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Abstract

In a search for secondary plant compounds that bind to the glucocorticoid receptor (GR), the cyclobutane lignan endiandrin
A was discovered from the rainforest tree Endiandra anthropophagorum Domin. Our present study aims to characterize the
effect of endiandrin A on GR-dependent induction of colonic sodium transport. The effect of endiandrin A was analyzed in
GR-expressing colonic HT-29/B6 cells (HT-29/B6-GR). GR transactivation and subcellular localization were investigated by
reporter gene assay and immunofluorescence. Epithelial sodium channel (ENaC) was analyzed by gRT-PCR and by
measuring amiloride-sensitive short-circuit current (I.) in Ussing chambers. Endiandrin A (End A) has been identified as GR
receptor binder. However, it did not cause significant GR transactivation as pGRE-luciferase activity was only 7% of that of
the maximum effect of dexamethasone. Interestingly, endiandrin A had a significant impact on dexamethasone-dependent
sodium absorption in cells co-exposed to tumor necrosis factor (TNF)-a.. This was in part due to up-regulation of - and y-
ENaC subunit expression. Endiandrin A potentiated GR-mediated transcription by increasing GR protein expression and
phosphorylation. It inhibited c-Jun N-terminal kinase (JNK) activation induced by dexamethasone and/or TNF-a and
increased levels of GR localized to the nucleus. Additionally, endiandrin A increased the serum- and glucocorticoid-induced
kinase (sgk)-1 via activation of p38. Finally, the regulation of ENaC function by endiandrin A was confirmed in rat native
colon. In conclusion, endiandrin A potentiates glucocorticoid-driven activation of colonic epithelial sodium channels via JNK
inhibition and p38 activation due to transcriptional up-regulation of - and y-ENaC-subunits along with induction of sgk-1.
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expression was suppressed by pro-inflammatory cytokines like
TNF-0, resulting in an impaired electrogenic Na* absorption
[4,6]. For treating IBD symptoms glucocorticoids are adminis-
tered, because they suppress intestinal inflammation and also
restore sodium absorption to normal. Furthermore, Sandle and co-
workers observed that in patients with osmotic diarrhea treated
with GCs an improvement in Na* and water absorption could be
induced very rapidly [7]. In an attempt to explain this, Bergann
and co-workers characterized a synergistic interaction of GC and
TNF-o in inducing ENaC-dependent Na* absorption based on
a p38 mitogen-activated protein kinase (MAPK)-dependent
signaling mechanism [8].

Introduction

The amiloride-sensitive ENaC is located in the apical
membrane of aldosterone-responsive tissues and plays a key role
in electrogenic Na* absorption in a variety of epithelia, including
lung, distal nephron and distal colon [1,2]. ENaC consists of three
subunits, o, B, and y. While in the nephron all three subunits are
regulated via mineralocorticoid (MC) and/or glucocorticoid (GC)
receptor stimulation, in the colon only the B- and y-subunits are
regulated and the o-subunit is constitutively expressed. Na*
transport is greatly enhanced when all subunits are assembled to
form functional ENaC channels [2,3].

Among patients with inflammatory bowel diseases (IBD), barrier
disturbance and diarrhea are key symptoms, mainly attributed to
high levels of pro-inflammatory cytokines. Down-regulation of

Beyond anti-inflammatory and pro-absorptive effects, GCs
show various and frequent — in part serious — side effects,
especially in the long-term treatment (e.g. of IBD). Therefore, the

intestinal sodium transporters, as the sodium-hydrogen exchanger search for novel remedies including plant derived steroids is highly

NHE-1 and/or ENaC are possible explanations [4,5]. In IBD-
associated diarrhea, it was shown that B- and y-ENaC subunit
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desirable and currently in progress. In the field of alternative
hormone replacement therapy, phytoestrogenes like the active
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ingredients of soy, black cohosh or chasteberry have even become
popular as a low-risk medication against female hormonal
disorders [9]. In contrast, only a few plant-derived GR modulators
have been described so far as research within this field has just
begun [10-12].

Endiandra anthropophagorum Domin is an evergreen plant belong-
ing to the family Lauraceae and grows solely in the Australian
rainforest of far north Queensland. The roots of E. anthropophagorum
Domin contain several lignans, including the cyclobutane lignan
endiandrin A (End A). Endiandrin A has been reported by Davis
and co-workers to show potent activity in a GR binding assay [12].
Our present study aimed to characterize endiandrin A in more
detail by assessing glucocorticosteroid effects on colonic ENaC
function.

Our results show that while endiandrin A alone possesses no
significant GR transactivation capacity, it can effectively increase
Na™ absorption by activating colonic ENaC under inflammatory
conditions, for example when TNF-o is present. We determined
that endiandrin A stimulates sodium absorption by influencing
MAPKs. This is the first report of an effect of a natural
cyclobutane lignan on colonic ENaC regulation and of a steroid
synergism.

Materials and Methods

Cell Culture and Reagents

The study was performed with confluent monolayers of the
human colon carcinoma cell line HT-29/B6-GR, established in
our laboratory and described earlier in detail [13]. Cells were
cultured at 37°C in a humidified 5% CO, atmosphere and seeded
for experiments on Millicel PCF filters (3 wm; Millipore,
Schwalbach, Germany) in RPMI1640 with 500 IU/ml G418
(Biochrom AG, Berlin, Germany), 10% fetal calf serum (FCS,
Biochrom AG) and 1% penicillin-streptomycin (PAA Laboratories
GmbH, Pasching, Austria). Experiments were performed after 7
days when cells have reached transepithelial resistance (TER)
values of 300-500 Q cm®. Twenty-four hours prior to the
experiment, cells were cultivated in medium with 10% hor-
mone-free FCS (Biochrom AG). The isolated substance end-
1andrin A of Endiandra anthropophagorum Domin was supplied by Dr.
Rohan Davis (Eskitis Institute, Griffith University, Brisbane,
Australia). Purity studies were performed using analytical C18
high-performance liquid chromatography (HPLC). Following
analysis of the HPLC data and integration of all UV peaks at
210 nm End A was shown to have a purity of 98%. End A was
dissolved in DMSO and used in a concentration of 20 UM, unless
otherwise noted. Dexamethasone (Sigma-Aldrich, Steinheim,
Germany) was used in a concentration of 1 UM in Ethanol.
TNF-a (TEBU, Offenbach, Germany) was used in a concentration
of 500 IU/ml or 10,000 IU/ml in PBS. Specific inhibitors of
MAPK, the p38 MAPK inhibitor SB202190, the p42/44
extracellular signal-regulated kinase (ERK, ERK’s upstream
kinase MEK1/2) inhibitor U0126 and the JNK MAPK inhibitor
SP600125 (Sigma-Aldrich) were used in a concentration of
10 uM. For GR antagonization RU-486 (10 uM; Sigma-Aldrich)

was used.

Ethics Statement

This study was performed in strict accordance with the
recommendations for the Care and Use of Laboratory Animals
at the Campus Benjamin Franklin, Charité, Berlin. All experi-
mental procedures were approved by the Landesamt fiir
Gesundheit und Soziales-Berlin (Permit Number: T2205).
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Animals

Male albino Wistar rats (250-300 g) were killed by inhalation of
COs,. The colon was removed and stripped of serosa, muscularis
propria, submucosa and outer layer of muscularis mucosae (totally
stripped preparation). For this study, the late distal colon was used.

