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Abstract
Background/Aims:  Liver regeneration is induced by S1P and accompanied with an increase 
in hepatic Na+/K+ ATPase activity, suggesting a potential modulatory role of the sphingolipid 
on the ATPase activity. The ability of S1P to alter the ATPase activity was confirmed in a 
previous work which showed a time dependent effect, with an inhibition appearing at 
15min and a stimulation at two hours. The aim of this work was to investigate if FTY720-P, 
an analogue of S1P used in the treatment of multiple sclerosis, exerts a similar effect at 2 
hours. Methods: HepG2 cells were treated with FTY720-P for two hours and the activity of 
the Na+/K+ ATPase was assayed by measuring the amount of inorganic phosphate liberated in 
presence and absence of ouabain. The involvement of NF-κB in the pathway was investigated 
by determining changes in the protein expression of IκB. Results: FTY720-P induced a 2.5-fold 
increase in the activity of the Na+/K+ ATPase which was maintained in the presence of JTE-013, 
a specific blocker of S1PR2, but disappeared completely in presence of CAY 10444, a specific 
S1PR3 antagonist. The involvement of S1PR3 was supported by the stimulation observed 
with Cym5541, a S1PR3 agonist. FTY720-P increased the expression of COX2, and reduced 
that of IκB. Its effect was not manifested in presence of indomethacin, a COX inhibitor, or 
in presence of an NF-κB inhibitor. Exogenous PGE2 induced a significant stimulatory effect.  
Inhibiting PKC and ERK with respectively calphostin C and PD98059 abolished the effect of 
FTY720-P on the ATPase and on IκB, but not that of exogenous PGE2 indicating that the two 
kinases are upstream of NF-κB and PGE2.The PKC activator PMA increased the activity of the 
Na+/K+ ATPase as well as the expression of phopho-ERK, inferring that PKC is upstream of 
ERK. Conclusion: It was concluded that FTY720-P stimulates the Na+/K+ ATPase via PGE2 by 
activating sequentially S1PR3, PKC, ERK, NF-κB. The latter enhances COX-2 expression leading 
to PGE2 release.
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Introduction

The liver plays an important role in protein synthesis, bile production and carbohydrates’ 
metabolism. In addition, it maintains hormonal balance and eliminates toxic substances 
[1]. Several of these liver functions are dependent on the transcellular sodium gradient 
established by the Na+/K+ ATPase. Amino acids and bile acids enter hepatocytes via a 
sodium dependent transport process and gluconeogenesis, which may use amino acids as 
precursors, can be also considered as a sodium dependent metabolic activity [2]. The Na+/K+ 
pump or Na+/K+ ATPase uses the energy derived from the breakdown of one ATP molecule 
to transport 2 K+ ions to the inside and 3Na+ ions to the outside of the cell, generating thus 
a sodium and potassium electro-chemical gradient across the hepatocyte membrane. The 
hepatic ATPase plays an important role in liver physiology and pathology. Its activity is 
enhanced by glucagon, insulin, norepinephrine and vasopressin [3, 4], and its alpha subunit 
has been implicated in ROS generation and the progression of nonalcoholic fatty liver disease 
(NAFLD) [5]. A higher activity of the pump was noted to accompany liver regeneration [6], 
which is induced by Sphingosine 1-phosphate (S1P) [7]. Whether S1P is behind the enhanced 
activity of the ATPase is a question that was addressed in a previous work [8] that revealed 
a dual time dependent effect of S1P with an inhibition appearing at 15min and a stimulation 
appearing at 2hrs. Recently, FTY720, a sphingosine analog and immune-modulator, has been 
approved by the US Food and Drug Association as an oral treatment for relapsing forms of 
multiple sclerosis [9, 10]. In vivo FTY720 is rapidly phosphorylated by sphingosine kinase 
to FTY720-P which acts as an agonist at S1P receptors and activates downstream signaling 
pathways [10]. The side effects of the drug on hepatic Na+/K+ ATPase and consequently on 
some liver functions have not been studied. If FTY720P has a similar activity profile to that 
of S1P, then we would expect it to exert a dual and opposite time dependent effect on the 
ATPase leading to time dependent alterations in liver activities. We demonstrated previously 
in Caco-2 cells [11] and in HepG2 cells [12, 13], a significant FTY720P-induced inhibition 
of the Na+/K+ ATPase at 15min whether at two hours FTY720P exerts in HepG2 cells, like 
S1P, a stimulatory effect is a question that we aim to address in this work. This work is thus 
a follow up and a continuation of the previous one and is undertaken to complete the time 
course study. Determining the action and the signaling pathway of the drug at different time 
intervals is crucial to ensure patients’ safety especially when the response varies with time 
and changes unexpectedly from inhibition to stimulation. The results would thus determine 
the still unknown effect of FTY720P on the ATPase at two hours and reveal if the drug exerts 
a dual and opposite time-dependent effect, an effect that has not been demonstrated before. 
Unraveling the time course of FTY720P would help in circumventing any of its anticipated 
undesirable effects by blocking the S1P receptors involved or by inhibiting any mediator in 
its signaling pathway.

