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Background: Abnormal chloride (Cl�) transport has a detrimental impact on mucociliary clearance in
both cystic fibrosis (CF) and non-CF chronic rhinosinusitis. Ginseng is a medicinal plant noted to have
anti-inflammatory and antimicrobial properties. The present study aims to assess the capability of red
ginseng aqueous extract (RGAE) to promote transepithelial Cl� secretion in nasal epithelium.
Methods: Primary murine nasal septal epithelial (MNSE) [wild-type (WT) and transgenic CFTR�/�],
fisher-rat-thyroid (FRT) cells expressing human WT CFTR, and TMEM16A-expressing human embryonic
kidney cultures were utilized for the present experiments. Ciliary beat frequency (CBF) and airway
surface liquid (ASL) depth measurements were performed using microeoptical coherence tomography
(mOCT). Mechanisms underlying transepithelial Cl� transport were determined using pharmacologic
manipulation in Ussing chambers and whole-cell patch clamp analysis.
Results: RGAE (at 30mg/mL of ginsenosides) significantly increased Cl� transport [measured as change in
short-circuit current (DISC ¼ mA/cm2)] when compared with control in WT and CFTR�/� MNSE (WT vs
control ¼ 49.8�2.6 vs 0.1þ/�0.2, CFTR�/- ¼ 33.5�1.5 vs 0.2�0.3, p < 0.0001). In FRT cells, the CFTR-
mediated DISC attributed to RGAE was small (6.8 � 2.5 vs control, 0.03 � 0.01, p < 0.05). In patch
clamp, TMEM16A-mediated currents were markedly improved with co-administration of RGAE and
uridine 5-triphosphate (8406.3 þ/� 807.7 pA) over uridine 5-triphosphate (3524.1 þ/� 292.4 pA) or
RGAE alone (465.2 þ/� 90.7 pA) (p < 0.0001). ASL and CBF were significantly greater with RGAE (6.2þ/
�0.3 mm vs control, 3.9þ/�0.09 mm; 10.4þ/�0.3 Hz vs control, 7.3 � 0.2 Hz; p < 0.0001) in MNSE.
Conclusion: RGAE augments ASL depth and CBF by stimulating Cl� secretion through CaCC, which sug-
gests therapeutic potential in both CF and non-CF chronic rhinosinusitis.
� 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sinonasal mucociliary transport is a vital host defense mecha-
nism that dispels inhaled pathogens such as toxins, allergens, and
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pollutants from the airway [1,2]. Airway epithelium sustains
mucociliary function through proper ciliary beating and homeo-
static maintenance of the airway surface liquid (ASL) [1,3]. ASL and
the viscoelastic characteristics of the mucus rely on the
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Table 1
Composition of Korean Red Ginseng extracts

Ginsenoside Korean Red Ginseng extracts (mg/g)

Rg1 1.10 ± 0.07
Re 1.57 � 0.17
Rf 0.95 � 0.01
Rh1 0.87 � 0.09
Rg2s 1.83 � 0.15
Rb1 4.70 ± 0.17
Rc 2.03 � 0.15
Rb2 1.76 � 0.15
Rd 0.67 � 0.04
Rg3s 2.13 ± 0.05
Rg3r 0.83 � 0.02

7.9 mg/g

The three major ginsenosides (Rg1, Rb1, and Rg3) in Korean RGAE are marked in
bold characters.
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synchronized action of multiple ion channels, including the cystic
fibrosis transmembrane conductance regulator (CFTR) and calcium
activated chloride channels (CaCC) [TMEM16A (Anoctamin1 or
ANO1) and TMEM16B (Anoctamin2 or ANO2)] [4e6].

Because mucociliary transport is influenced by the trans-
epithelial movement of chloride (Cl�), there is increasing interest in
the use of agents that stimulate Cl� secretion for the treatment of
diseases caused by dysfunctional mucociliary clearance (MCC),
including cysticfibrosis (CF), chronic obstructivepulmonarydisease,
asthma, and chronic rhinosinusitis [7e11]. While several drugs tar-
geting CFTR have been approved by the Food and Drug Adminis-
tration for CF disease (e.g., ivacaftor, lumacaftor), compounds from
natural products are also being explored, ranging from extracts of
South Pacific sponges to plants in local health food stores [12,13]. For
example, genistein, curcumin, and resveratrol have been evaluated
for their potential as adjunct therapies for patients with CF as they
show the capacity to stimulate CFTR as channel potentiators [14e
16]. Modulators of CaCC activity, such as uridine 5-triphosphate
(UTP) and other analogues, have also been considered for the
treatment of CF and additional airway diseases [17,18].