Electrophysiological Measurements

For short-circuit current measurements confluent HT-29/B6-
GR monolayers or rat distal colon were mounted into Ussing
chambers. The circulating bathing solution was composed of (mM)
Na'140; CI'123.8; K'5.4; Ca®'1.2; Mg*1.2; HPO,* 2.4,
HyPO, 0.6; HCO3 21; D(+)-glucose 10; glutamine 2.5; D (+)-
mannose 10; B-OH-butyrate 0.5 and antibiotics piperacillin
(50 mg/1) and imipenem (4 mg/l). The solution was gassed with
95% Og and 5% COg at pH 7.4 and kept at 37°C. The area
exposed to the 10 ml bathing solution on each side was 0.60 cm?
for cell filters and 0.54 cm? for rat distal colon. Monitoring of I
(UA/cm?) and TER (Q cm?) was carried out using programmable
voltage clamp devices (CVC6 and CVC8, Fiebig, Berlin,
Germany). For filter-grown cell experiments, cells were incubated
with dexamethasone (1 uM), and/or TNF-a (500 IU/ml) and/or
End A (20 uM) for 24 hours unless otherwise noted. After
mounting into the Ussing chamber and an equilibration period for
20 minutes, amiloride (100 uM; Sigma, Germany) was added to
the apical side of the cell monolayer. For measurements on native
tissue, rat distal colon was used. Here, Ussing chamber studies
could only performed for about 14 hours due to a limited tissue
viability under these conditions which is assumed to result from the
initiation of epithelial apoptoses in vitro. Therefore samples of rat
distal colon were treated additionally with 1,000 IU/ml IFN-y and
a 20-fold higher TNF-o0 concentration than in cell culture
experiments for inducing effects as early as possible in this set
up. For measurements on rat distal colon, IFN-y (1000 IU/ml;
TEBU) was added to the serosal compartment of mounted colon
for 1 hour, after an equilibration with heat-inactivated hormone-
free FCS (10%) for 30 minutes to avoid adhesion of the cytokines
on glass surface of the Ussing set-up. The pre-incubation step with
IFN-vy served to enhance the sensitivity to TNF-ot exposure in rat
distal colon, as IFN-y pre-treatment can increase TINFo receptor
expression. Then, TNF-a (10,000 IU/ml) was added to the serosal
compartment and, depending of the experiment, dexamethasone
(1 uM) and/or End A (20 pM) were added to both sides for 14
hours. Experiments ended with addition of amiloride (107" M) to
the mucosal compartment. After 10 minutes of amiloride addition
the ENaC-dependent sodium ux was determined as the drop in

ISC~

RNA Isolation, Reverse Transcription and Real-time
Polymerase Chain Reaction

Total RNA extraction was performed using peqGOLD
RNApure (PEQLAB, Biotechnologie GmbH, Germany) accord-
ing to the manufacturer’s instructions and RNA was quantified
by NanoDrop® ND-1000 UV-Vis Spectrophotometer (PEQ-
LAB). 2 ug total RNA per reaction were used for cDNA
synthesis using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Mannheim, Germany) as described by the
manufacturer. Real-time polymerase chain reaction (PCR) was
performed on a 7500 FAST Real-time PCR System using
TagMan Gene Expression Assays No. HS00165722_ml,
HS00168918_m1, HS00178612_m1 and HS00230818_ml for
human ENaC-B, -y and human sgk-1 and human GR,
respectively (Applied Biosystems). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, unlabeled primer, VIC/TAMRA dye-
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labeled probe; Applied Biosystems) served as an endogenous
control used for normalization of the threshold cycle (Ct) values
of the examined genes. Differential expression was calculated
according to the 94T method.

Transfection and Luciferase Assay

For luciferase assay, HT-29/B6-GR cells were seeded under
hormone-free conditions to 6-well plates 24 hours before trans-
fection with a density of 5x10° cells/well. Transfection was
carried out using Lipofectamine with Plus reagent (Invitrogen,
Karlsruhe, Germany). pGRE-Luc (Clontech, Saint-Germain-en-
Laye, France) containing glucocorticoid response element (GRE)
sequences followed by a Firey luciferase (luc) gene served as
a reporter gene vector for GRE-driven luciferase expression. A
500 bp promoter fragment —1577 to —1076 bp relative to the
transcription start side of the serum- and glucocorticoid-induced
kinase (sgk)-1 gene was amplified by PCR from human genomic
DNA (Promega) and inserted upstream of the luciferase reporter
gene in pGL4.23-Luc (Promega), using Xhol and HindIII
restriction sides. This promoter fragment has been shown to
contain functional MREs/GREs and is here referred to as pSGK-
I-short-Luc [14,15]. p GL4.70 [hRluc] (Promega, Mannheim,
Germany) served as a co-reporter construct containing the Renilla
luciferase gene and was used to normalize the transfection
efficiency. For experiments 1 g of the reporter constructs and
50 ng of the coreporter per well were added. Dexamethasone
(1 uM), End A (20 uM) and/or TNF-o (500 IU/ml) unless
otherwise noted were added to the cells 4 hours after transfection.
For inhibitor experiments cells were incubated with inhibitor
substances 1 hour earlier. Cells were incubated for 24 hours at
37°C and 5% COy. Measurement of firey and Renilla luciferase
activity was determined with the Dual-Luciferase Reporter Assay
System (Promega) and Centro LB 960 microplate-luminometer
(Berthold, Bad Wildbad, Germany) according to the manufac-

turer’s instructions.

Western Blot Analysis

For analysis of the GR and p-GR, p38, ERK and JNK MAPK
and p-MAPK and f-actin amount, whole cell protein was
prepared from filter-grown HT-29/B6-GR cells by scraping cells
into an ice-cold solution of 250 pl lysis buffer (mM) TRIS 20,
pH 7.5, NaCl 150, mM EDTA 1, PMSF 1, Triton X-100 1,
sodium pyrophosphate 2.5, 1 mM B-glycerophosphate, sodium
vanadate 1, EGTA 1, 1 ug/ml Leupeptin). To facilitate lysis of the
cells, cells were pushed through a 1-ml hypodermic syringe with
a 25-mm needle. Samples were left under constant agitation at
4°C for 5 minutes and whole cell extract was obtained as the
supernatant of a final centrifugation (10 minutes at 18,000 rpm,
4°C). Protein concentration was determined by the BCA method,
reagents have been purchased from Pierce (Perbio Science GmbH,
Bonn, Germany). Protein samples (20 pg) were separated by SDS-
polyacrylamide gel electrophoresis (8.5%) and blotted onto
a PVDF-membrane according to standard protocols. After 2
hours blocking in 5% BSA/TBS-T, membranes were incubated
overnight with primary antibodies: anti-B-actin (1:10,000, Sigma),
anti-phospho-p42/44 (anti-p-p42/44 MAPK (Thr202/Tyr204),
1:1,000), anti-phospho-p38 (anti-p-p38 (Thr334), 1:1,000); anti-
p42/44 (anti-p42/44 MAPK (Thr202/Tyr204), 1:1,000), anti-p38
(anti-p38 (Thr334), 1:1,000); anti-phospho-SAPK/JNK (anti-p-
SAPK/JNK (Thr183/Tyr185), 1:1,000), anti-SAPK/JNK (anti-
SAPK/JNK, 1:1,000), (all antibodies: Cell Signaling). GR protein
levels were analyzed with the primary antibodies anti-GR (anti-
GR, H-300, 1:200, Santa Cruz, Heidelberg, Germany) and anti-
phospho-GR  (anti-p-GR  (Ser211), 1:1,000). Here, only the

PLOS ONE | www.plosone.org

Endiandrin A Affects the Colonic ENaC

functionally relevant GR-oi protein was evaluated and in the
following described as total GR protein levels. For densitometric
analyzes of GR protein levels, samples were normalized to
dexamethasone, as control samples could not be analyzed due to
the low GR level. For protein detection LumiLight Plus Western
blotting kit (Roche, Mannheim, Germany) containing POD-
conjugated secondary antibodies and a chemiluminescence system
was applied. Chemiluminescence signals were detected using an
Fusion FX7 imaging system (Vilber Lourmat, Ebershardzell,
Germany) and were analyzed with the AIDA program package
(Raytest, Berlin, Germany).

Immunofluorescence

Immunofluorescence staining with GR-antibody and DAPI by
confocal laser scanning microscopy was performed as described
carlier [8].

Statistical Analysis

Data are expressed as means * standard error of the mean
(s.e.m.). For statistical analysis the 2-sided Student t-test was used.
For comparison of more than 2 groups, Bonferroni-Holm
correction was applied. P<<0.05 was considered significant.

Results

GR Transactivation and Na*™ Absorption under the Impact
of Endiandrin A in Colonic HT-29/B6-GR Cells (Figure 1)

Cytotoxicity tests with the crystal violet staining method showed
that endiandrin A has no cytotoxicity at the concentrations
between 1 UM and 100 UM applied in this study (data not shown).
As shown in Fig. 1B, endiandrin A induced no significant
transactivation with respect to a GRE-driven luciferase reporter
gene construct. As a reference, induction of luciferase activity by
the synthetic glucocorticoid dexamethasone at 1 UM is given
(2146*282%, Fig. SIA). Since luciferase activity appeared to
decrease at higher doses, a concentration of 20 UM was used for
the further experiments in this study.

