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Asthma is defined as chronic inflammation of the airways and is
characterized by airway remodeling, hyperresponsiveness, and acute
bronchoconstriction of airway smooth muscle (ASM) cells. Clinical
findings suggest a higher incidence and severity of asthma in adult
women, indicating a concrete role of sex steroids in modulating the
airway tone. Estrogen, a major female sex steroid mediates its role
through estrogen receptors (ER) ERa and ER, which are shown to be
expressed in human ASM, and their expression is upregulated in lung
inflammation and asthma. Previous studies suggested rapid, non-
genomic signaling of estrogen via ERs reduces intracellular calcium
([Ca®™);), thereby promoting relaxation of ASM. However, long-term
ER activation on [Ca®"]; regulation in human ASM during inflam-
mation or in asthma is still not known. In Fura-2-loaded nonasthmatic
and asthmatic human ASM cells, we found that prolonged (24 h)
exposure to ERa agonist (PPT) increased [Ca®"]; response to hista-
mine, whereas ERB activation (WAY) led to decreased [Ca®>*] com-
pared with vehicle. This was further confirmed by ER overexpression
and knockdown studies using various bronchoconstrictor agents. In-
terestingly, ER[3 activation was more effective than 173-estradiol in
reducing [Ca*]; responses in the presence of TNF-a or IL-13, while
no observable changes were noticed with PPT in the presence of either
cytokine. The [Ca®*]i-reducing effects of ERB were mediated par-
tially via L-type calcium channel inhibition and increased Ca*
sequestration by sarcoplasmic reticulum. Overall, these data highlight
the differential signaling of ERa and ERP in ASM during inflamma-
tion. Specific ERB activation reduces [Ca®>"]; in the inflamed ASM
cells and is likely to play a crucial role in regulating ASM contrac-
tility, thereby relaxing airways.

asthma; calcium; estrogen; inflammation; sex steroid; signaling

INTRODUCTION

Asthma is a chronic inflammatory respiratory disease char-
acterized by airway hyperresponsiveness (AHR) and remodel-
ing (18, 54). Epidemiological studies show sex differences in
asthma incidence, prevalence, and severity (15, 19, 29, 65, 67,
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70, 85). During childhood, boys have nearly twice the risk of
developing asthma over girls. However, interestingly, during
adulthood, there is a transition toward a female predominance,
and asthma incidence is highest in women of reproductive age,
suggesting a role for sex steroids in asthma genesis (13, 22).
Although higher asthma prevalence in women hints toward the
detrimental role of female sex hormone estrogen, a closer
examination into the fluctuations of asthma exacerbations dur-
ing different phases of menstrual cycle suggests symptom
severity in asthma during lower plasmatic estrogen levels (21,
30, 71, 75). Overall, whether and how estrogens influence
airway structure/function is still unclear. It should be noted
here that, the issue of sex steroid effects in the airways is
important beyond “sex differences” in asthma and is relevant to
disease pathophysiology in both males and females and needs
to be addressed.

Among various factors leading to airway obstruction, airway
smooth muscle (ASM) cell hypertrophy, hyperplasia, and con-
traction are the prominent factors for determining the airway
tone, and ultimately AHR (36). Maintenance of airway tone
through ASM cells is dependent on the intracellular calcium
([Ca?™]y) levels, which regulates bronchoconstriction and
bronchodilation (6, 8, 59). At baseline, [Ca®"]; is maintained at
~80 to ~120 nM, which is necessary to sustain the optimum
airway tone (12, 27, 59, 72). Studies have demonstrated that
increased airway tone in diseases such as asthma involves
increased [Ca®"]; (34). Since [Ca?™]; regulation plays a deter-
mining role in airway smooth muscle contraction and the
overall AHR in asthma, it is essential to explore the contribu-
tion of sex steroids in this direction.

Estrogen mediates its action prominently through estrogen
receptors (ERs) ERa and ERP (33, 37), as well as slightly
through membrane-associated G protein-coupled estrogen re-
ceptor 30 (GPR30/GPER) (10, 58). All of these receptors are
present and exert their actions in a wide variety of tissues/cells,
such as vascular endothelial, cardiomyocytes, neuron, and
smooth muscle (46, 48). ERs function through activation of
target genes through a genomic pathway causing transcription
of genes (33, 48, 49, 60), as well as by rapid activation of
signaling pathways (2, 16, 41, 60, 83). These rapid effects of
estrogen are produced within seconds to minutes and involves
simple biological processes, such as activation of kinases and
phosphatases, and increase or decrease in ion fluxes across
membranes. Although ER signaling per se is established in
other cell types and is highly cell and context-dependent,
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knowledge of their mechanisms, especially in disease states,
such as asthma, seems limited (2, 16).

Previous studies have shown the constitutive expression of
ERs in the lungs, and the expression levels seem to be com-
parable in both men and women (3, 38, 47). Studies from our
own group suggested that physiologically relevant concentra-
tions of estrogens significantly reduce [Ca®"]; responses to
bronchoconstrictor agonists in human ASM cells and that the
acute estrogen effect on the reductions in [Ca®*]; are largely
mediated via ERa (81). Here, we further confirmed the full-
length expression of ERa and ERB in ASM with no notable
expression of GPR30 in human ASM (81). Furthermore, ER
isoform-specific agonists with short-term exposure resulted in
increased cAMP, thereby, producing an overall relaxation of
ASM (80). Interestingly, our recent studies have shown up-
regulated ER (both ERa and ER[3) expression in human ASM
cells during inflammation and/or in asthma, with multifold
increase observed with ER[. In addition, recent studies sug-
gested the noticeable difference in ER isoform-specific signal-
ing in human ASM proliferation, especially during inflamma-
tion or in asthma (3, 4). However, it is not clear whether and
how ERs specific signaling impacts the ASM [Ca®>*]; and
airway contractility in asthma. In this study, we hypothesized
that the conflict regarding estrogen’s effects on the airway
involves differential roles of ERs in ASM. Using a molecular
approach and specific agonists/antagonists for ERa and ERf,
we examined [Ca®™"]; regulation in ASM cells of nonasthmatic
and asthmatic patients in the presence of proinflammatory
cytokines.

