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A B S T R A C T

Intestinal barrier function depends on integrity of tight junctions, which serve as barriers to transepithelial influx
of noxious substances/microorganisms from gut lumen. The G-protein coupled receptor 39 (GPR39) is a zinc-
sensing receptor, which is expressed in several cell types including intestinal epithelial cells (IECs). The main
objective of this study was to investigate the effect of GPR39 activation on tight junction assembly in IECs.
Treatment with TC-G 1008 (1 μM –10 μM), a GPR39 agonist, and zinc (10 μM –100 μM) increased tight junction
assembly in T84 cells. This effect was suppressed by pretreatment with compound C, an inhibitor of AMP-
activated protein kinase (AMPK). In addition, western blot analysis revealed that treatment with TC-G 1008
induced AMPK activation in time- and concentration-dependent manners. Interestingly, inhibitors of phospho-
lipase C (PLC) and calcium/calmodulin-dependent protein kinase kinase β (CaMKKβ) abrogated the effect of TC-
G 1008 on inducing AMPK activation, tight junction assembly and zonula occludens-1 re-organization.
Collectively, this study reveals a novel role of GPR39 in enhancing tight junction assembly in IECs via PLC-
CaMKKβ-AMPK pathways. GPR39 agonists may be beneficial in the treatment of diseases associated impaired
intestinal barrier function.

1. Introduction

Zinc is a trace element that exerts a variety of physiological effects
(Terrin et al., 2015; Tuerk and Fazel, 2009). Interestingly, zinc pro-
motes proliferation and differentiation of intestinal epithelial cells
(IECs) (Cohen et al., 2014). Zinc supplement has been shown to im-
prove intestinal barrier function (Y. Shao et al., 2017; Y.X. Shao et al.,
2017; Zakrzewski et al., 2017). Moreover, zinc is recommended by the
World Health Organization (WHO) to be a crucial part of oral rehy-
dration solution (ORS) (Thiagarajah et al., 2015). Impaired intestinal
barrier function contributes to pathogenesis of inflammatory diarrheas
and represents a hallmark of inflammatory bowel disease (IBD) (Strober
et al., 2007). Importantly, zinc supplement has been demonstrated to
attenuate intestinal inflammation in experimental colitis and shorten
duration of acute diarrhea (Lamberti et al., 2013; Park et al., 2018).
Due to the vital roles of zinc in gut health and diseases, zinc supplement

has long been considered as an important micronutrient for alleviating
intestinal disorders (Tuerk and Fazel, 2009).

The G-protein coupled receptor 39 (GPR39) has been recognized as
a zinc-sensing receptor (Holst et al., 2007). It has been shown to
mediate several biological effects of zinc including promoting neuronal
functions, enhancing skin wound healing, and improving myogenesis as
well as metabolic health (Hershfinkel, 2018). In addition, GPR39 is
considered as an anti-depressive drug target (Egerod et al., 2007;
Hershfinkel, 2018; Petersen et al., 2011; Peukert et al., 2014;
Pongkorpsakol et al., 2017a, 2017b). The GPR39 is primarily coupled
with Gαq subunit of G protein. Upon being agonized, GPR39 emanates
signals mainly via a rise in intracellular calcium concentration
([Ca2+]i) through a Gαq-phospholipase C (PLC)-inositol triphosphate
(IP3) pathway (Pongkorpsakol et al., 2017a, 2017b). GPR39 is ubiqui-
tously expressed throughout gastrointestinal tract especially on apical
membrane of intestinal epithelial cells (Pongkorpsakol et al., 2017a;
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Zakrzewski et al., 2017; Azriel-Tamir et al., 2004; Cohen et al., 2012a,
2012b). GPR39 knockout mice were more susceptible to dextran so-
dium sulfate (DSS)-induced colitis and had lower expression of tight
junction proteins compared with wild-type mice (Sunuwar et al., 2016).
Consistently, silencing of GPR39 expression diminished tight junction
protein expression in colonocytes (Cohen et al., 2014). However, roles
of GPR39 in tight junction assembly and organization are largely un-
known. Importantly, TC-G 1008 has recently been identified as a se-
lective agonist of GPR39 (Peukert et al., 2014), which would be useful
as a pharmacological tool to elucidate both physiological and patho-
logical roles of GPR39.