In line with the results for GR transactivation, electrophysio-
logical experiments revealed a tendency for endiandrin A to
enhance ENaC-mediated Na® absorption after 48 hours
(0.29+0.06 pA/cm?), but again this did not reach statistical
significance (Fig. S1B).

Amplification of GC-induced ENaC-dependent Na*
Absorption under Inflammatory Conditions by
Endiandrin A through Increased [- and y-ENaC
Expression in Colonic HT-29/B6-GR Cells (Figure 2)

To examine whether endiandrin A alters the interplay between
GCs and TNF-a to increase ENaC-mediated Na® absorption,

A

e OMe MeO i

Endiandrin A

Figure 1. Effect of endiandrin A on GR transactivation in HT-29/
B6-GR cells. (A) Structure of endiandrin A.
doi:10.1371/journal.pone.0049426.g001
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HT-29/B6-GR cells were incubated with dexamethasone, TNF-
o and endiandrin A for 24 hours and subsequently Ussing
chamber experiments were performed. As expected, the treatment
with dexamethasone led to a slight increase in ENaC-mediated
Na* absorption (0.25+0.03 uA/cm?, *P<0.05, compared with
control), whereas Na™ absorption showed a strong increase after
co-incubation with TNF-o0 and dexamethasone (0.80%0.10 pA/
em?, ###P<0.001, compared with dexamethasone alone, Fig. 2A).
Interestingly, additional exposure of dexamethasone- and TNF-o-
treated cells to endiandrin A caused a marked enhancement of
ENaC-mediated Na* absorption (1.67%0.03 uA/cm?, °°P<0.01,
compared with dexamethasone and TNF-o alone; Fig. 2A). To
investigate whether this effect was accompanied by an increase in
ENaC expression, we performed real-time PCR on B- and v-
ENaC. Our data reveal a stronger elevation of B- and y-ENaC
mRNA levels after co-incubation of HT-29/B6 cells with end-
iandrin A compared to dexamethasone and TNF-o treatment
alone (263*38-fold of control for B-ENaC, ##P<0.0l, and
1114%233-fold of control for y-ENaC, #P<0.05, versus dexa-
methasone and TNF-a alone, Figs. 2B and 2C). Concerning the o-
ENaC subunit no change in expression level was found (data not
shown). Nevertheless, the GR-antagonist RU-486 was used to
verify that the observed effects reflect GR activity. After 1 hour
pre-incubation with RU486, ENaC-mediated Na* absorption as
well as y-ENaC subunit expression were significantly blocked
(1.45%0.13 pA/cm? and 894=191-fold for y-ENaC mRNA for
dexamethasone, TNF-o and endiandrin A; 0.54%0.11 pA/cm?
and 236*31-fold for y-ENaC mRNA after RU486, dexametha-
sone, TNF-a and endiandrin A incubation, data are means *
s.em., n=6-8, "P<0.01 and “P<0.001 compared to dexa-
methasone, TNF-a¢ 500 IU/ml and endiandrin A without in-
hibitor, data not shown). Our findings suggest that endiandrin A
potentiates the synergism between dexamethasone and TNF-a by
enhancing ENaC-mediated Na® absorption through an up-
regulation of B- and y-ENaC mRNA.

Dexamethasone-induced GR Transactivation under
Inflammatory Conditions Increases by Endiandrin A
(Figure 3)

For investigating whether the increase in B- and y-ENaC
subunits under endiandrin A exposure depends on GR binding to
GRE, HT-29/B6-GR cells were transiently transfected with
a GRE-driven luciferase reporter gene construct and incubated
with dexamethasone, TNF-a0 and endiandrin A. As expected,
dexamethasone and TNF-o synergistically induced a strong
increase in luciferase activity, which exceeds luciferase activity
induced by dexamethasone alone (Fig. 3A). Surprisingly, reporter
gene analyses revealed that endiandrin A amplified both
dexamethasone-induced and dexamethasone- and TNF-o-in-
duced luciferase activity, thus reflecting stronger GRE activation
(Fig. 3A). Exposure to TNF-a or to endiandrin A alone showed no
induction of luciferase activity.

Previous work by our group revealed that increased GR
transactivation in response to TNF-ot and dexamethasone could be
traced back to an up-regulation of GR expression on mRNA as
well as protein level due to TNF-o [8]. Consequently, in the
present study we investigated whether enhanced GR activity was
the result of an increase in GR expression levels. After 3 hours of
incubation with dexamethasone, TNF-o and endiandrin A, GR
protein expression was monitored by western blot analyses. As
shown in Fig. 3B, GR protein levels increased as expected when
cells were incubated with TNF-o. (247+26%, P<0.05 of
dexamethasone level, Fig. 3C). Remarkably, GR protein levels
increased additionally under endiandrin A treatment (351%£37%,
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*P<0.05 compared to TNF-a alone, Fig. 3C). An increase of GR
protein level was also observed when cells were incubated with
endiandrin A in addition to dexamethasone and TNF-
o (345+22%, *P<0.05 compared to TNF-o and dexamethasone,
Fig. 3C), while treatment with TNF-ot and dexamethasone led to
no changes in GR levels compared to TNF-a.. No changes in GR
levels were also determined when cells were incubated with
endiandrin A or dexamethasone combined with endiandrin A.

Wang and co-workers revealed that the extent of phosphory-
lated Ser211 of human GR is associated with GR transactivation
[16]. The following set of investigations aimed at the determina-
tion of the Ser211-phosphorylated GR, since we found a stronger
GRE activation and an enhanced GR protein level under
endiandrin A treatment. As shown in Fig. 3B, dexamethasone
induced Ser211-GR phosphorylation. Interestingly, co-incubation
with endiandrin A, dexamethasone and TNF-a intensified Ser211-
GR phosphorylation (452%49%, “P<0.05 versus dexamethasone
and TNF-a, Fig. 3D) compared to TNF-o0 and dexamethasone
alone (322*35%, Fig. 3D). Densitometric analysis revealed
a different ratio of phosphorylated to total GR between exposure
to dexamethasone alone or to dexamethasone with a combination
of TNF-0. and endiandrin A (137%11%, “P<0.05 compared to
dexamethasone alone, Fig. 3E). The ratio of phosphorylated to
total GR between the exposure to dexamethasone and TNF-o or
to a combination of dexamethasone with a combination of TNF-
o, and endiandrin A showed a tendency towards an increase in
activated GR. However, this did not reach statistical significance.

Furthermore, as shown in Fig. 3F we also determined GR
mRNA expression after 3 hours of incubation with dexametha-
sone, TNF-o and endiandrin A by real-time PCR analyses. Under
endiandrin A exposure a moderate elevation of GR mRNA was
detectable compared to dexamethasone and TNF-a (3.5%0.1-fold
of control for GR, #P<0.05 compared to dexamethasone and
TNF-a alone, Fig. 3F). Endiandrin A was shown to up-regulate the
TNF-a-induced increase in GR mRNA levels (3.6%0.3-fold,
*P<0.05 compared to TNF-o alone, Fig. 3F), whereas endiandrin
A or dexamethasone alone induced no change in GR mRNA
expression.

Thus, endiandrin A potentiates GC-induced activated GR
protein levels under inflammatory conditions through a synergism
with TNF-a to increase GR mRNA and GR protein levels.