MATERIALS AND METHODS

Chemicals and reagents. Cell culture media and reagents, such as
Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12), trypsin and
AbAm were purchased from Gibco (Carlsbad, CA). Charcoal-stripped
fetal bovine serum (FBS) was used throughout the studies to avoid
hormonal contamination in the media and was purchased from Sigma
(St. Louis, MO). Proinflammatory cytokines tumor necrosis factor-a
(TNF-a) and IL-13 were purchased from Invitrogen (Carlsbad, CA).
Chemicals and supplies were purchased from Sigma, unless otherwise
specified. Pharmacological modulators for ERs, 17-f estradiol (E»),
ERa agonists, ERa-agonist (PPT, propylpyrazoletriol; THC, tetra-
hydro-2,8-chrysenediol) and ER{ agonists (WAY-200070; FERB-
033; DPN, diarylpopionitrile), and ERa and ER{3 antagonists (MPP
and PHTPP, respectively) were obtained from Tocris (Minneapolis,
MN). B-actin antibody was obtained from Applied Biological Sci-
ences (cat. no. G043), SERCA2 antibody was obtained from Abcam
(cat. no. ab2861). IRDye at goat anti-mouse secondary antibody was
used followed by scanning in Li-Cor Odyssey imaging system (Li-Cor
Systems, Omaha, NE).

ESRI1 silencer select predesigned siRNA (Ambion, Austin, TX; cat.
no. 4392420), ON-TARGETplus human ESR2 (2100) siRNA-Indi-
vidual (Dharmacon, Lafayette, CO; cat. no. J-003402-13-0005) were
used to knockdown ERa and ER[, respectively. For negative con-
trols, the silencer negative control 1 (cat. no. AM4611) from Ambion
was used. For overexpression studies, ERa and ERf3 plasmids tagged
with GFP were created and gifted by Dr. Ratna Valdamudi (obtained
via Addgene, cat. no. 65211 and 65212). Zymopure plasmid midiprep
isolation kit (Zymoresearch, cat. no. D4200 and D4201) was used for
isolating the plasmids. Imaging experiments were performed in HBSS
obtained from Gibco (Carlsbad, CA). Calcium-sensitive dye, Fura-2
AM was obtained from Invitrogen, and calibration was done using a
calibration kit from Invitrogen (cat. no. C3008MP).
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Human ASM cells. The technique for isolating human ASM cells
has been previously described (1, 69). Briefly, third- to sixth-gener-
ation human bronchi were obtained from lung specimens from pa-
tients incidental to thoracic surgeries at Mayo Clinic for focal,
noninfectious causes. The Mayo Clinic’s Institutional Review Board
approved protocols allowed for initial review of patient histories, with
complete deidentification of samples for storage and subsequent
usage. This particular study was limited to samples from 25 male and
female nonsmoker adults of ages 21 to 65 yr from both nonasthmatic
and asthmatic (mild to moderate) patients. For each study, cells from
five to seven nonasthmatic and asthmatic patients were chosen ran-
domly and used independently. After removing the debris, airway
samples were denuded of epithelium, and ASM tissue was enzymat-
ically dissociated, according to previously described procedures (56)
following the manufacturer’s instructions (Worthington Biochemical,
Lakewood, NJ) to generate ASM cells. Cultures (<5th passage) were
maintained under optimal conditions of 37°C (5% CO,, 95% air) in
DMEM/F12 growth media. Periodically, ASM phenotype was veri-
fied by Western blot analysis for smooth muscle a-actin and Calde-
smon (51). Cells were serum starved for 24 h before treatment with
agonists or antagonists.

Cell culture and treatment. Fully confluent T-75 flasks of ASM
cells were trypsinized mixed in 10% FBS (charcoal stripped) growth
medium (DMEM/F-12 with 1% AbAm), counted, and seeded ~10,000
cells/well into Biotek eight-well chamber plates. Cells were allowed
to adhere, grown up to 60—70% confluence, and incubated in serum-
free medium (DMEM/F12 without FBS) for 24 h to mature. ASM
cells were treated with proinflammatory cytokines in the presence and
absence of ER-specific agonists, such as PPT and THC (10 nM),
WAY, DPN, and FERB-033 (10 nM) and E> (1 nM). Briefly, after 2
h of preincubation with respective agonist or antagonist treatment
groups, cells were then exposed to TNF-a (20 ng/ml) or IL-13 (50
ng/ml) for 24 h. Serum-free media alone served as a vehicle. ASM
cells were grown on 60-mm petri plates and treated similarly to collect
lysates for mRNA used in quantitative PCR techniques.

Small interfering RNA transfection and overexpression. Technique
to knockdown the ERa and ERP by interfering RNA (siRNA) has
been recently described by our group (4). Briefly, human ASM cells
were grown in eight-well plates to ~50% confluence. Transfection was
achieved using 20 nM siRNA and Lipofectamine 3000 transfection
reagent (Invitrogen) in DMEM/F-12 media without FBS and antibi-
otics. Six hours after transfection, growth medium was added and
maintained for 24 h. Subsequently, cells were serum starved for
another 24 h before being subjected to treatments followed by live-
cell imaging. Efficiency of knockdown and specificity was verified by
mRNA analysis by performing transfection of ASM in 60-mm plates.

