasal epithelial cells, 
Wang et al.10 reported that histamine 
downregulated p-CREB which led to 
repression of AQP5 mRNA and protein 
in a concentration-dependent fashion, 
indicating a role for histamine-mediated 
CREB function. These data are consistent 

 

 
Figure 4. Western blotting for relative expression of p-CREB, AQP5 and NF-kB elicited by 
histamine and effect of chlorpheniramine (CTM) (N = 8). Data represent the fold increase in 
expression of target protein. *p < .05 versus untreated control (group 1); # p < .05 versus 
histamine-treated cells (group 4). CTM attenuated significantly the histamine effect and the 
expression of NF-κB was significantly lowered by 26.31% and 31.38% at 10-5 and 10-4 M, respectively, 
as compared with those without CTM treatment (group 4). 
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with the current findings that dose-dependent 
decreases of p-CREB and AQP5 were observed after 
4-hour exposure to histamine. The same experiment 
was repeated using BEAS-2B cells (ATCC® 
CRL-9609™), a cell line derived from normal human 
bronchial epithelial cells, and consistent results were 
obtained (data not shown). Hence, the 
histamine-medicated p-CREB and AQP5 repression is 
a common pathway in airway epithelial cells. 

H1-antihistamines are the most commonly 
prescribed medication for patients with AR; however, 
its efficacy for CRS with polyps is unclear. Studies 
showed that although oral H1-antihistamine was 
effective in reducing sneezing and rhinorrhea, polyps 
remained unchanged.22 Previous studies highlighted 
additional anti-inflammatory effects of 
H1-antihistamines. Indeed, these drugs not only 
antagonize an immediate allergic reaction, but also 
exert inhibitory effects on the expression of adhesion 
molecules, and on the release of leukotrienes, 
inflammatory cytokines or chemokines that result in 
inhibitions of eosinophil migration and neutrophil 
infiltration during the late-phase reaction.22,23 Our 
previous research reported the anti-mitogenic 
property of H1-antihistamines in HNEpC cultures12 
that is beneficial in treatment against airway 
remodeling. In this study, another anti-inflammatory 
effect of H1-antihistamines in CREB phosphorylation 
was demonstrated for the first time. In our model, 
cells maintained higher constitutive p-CREB activity 
in the presence of chlorpheniramine and increased 
greatly membranous AQP5 expression in a 
concentration-dependent fashion. These observations 
suggest that treatment with chlorpheniramine is 
promising to CRS patients because increased 
expression of AQP5 contributes to maintain an 
isotonic airway surface liquid and mucosal defense. 
Our previous study also revealed suppression of H1, 
muscarinic-1 and 3 receptors after treatment with 
H1-antishitamines but the relationship between these 
changes and p-CREB/AQP5 requires further 
exploration. Some investigators considered the 
additional anti-inflammatory properties of 
H1-antihistamine unrelated to H1-receptor 
antagonism.24 However, other studies are in favor of 
an H1-receptor-mediated mechanism. The implication 
of the H1-receptor in the additional effects of 
H1-antihistamines thus remains controversial. As 
known, chlorpheniramine is not a specific 
H1-receptor antagonist and its lack of receptor 
selectivity and antimuscarinic features might all 
contribute to the downregulation of p-CREB and 
AQP5. Future studies using BEAS-2B cells to qualify 
the specific receptor-mediated mechanism in 
knockout or knockdown H1, M1 or M3 receptor might 