AMP-activated protein kinase (AMPK), a heterotrimeric protein
complex composed of the catalytic α and regulatory β and γ subunits,
acts as an intracellular energy sensor that regulates both cellular and
whole-body energy status (Hardie et al., 2016). AMPK is activated by
phosphorylation at threonine-172 (Thr-172) of its α subunit by liver
kinase B1 (LKB1) or calcium/calmodulin-dependent protein kinase ki-
nase β (CaMKKβ) in response to an increase in AMP/ATP ratio or
[Ca2+]i, respectively (Hardie et al., 2016). Apart from its role in con-
trolling energy metabolism, accumulative lines of evidence suggest that
AMPK plays an important role in promoting assembly of a tight junction
protein ZO-1, a key scaffolding protein required for generating polarity
of epithelial cells, in renal epithelial cells (Odenwald et al., 2017; Peng
et al., 2009). Nonetheless, the role of AMPK in mediating the effect of
GPR39 activation remains unknown. Since [Ca2+]i is upstream of
AMPK, we hypothesized that GPR39 activation may facilitate tight
junction assembly in IECs via AMPK activation. Herein, this hypothesis
was tested using a selective GPR39 agonist TC-G 1008 and T84 cell
monolayers as a model of intestinal epithelia.

2. Materials and methods

2.1. Chemicals

GPR39 agonist, TC-G 1008, was obtained from Tocris Bioscience
(Bristol, UK). Inhibitors of AMPK (compound C), CaMKKβ (STO-609),
and PLC (U73122) were purchased from Sigma-Aldrich co. (St. Louis,
Missouri, USA.). The DMEM F-12 culture medium and fetal bovine
serum (FBS) were from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Anti-rabbit antibodies to phospho-AMPK (Thr-172) (p-AMPK),
AMPKα, and β-actin were purchased from Cell Signaling Technology
(Boston, MA, USA). Anti-mouse antibodies to ZO-1 were obtained from
Thermo Fisher Scientific Inc. (Waltham, MA, USA). The horseradish
peroxidase- and Alexa Fluor 488-conjugated goat antibodies to rabbit
and mouse immunoglobulin G (IgG) were obtained from Abcam
(Cambridge, MA, USA.) and Invitrogen (CA, USA), respectively. Other
chemicals were obtained from Sigma-Aldrich Co. (Saint Louis, MO,
USA) and Calbiochem (San Diego, California, USA). TC-G 1008, com-
pound C, STO-609, and U73122 were dissolved in DMSO. ZnSO4 was
dissolved in phosphate-buffered saline (PBS). % DMSO or PBS in cul-
tured medium during treatment was 0.1%.

2.2. Cell culture

T84 cells were obtained from the American Type Culture Collection
(Manassas, VA, USA). The cells were cultured in DMEM F-12 medium
supplemented with 5% FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin under an atmospheric condition of 95% O2/5% CO2 at
37 °C in a humidified incubator.

2.3. Calcium switch assay

The Ca2+ switch assay was performed to evaluate tight junction
assembly as previously described (Muanprasat et al., 2015; Peng et al.,
2009; Pongkorpsakol et al., 2017b). In brief, T84 cells were seeded on a
Transwell permeable support (5×105 cells/well) (Corning Life

Sciences, Tewksbury, MA, USA) and cultured for 7–10 days when TEER
was> 1000Ω cm2. Disassembly of tight junction was induced by cul-
turing the cells for 16 h in Minimum Essential Medium Eagle Spinner
Modification (S-MEM), a Ca2+-free medium. Thereafter, the S-MEM
was replaced with a regular medium (DMEM F-12) containing Ca2+

(Ca2+ switch) in the presence of vehicle or TC-G 1008 (1, 5, 10 μM)
with or without signaling inhibitors including compound C (80 μM),
STO-609 (5 μM), and U73122 (10 μM). In addition, effect of ZnSO4 (10,
50, 100 μM) on tight junction assembly was investigated. Transepithe-
lial electrical resistance (TEER) was measured before and after (15min,
30min, 1 h, 2 h, and 6 h,) a Ca2+ switch using the EVOM2 volt-ohm
meter (World Precision Instruments, Inc., Sarasota, FL, USA). Percent
change of TEER was calculated by comparing TEER measured at each
time point to TEER measured before calcium removal.