Overexpression studies were performed with ER-specific plasmids
tagged with GFP obtained in bacterial stabs from Addgene (Water-
town, MA). The respective bacteria were streaked onto agar plate, and
single colonies were obtained. Using the LB broth, we inoculated
single colonies overnight, and plasmids were isolated using Zymopure
plasmid Midiprep isolation kit and verified using gel electrophoresis.
Before plasmid transfection, ASM cells were grown in eight-well
plates to ~50% confluence. Transfection was achieved using Lipo-
fectamine 3000 transfection reagent (Invitrogen) in reduced DMEM/
F-12 (5% FBS and no antibiotics) with 0.5 g of plasmids. Cells were
incubated as such for 24 h in reduced media and then withdrawn to
serum-free media for 24 h for further imaging studies. More than 70%
transfection efficiency was achieved, and the efficiency of the trans-
fection was confirmed using Olympus microscope with FITC filter.
The effect of siRNA and overexpression on the [Ca®*]; regulation in
the presence of E>, WAY, or PPT were analyzed by real-time [Ca>*];
imaging.

Western blot analysis. Previously described standard techniques
were used to perform Western blot analysis (4). Briefly, cells were
washed, harvested in lysis buffer (Cell Signaling Technologies, Bev-
erly, MA) containing protease inhibitors, and resultant supernatants
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were assayed for total protein content using the DC protein assay kit
(Bio-Rad, Hercules, CA). Thirty micrograms equivalent protein from
each treatment group lysate were loaded on 4-15% gradient gels
(Criterion Gel System; Bio-Rad, Hercules, CA) and transferred into
0.22 pwm PVDF membranes using a Bio-Rad Trans-Blot Turbo rapid
transfer system (Bio-Rad, Hercules, CA). Nonspecific binding was
blocked using 5.0% bovine serum albumin in Tris-buffered saline
(TBS) for 1 h at room temperature, and the membranes were probed
overnight at 4°C with specific primary antibodies of interest. Follow-
ing three washes with TBS with 0.1% Tween (TBST), blots were then
incubated with LiICOR near-infrared conjugated secondary antibody.
Protein expression was detected by imaging the membrane on a
Li-Cor Odyssey XL system. (-actin was used as a loading control.
The normalized values were obtained by dividing the raw values of
proteins of interest with the raw values of 3-actin. The obtained values
were then normalized to vehicle.

Quantitative PCR analysis. Cells were washed with RNA-grade
DPBS, trypsinized, and centrifuged. Total RNA was extracted using
Quick-RNA MiniPrep kit (Zymo Research, Irvine, CA) following the
manufacturer’s protocol, and cDNA was synthesized using OneScript
cDNA synthesis kit (Applied Biological Materials, Richmond, BC,
Canada) using 500 ng of quantified RNA (Take3 Micro volume plate,
Synergy HTX, Biotek) for each sample. BrightGreen 2X qPCR
Master Mix (Applied Biological Materials cat. no. MasterMix-S-XL)
protocol was followed using QuantStudio 3 qPCR system as per the
manufacturer’s instructions. The following primers were used for
quantitative PCR analysis: ERa (forward 5'-GCC TGA ATG GCG
AAT GGA-3' and reverse 5'-GAA GGG AAG AAA GCG AAA
GGA-3"); ERB (forward 5'-GCT TAC TCC GAC CAT GAT TTC
T-3" and reverse 5'-GCC GAT GCT TGC AAT AGT TTA G-3');
SERCA 2 (forward 5'-ATT GGA CCC AGA GAA GTT GAC-3" and
reverse 5'-TCG GAC CAT TTA AGT CTT CAG AGA T-3'), s16
(forward 5'-CAA TGG TCT CAT CAA GGT GAA CGG-3' and
reverse 5'-CTG GAT AGC ATA AAT CTG GGC-3’). The fold
changes in mRNA expression were calculated by normalization of
cycle threshold (C,) value of target genes to reference gene s16 using
the AAC; method, as previously described (3, 4, 43).

Real-time [Ca®™ ]; imaging. The technique for [Ca imaging of
human ASM cells using Fura-2 has been previously described (64, 65,
69, 82). After 24 h of incubation with the respective treatments,
solutions containing various treatments were aspirated, and human
ASM cells were washed with freshly prepared HBSS (1X) buffer
solution having 2.5 mM calcium and 1 mM magnesium ions (from
HBSS 10X Gibco). After the wash, ASM cells were incubated with 4
pwM Fura-2 AM (prepared in HBSS solution) for 1 h at room
temperature. Following 1 h, the dye was aspirated, and cells were
washed three times with 1X HBSS buffer solution. The ASM cells
were imaged at X20 magnification with ratiometric Fura-2 filters
(alternatively excited at 340 and 380 nm), and emissions at 510 nm
were collected in the Olympus fluorescence microscope (Fluoview
FV300) equipped with Hamamatsu camera using Cool-LED lamp. A
custom-built fluid level controller allowed cell perfusion with a rapid
exchange of perfusate with the help of Gilson minipump and vacuum.
[Ca?™]; responses of at least 10 cells/chamber were obtained. Results
were obtained in the ratio of 340/380-nm wavelengths, and quantifi-
cation of [Ca®*]; was performed using previously described calibra-
tion procedures (31, 56). The change in fluorescence intensities in the
individual software facilitated selected regions of interest, and the
corresponding [Ca>*]; responses were recorded in response to 10 pM
histamine, 1 wM ACh, and 1 pM bradykinin. The area under the curve
(AUC) of the agonist-induced [Ca>*]; response curve was determined
using GraphPad Prism software (50). For the overexpression studies,
regions of interest were selected in those areas of the cells showing
high levels of green fluorescence protein (GFP) with the help of FITC
filter, and the then real-time live-cell imaging was performed with
Fura-2 filter.