be useful. 
According to the literature and the present 

results, AQP5 is expressed both in the membrane and 
cytoplasm, regulated by kinases and exhibits a pattern 
of endocytosis that affects tight junction 
regulation.20,25 It has been recognized that hormones 
such as vasopressin, estrogen and hormone peptide 
YY regulate the expression and intracellular 
trafficking of certain AQPs.26 Parvin et al. 
demonstrated that AQP5 trafficked from the 
intracellular vesicles to the apical membrane in 
response to stimulation of muscarinic receptors or to 
an increase in the intracellular level of calcium ions in 
human salivary gland cells.27 All these reports imply 
redistribution of AQP5 from inside the cells to the 
apical membrane on stimulation with secretagogues. 
The current results showed that the expression of 
AQP5 after histamine or chlorpheniramine treatment 
is only affected in membranous extraction, but not in 
whole cell lysate (data not shown). It is speculated 
that the loss of epithelial AQP5 after intervention is 
due to endocytosis or downregulation, suggesting 
that it is the actual regulation of AQP5 expression that 
matters, not just the total levels of the protein in the 
tissue. The findings also demonstrated that AQP5 is 
internalized in HNEpC after 4-hour histamine 
exposure while this effect can be attenuated by 
chlorpheniramine. This translocation of AQP5 in 
HNEpC due to Ca2+ signaling is a potential 
mechanism as in salivary gland. In their study using 
human salivary gland cells28, Kim et al. reported that 
histamine increased intracellular Ca2+concentration 
that can be inhibited by chlorpheniramine. However, 
they showed that histamine resulted in translocation 
of AQP5 to the plasma membrane and this finding is 
different from that obtained in this study and by 
Wang et al.10 A possible reason for such discrepancy is 
that those effects may be tissue-specific, which needs 
further clarification. However, the translocation of 
AQP5 from the granule membrane to the apical 
membrane on exocytosis provoked by 
chlorpheniramine is still plausible because H1 
receptors are related to Ca2+ mobilization. According 
to the current results, H1-antihistamines might 
contribute to retain AQP5 in a vesicle-recycling 
compartment, thus escaping the degradative 
pathway. 

NF-κB is an inducible cellular transcription 
factor with polytranscriptional regulatory capacities. 
It plays a vital role in the regulation of AR and CRS 
cytokine networks. After the NF-κB pathway was 
activated, the gene transcription of an array of 
pro-inflammatory mediators and inflammatory 
cytokines, including IL-1b and TNF-α, is induced.29 It 
has been reported that NF-κB pathway 
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downregulates the expression of AQP5 in AR rats, by 
inhibiting p-CREB. Wang et al.19 showed that this 
signal cascade works through increased transcription 
of IL-1b while Skowron-zwarg et al.30 demonstrated 
that TNF-α was involved and suppressed 
cAMP-response element-dependent gene expression 
by competitive binding to CREB-binding protein.19 
The inhibition of biosynthesis of p-CREB and AQP5 
through NF-κB pathway is consisted with the current 
results obtained using human specimens. Histamine 
can activate the transcription factors NF-kB through 
H1-receptor in the human alveolar epithelial cell line 
A549 derived from adenocarcinoma.31 Hence, 
characterizing how H1-antihistamines implicate the 
NF-κB pathway in HNEpC has aroused research 
interest. Previous studies with H1-antihistamines 
have reported that they can diminish DNA binding of 
NF-kB.22 Furthermore, H1-antihistamines can behave 
as inverse agonists11, inhibiting H1-receptor 
constitutive activation of NF-kB.23 Roumestan et al.24 
provided evidence that H1-antihistamines 
downregulate NF-kB activities through 
H1-receptor-dependent and -independent pathways, 
such as direct inhibition of arachidonate 
5-lipoxygenase. The current findings were in line with 
previous results that using chlorpheniramine 
represses NF-kB and attenuates its inhibitory effect in 
CREB phosphorylation and AQP5 internalization. 
Although this effect might also be 
H1-receptor-independent because chlorpheniramine 
is not a specific H1-receptor antagonist, this study still 
offers a molecular basis for H1-antihistamines in 
treating CRS and yield useful insights into the 
physiological properties of airway tissue with 
abundant AQP5 expression. In-depth investigation 
using more specific H1-receptor antagonist and cell 
line such as BEAS-2B is needed to further elucidate its 
implication in AQPs regulatory pathway and to study 
the water metabolism disorders of AR and CRS. 

Conclusion 
The current study demonstrated that histamine 

inhibits CREB phosphorylation in HNEpC, which 
results in decreased AQP5 expression via activation of 
NF-κB pathway. Chlorpheniramine attenuates the 
inhibitory effect of histamine in p-CREB/AQP5 
expression via suppression of NF-κB signal cascades. 
This observation could provide additional insight into 
the anti-inflammatory effects of H1-antihistamines 
that contribute to maintain airway surface liquid and 
mucosal defense. However, how H1-antihistamines 
downregulate NF-kB activities remain unclear. 
Whether H1-receptor-dependent or -independent 
pathway is involved in the mechanism merits further 
exploration.  
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