2.4. Western blot analysis

Protein expression of target signaling was quantitated using western
blot method as previously explained (Muanprasat et al., 2015;
Pongkorpsakol et al., 2017b). Briefly, T84 cells were seeded on 6-well
plates at a density of 1× 106 cells/well (Corning Life Sciences,
Tewksbury, MA, USA) and cultured for 2–3 days before pharmacolo-
gical treatments. Thereafter, cell lysates were harvested using lysis
buffer. Protein concentrations in cell lysates were evaluated using
Bradford method (Bradford, 1976). Sixty-microgram protein was
loaded and separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), before being transferred to a nitrocellulose
membrane. The membrane-containing protein was blocked for an h
with 5% non-fat dried milk (Bio-Rad, Hercules, CA, USA) to prevent
non-specific binding of the antibodies and then incubated overnight
with rabbit antibodies to phospho-AMPK (Thr-172), AMPKα, or β-actin.
The membrane was washed 4 times with Tris-Buffered Saline
Tween−20 (TBST) and incubated for an h at room temperature with
horseradish peroxidase-conjugated goat antibodies to rabbit im-
munoglobulin G (Cell Signaling Technology, Boston, MA, USA). The
signals were detected using Luminata™ Forte Western HRP Substrate
(Merck Millipore, Billerica, MA, USA). Densitometry analyses were
performed using Image J software (version 1.46r, National Institute of
Health, Bethesda, MD, USA).

2.5. Immunofluorescence staining

Localization of tight junction protein was investigated using im-
munofluorescence staining of ZO-1 as previously described (Odenwald
et al., 2017; Peng et al., 2009; Yousef et al., 2012). In short, T84 cells
were seeded onto the Transwell permeable support (5×105 cells/well)
and cultured for 10 days before treatment with vehicle, ZnSO4
(100 μM), or TC-G 1008 (10 μM) in the presence or absence of com-
pound C (80 μM) or STO-609 (5 μM). In some experiments, cells were
only treated with compound C (80 μM) or STO-609 (5 μM). Two h later,
cells were fixed for 10min with cold methanol (100%) and unspecific
binding of antibodies was prevented by incubating for 30min in a
blocking buffer containing 1% BSA, 22.52mg/ml glycine in PBST (PBS
+ 0.1% Tween 20). Thereafter, cells were incubated overnight with
mouse anti-ZO-1 antibodies at 4 °C. Fixed cells were then washed with
PBST and incubated for an h with Alexa Fluor 488-conjugated goat anti-
mouse IgG (Invitrogen, CA, USA). The fluorescently labeled ZO-1 was
captured by Operetta High-Content Imaging System (Perkin‐Elmer,
Germany).

2.6. Intracellular Ca2+ measurement

Measurement of intracellular calcium or [Ca2+]i was performed
using a Ca2+-sensitive fluorescent indicator indo-1 (Life Technologies,
Carlsbad, CA, USA) as previously described (Muanprasat et al., 2015;
Sungkaworn et al., 2011). T84 cells were trypsinized and incubated for
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an h at 37 °C with 1mM indo-1. Cells were carefully washed twice with
fresh buffers containing 0.441mM KH2PO4, 5.33mM KCl, 4.17mM
NaHCO3, 5.56mM D-glucose, 137.93mM NaCl, 0.338mM Na2HPO4,
1mM CaCl2 and 1% (w/v) BSA, or the buffer without CaCl2. The mean
fluorescent intensity ratios between Ca2+-bound indo-1 (excitation
wavelength of 338 nm, emission wavelength of 405 nm) and Ca2+-free
indo-1 (excitation wavelength of 338 nm, emission wavelength of
490 nm) were measured by an FP-6200 spectrofluorometer (JASCO,
Essex, UK).