2+]i
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To isolate the cells from the calcium environment, following initial
incubation with Fura-2 AM containing HBSS with calcium, cells were
perfused in zero calcium containing HBSS, and the Ca?* channels
were nonspecifically blocked with 1 wuM LaCls in HBSS for the “0”
Ca?* experiments. The rate of decline of the [Ca®"]; was calculated
in terms of time to decay (ms). For the purpose of studying the L-type
calcium channels (LTCC), the cells were perfused in calcium con-
taining HBSS and before histamine, 1 wM nifedipine in HBSS was
exposed to the cells for 15 min, resulting in blockage of LTCC.
Further confirmatory studies on LTCC were performed using 100 mM
KCl instead of histamine, which effectively depolarizes the membrane
through voltage-gated channels.

Statistical analysis. Up to 20 ASM cells from different nonasth-
matic and asthmatic patients were used. Each set of [Ca®*]; experi-
ments were performed in at least five randomly selected different
patient cells, although not all protocols were performed in each
sample. All the experiments were repeated at least three times for each
patient sample. Statistical analysis was performed using GraphPad
Prism version 8.0.0 for Windows (San Diego, CA). Statistical differ-
ences between the experimental groups were analyzed using Student’s
t test or one-way ANOVA followed by Dunnett’s or Tukey’s post hoc
test for multiple comparisons, where appropriate. Statistical signifi-
cance was established at a minimum of P = 0.05. All values are
expressed as means *= SE.

RESULTS

Effect of ER-specific activation on [Ca®™]; response to
agonist. To determine the role of long-term ER signaling in
[Ca?*]; regulation, ASM cells were exposed to ERa (PPT, 10
nM), ERB (WAY, 10 nM) agonists, and E, (1 nM) for 24 h,
and the [Ca®*]; response was evaluated using Fura-2 AM
[Ca?*]; response was measured and presented as AUC in both
asthmatic and nonasthmatic ASM cells using three different
agonists to induce elicitation: histamine (10 puM), ACh (1 puM),
and bradykinin (10 nM). ERa agonist PPT-treated cells
showed a significant increase in [Ca®"]; response to histamine
compared with the vehicle in nonasthmatic ASM cells (P =
0.05), and asthmatic ASM cells (P = 0.01). Nonselective ER
agonist E; did not show any significant changes in the [Ca>"];
compared with vehicle (Fig. 1B); however, ER3 agonist sig-
nificantly decreased the histamine induced [Ca®*]; response in
asthmatic ASM cells (P = 0.05). Representative traces of
[Ca®*]; response to histamine in the presence of ER agonists in
both nonasthmatic and asthmatic cells are shown in Fig. 1A. In
response to bradykinin and ACh, the effect of PPT in increas-
ing the [Ca®>*]; response was similar for both asthmatic and
nonasthmatic ASM cells (Fig. 1C, P = 0.001). In ACh elicited
[Ca®™]; response, E, showed a significant increase in [Ca®™];
response in nonasthmatic ASM cells (P = 0.05). Notably, there
were no differences observed in baseline calcium levels.

Effect of various ER selective agonists and antagonists on
[Ca?*]; response. Considering our previous studies, where
acute BERa activation decreased ASM [Ca®"]; response (18),
our results from Effect of ER-specific activation on [Ca’™];
response to agonist were distinct, and hence, additional vali-
dation of the long-term role of differential ER signaling in
[Ca?*]; response in ASM was needed. Here, we used different
ERa (PPT and THC) and ER3 (WAY, FERB-033, and DPN)
agonists to study the histamine-elicited [Ca®*]; response in
nonasthmatic human ASM (Fig. 2A). In addition, we used
ER-specific antagonists, ERa (MPP) and ER3 (PHTPP) in the
presence of E, to study the specific ER effects on ASM [Ca®"];
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Fig. 1. Effect of long-term exposure of estrogen receptor (ER)-specific agonists
on intracellular Ca?* ([Ca®*];) response in nonasthmatic and asthmatic human
airway smooth muscle (ASM) cells. A: representative traces showing transient
[Ca?*]; responses in Fura-2-loaded cells with long-term (24 h) exposure of
estrogen receptor a (ERa; PPT), ERB (WAY) agonists, and nonselective 17-
estradiol (E>) in nonasthmatic and asthmatic ASM cells. In both nonasthmatic
and asthmatic ASM cells treated with ER-specific agonists, the area under the
curve (AUC) of the [Ca®"]; responses to 10 wM histamine (B), 1 pM
bradykinin (C), and 1 pM ACh (D) were measured. *P < 0.05, **P < 0.01,
##kP < 0.001 vs. vehicle. Data are presented as means = SE; n = 5 patients
each.
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response (Fig. 2B). 10 nM of ERa agonist THC, which has a
dual role as an ERa agonist and an ER[3 antagonist, signifi-
cantly increased the [Ca®*]; response to histamine (P =< 0.001)
compared with vehicle. Similarly, the effect of PPT on [Ca?T];
response was found to be significantly higher(P = 0.01), albeit
lower than that of THC. There were no significant changes
observed in [Ca®"]; response in cells treated with ERB agonists
(10 nM: WAY, FERB-033, and DPN) compared with vehicle.
In a separate set of experiments, cells pretreated with ERa
antagonist MPP and followed by 24-h exposure to E, showed
no significant changes in the [Ca®"]; response to histamine,
indirectly indicating the ER3 effect. Similarly, cells pretreated
with ER[3 antagonist before treatment with E; for 24 h showed
a significantly higher [Ca®*]; response, as compared with
vehicle, pointing indirectly toward an ERa effect (P = 0.001).
All of these data indicate that ER« activation leads to increased
[Ca®™]; response, whereas ER[3 activation tends to decrease
[Ca"]; response in ASM cells but not significantly compared
with vehicle.