Role of JNK Signaling for Enhanced ENaC-mediated Na*
Absorption (Figure 4)

The JNK pathway is not directly implicated in the regulation of
mtestinal ENaC function, but several studies describe that JNK
signaling can interfere with GR transactivation [17,18]. Thus, we
aimed to analyze the impact of endiandrin A on the JNK pathway.
Therefore, the specific JNK blocker SP600125 was used and
Ussing experiments were performed. Inhibition of JNK increased
ENaC-mediated Na* transport under dexamethasone and TNF-
o as well as under their combination with endiandrin A
(1.88%0.2 uA/cm?, “"P<0.001 versus dexamethasone and
TNF-o; 2.78%0.2 uA/ch, "P<0.001 versus dexamethasone,
TNF-o0 and endiandrin A, Fig. 4A). Furthermore we were
interested whether endiandrin A influences JNK activation as
monitored by means of JNK autophosphorylation. Endiandrin A
alone had no significant effect on (unstimulated) JNK phosphor-
ylation (Fig. S1C). On the other hand, endiandrin A was able to
inhibit (stimulated) JNK phosphorylation, namely after 15 minutes
TNF-o-dependent activation of the JNK (12113*£1979% of
control after TNF-a alone versus 632021063% of control after
TNF-o0 and endiandrin A treatment, #P<0.05 versus TNF-
a alone, Fig. S1C and D). Above inhibiting TNF-o-induced JNK
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Figure 2. Enhancement of ENaC-dependent Na* absorption and g- and y-ENaC transcription by endiandrin A in HT-29/B6-GR cells.
HT-29/B6-GR cells were incubated with dexamethasone (1 M) and/or TNF-o (500 IU/ml) and/or endiandrin A (20 uM) for 24 hours. (A) Measurement
of ENaC-dependent Na* absorption was determined as the drop in Isc after amiloride (100 uM) after 24 hours. Data are means * s.e.m., n=6-15,
"P<0.05 compared with control, ###P<0.001 compared with dexamethasone alone, ~P<0.01 compared with dexamethasone + TNF-o. 500 1U/ml.
(B)/(C) Measurement of (B) B- or (C) y-ENaC-mRNA. GAPDH was used for normalization of mRNA expression. (B) Real-time PCR of -ENaC mRNA after
24 hours. Data are means + s.e.m., n=4-13, ~ P<0.001 compared with dexamethasone alone, ##P<0.01 compared with dexamethasone + TNF-
o 500 IU/ml. (C) Real-time PCR of y-ENaC mRNA after 24 h. Data are means * s.e.m., n=4-12, "P<0.05 compared with dexamethasone alone,

#p<0.05 compared with dexamethasone + TNF-a: 500 1U/ml.
doi:10.1371/journal.pone.0049426.9g002

phosphorylation, Western blot analyses showed endiandrin A also
to inhibit TNF-o- plus dexamethasone-induced JNK phosphory-
lation after 15 minutes of stimulation (3384+239% of control after
TNF-o alone versus 5041£200% of control after dexamethasone
and TNF-o. treatment, = P<0.01 compared to TNF-o alone; and
3648+56% of control after dexamethasone, TNF-o0 and end-
iandrin A treatment, *#P<0.01 compared to dexamethasone and
TNF-a treatment, Fig. 4B and 4C). Since JNK was reported to
negatively influence GR transactivation and endiandrin A
exposure inhibited JNK, we were interested whether or not
endiandrin A induced nuclear translocation of the GR. Immuno-
fluorescence staining of H'T-29/B6-GR cells for the GR indicated
that endiandrin A indeed increased GR nuclear staining (Fig. 4D).

PLOS ONE | www.plosone.org

Role of p38 and ERK Signaling for Enhanced ENaC-
mediated Na* Absorption (Figure 5)

Several studies indicated p38 and ERK to regulate Na®
transport [19,20]. Therefore, p38 (SB202190) and ERK (U0126)
inhibitors were used to investigate whether endiandrin A affected
ENaC-dependent Na* absorption via MAPK activation. Bergann
and co-workers already showed that amiloride-sensitive short
circuit current as well as y-ENaC mRNA levels decreased when
cells were treated with dexamethasone and TNF-o after pre-
incubated with the p38 inhibitor SB202190 (Fig. 5A) [8]. Our
results also indicated an impairment of ENaC-dependent Na*
absorption and y-ENaC mRNA expression by pre-incubation with
SB202190 indicating p38 to be involved in the endiandrin A-
triggered ENaC-activation (0.58%0.10 uA/cm?, °°°P<0.001, and
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Figure 3. Endiandrin A increased activation of a GRE-driven luciferase construct and GR protein levels in HT-29/B6-GR cells. (A) HT-
29/B6-GR cells were transfected with pGRE-Luc and incubated with dexamethasone (1 uM) and/or TNF-a (500 1U/ml) and/or endiandrin A (20 uM) for
24 hours. Data are given as normalized relative luciferase activity and as means =+ s.e.m., n=6-14 "P<0.05, "'P<0.01 compared with dexamethasone
alone, ##P<0.01 compared with dexamethasone + TNF-a 500 IU/ml. (B) Western blot analysis of total GR and phospho-GR protein (~95 kDa) of HT-
29/B6-GR cell lysates incubated with dexamethasone (1 uM) and/or TNF-a (500 IU/ml) and/or endiandrin A (20 uM) for 3 hours. Human f-actin
(~42 kDa) served as a loading control. (C) Densitometry of total GR chemiluminescence signals. Shown are means * s.e.m., n=5, *P<<0.05 compared
to TNF-o. alone, #P<<0.05 compared with dexamethasone + TNF-a. 500 IU/ml. (D) Densitometry of phospho-GR chemiluminescence signals. Shown
are means * s.eam., n=5, *P<<0.05 compared with dexamethasone + TNF-a. 500 IU/ml. (E) Densitometry of phospho-glucocorticoid receptor
chemiluminescence signals normalized to total glucocorticoid receptor. Shown are means * s.e.m., n=5, *P<<0.05 compared with dexamethasone.
(F) GR mRNA expression of HT-29/B6-GR cells incubated with dexamethasone (1 uM) and/or TNF-a (500 U/ml) and/or endiandrin A (20 uM) for 3
hours. GR mRNA level was analyzed by real-time PCR. Data are means * s.e.m. of x-fold induction of GR expression over that of untreated controls,
n=7-8, *P<0.05 compared to TNF-a alone, #P<0.05 compared with dexamethasone + TNF-o 500 IU/ml.

doi:10.1371/journal.pone.0049426.9g003
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of GR. HT-29/B6-GR cells were incubated with dexamethasone (1 uM) and TNF-a (500 IU/ml) and/or endiandrin A (20 uM) for 3 hours. Cells were
stained with anti-GR antibody (green), nuclei were DAPI stained (blue).

doi:10.1371/journal.pone.0049426.9004

437+100-fold for y-ENaC mRNA, °°P<0.01 compared to
dexamethasone, TNI-o and endiandrin A, Fig. 5A). Analysis of
GR protein expression revealed that inhibition of p38 also blocks
the TNF-a-dependent increase of GR protein levels (Fig. 4B).
Furthermore, p38 inhibition also repressed the endiandrin A
synergism to increase GR protein levels (53+5%, “P<0.05
compared to dexamethasone, TNF-o0 and endiandrin A and
62+6%, “P<0.05 compared to TNF-a and endiandrin A, Fig. 5B

PLOS ONE | www.plosone.org

and 5C). Since TNF-a is an inducer of p38 activity, we tested the
capability of endiandrin A to activate p38 MAPK and whether it
acts synergistically with TINF-o.. As shown in the supplemental
data, TNF-o0 as well as endiandrin A led to a time-dependent
phosphorylation of p38 MAPK. Densitometric analyses revealed
that endiandrin A did not phosphorylate p38 at 5 minutes to the
same extent as TNF-o, although p38 was phosphorylated to some

stk

extent after 15 minutes (440%£40%,  P<0.001 versus control, Fig.
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S1E). Interestingly, this co-incubation of endiandrin A and TNF-
o, induced a prolonged p38 phosphorylation (335%56% of control
after 120 minutes, #P<0.05 compared to TNF-a, Fig. SIE).
Furthermore, we were interested whether endiandrin A could
additionally prolong TNF-o- plus dexamethasone-induced p38
activation. Densitometric analyses revealed no significant altera-
tions in p38 phosphorylation when cells were incubated for 120
minutes with dexamethasone plus TINF-o0 compared with TNF-
a alone (Fig. 5D). However, additional exposure to endiandrin A
prolonged p38 phosphorylation (526=40% of control after 120
minutes, n =4, "P<0.05 compared to dexamethasone and TNF-a,
Fig. 5D).