2.7. Statistical analysis

The data are presented as means± S.E.M. Statistical differences
between control and treatment groups were analyzed using one-way
ANOVA or two-way ANOVA followed by Bonferroni's post hoc test,
where appropriate. n indicates numbers of repeats. Statistically sig-
nificant differences are considered when P value was< 0.05.
GraphPad Prism software was used for all statistical analyses.

3. Results

3.1. GPR39 agonist and zinc promote tight junction assembly via AMPK

Effects of a GPR39 agonist TC-G 1008 (Peukert et al., 2014) and zinc
sulfate (ZnSO4) on tight junction assembly in T84 cells were in-
vestigated using a Ca2+ switch assay. In this experiment, tight junction
re-assembly was induced by re-addition of culture media containing
Ca2+ (Ca2+ switch). Effects of TC-G 1008 and ZnSO4 on tight junction

re-assembly were analyzed by a real-time monitoring of TEER after
Ca2+ switch. We found that TC-G 1008 at 5 μM and 10 μM significantly
increased TEER at 30min to 2 h after treatment in a concentration- and
time-dependent manner with a maximal effect being observed at 10 μM
(Fig. 1A). ZnSO4 elicited the similar response in a concentration- and
time-dependent manner (Fig. 1B). Notably, effects of both stimuli at
high concentrations peaked at 2 h after treatment. Consistently, im-
munofluorescence staining of T84 cells in transmembrane inserts re-
vealed that TC-G 1008 (10 μM) and ZnSO4 (100 μM) accelerated tight
junction protein ZO-1 re-distribution to membrane periphery (Fig. 1C).

An involvement of AMPK in mediating the effect of TC-G 1008 and
ZnSO4 on tight junction assembly was investigated using compound C,
an AMPK inhibitor. Compound C co-treatment significantly abrogated
the effect of TC-G 1008 (10 μM) (Fig. 2A) and ZnSO4 (100 μM) (Fig. 2B).
As a control, TEER was not affected by the treatment of compound C
alone (Fig. 2). Based on the similarities in the kinetic patterns and
mechanism of tight junction assembly induced by both endogenous and
synthetic agonists of GPR39, it was indirectly implied that beneficial
effect of zinc on tight junction assembly might be through GPR39-
mediated AMPK activation.

3.2. Effect of GPR39 agonist on AMPK activation

To determine whether GPR39 agonist activated AMPK, time- and
concentration-dependent studies of AMPK phosphorylation at Thr-172
within AMPKα subunit, an indicator of AMPK activation, were per-
formed using western blot analysis. We found that TC-G 1008 (10 μM)
induced a significant increase in AMPK phosphorylation at 2 h post-

Fig. 1. Effects of GPR39 agonist and ZnSO4 on intestinal barrier function in T84 cells. (A) Effect of GPR39 agonist TC-G 1008 on tight junction assembly analyzed by a
Ca2+ switch assay. In this experiment, T84 cells were cultured for 16 h in Ca2+-free media. TEER of T84 cell monolayers was measured before and after replacement
of Ca2+-free media with media containing Ca2+ with or without TC-G 1008. Data are expressed as means of TEER± S.E.M. (n=5–7). ***P < 0.001, TC-G 1008
(10 μM)-treated group compared with vehicle (DMSO) at the same time point. ##P < 0.01; ###P < 0.001, TC-G 1008 (5 μM)-treated group compared with vehicle
at the same time point. $$P < 0.01, TC-G 1008 (1 μM)-treated group compared with vehicle at the same time point (two-way ANOVA). Pooled values of TEER before
Ca2+ switch were 2807.66+483.53 Ω•cm2. (B) Effect of ZnSO4 on intestinal barrier function in T84 cells. Data are expressed as means of TEER± S.E.M. (n=7).
**p < 0.01; ***P < 0.001, ZnSO4 (100 μM)-treated group compared with vehicle (PBS) at the same time point. ###P < 0.001, ZnSO4 (50 μM)-treated group
compared with vehicle at the same time point. $$$P < 0.001, ZnSO4 (10 μM)-treated group compared with vehicle at the same time point (two-way ANOVA). Pooled
values of TEER before Ca2+ switch were 2691.4+ 876.47Ω•cm2. (C) Immunofluorescence staining of T84 cells in transmembrane inserts showing ZO-1 organization
under normal conditions, after Ca2+ depletion, and 2 h after Ca2+ switch with indicated treatments (vehicle = DMSO).
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treatment (Fig. 3A). This time point was further used to investigate the
concentration-dependency of TC-G 1008's effect on AMPK phosphor-
ylation. Fig. 3B shows that TC-G 1008 induced AMPK phosphorylation
in a concentration-dependent manner with a significant effect being
observed at 10 μM. Therefore, this concentration of TC-G 1008 (10 μM)
was used in subsequent experiments.