Effect of specific ER siRNA and overexpression on [Ca®™ ];
response. To further confirm the observed pharmacological
results on the ER-specific [Ca?T]; response, molecular level
experiments were performed using ER overexpression or ER-
specific siRNA on human ASM cells (Fig. 3). The ER-specific
siRNA transfection was performed using standard protocols in
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Fig. 2. Effect of various estrogen receptor (ER) agonists and antagonists on
intracellular Ca?* ([Ca®*];) response in nonasthmatic human airway smooth
muscle (ASM) cells. A: long-term effects of various ERa agonists (THC and
PPT), ERpB agonists (WAY, DPN, and FERB-033) on area under the curve
(AUC) of the [Ca®*"]; response to histamine were evaluated in nonasthmatic
human ASM cells. B: in the presence of ERa antagonist (MPP) or ERP
antagonist (PHTPP), the effect of E, on the AUC of the [Ca?*]; response to
histamine was measured. **P < 0.01, ***P < 0.001 vs. vehicle. Data are
presented as means * SE; n = 5 patients each.
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nonasthmatic human ASM cells, and the efficiency of ER-
specific siRNA (~70%) was evaluated using mRNA analysis
(Fig. 3B). In ERa siRNA-transfected ASM cells, treatment
with E> (P = 0.001), as well as with ERa agonist PPT (P =
0.01), for 24 h showed a significantly reduced [Ca®"]; response
to histamine as compared with the negative siRNA-treated
cells (Fig. 3A4). E> and WAY exposure on ER[3 siRNA trans-

fected did not show any significantly changes in the [Ca®"];
response compared with negative siRNA (P = 0.05). For
overexpression studies, GFP-tagged ER-specific plasmids were
used, and their transfection efficiency was confirmed through
fluorescence imaging (Fig. 3E). ASM cells overexpressed with
ERa-GFP plasmid, and when subsequently treated with E, (24
h), showed a higher [Ca®>*]; response (P = 0.001) as compared
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with lipofectamine, whereas ER[3-GFP transfected cells treated
with E, showed a reduced [Ca’™]; response (P = 0.001)
compared with lipofectamine-treated cells (Fig. 3C). Represen-
tative traces of [Ca®*]; response to histamine regulated through
specific overexpressed ERs in the presence of E, are shown in
the Fig. 3D.

Effect of specific ER signaling on TNF-o mediated [Ca®™ ];
response. Nonasthmatic and asthmatic ASM cells were treated
with E;, PPT, or WAY for 2 h and then treated with TNF-a (20
ng/ml) for 24 h in these experimental conditions. TNF-a alone
produced a marked increase in [Ca®"]; responses to ACh,
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bradykinin, and histamine, as compared with the vehicle (P =
0.001) in both asthmatic and nonasthmatic ASM cells (Fig. 4),
which is consistent with our previous results (63, 69). In
nonasthmatic and asthmatic ASM cells, ER3 agonist WAY
(P = 0.001), but not PPT, showed a reduction in the enhancing
effect of TNF-a on [Ca®"]; response to all the three agonists
(P = 0.001, Fig. 4, A-F). Here, the effect of E, in reducing the
increased [Ca®™]; response varied depending on the conditions
and showed a significant reduction in TNF-a-induced effect on
[Ca?T]; responses to histamine (P = 0.05, Fig. 4B), bradykinin,
and ACh in asthmatic cells (P = 0.01, Fig. 4, D and F).
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Fig. 4. Effect of differential estrogen receptor (ER) signaling on the TNF-a enhancement of intracellular Ca?* ([Ca?™"];) response in human airway smooth muscle
(ASM) cells. Human nonasthmatic and asthmatic cells were treated with E>, PPT, or WAY for 2 h before treatment with TNF-a (20 ng/ml) for 24 h and their
effects on the AUC of the [Ca®*]; response to histamine (A and B), bradykinin (C and D), and ACh (E and F) were evaluated. **#P < 0.001 vs. vehicle. #P =
0.05, #P < 0.01, ##P < 0.001 vs. TNF-a. Data are presented as means * SE; n = 5 patients each.
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Effect of specific ER signaling on IL-13-mediated [Ca®™];
response. Similar to the effect of TNF-a above, exposure of
IL-13 (50 ng/ml) for 24 h also produced a significant increase
in [Ca®"]; response to ACh, bradykinin, and histamine, as
compared with the vehicle (P = 0.001), in both nonasthmatic
and asthmatic cells (Fig. 5), demonstrating Th2 effect in
increasing [Ca®™]; in human ASM cells, which is comparable
to our previous findings (63, 69). In nonasthmatic and asth-
matic ASM cells, significant reduction in the [Ca?T]; response
to histamine was observed in IL-13-exposed cells treated with
WAY (P = 0.001, Fig. 5, A and B). In asthmatic ASM cells
(Fig. 5B), E, showed a reduction in IL-13-induced [Ca®*];
response to histamine (P = 0.01). No significant effects
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were observed in cells treated with PPT in the presence of
IL-13. With respect to bradykinin and ACh-elicited [Ca®*];
response, WAY in the presence of IL-13 significantly re-
duced the [Ca?"]; response in both nonasthmatic cells (P =
0.01, Fig. 5, C and E) and asthmatic ASM cells (P = 0.001,
Fig. 5, D and F). In asthmatic ASM cells, E, significantly
decreased the IL-13-induced increase in [Ca’™"]; response to
bradykinin (P = 0.01, Fig. 5D) and to a lesser extent (but
significant) with ACh (P = 0.05, Fig. 5F). Overall, WAY
invariably showed a decreased [Ca®*]; response in IL-13-
treated cells in both nonasthmatic and asthmatic cells (P =
0.001), whereas PPT did not show any significant changes in
[Ca®™]; response.