Korean Red Ginseng (Panax ginseng Meyer) is widely used as an
alternative medicine and health-enhancing supplement [19].
Commercially available Korean Red Ginseng aqueous extract
(RGAE) is prepared by steaming and drying fresh ginseng root to
enrich efficacy and is composed of several unique ginsenosides
(Rg1, Rb1, Rg3) derived from hydrolysis of saponins during heating
procedures [20]. Ginsenosides are regarded as the principle active
compounds of P. ginseng and have been recognized to have anti-
inflammatory, antioxidant and antimicrobial bioactivity [20e22].
A recent study by Guo et al. has shown that ginsenoside Rb1 can
activate CaCCs in the Guinea pig’s intestine [22]. In a study with
tissue distribution profiles, the two organs with the highest levels
of ginsenosides were liver and lung after oral administration in a rat
model [23]. However, data regarding the electrophysiologic char-
acteristics of RGAE in the respiratory tract are lacking. The objec-
tives of this study are to assess the capability of RGAE to promote
transepithelial Cl� secretion in sinonasal epithelium.

2. Materials and methods

2.1. Primary cell culture

Institutional Animal Care and Use Committee and Institutional
Review Board approvals were obtained before initiating these
studies.Murinenasal septal epithelial (MNSE) cellswerematuredon
Costar 6.5-mm-diameter permeable filters (Corning Life Sciences,
Lowell, MA, USA) and immersed in culture medium as previously
described [2,24e28]. The medium was drained from the apical
surface on day 4 after the epithelium reached confluence, and cells
fed via the basal chamber. Transgenic CFTR�/� MNSE cultures were
also studied to assess CFTR-dependent effects and appraise contri-
butions fromapical CaCC.Differentiation and ciliogenesis arose in all
cultures within 10 to 14 days. Cultures were used for experiments
when fully differentiated with prevalent ciliogenesis. Cultures with
transepithelial resistances (Rt) > 300 U*cm2 were used to obtain
short-circuit current measurements and assessment of functional
microanatomy. A minimum of 5 wells were tested per condition.
Human sinonasal epithelial cells cultured fromapatient negative for
mutations in the CFTR gene were seeded on glass coverslips and
used for Fura-2 calcium imaging.

2.2. Fisher rat thyroid cells expressing human CFTR

Fisher rat thyroid (FRT) cells expressing human wild-type CFTR
were received from the Gregory Fleming James Cystic Fibrosis
Research Center. cDNAs carrying humanWT CFTR were introduced
into FRT cells using the Flp-in system (Invitrogen, Grand Island, NY,
USA). FRT cells were developed in media containing Coon’s modi-
fied Ham’s F-12 with 5% fetal bovine serum and 100mg/mL
hygromycin. Cell mediawere substituted every 48 hours. For Ussing
chamber studies, 7.5 � 104 FRT cells were grown on 6.5mm
Transwell with 0.4-mm pore membrane inserts for 4 days. Apical
and basolateral media were replaced every 48 hours.
2.3. Ussing chamber analysis