Then, we tested whether endiandrin A activates ERK signaling
and whether inhibition of ERK can influence the increase of
ENaC-dependent Na™ absorption. As already shown by Bergann
and co-workers [8], amiloride-sensitive short circuit current as well
as y-ENaC mRNA levels showed no significant alterations when
cells were treated with dexamethasone and TNF-o after pre-
incubation with the ERK inhibitor U0126 (Fig. 5A). On the other
hand, additional exposure to endiandrin A surprisingly led to an
increase in ENaC-dependent Na* transport, B-ENaC (data not
shown) and y-ENaC mRNA (2.96+0.35 uA/cm®, °°P<0.01,
1655*104-fold for y-ENaC mRNA, °°P<0.01 compared to
dexamethasone, TNF-a and endiandrin A, Fig. 5A). Densitometry
of western blots revealed a rapid and strong phosphorylation but
no prolonged ERK phosphorylation by endiandrin A alone
(409=16% of control after 5 minutes, "P<0.05 compared to TNF-
a alone, Fig. S1E). Furthermore, when cells were incubated for 5
minutes with dexamethasone and TNF-o, Western blots showed
an inhibiting effect of dexamethasone on TNF-a-induced ERK
activation (188%16% of control after TNF-oo alone versus
125%5% of control after dexamethasone and TNF-a treatment,
n=4, "P<0.05 compared to TNF-a alone, Fig. 5D). On the
contrary, additional endiandrin A stimulation intensified ERK
phosphorylation (249%15% of control after dexamethasone, TNF-
o and endiandrin A treatment, n=4, ##P<0.01 compared to
dexamethasone and TNF-a, Fig. 5D).

Taken together, these results indicate a synergistic and
prolonged p38 phosphorylation and furthermore an expeditious
ERK activation under endiandrin A exposure.

Sgk-1 Enhanced ENaC-dependent Na™ Absorption
(Figure 6)

Serum- and GC-regulated kinase 1 (sgk-1) is a crucial mediator
of MC- and GC-induced Na* absorption via ENaC [14,21]. Thus,
we investigated whether sgk-1 is involved in the synergism of
dexamethasone, TNF-o and endiandrin A. Therefore, a reporter
gene construct with the sgk-1 promoter was transiently transfected
into HT-29/B6-GR cells and it’s responsiveness to dexametha-
sone, TNF-a and endiandrin A treatment was monitored. As
expected, dexamethasone induced a transcriptional activation of
the sgk-1-reporter (Fig. 6A). Simultaneous incubation with TNEF-
o further increased promoter activity, which was even further
amplified by additional endiandrin A exposure. Treatment with
TNF-a or endiandrin A alone induced no promoter activation
(data not shown). Additionally, to confirm the functionality of this
enhanced activation of the sgk-1 promoter, sgk-1 mRNA
expression levels were investigated by real-time PCR. For this
purpose, HT-29/B6-GR cells were incubated with dexametha-
sone, TNF-o and endiandrin A for 24 hours. We found an
increase of sgk-1 mRNA after dexamethasone as well as after
TNF-a treatment, which was amplified when both were combined
(20£1.3-fold of control, "P<0.01 versus dexamethasone alone,
Fig. 6B). Interestingly, sgk-1 mRINA levels were further increased
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by additional endiandrin A treatment (31*2-fold of control,
##P<0.01 versus dexamethasone and TNF-o treatment, Fig. 6B).
Dexamethasone and endiandrin A showed a tendency towards an
increase in sgk-1 mRNA levels when compared to dexamethasone
exposure alone. However, this did not reach statistical significance.
Surprisingly, co-incubation of TNF-o and endiandrin A increased
sgk-1 mRNA expression in comparison to TNF-o alone (3.9£0.4-
fold of control for TNF-o incubation and 6.0%0.5-fold of control
for TNF-o0 combined with endiandrin A, °°°P<<0.001, compared
to TNF-a treatment, Fig. 6B). Specific blockers for GR (RU486),
p38 (SB202190) and ERK MAPK (U0126) were used to elucidate
signaling pathways behind this synergism of dexamethasone,
TNF-a and endiandrin A to increase sgk-1 expression. As shown
in Fig. 6C, sgk-1 mRNA was inhibited by the GR inhibitor RU486
and by the p38 inhibitor SB202190. In contrast, the ERK
inhibitor U0126 inhibited sgk-1 expression, but the inhibition was
significantly lower during endiandrin A co-exposure (9.8 *1.3-fold
of control, "P<0.05, versus dexamethasone, TNF-a and U0126
treatment, Fig. 6C). Our results indicate that the endiandrin A
mmpact on sgk-1 occurs via the GR and via p38, respectively.

Endiandrin A Amplifies GC- and TNF-a-induced Na*
Absorption via the ENaC also in Rat Distal Colon (Figure 7)

To study whether endiandrin A amplifies the dexamethasone plus
TNTF-o up-regulated ENaC function also in native intestinal tissue,
the effect of a triple-combination of endiandrin A, dexamethasone
and TNF-o was investigated in rat distal colon in Ussing chambers as
described previously [8] (Fig. 7A and B). In accordance with our
results on HT-29/B6-GR cells, incubation with TNF-o and end-
iandrin A did not induce any change in amiloride-sensitive short
circuit current, whereas dexamethasone treatment substantially
increased electrogenic Na* transport (16.6+0.8 umol h™' ecm™?,
Fig. 7B). As already observed by Bergann and co-workers before, co-
incubation with TNF-o led to an induction of ENaC-mediated Na*
absorption (20.1+0.6 pmol h™" cm %, ™ P<0.01 versus dexameth-
asone alone, Fig. 7B) [8]. Na* transport was further intensified by
endiandrin A (22.7+1.0 pumol h™' ecm™?, #P<0.05 compared to
dexamethasone plus TNF-o, Fig. 7B). This result indicates that
endiandrin A affects Na* transport not only in HT-29/B6-GR cells
but also in rat native colon.

Discussion

Endiandrin A was discovered due to its glucocorticoid receptor
(GR) binding affinity [12]. However, so far it has not been
determined whether endiandrin A also activates the GR in vitro or
in vivo. Thus, our study was performed to investigate the GR
functionality of endiandrin A. We demonstrated that endiandrin A
does not only bind to the GR but also impacts ENaC function, in
the human colorectal cancer cell line HT-29/B6-GR as well as in
rat distal colon. These endiandrin A effects on ENaC regulation as
well as the signaling pathways involved in this regulation are
illustrated in Fig. 8.

The Glucocorticoid Receptor and Endiandrin A

Activation of the GR is followed by receptor translocation and
specific interferences with DNA sequences (glucocorticoid re-
sponse elements, GREs). This has been shown to lead to
transactivation and/or transrepression of target genes [22,23].
Current research is focusing on the characterization of novel GC’s
still exhibiting anti-inflammatory effects but with reduced side-
effects, mainly triggered by the transactivation of the GR [24].
Possible candidates include plant-derived GR binder, only a few of
which have been described so far. Ginsenoside-Rgl (G-Rgl),
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Figure 5. Synergistic ENaC induction by endiandrin A is linked to an activation of p38 and ERK in HT-29/B6-GR cells. HT-29/B6-GR
cells were pre-incubated with the indicated MAPK inhibitors (10 umol/L) for 1 hour before addition of dexamethasone (1 uM) and/or TNF-a (500 U/
ml) and/or endiandrin A (20 uM) for 24 hours. (A) Measurement of ENaC-dependent Na* absorption as the drop in Isc after amiloride (100 uM) and
measurement of y-ENaC-mRNA after 24 hours. GAPDH was used for normalization of mRNA expression. Data are given as means * s.e.m., n=8-11
and n=5-8, ***P<0.001 compared with dexamethasone incubation, #p<0.05, ##P<0.01 and ###P<0.001 compared to dexamethasone + TNF-
500 IU/ml, 'P<0.01and ~ P<0.001 compared with dexamethasone + TNF-o. 500 IU/ml + endiandrin A. (B) Western blot analysis of total GR protein
(~95 kDa) of HT-29/B6-GR cell lysates. Cells were pre-incubated for 1 hour with SB202190 (10 uM) before incubation with dexamethasone (1 uM)
and/or TNF-a. (500 IU/ml) and/or endiandrin A (20 uM) for 3 hours. Human B-actin (~42 kDa) served as a loading control. (C) Densitometry of
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SB202190 induced effects on total GR levels. Shown are means = s.e.m. n=7, *P<0.05 compared to dexamethasone, TNF-o 500 IU/ml and
endiandrin A, #P<0.05 compared to TNF-a 500 IU/ml and endiandrin A. (D) Western blot analysis of HT-29/B6-GR cell lysates incubated with
dexamethasone (1 uM) and/or TNF-a (500 1U/ml) w/wo endiandrin A (20 uM). Shown are p38 and pp38 (~38 kDa) after 120 minutes stimulation as

well as ERK and p-ERK MAPK protein (~42/44 kDa) after 5 minutes stimulation. Human B-actin (~42 kDa) served as a loading control.