B Asthmatic
L ### 1

o 15000 I 1
. g I Jekk ” #Ht I
c Q
—a /]
£ & 100004 i: oy
& = ATEA
INN
5 O, *
oD o
< S

2

- c ) ) ) ) )

Vehicle IL-13 E,+ PPT+ WAY+
IL-13
D 15000 F et /
° -
: 2 I * %k II #H I
LS 0
Q.
8 10000 % -EB—
>y -1 A—x-A
5e =
o N
“ O
0 =
=1 o
<3
c
- c ) ) ) ) )
Vehicle IL-13 E,+ PPT+ WAY+
IL-13
F

Q
8 2 15000 : *kk H it :
£ 0
S g i

[

2 & 10000 -EE- N ’}'

O, a .
s - 5000 :%. &g
© 3
3 S

2 0

I I
PPT+ WAY+
IL-13

1 1 1
Vehicle IL-13  E,+

Fig. 5. Effect of differential estrogen receptor (ER) signaling on the IL-13 enhancement of intracellular Ca>* ([Ca?*];) response in airway smooth muscle (ASM)
cells. Human nonasthmatic and asthmatic cells were treated with E>, PPT, or WAY for 2 h before treatment with IL-13 (50 ng/ml) for 24 h, and their effects
on the area under the curve (AUC) of the [Ca?*]; response to histamine (A and B), bradykinin (C and D), and ACh (E and F) were evaluated. ***P < 0.001
vs. vehicle, #P = 0.05, ##P < 0.01, #HtP < 0.001 vs. IL-13. Data are presented as means = SE; n = 5 patients each.
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Effect of differential ER signaling on [Ca®™ ]; reuptake. To
confirm the [Ca®"]; regulation of ER through intracellular
stores, cells were isolated from the calcium-containing envi-
ronment (“0” Ca®* HBSS), and their [Ca®"]; response to
histamine was studied in nonasthmatic human ASM cells.
Cells were treated with ER agonists for 2 h and then exposed
to TNF-a or IL-13 for 24 h, and the [Ca®*]; response was
evaluated in the absence of extracellular Ca>" and reduced
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plasma membrane Ca®" fluxes. Proinflammatory cytokines,
TNF-a, or IL-13 both showed a significant increase in the
[Ca?T]; response to histamine, as compared with vehicle (P =
0.001, Fig. 6, A and B). As expected, the [Ca%™]; responses in
the environment devoid of Ca?"™ was lower, indicating the
effect only on the intracellular stores. In the presence of either
of these proinflammatory cytokines, ER[ agonist WAY-
treated ASM cells significantly reduced the [Ca®"]; response
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Fig. 6. Effect of differential estrogen receptor (ER) signaling on sarcoplasmic reticulum (SR) intracellular Ca>* ([Ca?*];) reuptake. In zero calcium environment,
the effect on the area under the curve (AUC) of the [Ca®*]; response due to proinflammatory cytokines TNF-a (A) and IL-13 (B) in the presence of specific ER
agonists were evaluated in nonasthmatic human airway smooth muscle (ASM) cells. The rate of fall of [Ca?*]; response representing [Ca?*]; reuptake by SR

was measured in TNF-a- (C) or IL-13- (D) exposed ASM cells. SERCA2

protein expression analysis of ER agonists treated TNF-a or IL-13-exposed

nonasthmatic human ASM cells (E and F). ***P < 0.001, **P < 0.01 vs. vehicle; ##P < 0.01, ###P < 0.001 vs. cytokines. Data are presented as means * SE;

n =5 or 6 patients.
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(P = 0.001), whereas PPT or E,-treated cells showed negligi-
ble effects on the [Ca®"]; response in the “0” Ca®>* HBSS
environment. In these experiments, the effects of ERs on
sarco(endo)plasmic reticulum Ca’?*-ATPase (SERCA2) re-
uptake were evaluated by calculating time to decay (Fig. 6, C
and D). Time to decay was significantly higher in TNF-a or
IL-13 alone-treated groups (P = 0.001) and was significantly
lower in cells treated with WAY (P = 0.001). E, and PPT did
not effectively change the TNF-a- or IL-13-induced increase in
time to decay. Furthermore, SERCA?2 protein expressions were
significantly reduced in TNF-a- or IL-13-treated cells com-
pared with vehicle (Fig. 6, E and F; P = 0.01). ER[3 agonist
WAY treatment reversed this trend in TNF-a (P = 0.01) or
IL-13 (P = 0.001)-exposed ASM cells and showed increased
SERCA2 expression, but there were no differences observed in
PPT or Ej-treated cells. This protein expression results were
further confirmed by SERCA2 mRNA expression (not shown
here). Overall, these support the concept that ERB activation
can blunt [Ca“] responses by increasing Ca>" sequestration
at intracellular level.

Effect of ERB signaling on L-type calcium channel influx.
Previous studies showed decreased Ca?* influx in human ASM
due to acute action of estrogen. To identify specific contribu-
tion of ERPB signaling in ASM [Ca?*]; regulation, an additional
possible mechanism through LTCC was also tested. After the
24-h treatment (with WAY and cytokines), ASM cells were
exposed to LTCC inhibitor nifedipine (1 wM) for 20 min
before being subjected to histamine in calcium-containing
HBSS. Acute nifedipine exposure significantly decreased the
[Ca?*]; response (P = 0.001) compared with vehicle (Table 1).
WAY-treated ASM cells in the presence of nifedipine showed
similar effects to that of nifedipine-exposed cells in decreasing
the [Ca®™]; response, indicating the role of WAY effect par-
tially through LTCC. TNF-a- or IL-13-induced increases in the
[Ca?*]; response was significantly reduced by acute nifedipine
exposure. Furthermore, WAY treatment substantially and sig-
nificantly reduced [Ca>"]; response in TNF-a- or IL-13-ex-
posed ASM cells in the presence of nifedipine (P = 0.001), and
this was comparable to nifedipine or WAY-alone-treated
groups. To further confirm the involvement of ERB in Ca®*
influx mechanisms, a subsequent set of studies was performed
in similar experimental conditions, where KCl (100 mM),
instead of histamine, was used as a depolarizing agent. It was

Table 1. Effect of ER[B signaling on histamine-induced
[Ca? ™ ]; response through L-type calcium channel inhibition