Cultures on filters (Costar) were inserted into Ussing chambers to
investigate pharmacologicmanipulation of vectorial ion transport as
previously described [26,29,30]. Monolayers of all cell types were
appraised under short-circuit current conditions following fluid
resistance compensation using automatic voltage clamping (VCC
600; Physiologic Instruments, San Diego, CA, USA). Serosal bath so-
lutions included (in mM) 120 NaCl, 25 NaHCO3, 3.3 KH2PO4, 0.8
K2HPO4, 1.2 MgCl2, 1.2 CaCl2, and 10 glucose. Baths for Transwell
cultures were warmed to 37�C and gassed continuously with a 95%
O2e5% CO2 mixture that provides a pH of 7.4 under the conditions
studied here. Chemicals were obtained from Sigma (St. Louis, MO,
USA). RGAE was provided by the Korea Ginseng & Tobacco Central
Research Institute and contains 7.9 mg/g as a sum of major ginse-
nosides Rb1, Rg1, and Rg3 (Table 1) [31]. Rb1, Rg1, and Rg3 were also
tested and ordered separately through Sigma. Ussing chamber ex-
perimentswere executedwith anominalmucosal Cl� inwhich6mM
NaClþ 114mMNagluconate replacedNaCl in the above solution.We
used the followingpharmacologic agents for these studies: amiloride
(100 mM) d blocks epithelial Naþ channels, as a means to isolate
changes in short-circuit current (DISC) due to effects on Cl� channel
activity; forskolin (20mM)d activates CFTRbyelevating intracellular
cAMP,which causesproteinkinaseAedependentphosphorylationof
the CFTR regulatory domain (R-D); INH-172 (10 mM) d a CFTR in-
hibitor that allows determination of CFTR-dependent contributions
to ISC; tannic acid (100 mM) d an inhibitor of CaCC; and uridine 5-
triphosphate (UTP, 150 mM) d activates CaCC. Each solution was
produced as 1,000� stock and studied at 1� . The ISC was constantly
assessed at one current measurement per second. A positive
deflection in ISC under conditions tested here was defined as the net
movement of anions from the serosa to the mucosa.
2.4. Whole-cell patch clamp analysis

Mouse transmembrane protein 16A (TMEM16A) subcloned in
frame within the enhanced green fluorescent protein (pEGFP)-N1
vector was provided by Professor Lily Y. Jan (University of Califor-
nia, San Francisco). The TMEM16A-GFP was built as previously
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described by Schroeder et al. [32]. Human embryonic kidney (HEK)
293 cells were transfected using Lipofectamine 2000 Transfection
reagent (Cat. No: 11668; Life technologies, Carlsbad,Ca, USA) ac-
cording to the manufacturer’s instructions. Stably TMEM16A-
transfected HEK 293 cells were maintained in Dulbecco’s Modified
Eagle’s medium supplemented with 10% fetal bovine serum and 0.4
mg/mL G418 at 37�C in 5% CO2 and passaged every 2e5 d. Cells
were split and seeded on glass coverslips one day before whole-cell
patch clamp analysis. Each cover slip with cells was transferred to
an experimental chamber mounted on the stage of an Olympus
microscope. TMEM16A currents were recorded in whole-cell mode
of the patch clamp technique using an Axopatch 2000B amplifier
interfaced through DIGITA 1440A to a computer. The data were
recorded and examined using the pClamp 10.6 software (Molecular
Devices, San Jose, Ca, USA). During the experiments, cells were
perfused with an external solution of the following ionic compo-
sition (in mM): 145 CsCl, 2 MgCl2, 2 Cacl2, 5.5 Glucose, 10 HEPES pH
7.4 (1 N NaOH). The pipette resistance used for whole recording
ranged from 3 to 5 GV when filled with the intrapipette solution (in
mM): 135 CsCl, 10 KCl, 2 MgCl2, 0.1 EGTA, 5.5 Glucose, 10 HEPES, pH
7.2 (1N KOH). All experiments were achieved at room temperature.
Cells were continuously perfused with the external solution until
formation of the recording whole cell configuration. Activators of
Fig. 1. Representative Ussing chamber tracings. Representative Ussing chamber tracing
secretion in murine nasal septal epithelial (MNSE, wild type [WT]) cell cultures with RGAE fo
murine nasal septal epithelial; RGAE, red ginseng aqueous extract; ISC, short circuit current
TMEM16A were applied through the same perfusion system. The
rate of perfusionwas adjusted to 1 mL/min. The datawere analyzed
and plotted using Igor Pro. 8 (Wavemetrics, Lake Oswego, OR, USA).

2.5. Microeoptical coherence tomography imaging

To assess the functional microanatomy parameters of ASL depth
and ciliary beat frequency (CBF), microeoptical coherence tomog-
raphy (mOCT) imaging of MNSE cultures was performed with inci-
dent illumination of the apical cell surface. To mitigate errors in
geometric measurements, the imaging optics axis was placed
within 10 degrees of normal to the cell plane as previously
described [33,34]. All imaging was performed at 4 regions of in-
terest per each well (2 points at 1 mm from the center and another
at 1 mm from the edge for 2 separate locations). ASL was quanti-
tatively evaluated by directly gauging the visible thickness of the
respective layers in the image. To account for refractory properties
of the liquid, layer thickness dimensions were corrected for the
index of refraction of the liquid (n¼ 1.33). CBF was calculated using
a time series of images and quantitatively measured by identifying
peak amplitude frequency in the temporal Fourier transform of
areas demonstrating oscillatory behavior [33]. All parameters were
judged at 5 uniformly distributed areas of the image. All images
s demonstrate pharmacologic manipulation of ion transport with activation of Cl�

llowed by forskolin and INH-172 (Fig. 1A) vs RGAE followed by INH-172 (Fig. 1B). MNSE,
.
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were analyzed utilizing ImageJ version 1.50i (National Institutes of
Health, Bethesda, MD, USA) and MATLAB� R2016a (The Math-
Works, Natick, MA, USA).

2.6. Fura-2 imaging

Human sinonasal epithelial cells seeded on a glass coverslip
were loaded with the Ca2þ-sensitive dye Fura-2, and changes in
cytosolic calcium [Ca2þ]i measuredwith dual excitationwavelength
fluorescence microscopy [2]. Cells were sequentially perfused with
solutions containing RGAE or vehicle control, followed by 140 mM
UTP (Sigma) as a positive control. Fluorescence intensity was
monitored by a Photon Technology International (Birmingham, NJ)
dual wavelength spectrofluorometer (excitation wavelength: 340/
380 nm and emission wavelength: 510 nm). The intensity of fluo-
rescence was calculated automatically. The Rmax and Rmin values
were calculated by the addition of 3 mM Ca2þ and 5 mM EGTA plus
5 mM ionomycin, respectively.

2.7. Statistical analysis

Statistical analyses were conducted with Excel 2016 and
GraphPad Prism 6.0 software (La Jolla, Ca) using an unpaired t-test
Fig. 2. Summary data for RGAE-stimulated DISC in WT MNSE. A. RGAE (at 30mg/mL of Ginse
control ¼ 49.8 � 2.6 vs 0.0 � 0.0, p < 0.0001). In WT MNSE, the DISC by RGAE was significan
172 significantly blocked DISC that was generated by RGAE compared with control (RGAE/
p < 0.001. B. Dose-dependent Cl� secretion was observed with escalating concentrations o
MNSE. Rg3 was the most robust activator at a dose consistent with the concentration in RGA
of total ISC with RGAE (Rb1 þ Rg1 þ Rg3 vs RGAE ¼ 12.9 � 0.14 vs 44.0 � 2.21, p < 0.0001
MNSE, murine nasal septal epithelial; RGAE, red ginseng aqueous extract; ISC, short circuit
or subgroup one-way ANOVA with post hoc Tukey’s test with sig-
nificance set at P < 0.05 centered on the characteristics of
comparison.

3. Results

3.1. RGAE increases transepithelial Cl transport in WT primary
MNSE

To evaluate the impact of RGAE on transepithelial anion trans-
port, cell cultures were mounted in Ussing chambers for mea-
surements of short circuit current (ISC) using pharmacologic
manipulation. After blocking epithelial sodium channels with
amiloride, RGAE-dependent DISC (in mA/cm2) was tested in WT
MNSE (Fig. 1). Summary data are presented in Fig. 2A (n ¼ 6, each
group). RGAE (at 30mg/mL of ginsenosides) significantly increased
DISC when compared with vehicle control in WT MNSE (RGAE vs
Control¼ 49.8� 2.6 vs 0.1�0.2, p< 0.0001). Interestingly, the DISC
by RGAE (30mg/mL of ginsenosides) was significantly higher than
DISC amplified by forskolin, which maximally activates CFTR-
mediated anion secretion (DISC ¼ 33.9 � 2.2 mA/cm2, p < 0.001).
The RGAE-mediated Cl� secretion in WT MNSE was dose-
dependent (Fig. 2B). INH-172 (an inhibitor of CFTR) was also
nosides) significantly increased DISC when compared with control in WT MNSE (WT vs
tly higher than DISC amplified by forskolin (DISC ¼ 33.9 � 2.2 mA/cm2, p < 0.001). INH-
INH-172 vs Control/INH-172 ¼ �11.7 � 1.2 vs �7.3 � 0.5, p < 0.01). *: p < 0.0001, #:
f RGAE (n ¼ 6). C. Dose-response of individual ginsenosides Rb1, Rg1, and Rg3 in WT
E used in this study. Total ISC using all 3 components only activated approximately 30%
.) * represents significance compared with the control group (p < 0.0001).
current; WT, wild type.