doi:10.1371/journal.pone.0049426.9g005

a saponin compound from Panax ginseng C.AMEY, was shown to
bind and activate the GR in vitro as well as in vivo [10,25]. Also
Saikosaponin D (SSd), a saponin of Bupleurum falcatum L., was
characterized as a GR binder in human epithelial carcinoma cells
(HeLa) S3 cells [11]. Haridas and co-workers identified the plant
triterpenoid, avicin D, as selective GR modulator [26]. All of these

3 plant compounds possess a similar GC-specific structure, which
may explain theirs GR-agonistic effects, whereas endiandrin A
seems to be a special GR binder with an unusual structure. But
when modeling the endiandrin A-GR interaction, endiandrin A
turned out to be a potential binder to the GR due to its
stereochemistry (data not shown).
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Figure 6. Influence of Sgk-1 on the synergistic ENaC induction in HT-29/B6-GR cells. (A) HT-29/B6-GR cells were transfected with psgk-1-
short-Luc and incubated with dexamethasone (1 uM) and/or TNF-a. (500 IU/ml) and/or endiandrin A (20 uM) for 24 hours. Data are given as
normalized relative luciferase activity and as means *= s.e.m., n=6-14 "P<0.05 compared to dexamethasone alone, #p<0.05 compared with
dexamethasone + TNF-o 500 [U/ml. (B) Measurement of sgk-1 mRNA after 24 h. GAPDH was used for normalization of mMRNA expression. Data are
means * s.e.m., n=5-8, "p<0.01 compared with dexamethasone treatment, ##p<0.01 compared with dexamethasone + TNF-o. 500 1U/ml,
"’P<0.001 compared with TNF-a 500 1U/ml alone. (C) Measurement of sgk-1 mRNA pre-incubation with the indicated inhibitors (10 uM) for 1 hour
before addition of dexamethasone (1 uM) and/or TNF-a (500 IU/ml) and/or endiandrin A (20 uM) for 24 hours. Data are means * s.e.m., n=5-7,
"P<0.001 compared with dexamethasone + TNF-o. 500 1U/ml, #P<0.05 compared to dexamethasone + TNF-o 500 IU/ml + U0126 inhibitor.
doi:10.1371/journal.pone.0049426.9006
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Figure 7. Endiandrin A amplified dexamethasone-induced
ENaC-dependent Na* absorption under inflammatory condi-
tions in rat distal colon. (A) Time course of electrogenic Na*
transport in rat distal colon. Experiments were performed as described
under methods. (B) Electrogenic Na* transport in rat distal colon. Tissue
was mounted into Ussing chambers and stimulated with dexametha-
sone (1 uM) and/or TNF-a (10,000 IU/ml) and/or endiandrin A (20 uM)
for 14 hours after a pre-incubation with IFN-y (1,000 IU/ml) for 1 hour.
ENaC-dependent Na* absorption was determined as the drop in lsc
within 10 minutes after addition of amiloride (100 uM). Results are
given as means * s.e.m. n=4-18, **P<0.01 compared with
dexamethasone treatment, #P<0.05 compared with dexamethasone
+ TNF-o0 10,000 1U/ml.

doi:10.1371/journal.pone.0049426.g007

Wang and co-workers reported that the
lation of Ser211 in the human GR is
transactivation [16]. Although endiandrin A does induce GR-
driven transcription only to a small degree, our results otherwise
indicate that endiandrin A triggers phosphorylation of Ser211-
GR. This is controversial on the first view, but Wang and co-
workers also hypothesized that Ser211 phosphorylation alters GR
confirmation finally facilitating transactivation. We suggest that
endiandrin A co-activates the GR and thus simultaneously
intensifies GCs effects, as we observed an increase in activated
Ser211-GR protein levels after GC-induction. In addition, results
of the gene reporter assay revealed that exposure to endiandrin A
enhances the GC-induced activation of a glucocorticoid response

extent of phosphory-
associated with GR
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element (GRE) indicating an intensified transactivation. Thereby
we found that endiandrin A is able to increase ENaC-mediated
Na' absorption through an up-regulation of B- and y-ENaC
mRNA.

Role of JNK in Endiandrin A-dependent Signaling

The c-Jun N-terminal kinase (JNK) is a member of the MAPK
family that is activated by cytokines and cellular stress. Several
studies describe that the activated JNK interferes with GR
transcriptional activity through GR phosphorylation as well as
posttranslational modifications [17,18]. JNK was reported to
phosphorylate Ser-246 of the human GR, thereby inhibiting its
function and translocation [17]. In chronic inflammatory diseases
a GG resistance is often found and many patients not respond to
a GC therapy. Here the activated inflammatory pathways,
especially the JNK pathway, may involve in a development of
the resistance. Wang and co-workers described JNK inhibition as
an therapeutic target for normalization of GR function [18]. As
a result of our study, ENaC-mediated Na* transport under GC
and TNF-o treatment was enhanced by JNK inhibitor SP600125
and resembled that under endiandrin A during GC and TNF-
o treatment. Immunofluorescence staining for the GR, also
showed that under endiandrin A treatment, an increase of nuclear
GR staining was detectable. Thus our data suggests that end-
iandrin A — similar to SP600125— inhibits JNK activation leading
to an increase in GR translocation which facilitates the synergism
of GC and TNF-o. In addition to endiandrin A, another plant-
derived JNK inhibitor is described. Curcumin, a polyphenolic
compound from Curcuma longa L., was characterized to inhibit JNK
phosphorylation as well. Mun and co-workers showed that
curcumin suppressed TNF-o-induced JNK activation in human
fibroblast-like synoviocytes (FLSs) and SW1353 (a human chon-
drosarcoma cell line) cells leading to an amelioration of collagen-
induced arthritis [27]. Interestingly, endiandrin A and curcumin
posses an almost similar chemical structure as both of them have
the same aromatic substituents. Further investigations are needed
to clarify to what extent the chemical structure is crucial for the
JNK inhibition.

Role of p38 and ERK

For GCs therapies, a pro-absorptive effect was observed as the
result of a synergism between GCs and TNF-o [7,8]. Here, TNF-
o was shown to increase GR protein levels by stabilizing GR
mRNA via the p38 MAPK pathway. Noteworthy, stabilization of
different mRNA targets was often observed after an activation of
the p38 pathway [28,29]. In human FLSs, the cytokine-induced
stabilization of interleukin (IL)}-6 mRNA was inhibited by
SB202190, a specific p38 MAPK inhibitor [30]. Importantly,
endiandrin A activates the p38 pathway in a time-dependent
manner, which was synergistically amplified by dexamethasone
and TNF-a. As a consequence, GR content was increased both on
mRNA and protein level, which facilitates GCs effects. Although
not tested here, endiandrin A could inhibit the MAPK phospha-
tase (MKP)-1 leading to prolonged p38 phosphorylation as shown
by others [31,32]. Such a mechanism is also described by Vogt
and co-workers who identified the plant compound sanguinarine,
an alkaloid from Chelidonium majus L., as an inhibitor of MPK-1 in
HeLa cells [33].

In addition to p38, also the MAP kinase ERK can influence
ENaC function [19,34]. It was shown that ERK-dependent
phosphorylation of the B- and y-ENaC subunit decreases
electrogenic Na™ absorption by facilitating the interaction with
the ubiquitin ligase Nedd4-2 which targets ENaC complexes for
endocytosis/degradation [19,35]. We propose that the rapid
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Figure 8. Scheme of endiandrin A action on ENaC-dependent Na* absorption. p38, ERK and JNK are involved in the synergism of
endiandrin A to impact colonic ENaC function. TNF-o-triggered JNK activation, which is described to negatively regulate the GR, is suppressed by
endiandrin A. Furthermore, together with TNF-o, endiandrin A induces a prolonged p38 phosphorylation, which stabilizes GR mRNA and increases GR
protein levels. Endiandrin A facilitates the dexamethasone-induced GR nuclear translocation resulting in an enhanced GRE-transactivation and an
increase of B- and y-ENaC as well as sgk-1 expression. Endiandrin A activates ERK, which impinges on the ENaC. Dotted lines indicate signaling

pathways inhibiting the colonic ENaC function.
doi:10.1371/journal.pone.0049426.g008

activation of ERK after endiandrin A treatment, which is the next
essential finding of our study, hampers electrogenic Na* absorp-
tion via the ligase Nedd4-2. This mechanism may hide stimulating
effects of endiandrin A on sodium absorption, e.g. via p38, because
inhibition of ERK (by the selective MEK1/2 inhibitor U0126)
increased ENaC-mediated Na* transport as well as B- and v-
ENaC expression. Already Cobb and co-workers have character-
ized such a general interplay between ERK and p38 [36].