Treatment Groups AUC = SE (—Nifedipine) AUC = SE (+Nifedipine)

Vehicle 5,150.18 = 127.83 3,268.98 = 175.17*
WAY 4,798.59 = 225.98 2,804.56 = 340.72*
TNF-a 9,684.00 = 315.96 7,780.38 = 37.45#
WAY + TNF-a 5,039.17 = 210.63 2,522.55 = 211.087§
IL-13 9,131.13 = 250.73 7,392.80 = 213.06#
WAY + IL-13 5303.31 = 163.01 2734.72 = 190.937§

Data are presented as means = SE; n = 7 patients. Human nonasthmatic
airway smooth muscle (ASM) cells exposed to TNF-a or IL-13 in the presence
of WAY, were subjected to intracellular Ca>* ([Ca®*];) response to histamine,
and comparisons of their area under the curve (AUC) were obtained with
blunting effect of L-type calcium channel (LTCC) inhibitor nifedipine (1 pM,
20 min). *P = 0.05, vs. vehicle or WAY (nifedipine effect), #P < 0.001 vs.
respective cytokines (nifedipine effect). TP < 0.001 vs. WAY + cytokines
(nifedipine effect). §P < 0.001 vs. cytokines + nifedipine (WAY effect).
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Table 2. Effect of ERB signaling on KCl-induced [Ca®™];
response

Treatment Groups AUC = SE

Vehicle 3,217.07 = 225.25
Nifedipine 899.83 = 109.22%
WAY 2,002.80 = 116.53*
TNFa 4,232.01 * 148.54*
WAY + TNF-a 2,094.94 = 137.31#
IL-13 4,528.09 = 72.89*
WAY + IL-13 1,995.08 = 97.52#

Data are presented as means *= SE; n = 5 patients. Human nonasthmatic
airway smooth muscle (ASM) cells exposed to TNF-« or IL-13 in the presence
of WAY, were subjected to [Ca?*]; response to KCI. The intracellular Ca?*
([Ca™"];) response to KCl-induced depolarization was evaluated and compared
with nifedipine. *P < 0.001 vs. vehicle. #P < 0.01 vs. cytokines.

found that [Ca?*]; response to KCI was drastically reduced
(P = 0.001) in the presence of nifedipine, as compared with
vehicle (Table 2), suggesting that KCI1 depolarizes the ASM
cell membrane primarily through LTCC. WAY-treated cells
showed a [Ca®"]; response significantly lower than vehicle
(P = 0.001), indicating an inhibitory effect primarily via
LTCC. Furthermore, TNF-a or IL-13 increased the KCl-in-
duced [Ca™; response in ASM cells (P = 0.001), and WAY-
treated cells showed decreased [Ca®"]; response (P =< 0.001) in
the presence of either of the cytokines.

DISCUSSION

In asthma, various inflammatory pathways increase AHR
and airway obstruction, leading to recurrent episodes of cough-
ing and wheezing (18, 54). These hallmark features of asthma
are mainly mediated through ASM layer, which balances
between bronchodilation and bronchoconstriction to maintain
the tone of airways (6, 35, 55). [Ca®™]; in ASM cells is one of
the major factors for the overall constriction of airways (8, 34,
53, 59, 78). A bronchoconstrictor stimulation (muscarinic or
histaminergic) causes transient increase in [Ca®"]; due to
influx of extracellular calcium and release of calcium from the
intracellular stores (7). As such, there are several channels and
pumps, which affect the [Ca®™];. Therefore, it is imperative to
study various signaling mechanisms, which affect the [Ca®*];
regulation in ASM cells.

Several clinical findings have stressed the sex disparity
existing in asthma prevalence and severity (15, 42, 79, 85).
Because of increased evidence of asthma prevalence in
women, focus has been diverted toward the role of estrogen on
ASM cells (29, 67, 85). Estrogen mediates its action via ERa
and ER(, which are ligand-activated transcription factors that
are mostly associated with genomic signaling pathways that
result in target gene expression (10, 58, 61). Another mem-
brane-associated GPR30 can mediate the acute nongenomic
action of estrogens in different cell contexts (2, 10, 16, 83). In
the present study, we attempt to establish the link between
long-term activation of ERs on the [Ca®"]; regulation in both
nonasthmatic and asthmatic ASM cells in the presence of
inflammation.

The first study on the modulatory role of estrogen in the
airway dates back to 1983 when it was found that these sex
steroids cause potentiation of isoproterenol-mediated relax-
ation (28). More recent studies, including our own, have shown
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the expression of both ERa and ER[3 in human ASM cells (81).
Here, acute exposure of physiological concentration of E,, via
ERa, inhibits plasma membrane influx, thereby reducing ASM
[Ca™]; (81). Furthermore, cAMP and protein kinase A were
found to be increased as a result of acute exposure of E, (80).
In our previous studies, the long-term effect of ERs on the
[Ca%™]; levels in healthy and inflamed ASM cells was not
addressed owing to the complexities of signaling mechanisms
of ER isoforms.

In our recent studies, it was found that during asthma,
expression of ERs is found to be increased, which laid the
foundation for examining the specific role of ERs in asthmatics
(9). Interestingly, ER3 shows a marked increase in expression,
as compared with ERa. Furthermore, we have recently dem-
onstrated the differential role of ERs in PDGF-induced ASM
cell proliferation (4), as well as in the mixed allergen-induced
AHR in the murine models of asthma (3). However, the
significance of a transmembrane estrogen receptor GPR30
remains unclear, owing to its lack of expression observed using
Western blot analysis (9) and its ineffective G1 (GPR30
agonist) role in ASM proliferation. The results of the present
study will establish the differential contribution of ER isoforms
in the maintenance of [Ca®']; and overall airway tone in
normal and inflamed conditions.