3.3. Effect of GPR39 agonist on intracellular calcium level

GPR39 is a G-protein coupled receptor primarily coupled with Gαq
and known to transduce signals by eliciting a rise in [Ca2+]i via a PLC-
dependent mechanism (Pongkorpsakol et al., 2017a, 2017b). We next
measured [Ca2+]i using a Ca2+-sensitive fluorescent dye indo-1 to
confirm that TC-G 1008 and ZnSO4 stimulate the Gαq-PLC-Ca2+

pathway in T84 cells. As shown in Fig. 4, a fluorescent ratio of Ca2+-
bound to Ca2+-free indo-1 (F405/F490) was significantly increased
following the treatment with TC-G 1008 (10 μM) and ZnSO4 (100 μM),
suggesting that TC-G 1008 and ZnSO4 induced an increase in [Ca2+]i in
T84 cells. Of note, the elevation of [Ca2+]i induced by TC-G 1008- and

ZnSO4 was significantly diminished by pre-treatment with U73122
(10 μM), a PLC inhibitor. These data indicate that TC-G 1008 and ZnSO4
induce an elevation of [Ca2+]i via Gαq-PLC pathways.

3.4. Mechanisms of the GPR39 agonist-induced AMPK activation

Since CaMKKβ is downstream to Ca2+ signaling, we hypothesized
that GPR39 agonist may promote AMPK phosphorylation via Ca2+-
CaMKKβ pathway. To prove this hypothesis, western blot analysis of
AMPK phosphorylation was performed in T84 cells. As shown in Fig. 5,
at 2 h after treatment with TC-G 1008 (10 μM), AMPK phosphorylation
was significantly increased compared to control group. Of particular
importance, this effect was completely abolished by co-treatment with
either a CaMKKβ inhibitor STO-609 or an [Ca2+]i chelator BAPTA.
Neither STO-609 nor BAPTA alone affected AMPK phosphorylation.
These results indicate that TC-G 1008 activates AMPK in IECs via Ca2+-
CaMKKβ pathway.

Fig. 2. Involvement of AMPK in the
GPR39 agonist- and ZnSO4-induced tight
junction assembly. (A) Contribution of
AMPK in the GPR39 agonist-mediated
tight junction assembly. T84 cells were
treated with vehicle, TC-G 1008 (10 μM),
TC-G 1008 plus compound C (AMPK in-
hibitor; 80 μM), or compound C alone.
Pooled values of TEER before Ca2+

switch were 2749.71+697.88Ω cm2

(B) Role of AMPK in ZnSO4-induced tight
junction assembly. T84 cells were treated
with vehicle, ZnSO4 (100 μM), ZnSO4
plus compound C, or compound C alone.
Pooled values of TEER before Ca2+

switch were 2264.88+682.51Ω cm2.
Data are expressed as means of
TEER± S.E.M. (n=9). *P < 0.05;
**P < 0.01; ***P < 0.001, TC-G 1008-
treated or ZnSO4-treated group com-
pared with vehicle at the same time
point (two-way ANOVA).