Role of Sgk-1

We found a remarkable increase of the serum- and GC-
regulated kinase (sgk)-1 pointing to a contribution of the ubiquitin
ligase Nedd4-2 due to endiandrin A. As is generally accepted, the
serine/threoine kinase sgk-1 inactivates Nedd4-2 through phos-
phorylation, subsequently preventing ubiquitination/endocytosis
via Nedd4-2 [21,37]. Previous studies observed an increase in sgk-
I mRNA as the consequence of corticosteroid action, which
stimulated ENaC-mediated Na® absorption in renal collecting
duct cells [21,38]. Interestingly, Itani and co-workers found that
GCs stimulate sgk-1 expression via activation of a GRE in the 5'-
flanking region of the sgk-1 gene [14]. Our data support this as we
observed a strong increase in sgk-1 mRINA after GC treatment
which was enhanced by TNF-oo and which was even further
intensified by endiandrin A.
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Moreover, sgk-1 was reported to be influenced by p38.
Waldegger and co-workers showed that p38 activation increased
sgk-1 expression in the human hepatoma cell line HepG2 [39].
Furthermore, sgk-1 promoter activity was shown to be enhanced
through p38 [40]. In our study, p38 inhibition (SB202190)
decreased sgk-1 expression, which may have contributed to the
decrease in ENaC-mediated Na™ absorption due to ubiquitination
of ENaC-subunits via Nedd4-2. On the other hand, this cannot
explain the decrease in y-ENaC mRNA, which we found after
SB202190 treatment. SB202190 also down-regulated GR protein
levels. Therefore, we conclude that the inhibition of ENaC-
mediated Na® transport results from both of these 2 signaling
events. Additionally, we found an increase of sgk-1 mRNA after
TNF-a treatment, which could be amplified by endiandrin A. This
may indicate sgk-1 mRNA stabilization and is in line with other
reports e.g. of Meng and co-workers who reported an activation of
sgk-1 which was triggered via the p38 pathway in biliary tract [41].

However, not only p38 influences sgk-1. Also ERK can activate
sgk-1 [42]. On the other hand, over-expression of sgk-1 was
recently reported to enhance ERK phosphorylation in rat primary
hepatocytes [43]. Our present data indicates a decline in sgk-1
expression when incubated with the ERK inhibitor U0126, indeed
pointing to a functional cross-talk between sgk-1 and ERK.
Interestingly, the U0126-induced decrease in sgk-1 in our study
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did not cause any inhibitory effect on ENaC-mediated Na*
absorption or on y-ENaC mRNA levels, which on the contrary
rather increased because of the supposed enhanced p38 activation
mentioned above. Thus, sgk-1 is influenced by the GR, p38 and
ERK and is important for the synergism with endiandrin A. Kim
and co-workers described sgk-1 as a negative regulator of JNK in
the human embryonic kidney cell line 293T [44]. This is in line
with the enhanced sgk-1 expression under GC and TNF-a, which
may have led to inhibition of JNK activation also in our study.
Additionally, this would be amplified by endiandrin A co-

exposure.

Steroid Therapy in Inflammatory Bowel Diseases (IBD)
and Potential Role of Endiandrin A

Long-term GC treatment e.g. in IBD is always accompanied by
undesirable side effects, including osteoporosis, Cushing’s syn-
drome and diabetes [45]. Here, phytopharmacologic approaches
may be attractive. Phytopharmacological effects are not necessar-
ily linked to GR activation, but may interfere with other signaling
pathways, e.g. the NFkB-pathway. Catapoloside, a major iridoid
glycoside isolated from Catalpa ovata G.DON, widely used in
Korean medicine for colonic inflammation, has been shown to
down-regulate NFkB-signaling [46]. Others have described anti-
inflammatory effects of curcumin, a diferulolymethane from
Curcuma longa L., or oleogum resins of Boswellia species [47,48].
Only a few plant-derived GR modulators are characterized so far
such as G-Rgl and SSd. Interestingly, neither G-Rgl nor SSd
influenced colonic ENaC function in our experimental system
(data not shown).

Certainly, endiandrin A cannot replace GC therapy in IBD. But
endiandrin A may either amplify physiological cortisol effects or
may at least help to reduce the dose of a therapeutic steroids in
a general attempt to reduce steroid side effects by multimodal
therapies.

In conclusion, we have determined the GC-agonistic effects of
a main component of E. anthropophagorum Domin, endiandrin A, in
HT-29/B6-GR cells as well as in rat distal colon and found a novel
regulatory influence of this plant-derived GR binder via p38, ERK
and JNK and sgk-1, resulting in synergistic effects with GC and
TNF-a to impact colonic ENaC: function.
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n=4-6. (Fig. S1B) Mecasurement of ENaC-dependent Na*
absorption was determined as the drop in Ig¢ after amiloride
(100 uM). HT-29/B6-GR cells were incubated with endiandrin A
(20 uM) for 48 hours. Data are means * s.e.m., n=6-12. (Fig.
S1C) Western blot analysis of JNK and pJNK protein (~46/
54 kDa) of HT-29/B6-GR cell lysates incubated with TNF-
a (500 IU/ml) and/or endiandrin A (20 uM) without dexameth-
asone for indicated times. Human B-actin (~42 kDa) served as
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(TIF)

Acknowledgments

Dr. Karren Beattic and Mr. James Fahey from the Eskitis Institute (Griffith
University) are acknowledged for their assistance in the isolation of the
natural product endiandrin A. We thank Dr. Tim Ziera for providing the
pGL.4.23-SGK-1 reporter plasmid. The excellent assistance of In-Fah M.
Lee and of Detlef Sorgenfrei is gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: DK TB JDS. Performed the
experiments: DK. Analyzed the data: DK TB AF JDS. Contributed
reagents/materials/analysis tools: DK TB AF MF RAD JDS. Wrote the
paper: DK TB JDS. Ciritical revision of the paper for important intellectual
content: PD AF MF RAD MFM.

. DuJ, Cheng B, Zhu X, Ling C (2012) Ginsenoside Rgl, a novel glucocorticoid
receptor agonist of plant origin, maintains glucocorticoid efficacy with reduced
side effects. J Immunol 187: 942-50.

. Hattori T, Nishimura H, Kase Y, Takeda S (2008) Saireito and saikosaponin D
prevent urinary protein excretion via glucocorticoid receptor in adrenalecto-
mized WKY rats with heterologous-phase anti-GBM nephritis. Nephron Physiol
109: p19-27.

. Davis RA, Carroll AR, Duffy S, Avery VM, Guymer GP, et al. (2007)
Endiandrin A, a potent glucocorticoid receptor binder isolated from the
Australian plant Endiandra anthropophagorum. J Nat Prod 70: 1118-21.

. Zeissig S, Fromm A, Mankertz J, Zeitz M, Fromm M, et al. (2006) Restoration
of ENaC expression by glucocorticoid receptor transfection in human HT-29/
B6 colon cells. Biochem Biophys Res Commun 344: 1065-70.

. Itani OA, Liu KZ, Cornish KL, Campbell JR, Thomas CP (2002)
Glucocorticoids stimulate human sgkl gene expression by activation of a GRE
in its 5'-flanking region. Am J Physiol Endocrinol Metab 283: E971-9.

15. Ziera T, Irlbacher H, Fromm A, Latouche C, Krug SM, et al. (2009) Cnksr3 is
a direct mineralocorticoid receptor target gene and plays a key role in the
regulation of the epithelial sodium channel. Faseb J 23: 3936-46.

. Wang Z, Frederick J, Garabedian MJ (2002) Deciphering the phosphorylation
“code” of the glucocorticoid receptor in vivo. J Biol Chem 277: 26573-80.

. Rogatsky I, Logan SK, Garabedian MJ (1998) Antagonism of glucocorticoid
receptor transcriptional activation by the c-Jun N-terminal kinase. Proc Natl
Acad Sci U S A 95: 2050-5.