Our first set of studies demonstrated that the long-term ERa
activation led to increased [Ca®"]; response in both asthmatic
and nonasthmatic ASM cells. Here, a physiological concentra-
tion of E> (1 nM) has no significant effect on the [Ca?T];
response to histamine, bradykinin, or ACh with 24-h treatment.
These results were interesting, owing our previous studies,
which showed acute exposure of E, decreased the [Ca®™);
response (81), indicating the differences in the ER signaling
depend on the duration of action. In our studies, we used three
different contractile agonists to confirm our results, due to
Gq-coupled receptor activation and involvement of voltage-
gated, receptor-operated, store-operated [Ca’*]; changes in
varying degrees (14, 24). Notably, ER[3 activation showed a
significant reduction in [Ca®*]; in the asthmatic cells under
normal conditions with histamine exposure. It is important to
note that the baseline [Ca®"]; levels were observed to be higher
in all the asthmatic cells compared with the nonasthmatic cells
(data not shown) and not changed with ER-specific agonist
treatment.

Modulation of receptors pharmacologically may not be pre-
cise, owing to cross-reactivity of the chemical compounds with
a variety of other receptor types. Therefore, to confirm our
results, various ER-specific agonists and antagonists were
randomly screened, and an ERa activation-mediated increase
in ASM [Ca®*]; was validated. Particularly, ERa agonist THC,
which also shows antagonism toward ER[3 receptor (77) ex-
hibited highest [Ca®*]; response, suggesting divergent [Ca®™];
regulation by ERa versus ERB. The selection of estrogen
receptor-selective agonists/antagonists and concentrations used
were based on our own and others’ previous studies. For
example, WAY200070 has an ICsp of 2.3 nM for ERf3 and 155
nM for ERa with 410 times more selectivity to ERB over ERa
(32, 45). Similarly, PPT acts as an ERa-selective agonist, as it
is inactive through ER[( (76). All other pharmacological li-
gands were also selected on the basis of their ICsy and binding
affinity reported, as well as from our own studies (4, 20, 26, 45,
52, 77, 86). Hence, on the basis of their ICso values_ it is safe
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to consider that the agonist concentrations used in our studies
(10 nM) have high selectivity toward specific ER activation
with minimal crossover.

Furthermore, the differential role of ERa and ER[ activa-
tion in the regulation of [Ca®"];, was confirmed by molecular
biology techniques, where effects of ERs were prominently
observed as a result of their specific overexpression, using
plasmids or knockdown through siRNA. Here, an interesting
point to note was that the effectiveness of ERf in reducing the
[Ca®>*]; was much more pronounced in ERB-overexpressed
cells, suggesting a regulatory role of ER{ isoform under higher
expression.

The important role of TNF-a and IL-13 in airway inflam-
mation and hyperreactivity is well established (5, 7, 23, 25).
These cytokines affect several regulatory pathways through
Th1 and Th2 responses, thereby increasing the overall [Ca®"];
levels. Previous studies have demonstrated an increased ex-
pression of both ERa and ER in the TNF-a- or IL-13-treated
human ASM cells, hinting toward possible modulation of
inflammation due to differential signaling mechanisms of ER
isoforms (9). In our present functional studies, in the context of
inflammation, intriguingly, downregulation of [Ca®*]; re-
sponse in the presence of cytokines was particularly highly
pronounced with ER[3 activation than that with ER« activation,
indicating the possible bronchodilatory effects the ER[3 iso-
form could exert on the inflamed or asthmatic airways.

Our work presented here is the first to demonstrate the role
of long-term ER signaling on the mechanisms of [Ca®"];
regulation. Notably, the regulatory role of ERB in reducing
[Ca?*]; during inflammation was more prominent in the zero
Ca®* environment. We have previously shown that the human
ASM does not express the regulatory phospholamban (66, 68)
and that inflammation or asthma leads to decreased SERCA
expression (57, 68). Interestingly, in our previous acute expo-
sure studies, we did not find any observable effect of estrogen
on the SR Ca®* reuptake (81). Whereas long-term ERB acti-
vation reverses the trend of cytokine effect with increased
SERCA?2 expression and function, leading to increased Ca?™"
sequestration. Additional possible mechanisms of ER{ also
appear to be inhibition of LTCC. Here, KCI was used as a
depolarizing agent to elicit the transient [Ca’"]; response
because it effectively causes depolarization of the membrane
primarily through voltage-gated channels (73). These results
corroborate other reported studies on LTCC inhibitory effect of
E> (39, 40, 81). The [Ca’®"]; homeostasis in ASM cells is due
to the interplay between the vast majority of protein channels
and pumps (11, 34, 59, 62), among which LTCC and SERCA
have a major contribution (17, 57, 68). If ER signaling affects
the SR function (as evidenced by the LaCls experiments), it
may also modulate regulatory proteins, such as STIM1 and
Orail that are critical to store-operated calcium entry (SOCE)
(17, 27, 44, 74). Furthermore, as transient receptor potential
channels and sodium-calcium exchange pumps modulate the
SOCE (64, 72, 82, 84), involvement of these mechanisms of
long-term ER signaling remain to be examined.

Overall, our present study demonstrates the differential role
of ERs in regulating [Ca?*]; in baseline and inflamed condi-
tions. ERa activation at baseline shows increased [Ca®™];
response and is not effective in regulating the cytokine-induced
increase in [Ca®"]; responses. Whereas ER activation tends to

decrease [Ca®"]; response slightly at baseline and significantly
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in the inflamed conditions. ERB contributes to decreased
[Ca® T response through increased SERCA2 function, as ev-
ident by the increased rate of sequestration of Ca®>*. Further-
more, ERP also exerts its signaling through inhibition of
pathways involved in activating the voltage-gated LTCC.
Overall, these results suggest that estrogen signaling is main-
tained in the presence of inflammation, and indeed, more
enhanced via ER activation, providing a potential avenue to
blunt effects of inflammation on [Ca®"]; in ASM.
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