Materials and Methods

Materials
Prostaglandin E2 (PGE2), ouabain, indomethacin, Dulbecco’s Minimal Essential Medium (DMEM) with 

4500mg/L Glucose and pyridoxine HCL, Trypsin-EDTA, Penicillin/Streptomycin, Fetal Bovin Serum (FBS), 
10x Phosphate Buffered Saline (PBS) without magnesium and calcium, and Adenosine 5’-triphosphate 
disodium salt (ATP) were procured from Sigma, Chemical Co, St Louis Missouri, USA. The Human 
hepatocellular carcinoma cell line, HepG2, was purchased from ATCC. FTY720-P and anti-COX2 antibody 
were purchased from Santa Cruz Biotechnology, CA, USA. Anti-ERK 1/2 antibody was from Promega, WI, 
USA, while anti-p-ERK 1/2 antibody was from Cell Signaling, MA, USA.

Phorbol-12-myrsitate-13-acetate (PMA), Calphostin C, and PD98059 were obtained from Calbiochem, 
San Diego, USA. Protease inhibitor cocktail tablets were purchased from Boehringer Mannheim, Germany. 
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Biorad protein assay reagent, nitrocellulose membranes, and ECL substrate (Clarity TM Western ECL 
Substrate) were obtained from Biorad, California, USA.

All other chemicals were purchased from Sigma, Chemical Co, St Louis Missouri, USA.

Culture of HepG2 cells
HepG2 cells at passages 28-35 were grown in DMEM supplemented with 1% penicillin (100µg/ml), 

streptomycin (100µg/ml) and 10% FBS, in 100 mm culture plates at a density of 120, 000 cells/ml. The cells 
were kept in humidified incubator (95% O2, 5% CO2) at 37°C and treated at 85-90% confluence after an 
overnight starvation.

Treatment of HepG2 cells with FTY720-P
HepG2 cells were treated for 2 hours with 7.5 nM FTY720-P, a concentration that showed in a previous 

work [11] a significant inhibitory effect at 15 min.  An equal volume of the vehicle (DMSO) was added to the 
control.

Protein Extraction and Determination
At the end of the treatment period, the cells were washed with PBS buffer (pH=7.4), scraped in lysis 

buffer (150mM histidine buffer pH=7.4) to which protease inhibitors were added, homogenized, and spun 
for 30 min at 20000g and 4°C. Proteins in the supernatant were quantified colorimetrically at a wavelength 
of 595 nm using the Bradford protein assay.

Na+/K+ ATPase Activity
Cell homogenates were diluted to a protein concentration 0.5 µg/µl with histidine buffer (pH 7.4, 

150mM) and incubated for 15 min at room temperature with 1% saponin added at a ratio of 1:4, in presence 
of phosphatase inhibitors (2.7 mM pyrophosphate, 2.7 mM glycerophosphate). Aliquots were then taken 
from each sample and incubated in histidine buffer containing NaCl (121.5mM), KCl (19.6 mM,), MgCl2 
(3.92 mM), adenosine tri-phosphate (2.94 mM), in presence or absence of ouabain (1.47 mM), a specific 
inhibitor of the ATPase. When ouabain was absent, it was replaced with water. The reaction was stopped by 
addition of 50% trichloroacetic acid at a ratio of 1:10 (v/v) and the samples were spun at 3000g for 5 min. 
The amount of inorganic phosphate liberated in the supernatant was measured colorimetrically at 750 nM 
according to the method of Taussky H, Shorr [14].

S1P receptors mediating FTY720-P’s effect
The type of S1P receptors (S1PRs) involved in the effect of FTY720-P (7.5 nM;2hrs) was investigated 

by pretreating HepG2 cells for 15min with JTE-013 (1 µM, DMSO) or CAY10444 (17.4 µM, DMF), respective 
blockers of S1P receptors 2 (S1PR2) and 3 (S1PR3). The effect of specific S1PR2 and S1PR3 agonists 
(CYM5520; 2.5 µM, DMSO, S1PR2 agonist; CYM5541; 2 µM, DMSO, S1PR3 agonist) applied for two hours 
was also investigated. The vehicles were always   added in the same amount to the control.

Involvement of PGE2
HepG2 cells were treated for 30 min prior to FTY720-P with indomethacin, a COX inhibitor (100 µM, 

DMSO). The effect of different concentrations of exogenous PGE2 (0.1, 1, 10, 100, 200, 300nM, 2hrs) was also 
studied.  In addition, changes in the protein expression of COX-2, the enzyme that catalyzes PGE2 synthesis, 
were examined by western blot analysis.

Involvement of PKC, ERK and NF-κB
The involvement of PKC in the signaling pathway was tested by addition of a PKC inhibitor, Calphostin 

C (50 nM, DMSO) 20 min before FTY720-P or by treating the cells with a PKC activator, PMA (100nM, DMSO) 
for 2 hours. The vehicle was added in the same amount to the control.

The involvement of ERK was studied by treating HepG2 cells with FTY720-P in presence of an ERK 
inhibitor PD98059 (50 µM, DMSO added 30 min prior to FTY720P). Activation of ERK was tested by 
investigating changes in the protein expression of phospho- ERK by western blot analysis.