Fig. 3. Summary Data for RGAE-stimulated DISC in FRT cells expressing human WT
CFTR. FRT cells expressing human WT CFTR were used to stimulate RGAE. Exposure to
RGAE (30mg/mL of Ginsenosides) resulted in a small but statistically significant in-
crease in DISC (RGAE vs Control ¼ 6.8 þ/� 2.5 vs 0.03 þ/� 0.01, p ¼ 0.024). *:
p < 0.0001.
CFTR, cystic fibrosis transmembrane conductance regulator; FRT, fisher rat thyroid;
RGAE, red ginseng aqueous extract; ISC, short circuit current; WT, wild type.

Fig. 4. Representative Ussing chamber tracings and summary data for RGAE-
stimulated DISC in CFTRL/L MNSE. A. A representative Ussing chamber tracing
demonstrates activation of Cl� secretion in CFTR�/� MNSE cells following blockade of
epithelial sodium channels by amiloride. B. RGAE (at 30mg/mL of ginsenosides)
significantly increased DISC when compared with control in CFTR�/- MNSE
(CFTR�/- ¼ 33.5 þ/� 1.5 vs 0.0 þ/� 0.0, p < 0.0001). RGAE-dependent DISC in CFTR�/-

MNSE was similar to forskolin-mediated DISC in WT MNSE (dotted line) (p ¼ 0.87)
(n ¼ 6). *: p < 0.0001.
CFTR, cystic fibrosis transmembrane conductance regulator; RGAE, red ginseng
aqueous extract; ISC, short circuit current; WT, wild type.

Fig. 5. Summary data for CaCC-mediated chloride secretion by RGAE in WT and
CFTRL/- MNSE. The maximum capability for vectorial Cl� transport was significantly
improved with both agents (RGAE and UTP) compared with UTP alone in both WT (A)
and CFTR �/� MNSE (B) (WT MNSE: RGAE þ UTP ¼ 81.8 � 6.2 vs UTP ¼ 59.5 � 4.7,
p < 0.05; CFTR �/� MNSE: RGAE þ UTP ¼ 62.3 � 3.4 vs UTP ¼ 38.4 � 0.5, p < 0.01),
indicating that RGAE improves the UTP response. The addition of the tannic acid partly
(about 50%) reduced the RGAE-evoked increase in both types of MNSE (WT MNSE from
49.8 � 2.6 mA/cm2 to 23.3 � 1.1 mA/cm2, P < 0.0001; CFTR �/� MNSE from 33.5 � 1.5 mA/
cm2 to 20.1 � 2.6 mA/cm2, P < 0.05, Fig. 5A and B).
CaCC, calcium-activated chloride channel; CFTR, cystic fibrosis transmembrane
conductance regulator; MNSE, murine nasal septal epithelial; RGAE, red ginseng
aqueous extract; ISC, short circuit current; UTP, uridine 5-triphosphate; WT, wild type.
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added to the mucosal bathing solution after stimulating the cells
either with RGAE or control (saline) (Fig. 1B) to understand the
contribution of CFTR-mediated Cl� secretion. In RGAE stimulated
cultures, INH-172 only partially inhibited ISC, although still signifi-
cantly greater than controls (RGAE/INH-172 vs Control/INH-
172¼�11.7� 1.2 vs�7.3� 0.5, p< 0.01) (Fig. 2A). When individual
ginsenosides were tested in WT MNSE, Rg3 appeared to generate
the most Cl� transport at a concentration (11.23 mg/mL) present in
30 mg/mL of RGAE. When Rb1, Rg1, and Rg3 were tested together at
doses that comprise 30 mg/mL of RGAE, DISC was approximately 30%
of total ISC generated with RGAE indicating other untested com-
ponents also contribute to activation of CaCCs (Fig. 2C). Based on
this experiment, RGAE-stimulated Cl� secretion is only minimally
mediated through CFTR. To better assess the impact on CFTR-
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mediated anion secretion in cells that lack CaCCs, FRT cells
expressing humanWT CFTR were evaluated in the Ussing chamber
(Fig. 3). Exposure to RGAE (30mg/mL of Ginsenosides) resulted in a
small but statistically significant increase in DISC (RGAE vs
Control ¼ 6.8 � 2.5 vs 0.03 � 0.01, p ¼ 0.024), confirming that CFTR
contributes minimally to RGAE-mediated Cl� secretion.
3.2. RGAE increases transepithelial Cl� transport in CFTR�/�

primary MNSE

Primary CFTR�/� MNSE cultures were utilized to eliminate the
contribution of CFTR to RGAE-dependent Cl� transport. (Fig. 4A).
Summary data are presented in Fig. 4B. RGAE (at 30mg/mL of Gin-
senosides) significantly increased DISC when compared with
vehicle control in CFTR�/� MNSE (CFTR�/- ¼ 33.5þ/� 1.5 vs 0.2þ/�
0.3, p < 0.0001). RGAE- (30mg/mL of Ginsenosides) dependent DISC
in CFTR�/� MNSE (DISC ¼ 33.5 þ/� 1.5 mA/cm2) was similar to
forskolin-mediated DISC in WT MNSE (dotted line in Fig. 4B), sug-
gesting the magnitude of ISC stimulation by RGAE achieves a range
that could confer potential therapeutic benefit, particularly in pa-
tients with CF or otherwise dysfunctional CFTR.
3.3. CaCC-mediated chloride secretion by RGAE

To understand the impact of RGAE on transepithelial anion
transport via CaCC, in some conditions, tannic acid (a non-selective
CaCC blocker) was added to the mucosal and serosal bathing solu-
tion 10min before the application of RGAE and/or UTP inWTMNSE
(Fig. 5A) and CFTR�/� MNSE (Fig. 5B). In the absence of tannic acid,
the maximum capability for vectoral Cl� transport was significantly
improved with both agents (RGAE and UTP) compared with UTP
alone in bothWTand CFTR�/�MNSE (WTMNSE: RGAEþUTP¼ 81.8
� 6.2 vs UTP ¼ 59.5 � 4.7, p < 0.05; CFTR �/� MNSE:
Fig. 6. Activation currents in TMEM16A stably transfected HEK cells in whole-cell pa
RGAE þ UTP. B. IV curves are illustrated during the activation of the Cl� current with RGAE,
increments. The cell membrane potential was held at 0 mV throughout the experiment.
HEK, human embryonic kidney; RGAE, red ginseng aqueous extract; TMEM16A, transmemb
RGAE þ UTP ¼ 62.3 � 3.4 vs UTP ¼ 38.4 � 0.5, p < 0.01), indicating
that RGAE partially potentiates the UTP response. Tannic acid partly
reduced the RGAE-evoked increase in both epithelia by approxi-
mately 50% (WTMNSE from49.8� 2.6 mA/cm2 to 23.3�1.1 mA/cm2,
P< 0.0001; CFTR�/� MNSE from 33.5�1.5 mA/cm2 to 20.1� 2.6 mA/
cm2, P < 0.05, Fig. 5A and B). These results revealed that CaCC is
responsible for at least 50% of RGAE-induced Cl� transport.
3.4. RGAE potentiates the UTP-induced Cl� secretion as judged by
whole-ccell patch clamp analysis

TMEM16A, a member of a family of putative plasma membrane
proteins, has been identified as a CaCC [6]. Stable, recombinant
HEK293 cell line expressing human TMEM16A (also called anoc-
tamin 1 [ANO1]) was used to activate TMEM16A by RGAE in the
whole-cell patch clamp current assay. TMEM16A activity is mark-
edly enhanced with UTP as expected (Fig. 6A). However, RGAE
minimally activated TMEM16A currents when UTPwas not present.
TMEM16A-mediated currents at 100 mV (n ¼ 12) were markedly
improved with co-administration of RGAE and UTP (8406.3 � 807.7
pA) over UTP (3524.1 � 292.4 pA) or RGAE alone (465.2 � 90.7 pA)
(Fig. 6, p < 0.001). Patch clamp technique controls the membrane
potential of the cell better than Ussing chamber technique and
demonstrates that the current related to combined application (in
presence of UTP) was greater than the sum of the individual cur-
rents from either agent alone, indicating synergism.
3.5. RGAE enhances ASL depth and CBF using mOCT