Fig. 3. Effect of GPR39 agonist on
AMPK activation in T84 cells. (A) Time
course of AMPK activation by TC-G
1008. T84 cells were treated with ve-
hicle or TC-G 1008 (10 μM) for the in-
dicated durations before the sample was
harvested for western blot analysis. A
representative immunoblot of five in-
dependent experiments is shown. (B)
Concentration-response of the GPR39
agonist on AMPK activation. T84 cells
were incubated with vehicle or TC-G
1008 at the indicated concentrations for
2 h before protein collection for western
blot analysis. A representative im-
munoblot of five independent experi-
ments is shown. Data are analyzed from
the ratio of p-AMPK/AMPKα and ex-
pressed as % of control (vehicle-treated
group), means± S.E.M. (n=5–7).
* P < 0.05; * * P < 0.01, compared
with vehicle-treated group (one-way
ANOVA).
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3.5. Involvement of PLC and CaMKKβ in the GPR39 agonist-induced tight
junction assembly

To confirm that TC-G 1008 induced tight junction assembly via PLC-
CaMKKβ pathway, Ca2+ switch assays were performed under the
conditions of co-treatment with STO-609 (CaMKKβ inhibitor; 5 μM) or
U73122 (PLC inhibitor; 10 μM). As depicted in Fig. 6A, STO-609 co-
treatment significantly suppressed an increase in TEER induced by TC-G

1008. These results indicate that CaMKKβ is involved in the tight
junction assembly induced by GPR39 activation. Likewise, the TC-G
1008-induced TEER increase was significantly suppressed by a PLC
inhibitor U73122. These findings suggest that TC-G 1008 induced tight
junction assembly in IECs via PLC-CaMKK β pathway.

3.6. GPR39 agonist promotes ZO-1 re-organization

ZO-1 is required for cell polarity and AMPK promotes ZO-1 as-
sembly to the intercellular junctions to establish the epithelial barrier
function (Odenwald et al., 2017; Peng et al., 2009). To prove that TC-G
1008 induced ZO-1 assembly, we investigated ZO-1 localization in T84
cells using immunofluorescence staining. Under normal condition of
Ca2+-rich media, ZO-1 was located at the cell periphery (Fig. 7A).
Depletion of Ca2+ in culture media resulted in loss of ZO-1 on cell
periphery and ZO-1 translocation to the cytoplasm (Fig. 7A). By 2 h,
only partial and sparse re-organization of ZO-1 at the intercellular
junctions was established in control group (Fig. 7B). Interestingly, ZO-1
re-localization to the intercellular junctions was more prominent with
TC-G 1008 treatment (10 μM) (Fig. 7B). The effect of TC-G 1008-in-
duced ZO-1 re-assembly was disturbed with either compound C or STO-
609 co-treatment (Fig. 7C). It was also found that compound C or STO-
609 alone did not affect ZO-1 localization (Fig. 7D). These results
suggest that TC-G 1008 improves barrier function in IECs, at least in
part, by accelerating assembly of ZO-1 to the intercellular junction via
CaMKKβ-AMPK-dependent pathways.

4. Discussion

In the present study, we delineated the role of a zinc-sensing re-
ceptor GPR39 in the regulation of barrier function in IECs (T84 cells).
Functional analyses using TEER measurement revealed that activation
of GPR39 improved intestinal barrier function via an AMPK-dependent
mechanism. Activation of AMPK by the GPR39 agonist was prevented
by the co-treatment with CaMKKβ inhibitor and Ca2+ chelator, sug-
gesting the contribution of Ca2+-CaMKKβ signaling in the GPR39-
mediated AMPK activation. Furthermore, inhibitors of AMPK, CaMKKβ,
and PLC suppressed the effect of GPR39 agonist-induced tight junction

Fig. 4. Effect of GPR39 agonist and ZnSO4 on [Ca2+]i. (A) Representative tracings of indo-1 fluorescence ratio (F405/F490) in response to TC-G 1008 treatment
(10 μM) with or without pretreatment with U73122 (PLC inhibitor; 10 μM). (B) Representative tracings of indo-1 fluorescence ratio (F405/F490) following ZnSO4
treatment (100 μM) with or without pretreatment with U73122 (PLC inhibitor; 10 μM). (C) Summary of the data. Data are expressed as means of indo-1 fluorescence
ratio (F405/F490) ± S.E.M. (n=5). **P < 0.01; ***P < 0.001 (one-way ANOVA).