Synthesis of PGE2 is catalyzed by the enzyme COX-2 whose expression is controlled by the transcription 
factor NF-κB.  Implication of NF-κB was investigated by studying the effect of FTY720-P on the ATPase 
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activity when the transcription factor was inactivated with a specific inhibitor (15 µM, added 30 min before 
FTY720P). NF-κB is sequestered in the cytosol associated with IκB which keeps it inactive. Its translocation 
to the nucleus is dependent on IκB degradation [15]. Thus a decrease in the protein expression of IκB is an 
indicator of NF-κB activation.  To confirm any role of NF-κB in the effect of FTY720-P, changes in the protein 
expression of IκB were studied by western blot analysis.

Locating the mediators with respect to each other along the signaling pathway
The location of PKC with respect to PGE2 was determined by treating HepG2 cells with PMA (100nM, 

DMSO), a PKC activator in presence of indomethacin (100 µM, DMSO), and with calphostin C (50 nM, DMSO), 
a PKC inhibitor, in presence of PGE2 (100 nM).

The position of ERK relative to PGE2 was studied by treating cells with PGE2 in presence of an inhibitor 
of ERK (PD98059). Western blot analysis was used also to study the effect of ERK inhibition on the protein 
expression of COX-2.

The position of ERK relative to PKC was determined by studying the ATPase activity in cells treated 
with PMA in presence of ERK inhibitor (PD98059). Changes in ERK phosphorylation were also determined 
in cells treated with FTY720-P when PKC was inhibited.

To position NF-κB relative to ERK, the protein expression of IκB was determined in cells treated with 
FTY720-P in presence of an inhibitor of ERK, while the position of NF-κB relative to PGE2 was studied by 
determining changes in the protein expression of COX-2 when NF-κB was inhibited.

Western Blot Analysis
Equal amounts of proteins (40 µg) were loaded and resolved on 10% SDS polyacrylamide gel and 

transferred to a nitrocellulose membrane which was then blocked and incubated overnight at 4°C with 
a primary anti-ERK1/2, anti-p-ERK1/2, anti-IκB, anti-COX-2, or anti-GAPDH antibody followed by an 
incubation with a secondary HRP conjugated antibody.  The signal was detected by chemiluminescence 
using Clarity ECL Substrate and the intensity of the signal was detected using a ChemiDocTM imaging system. 
GAPDH expression was used to check for equal loading. The bands were normalized to GAPDH using Image 
lab software.

Statistical Analysis
The data are reported as mean ± SEM and tested for statistical significance using a one-way analysis of 

variance followed by a Tukey-Kramer multiple comparison test using GraphPad InStat 3.

Results

FTY720-P increases the activity of hepatic Na+/K+ ATPase
HepG2 cells treated with FTY720-P (7.5 nM) for two hours showed a very significant 

(2.5 folds) increase in Na+/K+ ATPase activity (Fig. 1A).

FTY720-P exerts its stimulatory effect via S1PR3
To determine the type of receptors involved in FTY720-P’s action, HepG2 cells were 

treated with FTY720-P in presence of blockers to S1PR2 and S1PR3. The stimulatory effect 
of FTY720-P persisted in the presence of JTE-013 (S1PR2 antagonist) but disappeared 
totally in presence of CAY1104 (S1PR3 antagonist). The S1PR3 agonist, Cym5541 exerted a 
significant stimulatory effect on the ATPase, while Cym5520, a S1PR2 agonist, had no effect, 
confirming thus the involvement of S1PR3 (Fig. 1B & C).

Determination of the mediators involved
Involvement of PKC. S1PR3 is coupled to Gq protein which is known to activate PKC [16]. 

Treating the cells with PMA, a PKC activator, induced a significant increase in the activity of 
the ATPase (Fig. 2B) and in presence of calphostin C, a PKC inhibitor, the effect of FTY720-P 
was completely abolished (Fig. 2A).
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Fig. 1. FTY720-P increases the activity of the 
Na+/K+ ATPase via S1PR3. (A) Effect of FTY720-P 
(7.5nM. 2hours) on the activity of the hepatic Na+/
K+ ATPase in presence of (B) a S1PR3 antagonist 
(CAY10444,17.4 µM, added 30min before 
FTY720-P) and agonist (CYM5541; 2 µM, 2hours), 
and (C) a S1PR2 antagonist (JTE-013; 1 µM, added 
30min before FTY720-P) and agonist (CYM5520; 
2.5 µM, 2hours) . Values are means ± SEM of 3 
observations. Bars not sharing a common letter are 
significantly different from each other at p< 0.001.
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Fig. 2. FTY720-P activates PKC. (A) Cells were 
pre-treated 30 min before FTY720-P (7.5nM. 
2hours) with the PKC inhibitor calphostin C 
(50 nM,). (B)  Effect of PMA (100nM, 2hours), 
an activator of PKC on the activity of the Na+/
K+ ATPase. Values are means ± SEM of at least 3 
observations. Bars not sharing a common letter 
are considered significantly different from each 
other at p<0.01.
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FTY720-P acts via PGE2. FTY720-P increased the expression of COX-2 (Fig. 3B) and its 
stimulatory effect disappeared completely (Fig. 3A) in presence of indomethacin.