It is well established that promoting transepithelial Cl� secre-
tion leads to airway surface hydration and promotes ASL depth. To
evaluate effects of the formulation on ASL, WT MNSE cultures were
exposed to RGAE (30mg/mL of ginsenosides) for 4 hours at the
tch clamp recordings. A. Increasing activation currents induced by RGAE, UTP, and
UTP, and RGAE þ UTP when voltage steps were varied from �60 to 100 mV in 20 mV

rane protein 16A; UTP, uridine 5-triphosphate.
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basolateral side and mOCT was used to assess ASL depth and CBF
(n ¼ 6; Fig. 7A). Mean ASL was significantly greater in the RGAE
group compared with the vehicle control group (RGAE: 6.2 � 0.3
mm vs Control: 3.9 � 0.09 mm, p < 0.0001) (Fig. 7B). When cultures
were exposed to RGAE for 4 hours, mean CBF was also significantly
faster in RGAE exposed cells than controls (10.4� 0.3 Hz vs 7.3� 0.2
Hz; p < 0.0001).
3.6. RGAE did not alter [Ca2þ]i at concentrations consistent with
CaCC activation

Because RGAE is a dark brown liquid, at higher concentrations
we were unable to evaluate [Ca2þ]i fluctuations due to the dimin-
ished fluorescence present from coloration of the solution. RGAE at
1 mg/mLwas themaximum dose bywhich [Ca2þ]i could be assessed
and was previously confirmed to significantly increase DISC. Fluo-
rescence measurements confirmed no alteration in [Ca2þ]i, while
Fig. 7. Measurement of ASL depth using mOCT. A. mOCT images demonstrating ASL thickne
Scale bar ¼ 5 um. B. Mean ASL was significantly greater in the RGAE group when compar
p < 0.0001). The mean CBF was also significantly faster in RGAE exposed cells compared with
experiments with monolayer per condition.
ASL, airway surface liquid; mOCT, microeoptical coherence tomography; RGAE, red ginseng
positive control (UTP) caused robust release of intracellular [Ca2þ]i
stores (Fig. 8 d an experiment performed in triplicate).
4. Discussion

Korean Red Ginseng (P. ginseng Meyer) is widely used as an
alternative medicine and health-enhancing supplement [31].
Approximately 8,000 tons of ginseng is produced per year and
consumed around the world because of its ostensible immune
boosting functions and antimicrobial activity [35,36]. P. ginseng is
classified as either an herbal medicine or a health food supplement
depending on the country where it is sold [20].

In the present study, application of the bioactive components of
ginseng to the surface of WT MNSE stimulated Cl� secretion in a
sustained fashion and was higher than maximally stimulated CFTR-
mediated anion secretion by forskolin. TMEM16A-mediated chlo-
ride currents were markedly improved with co-administration
with UTP. Markers of functional microanatomy (ASL and CBF) that
ss in control (A) and RGAE-stimulated (B) MNSE cell cultures. Yellow bar ¼ ASL depth.
ed with the vehicle control group (RGAE: 6.2 � 0.3 mm vs Control: 3.9 � 0.09 mm, *:
controls (10.4 � 0.3 Hz vs 7.3 � 0.2 Hz; p < 0.0001). All groups consisted of at least six

aqueous extract; CBF, ciliary beat frequency.



Fig. 8. Fura-2 [Ca2þ]i imaging. Representative Fura-2 fluorescence curve demon-
strating no release of [Ca2þ]i at a dose of RGAE (1 mg/mL) shown to stimulate trans-
epithelial Cl� secretion.
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are influenced by apical Cl� secretion were also enhanced with
exposure to RGAE. Importantly, RGAE-mediated Cl� transport in
CFTR�/� MNSEwas also robust despite the absence of CFTR channel
function and was similar to forskolin-induced Cl� secretion in WT
MNSE, indicating currents were largely independent of CFTR.
Indeed RGAE-dependent Cl� secretion in CFTR�/- MNSE was
approximately 30% less than the DISC observed in WT MNSE.
However, CFTR is also partially activated via elevation of cytosolic
Ca2þ, and therefore this may not be attributable to direct activation
of CFTR by RGAE [37]. To understand the direct contribution of
CFTR-mediated Cl� secretion when stimulated with RGAE, we used
a CFTR-specific blocker (CFTRinh-172) and FRTcells expressing CFTR.
Based on these analyses (Figs. 2 and 3), the direct contribution of
CFTR-mediated Cl� secretion to RGAE-dependentDISC appears to be
minimal (less than 10%). Therefore, the transepithelial Cl� transport
observed in CFTR�/- MNSE indicates alternative Cl� channels (such
as CaCC) are primarily responsible for RGAE-stimulated Cl� trans-
port. As the maximum capability for vectoral Cl� transport was
significantly improved with both agents (RGAE and UTP) compared
with UTP alone in CFTR �/�MNSE (Fig. 5B), other Cl� channels (such
as SLC26A9) may also be responsible for RGAE-stimulated Cl�

transport or RGAE could serve as a potentiator of UTP.
Activators of TMEM16A (a voltage sensitive CaCC) are capable of

stimulating anion transport and improvemucin release from goblet
cells, as well as promoting MCC [18]. The role of TMEM16A in the
airway surface epithelium remains controversial, but increased
TMEM16A-CaCC channel abundance and activity might contribute
to mucus secretion and airway hyper-responsiveness in asthmatics
[38]. Guo et al has previously demonstrated that TMEM16 was
directly activated by ginsenoside Rb1 causing increased contraction
of guinea pig intestine [22]. The aqueous extract used in the present
study contains multiple ginsenosides including Rb1 (Table 1) and
the doses used in the experiments by Guo et al. (100mM of Rb1)
were much higher (x 5.6) than our maximum concentration. When
testing individual ginsenosides, Rb1 was tested at a ten-fold con-
centration and was observed to have minimal impact on trans-
epithelial Cl� secretion. Rg3 appears to be the most active of the
ginsenosides, however, even with combining all 3 ginsenosides
(Rb1, Rg1, and Rg3), these were only capable of stimulating
approximately 30% of the RGAE-stimulated Cl� transport. Thus,
other constituents in RGAE that have yet to be described may
contribute to the robust stimulation of Cl- secretion.

Gintonin is one such component identified in RGAE that has
been previously shown to activate CaCC in mammalian cells
through G-protein-coupled lysophosphatidic acid receptor
signaling pathways, primarily through driving intracellular [Ca2þ]i
[39]. Gintonin is a glycolipoprotein fraction from a crude ginseng
total saponin. It is a complex of lysophosphatidic acid and ginseng
proteins such as ginseng major latex-like protein 151(GLP151) and
ginseng ribonuclease-like storage protein. Based on a study by Choi
et al. [40], the amount of gintonin extracted from the ginseng root is
extremely small after considering all the loss during purification.
While this could activate CaCC transport, its direct affect from the
RGAE is likely negligible. Standard purified gintonin is not available,
which makes it problematic to perform any in vitro test.

In whole-cell patch-clamp experiments, RGAE minimally
stimulated TMEM16A alone but led to synergistically increased ISC
when combined with UTP over UTP alone, suggesting RGAE may
not affect [Ca2þ]i release or [Ca2þ]i entry through activation of
CaCCs. This is supported by Fura-2 imaging data showing no
changes in [Ca2þ]i at an RGAE concentration (1mg/mL) capable of
stimulating Cl� secretion. However, RGAE may affect the expres-
sion of TMEM16A at the membrane or its channel conductance, or
both. Previous studies have demonstrated that RGAE reduced the
nasal allergic inflammatory reaction in allergic rhinitis and
countered asthmatic effects in ovalbumin-induced asthma model
in mice. Thus, RGAE may not increase airway hyper-
responsiveness, commonly seen in allergic airway diseases, but
rather facilitate MCC by hydrating ASL. Further studies are
required to establish the underlying mechanism of RGAE in airway
epithelial cells.

There are several limitations to this study. This is an in vitro
investigation, and the drug was not tested in in vivo animal models.
Previously published work using CFTR�/- mice demonstrated only a
mild pathology, which was in opposition to the observed disease in
humans, and this may be due to substantial amounts of CaCC anion
secretion in mice [41,42]. Further studies will include evaluation in
human sinonasal or bronchial cells in vitro and ex vivo and
assessment of RGAE-mediated effects on CF murine and rat animal
models [43,44].
5. Conclusion

RGAE stimulated Cl� secretion in a sustained fashion in both
WT and CFTR�/- MNSE and augments both ASL depth and CBF.
These findings suggest RGAE has therapeutic potential for both CF
and non-CF chronic airway diseases, such as chronic
rhinosinusitis.
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