Fig. 5. Involvement of [Ca2+]i and CaMKKβ in the GPR39 agonist-induced
AMPK phosphorylation. T84 cells were pre-incubated for an h with BAPTA
(0.2 mM) or STO-609 (5 μM) before exposure to TC-G 1008 (10 μM) for 2 h.
Proteins from cell lysates were harvested for western blot analysis. Top, a re-
presentative immunoblot from five independent experiments is shown. Bottom,
summary of the data. Results are analyzed from the ratio of p-AMPK/AMPKα
and expressed as % of control, means± S.E.M. (n=5). **P < 0.01, compared
with control group. #P < 0.05; ##P < 0.01, compared with TC-G 1008-
treated group (one-way ANOVA).
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assembly. Lastly, activation of GPR39 promoted re-assembly of ZO-1 to
the intercellular junction in CaMKKβ and AMPK-dependent manners.

Impaired intestinal barrier function is associated with several in-
testinal diseases including IBD and diarrhea (Hering et al., 2012;
Satitsri et al., 2016; Strober et al., 2007). Zinc supplement has been
known to exhibit anti-inflammatory and anti-diarrheal effects (de
Queiroz et al., 2014; Lamberti et al., 2013; Park et al., 2018). Inter-
estingly, zinc deficiency has been demonstrated to be associated with
increased susceptibility to infectious diarrhea and increased degree of
severity (Agarwal et al., 2018; Bolick et al., 2014; Lindenmayer et al.,
2014). The mechanisms underlying these observations have been de-
bated (Bolick et al., 2018; Patel et al., 2011; Thiagarajah et al., 2015).
We found that activation of GPR39 by ZnSO4 or a synthetic agonist TC-

G 1008 improved intestinal barrier function in a similar time course. In
addition, both ZnSO4 and TC-G 1008 increased TEER in a time-de-
pendent manner with the maximal effect being obtained at 2 h after
treatment. These findings suggest that GPR39 mediates the effect of
zinc on improving intestinal barrier function. Indeed, western blot
analysis revealed that the GPR39 agonist induced AMPK activation
within 30min of exposure. This result is consistent with the previous
reports showing the AMPK activation via G protein coupled receptor-
mediated [Ca2+]i elevation (Kim et al., 2015; Muanprasat et al., 2015).
Of particular interest, increased TEER and AMPK phosphorylation in-
duced by the GPR39 agonist TC-G 1008 was dramatically declined at
6 h. This might be due to the Rho kinase-dependent receptor inter-
nalization, which is a unique characteristic of GPR39 desensitization

Fig. 6. Involvement of CaMKKβ and
PLC in the GPR39 agonist-induced tight
junction assembly. (A) Role of CaMKKβ
in the GPR39 agonist-induced tight
junction assembly. T84 cells were
treated with vehicle, TC-G 1008
(10 μM), TC-G 1008 plus STO-609
(CaMKKβ inhibitor; 5 μM), or STO-609
alone. Pooled values of TEER before
Ca2+ switch of the experiments were
3299+410.86 Ω•cm2. (B) Role of PLC
in the GPR39 agonist-induced tight
junction assembly. T84 cells were
treated with vehicle, TC-G 1008
(10 μM), TC-G 1008 plus U73122 (PLC
inhibitor; 10 μM), or U73122 alone.
Pooled values of TEER before Ca2+

switch of the experiments were
3182.5+ 387.21Ω cm2. Data are ex-
pressed as means of TEER± S.E.M.
(n=5). *P < 0.05; ***P < 0.001, TC-
G 1008-treated group compared with

vehicle at the same time point (two-way ANOVA).