The effect of exogenous PGE2 was investigated to further confirm its role in FTY720-
P‘s action. A dose response study (0.1 to 300 nM) revealed an inhibitory effect at low 
concentrations (0.1, 1 nM) and a stimulatory effect that started appearing at 10nM and 
reached a plateau at 100nM and beyond (Fig. 4A). Consequently, cells were treated with 
100nM PGE2, a dose that stimulates the ATPase as FTY720-P did. At such a concentration a 
2.5-fold increase in the activity of the ATPase was observed (Fig. 4B).

PKC acts upstream of PGE2.  The stimulatory effect of PGE2 persisted in presence of 
Calphostin C (Fig. 5A), while that of PMA disappeared in presence of indomethacin (COX 
enzymes inhibitor) (Fig. 5B). Calphostin C and indomethacin alone had no effect on the 
ATPase. Calphostin C reduced the FTY720-P induced increase in the expression of COX-2 and 
brought it back to control levels (Fig. 3A). The results suggest that PKC is upstream PGE2.

FTY720-P acts via ERK which is downstream PKC. The effect of S1P was reported in 
many instances to be mediated through ERK [17-19]. On the other hand, ERK is a known 
modulator of the Na+/K+ ATPase [19, 20]. Hence ERK was suspected to be along the signaling 
pathway. Inhibiting ERK with PD98059, abolished completely the stimulatory effects of both 
FTY720-P (Fig. 6A), and PMA (Fig. 6B).

FTY720-P increased in addition the expression of phospho-ERK. This increase did not 
appear when PKC was inhibited with calphostin C (Fig. 6C).

ERK is upstream of PGE2. ERK inhibition did not alter the effect of PGE2 (Fig. 7), but 
abolished the FTY720P-induced increase in the expression of COX-2 (Fig. 3B), suggesting 
that ERK is upstream PGE2.

Fig. 3. FTY720-P activates 
COX-2. (A) HepG2 cells 
were treated, 30 min before 
FTY720-P (7.5nM. 2hours), 
with indomethacin, a 
COX inhibitor (100 µM).   
(B) Effect of FTY720-P 
(7.5nM. 2hours), on the 
protein expression of COX-
2 in presence of a PKC 
inhibitor (calphostin C; 
50 nM, 30min) and ERK 
inhibitor (PD98059; 50 
µM, 30min) Values are 
normalized to GAPDH 
using Image lab software. 
The blot is representative 
of an experiment repeated 
3 times. Values are 
means ± SEM of at least 
3 observations. Bars not 
sharing a common letter 
are considered significantly 
different from each other 
at p<0.01.
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Fig. 5. PKC acts upstream COX-2. 
(A) Effect of PGE2 (100nM; 2hours) 
on the ATPase activity when cells 
were pre-treated for 30 min with 
calphostin C (50 nM). (B) Effect of 
PMA (100nM, 2hrs) on the activity 
of the Na+/K+ ATPase, in presence 
of Indomethacin (100 µM) added 
30min before). Values are means ± 
SEM of at least 3 observations. Bars 
not sharing a common letter are 
considered significantly different 
from each other at: p< 0.01.
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Fig. 4. PGE2 exerts a dose-dependent 
effect on the Na+/K+ ATPase activity. (A) 
Dose response study on the effect of 
exogenous PGE2 (0, 0.1, 1, 10,100,200, 
and 300 nM) added for 2 hours on the 
Na+/K+ ATPase activity. (B) Effect of 
exogenous PGE2 (100nM; 2hours) on the 
activity of the Na+/K+ ATPase. Values are 
means ± SEM of at least 3 observations. 
Bars not sharing a common letter are 
considered significantly different from 
each other at p< 0.01.
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Fig. 7. ERK acts upstream PGE2. Effect 
of PGE2(100nM; 2hours) on the activity 
of the hepatic Na+/K+ ATPase in cells pre-
treated for 30min with an ERK inhibitor 
(PD98059; 50 µM). Values are means ± 
SEM of at least 3 observations. Bars not 
sharing a common letter are considered 
significantly different from each other at 
p< 0.01.
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Fig. 6. FTY720-P and 
PKC activates ERK. 
Effect of (A) FTY720-P 
(7.5nM. 2hours) and 
(B) PMA (100nM, 
2hours) on Na+/K+ 
ATPase activity in cells 
pre-treated for 30 min 
with the ERK inhibitor 
PD98059 (50 µM).  
(C) Effect of PKC and 
ERK inhibition on the 
Protein expression 
of p-ERK. Values 
are normalized to 
GAPDH using Image 
lab software. The 
blot is representative 
of an experiment 
repeated 3 times. 
Values are means 
± SEM of at least 3 
observations. Bars 
not sharing a common 
letter are considered 
significantly different 
from each other at 
p<0.01.
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NF-κB is involved and 
acts downstream PKC and 
ERK and upstream COX-2. 
In presence of an NF-κB 
inhibitor, the stimulatory 
effect of FTY720-P was not 
observed (Fig. 8A). Cells 
treated with FTY720-P had a 
lower expression of IκB (Fig. 
8B) that was not manifested 
when PKC and ERK were 
inhibited respectively with 
PD98059 and calphostin C, 
(Fig. 9A), inferring that NF-κB 
acts downstream of PKC and 
ERK. Moreover, the FTY720P-
induced increase in COX-2 
expression was not observed 
any more when NF-κB was 
inhibited (Fig. 9B) indicating 
that NF-κB acts upstream 
COX-2.