. Wang X, Wu H, Lakdawala S, Hu F, Hanson ND, et al. (2005) Inhibition of Jun
N-terminal kinase (JNK) enhances glucocorticoid receptor-mediated function in
mouse hippocampal HT22 cells. Neuropsychopharmacology 30: 242-9.

November 2012 | Volume 7 | Issue 11 | e49426



22.

23.

24.

26.

27.

28.

30.

31.

33.

. Hutter D, Chen P, Barnes J, Liu Y (2000)

Shi H, Asher C, Chigaev A, Yung Y, Reuveny E, et al. (2002) Interactions of
beta and gamma ENaC with Nedd4 can be facilitated by an ERK-mediated
phosphorylation. J Biol Chem 277: 13539-47.

. Niisato N, Taruno A, Marunaka Y (2007) Involvement of p38 MAPK in

hypotonic stress-induced stimulation of beta- and gamma-ENaC expression in
renal epithelium. Biochem Biophys Res Commun 358: 819-24.

. Debonneville C, Flores SY, Kamynina E, Plant PJ, Tauxe C, et al. (2001)

Phosphorylation of Nedd4-2 by Sgkl regulates epithelial Na(+) channel cell
surface expression. Embo J 20: 7052-9.

Barnes PJ (1998) Anti-inflammatory actions of glucocorticoids: molecular
mechanisms. Clin Sci (Lond) 94: 557-72.

Taniguchi-Yanai K, Koike Y, Hasegawa T, Furuta Y, Serizawa M, et al. (2010)
Identification and characterization of glucocorticoid receptor-binding sites in the
human genome. J Recept Signal Transduct Res 30: 88-105.

Schacke H, Schottelius A, Docke WD, Strehlke P, Jaroch S, et al. (2004)
Dissociation of transactivation from transrepression by a selective glucocorticoid
receptor agonist leads to separation of therapeutic effects from side effects. Proc

Natl Acad Sci U S A 101: 227-32.

. Lee Y], Chung E, Lee KY, Lee YH, Huh B, et al. (1997) Ginsenoside-Rg1, one

of the major active molecules from Panax ginseng, is a functional ligand of
glucocorticoid receptor. Mol Cell Endocrinol 133: 135-40.

Haridas V, Xu ZX, Kitchen D, Jiang A, Michels P, et al. (2011) The anticancer
plant triterpenoid, avicin d, regulates glucocorticoid receptor signaling:
implications for cellular metabolism. PLoS One 6: ¢28037.

Mun SH, Kim HS, Kim JW, Ko NY, Kim do K, et al. (2009) Oral
administration of curcumin suppresses production of matrix metalloproteinase
(MMP)-1 and MMP-3 to ameliorate collagen-induced arthritis: inhibition of the
PKCdelta/JNK/c-Jun pathway. J Pharmacol Sci 111: 13-21.

Winzen R, Kracht M, Ritter B, Wilhelm A, Chen CY, et al. (1999) The p38
MAP kinase pathway signals for cytokine-induced mRNA stabilization via MAP
kinase-activated protein kinase 2 and an AU-rich region-targeted mechanism.

Embo J 18: 4969-80.

. Dean JL, Sarsfield SJ, Tsounakou E, Saklatvala J (2003) p38 Mitogen-activated

protein kinase stabilizes mRNAs that contain cyclooxygenase-2 and tumor
necrosis factor AU-rich elements by inhibiting deadenylation. J Biol Chem 278:
39470-6.

Miyazawa K, Mori A, Miyata H, Akahane M, Ajisawa Y, et al. (1998)
Regulation of interleukin-1beta-induced interleukin-6 gene expression in human
fibroblast-like synoviocytes by p38 mitogen-activated protein kinase. ] Biol
Chem 273: 24832-8.

Kassel O, Sancono A, Kratzschmar J, Kreft B, Stassen M, et al. (2001)
Glucocorticoids inhibit MAP kinase via increased expression and decreased
degradation of MKP-1. Embo J 20: 7108-16.

Jatalytic activation of mitogen-
activated protein (MAP) kinase phosphatase-1 by binding to p38 MAP kinase:
critical role of the p38 C-terminal domain in its negative regulation.
Biochem J 352 Pt 1: 155-63.

Vogt A, Tamewitz A, Skoko J, Sikorski RP, Giuliano KA, et al. (2005) The
benzo|[c]phenanthridine alkaloid, sanguinarine, is a selective, cell-active inhibitor
of mitogen-activated protein kinase phosphatase-1. J Biol Chem 280: 19078-86.

PLOS ONE | www.plosone.org

14

34.

36.
37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

Endiandrin A Affects the Colonic ENaC

Zentner MD, Lin HH, Wen X, Kim KJ, Ann DK (1998) The amiloride-sensitive
epithelial sodium channel alpha-subunit is transcriptionally down-regulated in
rat parotid cells by the extracellular signal-regulated protein kinase pathway.
J Biol Chem 273: 30770-6.

. Booth RE, Stockand JD (2003) Targeted degradation of ENaC: in response to

PKC activation of the ERK1/2 cascade. Am J Physiol Renal Physiol 284: F938
47.

Cobb MH (1999) MAP kinase pathways. Prog Biophys Mol Biol 71: 479-500.
Snyder PM, Olson DR, and Thomas BC (2002) Serum and glucocorticoid-
regulated kinase modulates Nedd4-2-mediated inhibition of the epithelial Na+
channel. J Biol Chem 277: 5-8.

Naray-Fejes-Toth A, Fejes-Toth G, Volk KA, Stokes JB (2000) SGK is a primary
glucocorticoid-induced gene in the human. J Steroid Biochem Mol Biol 75: 51—
6.

Waldegger S, Gabrysch S, Barth P, Fillon S, Lang I (2000) h-sgk serine-
threonine protein kinase as transcriptional target of p38/MAP kinase pathway in
HepG2 human hepatoma cells. Cell Physiol Biochem 10: 203-8.

Bell LM, Leong ML, Kim B, Wang E, Park J, et al. (2000) Hyperosmotic stress
stimulates promoter activity and regulates cellular utilization of the serum- and
glucocorticoid-inducible protein kinase (Sgk) by a p38 MAPK-dependent
pathway. J Biol Chem 275: 25262-72.

Meng F, Yamagiwa Y, Taffetani S, Han J, Patel T (2005) IL-6 activates serum
and glucocorticoid kinase via p38alpha mitogen-activated protein kinase
pathway. Am J Physiol Cell Physiol 289: C971-81.

Lee CT, Tyan SW, Ma YL, Tsai MC, Yang YC, et al. (2006) Serum- and
glucocorticoid-inducible kinase (SGK) is a target of the MAPK/ERK signaling
pathway that mediates memory formation in rats. Eur J Neurosci 23: 1311-20.
Won M, Park KA, Byun HS, Kim YR, Choi BL, et al. (2009) Protein kinase
SGK1 enhances MEK/ERK complex formation through the phosphorylation
of ERK2: implication for the positive regulatory role of SGKI1 on the ERK
function during liver regeneration. J] Hepatol 51: 67-76.

Kim M]J, Chae JS, Kim KJ, Hwang SG, Yoon KW, et al. (2007) Negative
regulation of SEKI signaling by serum- and glucocorticoid-inducible protein

kinase 1. Embo J 26: 3075-85.

. Rosen J and Miner JN (2005) The search for safer glucocorticoid receptor

ligands. Endocr Rev 26: 452-64.

Pae HO, Oh GS, Choi BM, Shin S, Chai KY, et al. (2003) Inhibitory effects of
the stem bark of Catalpa ovata G. Don. (Bignoniaceae) on the productions of
tumor necrosis factor-alpha and nitric oxide by the lipopolisaccharide-stimulated
RAW 264.7 macrophages. J Ethnopharmacol 88: 287-91.

Hanai H, ITida T, Takeuchi K, Watanabe F, Maruyama Y, et al. (2006)
Curcumin maintenance therapy for ulcerative colitis: randomized, multicenter,
double-blind, placebo-controlled trial. Clin Gastroenterol Hepatol 4: 1502-6.
Latella G, Sferra R, Vetuschi A, Zanninelli G, D’Angelo A, et al. (2008)
Prevention of colonic fibrosis by Boswellia and Scutellaria extracts in rats with
colitis induced by 2,4,5-trinitrobenzene sulphonic acid. Eur J Clin Invest 38:
410-20.

November 2012 | Volume 7 | Issue 11 | e49426