Fig. 7. Effect of GPR39 agonist on ZO-1 re-organization in T84 cells. ZO-1 was stained after calcium switch assays under indicated conditions. (A) ZO-1 distribution
under normal condition and Ca2+ depletion. (B) ZO-1 distribution after 2 h of Ca2+ switch with or without TC-G 1008 treatment (10 μM). (C) Effect of AMPK
inhibitor (compound C; 80 μM) and CaMKKβ inhibitor (STO-609; 5 μM) on the TC-G 1008-induced ZO-1 re-distribution after 2 h of Ca2+ switch in T84 cells. (D).
Effect of compound C and STO-609 on ZO-1 organization after 2 h of Ca2+ switch. At least 20 fields of each experiment were captured. Representative images are
shown (n=3− 5).
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upon its activation (Shimizu et al., 2017). In addition, the GPR39
agonist concentration-dependently enhanced TEER and AMPK activa-
tion. Of note, ZnSO4 and TC-G 1008 at all concentrations used in this
study have been reported to be non-toxic and specific for GPR39 sti-
mulation (Cohen et al., 2014; Holst et al., 2007; Lodemann et al., 2013;
Moran et al., 2016; Ni Shuilleabhain et al., 2004; Pavlica et al., 2009;
Peukert et al., 2014; Yasuda et al., 2007). In agreement with results
from previous studies, potency of TC-G 1008 in improving TEER was
approximately 10-fold higher than that of ZnSO4 (Peukert et al., 2014;
Y. Shao et al., 2017; Y.X. Shao et al., 2017). These findings indicate that
GPR39 mediates the effect of zinc in improving intestinal barrier
function and GPR39 stimulation leads to AMPK activation.

AMPK is involved in the GPR39 agonist-induced enhancement of
tight junction reassembly. Both zinc supplementation and GPR39 ago-
nists have been reported to be involved in the secretion of glucagon-like
peptide 1 and metabolic regulation. Furthermore, GPR39 is pre-
ferentially coupled with Gαq, which is known to activate metabotropic
signals including AMPK (Cote et al., 2015; Duca et al., 2015;
Muanprasat et al., 2015; Petersen et al., 2011; Peukert et al., 2014;
Pongkorpsakol et al., 2017a, 2017b). AMPK is recognized as a key
regulator of tight junction assembly in both intestinal and renal epi-
thelial cells (Muanprasat et al., 2015; Peng et al., 2009; Pongkorpsakol
et al., 2017b; Zhang et al., 2006; Zheng and Cantley, 2007). Using
molecular and pharmacological approaches, we found that GPR39 sti-
mulation induces AMPK activation via a Gαq-PLC-Ca2+-CaMKKβ-de-
pendent pathway. Likewise, our results suggest that this pathway con-
tributes to ZO-1 re-organization to the intercellular junction following
GPR39 activation. Indeed, previous studies demonstrated that AMPK
induced ZO-1 re-assembly and improved intestinal barrier function via
mechanisms involving myosin light chain kinase (MLCK) inhibition and
PKCβ2 activation (Miao et al., 2016; Peng et al., 2009). In addition,
AMPK has been shown to activate the newly identified effector G-alpha
interacting vesicle associated protein (Girdin) and orchestrate micro-
tubules to tight junction by phosphorylating cingulin, both of which
promote and stabilize tight junction integrity (Aznar et al., 2016; Yano
et al., 2013).

Since GPR39 is mainly expressed in the tissues where zinc turnover
takes place including intestine and defect in GPR39 signaling or zinc
homeostasis causes pathological events, it has been postulated that
GPR39 activation might have therapeutic benefit. This study not only
identified the novel role of GPR39 on tight junction assembly, but also
shed some light on its mechanistic insight. We provided evidence that
AMPK, which is an intracellular energy sensor, plays a role in mediating
the effect of GPR39 activation on enhancing intestinal barrier function.
In fact, AMPK has previously been reported to suppress NF-κB-mediated
inflammation via PGC-1α, SIRT1, Forkhead box O, and p53 pathways
(Chi et al., 2011; Pongkorpsakol et al., 2017b; Salminen et al., 2011).
Nevertheless, the effects of GPR39 agonists on NF-κB signaling and
intestinal inflammation has never been explored. Since impaired in-
testinal barrier is known to be an initial pathogenic event of intestinal
inflammation-associated diseases, effect of GPR39 agonists on intestinal
barrier under inflammatory conditions such as those found in in-
flammatory diarrheas and IBD should be further investigated.

5. Conclusion

Engagement of zinc-sensing receptor GPR39 exerts the regulatory
role on tight junction assembly in IECs via an AMPK-dependent me-
chanism. Moreover, AMPK activation by GPR39 stimulation is via Gαq-
PLC-Ca2+-CaMKKβ pathway. Therefore, GPR39 represents an im-
portant regulator of intestinal barrier function. GPR39 agonists may be
of therapeutic utility in the treatment of diseases associated with in-
testinal barrier disruption.
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