Discussion

Many hepatic cellular 
activities are dependent 
on the sodium gradient 
established by Na+/K+ 
ATPase. Accordingly, any 
alteration in the activity of 
the ATPase may result in 
impaired liver functions [21]. 
Previous studies in our lab 
demonstrated opposite and 
time-dependent effects of 
S1P on the Na+/K+ ATPase in 
HepG2 cells, with inhibition 
appearing at 15min and 
stimulation at 2hrs [8]. The 
S1P analogue, FTY720-P was 
shown to exert a similar effect on the pump at 15min at a concentration of 7.5nM [12]. Its 
effect at 2 hours however, was not investigated, and is the focus of the present study.

HepG2 cells treated with FTY720-P (7.5nM) for 2 hours showed a significant increase 
(2.5 folds) in Na+/K+ ATPase activity revealing a similar time dependent action profile to that 
of S1P. S1P acts through five different receptors that are all expressed in HepG2 cells [12]. 
Therefore, identifying the ones involved was our first concern. Blocking S1PR2s with JTE-
013 did not alter the stimulatory effect of FTY720-P, and Cym5520, a S1PR2 specific agonist 
had no effect on the activity of the ATPase, implying that FTY720-P does not act through 
S1PR2s.

The involvement of S1PR3s was next investigated. The stimulatory effect of the drug 
was abolished completely in the presence of the antagonist CAY1104, and the S1PR3 specific 
agonist, Cym5541, exerted like FTY720P, a significant stimulatory effect. The results suggest 

Fig. 8. FTY720-P acts through NF-κB. Effect of (A) NF-κB inhibition 
on the FTY720-P-induced stimulation of the ATPase. The inhibitor 
(15 µM) was added 30 min before FTY720-P (7.5nM. 2hours) (B) 
Effect of FTY720-P (7.5nM. 2hours) on the protein expression of 
IκB. Values are normalized to GAPDH using Image lab software. The 
blot is representative of an experiment repeated 3 times. Values are 
means ± SEM of at least 3 observations. Bars not sharing a common 
letter are considered significantly different from each other p< 0.01.
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that FTY720-P acts mainly 
and solely via S1PR3s, since 
the activity of the pump went 
back to control values in 
presence of the antagonist. 
Had another type of receptor 
been activated, then a partial 
stimulation would have still 
been observed. Consequently, 
the involvement of other 
receptors was not pursued.

S1PR3s couple to Gq 
proteins which activate 
Protein Kinase C [16], a well-
recognized modulator of 
Na+/K+ ATPase activity [22-
26]. In this work, FTY720-P 
signaled via PKC since its 
effect disappeared when 
PKC was inhibited. Although 
S1PR3s may couple also to Gi 
and G13, the results suggest 
that Gq is the only G protein 
implicated in the action of 
FTY720-P since the activity 
was restored to control value 
in presence of a PKC inhibitor. 
The results are in line with 
the reported regulation of the 
ATPase by PKC which varied 
from stimulation to inhibition 
[12, 22, 25, 26].

The literature reports 
also a role for PGE2 in 
the modulation of Na+/K+ 

ATPase activity [27-31]. 
Consequently, investigating 
the involvement of COX-
2/PGE2 in the signaling 
cascade was deemed 
necessary.  Exogenous PGE2 
exerted a dose-dependent 
effect on the ATPase: an 
inhibitory effect appeared 
at low concentrations and a 
stimulatory one started at 
10nM and reached a plateau 
at 100nM and beyond. PGE2 
binds to four different types 
of EP receptors which have 
different affinities to the prostaglandin and activating each different signaling pathways [32].

FTY720-P enhanced COX-2 expression and its effect was not manifested when PGE2 
synthesis was blocked. The results infer that FTY720-P acts via PGE2 and induces the release 
of high levels of PGE2. Exogenous PGE2 at 100 nM exerted a significant stimulatory effect 

Fig. 9. NF-κB acts upstream COX-2 and downstream PKC & ERK. 
Effect of (A) FTY720-P (7.5nM. 2hours) on the protein expression 
of IκB in cells pre-treated for 30 min with either a PKC inhibitor 
(calphostin C; 50nM) or an ERK inhibitor (PD98059; 50 µM).  (B) 
Effect FTY720-P (7.5nM. 2hours) on the protein expression of COX-2 
enzyme in cells pre-treated for 30 min with an inhibitor of the NF-κB 
(15 µM). Values are normalized to GAPDH using Image lab software. 
The blot is representative of an experiment repeated 3 times. Values 
are means ± SEM of 3 observations. Bars not sharing a common letter 
are considered significantly different from each other at p< 0.01.

Fig 9
A
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that persisted in presence 
of calphostin C, while that 
of PMA disappeared in 
presence of indomethacin, 
indicating that PKC is 
upstream PGE2. In fact, 
FTY720-P did not increase 
the expression of COX-2 
when PKC was inhibited, 
supporting thus the above 
conclusion.  Activation of 
COX-2/PGE2 pathway by 
PKC has been reported 
in various tissues [33-
35]. Although COX-2 
possesses a PKC consensus 
sequence, the literature 
does not support its direct 
phosphorylation by the 
kinase [36] but rather an 
increase in its expression [37, 38].

The human COX-2 gene has two nuclear factor kappa B (NF-κB) sites [39], making NF-κB 
a potential transcriptional regulatory element that may be involved in the upregulation of 
COX-2 and PGE2 release. NF-κB is sequestered in the un-stimulated cell in the cytosol by IκB, 
an inhibitory protein to which it is complexed. In the stimulated cell, IκB is phosphorylated 
by IκB kinase leading to its ubiquination and degradation by the proteasome [15]. NF-κB 
then translocates to the nucleus and activates the transcription of specific genes.  In fact, 
some studies reported phosphorylation and activation of IκB kinase by ERK [40]. On the 
other hand, PKC was reported to activate ERK via Raf [41] and to modulate Na+/K+ ATPase 
activity [42]. Whether in this work ERK is a direct or indirect regulator of the ATPase and 
is along the pathway activated by FTY720-P is a question that needed to be addressed. 
Inhibition of ERK with PD98059 abolished completely the stimulatory effect of FTY720-P 
and PMA, but not that of PGE2, implying that ERK is upstream of PGE2 and downstream of 
PKC. In further support of this implication, western blot analysis showed a higher FTY720-P 
induced expression of p-ERK that disappeared when PKC was inhibited.

Our results are in line with the reported involvement of ERK in PGE2 synthesis [43, 44], 
and as a mediator of PKC signaling [45-47]. It was concluded that FTY720-P binds to S1PR3, 
activates PKC which in turn activates ERK leading to PGE2 synthesis.

FTY720-P induced a decrease in the protein expression of IκB and consequently an 
activation of NF-κB. Inhibiting NF-κB abolished the stimulatory effect of FTY720-P on the 
ATPase confirming its position along the signaling pathway. FTY720-P did not reduce the 
expression of IκB when PKC and ERK were inhibited indicating that NFκB is downstream 
both kinases. Moreover, the FTY720-P-induced increase in COX-2 expression was not 
observed when NF-κB was inhibited revealing its involvement in COX-2 upregulation and 
PGE2 synthesis. Thus, the results indicate that NF-κB acts downstream of PKC and ERK and 
enhances COX-2 expression and PGE2 release.

Conclusion

It can be concluded that FTY720-P stimulates the Na+/K+ ATPase in HepG2 cells 
via S1PR3s which activate sequentially PKC, ERK, NF-κB, leading to an increase in COX-2 
expression and PGE2 release.

The pathway involved is represented in Fig. 10.

Fig. 10. Proposed signaling pathway.



Cell Physiol Biochem 2019;53:518-531
DOI: 10.33594/000000155
Published online: 11 September 2019 529

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chakkour et al.: FTY720-P Upregulates Na+/K+Atpase

Acknowledgements

This work was supported by the University Research Board and the Lebanese National 
Council for Scientific Research.

Disclosure Statement

The authors have no conflicts of interest to declare.

References

1 Müting D: Protein metabolism, excretion, and detoxication functions of the liver after long-term treatment 
of liver cirrhosis with an anabolic substance. Am J Dig Dis 1965;10:790-795.

2 Scharschmidt BF, Van Dyke RW: Mechanisms of Hepatic Electrolyte Transport. Gastroenterology 
1983;85:1199-1214. 

3 Aperia A, Ibarra F, Svensson LB, Klee C, Greengard P: Calcineurin mediates alpha-adrenergic stimulation of 
Na+,K(+)-ATPase activity in renal tubule cells. Proc Natl Acad Sci U S A 1992;89:7394-7397.

4 Lynch CJ, Wilson PB, Blackmore PF, Exton JH: The hormone-sensitive hepatic Na-pump: evidence for 
regulation by diacylglycerol and tumor promoters. J Biol Chem 1986;261:14551-14556. 

5 Lakhani HV, Sharma D, Dodrill MW, Nawab A, Sharma N, Cottrill CL, Shapiro JI, Sodhi K: Phenotypic 
Alteration of Hepatocytes in Non-Alcoholic Fatty Liver Disease. Int J Med Sci 2018;15:1591-1599.

6 Simon FR, Fortune J, Alexander A, Iwahashi M, Dahl R, Sutherland E: Increased Hepatic Na,K-ATPase 
Activity during Hepatic Regeneration Is Associated with Induction of the β1-Subunit and Expression on the 
Bile Canalicular Domain. J Biol Chem 1996;271:24967-2475.

7 Nojima H, Freeman CM, Schuster RM, Japtok L, Kleuser B, Edwards MJ, Gulbins E, Lentsch AB: Hepatocyte 
exosomes mediate liver repair and regeneration via sphingosine-1-phosphate. J Hepatol 2016;64:60-68.

8 Kreydiyyeh, SI, Dakroub, Z: Ceramide and its metabolites modulate time-dependently the activity of the 
Na⁺/K⁺ ATPase in HepG2 cells. Int J Biochem Cell Biol 2014;53:102-107.

9 Kihara A: Production and release of sphingosine 1-phosphate and the phosphorylated form of the 
immunomodulator FTY720. Biochim Biophys Acta 2008;1781:496-502.

10 Singer B, Ross AP, Tobias K: Oral fingolimod for the treatment of patients with relapsing forms of multiple 
sclerosis. Int J Clin Pract 2011;65:887-895. 

11 Rida R, Kreydiyyeh S: FTY720P inhibits the Na+/K+ ATPase in Caco-2 cells via S1PR2: PGE2 and NO are 
along the signaling pathway. Life Sci 2018;215:198-206 

12 Alam NA, Kreydiyyeh SI: FTY720P inhibits hepatic Na –K ATPase via S1PR2 and PGE2. Biochem Cell Biol 
2016;94:371-377. 

13 Al Alam N, Kreydiyyeh SI: Signaling pathway involved in the inhibitory effect of FTY720P on the Na+/K+ 
ATPase in HepG2 cells. J Cell Commun Signal 2017;11:309-316.

14 Taussky H, Shorr E: A microcolorimetric method for the determination of inorganic phosphorus. J Biol 
Chem 1953;202:675-685.

15 Oeckinghaus A, Ghosh S: The NF- B Family of Transcription Factors and Its Regulation. Cold Spring Harb 
Perspect Biol 2009;1:a000034.

16 Kang JH: Protein Kinase C (PKC) Isozymes and Cancer. New J Sci 2014; DOI:10.1155/2014/231418.
17 Kim DS, Kim SY, Lee JE, Kwon SB, Joo YH, Youn SW, Park KC: Sphingosine-1-phosphate-induced ERK 

activation protects human melanocytes from UVB-induced apoptosis. Arch Pharm Res 2003;26:739-746.
18 Kim DS, Hwang ES, Lee JE, Kim SY, Park KC: Sphingosine-1-phosphate promotes mouse melanocyte survival 

via ERK and Akt activation. Cell Signal 2003;15:919-926.
19 Li W, Sumpio BE, Basson MD: Sphingosine-1-phosphate stimulates human caco-2 intestinal epithelial 

proliferation and activates ERK and p38 by independent mechanisms. J Am Coll Surg 2000;191:S53.
20 Al-Khalili L, Kotova O, Tsuchida H, Ehrén I, Féraille E, Krook A, Chibalin AV: ERK1/2 Mediates Insulin 

Stimulation of Na,K-ATPase by Phosphorylation of the α-Subunit in Human Skeletal Muscle Cells. J Biol 
Chem 2004;279:25211-25218.



Cell Physiol Biochem 2019;53:518-531
DOI: 10.33594/000000155
Published online: 11 September 2019 530

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chakkour et al.: FTY720-P Upregulates Na+/K+Atpase

21 Clausen MV, Hilbers F, Poulsen H: The Structure and Function of the Na,K-ATPase Isoforms in Health and 
Disease. Front Physiol 2017;8:371.

22 Singh TU, Choudhury S, Parida S, Maruti BS, Mishra SK: Arachidonic acid inhibits Na –K –ATPase via 
cytochrome P-450, lipoxygenase and protein kinase C-dependent pathways in sheep pulmonary artery. 
Vascul Pharmacol 2012;56:84-90.

23 El-Zein O, Usta J, Moussawi LE, Kreydiyyeh SI: Leptin inhibits the Na /K ATPase in Caco-2 cells via PKC and 
p38MAPK. Cell Signal 2015;27:416-423.

24 Serhan MF, Kreydiyyeh SI. Insulin targets the Na /K ATPase in enterocytes via PI3K, PKC, and MAPKS. J 
Recept Signal Transduct Res 2011;31:299-306.

25 Li D, Sweeney G, Wang Q, Klip A: Participation of PI3K and atypical PKC in Na-K-pump stimulation by IGF-I 
in VSMC. Am J Physiol 1999;276:H2109-H2116.

26 Souza AMD, Carvalho TLGD, Lara LDS, Gomes-Quintana E, Lopes AG, Caruso-Neves C: The stimulatory effect 
of angiotensin II on Na -ATPase activity involves sequential activation of phospholipases and sustained PKC 
activity. Biochim Biophys Acta 2010;1798:354-359 

27 Cohen-Luria R, Rimon G, Moran A: PGE2 inhibits Na-K-ATPase activity and ouabain binding in MDCK cells. 
Am J Physiol 1993;264:F61-F65.

28 Wald H, Scherzer P, Rubinger D, Popovtzer MM: Effect of indomethacin in vivo and PGE2 in vitro on MTAL 
Na-K-ATPase of the rat kidney. Pflugers Arch 1990;415:648-650.

29 Markossian S, Kreydiyyeh SI: TNF-α down-regulates the Na –K ATPase and the Na –K –2Cl−cotransporter in 
the rat colon via PGE2. Cytokine 2005;30:319–327.

30 Kreydiyyeh SI, Riman S, Serhan M, Kassardjian A: TNF-α modulates hepatic Na -K ATPase activity via PGE2 
and EP2 receptors. Prostaglandins Other Lipid Mediat 2007;83:295-303.

31 Skayian Y, Kreydiyyeh SI: Tumor necrosis factor alpha alters Na –K ATPase activity in rat cardiac myocytes: 
Involvement of NF-κB, AP-1 and PGE2. Life Sci 2006;80:173–180.

32 Markovič T, Jakopin Ž, Dolenc MS, Mlinarič-Raščan I: Structural features of subtype-selective EP receptor 
modulators. Drug Discov Today 2017;1:57-71.

33 Iitaka D, Moodley S, Shimizu H, Bai XH, Liu M: PKCδ–iPLA2–PGE2–PPARγ signaling cascade mediates TNF-α 
induced Claudin 1 expression in human lung carcinoma cells. Cell Signal 2015;27:568–577.

34 Kim SJ, Chun JS: Protein kinase Cα and ζ regulate nitric oxide-induced NF-κB activation that mediates 
cyclooxygenase-2 expression and apoptosis but not dedifferentiation in articular chondrocytes. Biochem 
Biophys Res Commun 2003;303:206–211.

35 Hüll M, Müksch B, Akundi RS, Waschbisch A, Hoozemans JJ, Veerhuis R, Fiebich BL: Amyloid β peptide 
(25–35) activates protein kinase C leading to cyclooxygenase-2 induction and prostaglandin E2 release in 
primary midbrain astrocytes. Neurochem Int 2006;48:663-672.

36 Vezza R, Habib A, Li H, Lawson JA, Fitzgerald GA: Regulation of Cyclooxygenases by Protein Kinase C. J Biol 
Chem 1996;271:30028–30033.

37 Molina-Holgado E, Ortiz S, Molina-Holgado F, Guaza C: Induction of COX-2 and PGE2 biosynthesis by 
IL-1β is mediated by PKC and mitogen-activated protein kinases in murine astrocytes. Br J Pharmacol 
2000;131:152–159.

38 Mifflin RC, Saada JI, Mari JFD, Adegboyega PA, Valentich JD, Powell DW: Regulation of COX-2 expression 
in human intestinal myofibroblasts: mechanisms of IL-1-mediated induction. Am J Physiol Cell Physiol 
2002;282:C824-C834.

39 Tanabe T, Tohnai N. Cyclooxygenase isozymes and their gene structures and expression. Prostaglandins 
Other Lipid Mediat 2002;68-69:95-114.

40 Chen BC, Lin WW: PKC- and ERK-dependent activation of IκB kinase by lipopolysaccharide in macrophages: 
enhancement by P2Y receptor-mediated CaMK activation. Br J Pharmacol 2001;134:1055–1065.

41 Ueda Y, Hirai SI, Osada SI, Suzuki A, Mizuno K, Ohno S: Protein Kinase C δ Activates the MEK-ERK Pathway 
in a Manner Independent of Ras and Dependent on Raf. J Biol Chem 1996;271:23512–23519.

42 Al-Alam N, Kreydiyyeh S: Mediators of the Inhibitory Effect of Sphingosine-1-Phosphate on Hepatic Na /K 
ATPase. FASEB J 2015;29:A974.15. 

43 Oh E, Yun M, Kim SK, Seo G, Bae JS, Joo K, Chae GT, Lee SB: Palmitate induces COX-2 expression via the 
sphingolipid pathway-mediated activation of NF-κB, p38, and ERK in human dermal fibroblasts. Arch 
Dermatol Res 2014;306:339-345.

https://www.ncbi.nlm.nih.gov/pubmed/?term=The+stimulatory+effect+of+angiotensin+II+on+Na+-ATPase+activity+involves+sequential+activation+of+phospholipases+and+sustained+PKC+activity


Cell Physiol Biochem 2019;53:518-531
DOI: 10.33594/000000155
Published online: 11 September 2019 531

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chakkour et al.: FTY720-P Upregulates Na+/K+Atpase

44 Xia Q, Hu Q, Wang H, Yang H, Gao F, Ren H, Chen D, Fu C, Zheng L, Zhen X, Ying Z, Wang G: Induction of COX-
2-PGE2 synthesis by activation of the MAPK/ERK pathway contributes to neuronal death triggered by TDP-
43-depleted microglia. Cell Death Dis 2015;6:e1702.

45 Chen WH, Chang YT, Chen YC, Cheng SJ, Chen CC: Spinal protein kinase C/extracellular signal–regulated 
kinase signal pathway mediates hyperalgesia priming. Pain 2018;159:907–918.

46 Tsao HK, Chiu PH, Sun SH: PKC-dependent ERK phosphorylation is essential for P2X7 receptor-mediated 
neuronal differentiation of neural progenitor cells. Cell Death Dis 2013;4:e751.

47 May V, Buttolph TR, Girard BM, Clason TA, Parsons RL: PACAP-induced ERK activation in HEK cells 
expressing PAC1 receptors involves both receptor internalization and PKC signaling. Am J Physiol Cell 
Physiol 2014;306:C1068-1079.


